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n,is repon was prepared as an account of work sponsored by an agency of
the United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy, com­
pleteness, or usefulness of any information, apparatus, product, or process dis­
closed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by
trade name, trademark, manufacturer, or otherwise does not necessarily consti­
tute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors
expressed herein do not necessarily state or renect those of the United States
Government or any agency thereof.
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Enclosed are foUr (4) copies of our completed report, Technical Handbook of~33U Material
Properties, Processing, and Handling Guidelines (ORNLffM-13600), for approval and
transmittal to the Defense Nuclear Facilities Safety Board (DNFSB) by April 30. Thishandbook
satisfies DNFSB 97-1 deliverable HQ-13~013. Contributors to the handbook are cited in the
acknowledgments section of the document, and Steve Storch served as the principal investigator'
for this task. '
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We are distributing copies ofthe handbook to the 97-l technical team members who contributed
to this document. Following submittal of the document to the DNFSB, we will make wider
distribution. Our Classification and Information Control Officer has recommended that the 97-1
program control the distribution list for this document. We are preparing a pr9posed distribution
for your review.

Please contact me if you have any questions about the handbook..

es E. Rushton, Manager
o L 97-1 233U Safe Storage Technical Team

hemical Technology Division
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B. D. Patton
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PREFACE

This technical handbook has been prepared to satisfy a need for an authoritative,
single-volume compilation of information and data on the characteristics of the 233U radionuclide
and materials containing the 233U isotope. The 233U technical handbook presents basic data
associated with the properties, prOcessing, and handling guidelines of 233U-bearing materials.

The document has been planned for easy reference with an introductory section (Sect. 1),
which serves as a guide for the entire report. Organization of the report aild a suMmary description
of the topics covered are described in Sect. 1. Suggestions for revising or including additional,
relevant material in this document are always welcome and should be conveyed to:

Stephen N. Storch
Oak Ridge National Laboratory

Building 4500-S, Mail Stop 6111
Oak Ridge, Tennessee 37831-6111

, Phone: 423/576-7575
Fax: 423/574-6616
~-rriail: sns@ornl.gov

m
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The following is a Ii~ of acronyms, abbreviations, and initialisms (including chemical
symbols and units ofmeasure) used in this document.

ACB
ACS
ADU
AEA
AEC

, AGS
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B&W
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DOE
DOE-EH
DOE-Elk

•
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'Atomic Energy Act of 1954
U.S. Atomic Energy Commission
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. As low as reasonably achievable
Annual limit on intake
Argonne National Laboratory, Argonne, Illinois
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U.S. Department of Energy, Energy Information Administration
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Evaluated Nuclear Data File
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General Atomics Laboratory, San Diego, California
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High-efficiency particulate air (filter)
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High-level liquid waste
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International Atomic Energy Agency
Idaho Chemical Processing Plant, Idaho Falls, Idaho
International Commission on Radiological Protection
Imter diameter . .. .
Isotope dilution mass spectrometry
International Inspection Area
Idaho National Engineering and Envirorunental Laboratory, Idaho Falls, Idaho
Institute ofNuclear Power Operations
Indian Point (reactor)
Independent Spent Fuel Storage Installation
Italian Reprocessing Corporation
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Knolls Atomic Power Laboratory, Schenectady, New York
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Lawrence Berkeley National Laboratory, Berkeley, California
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LLI Lower large intestine
LLNL Lawrence Livennore National Laboratory, Livennore, California i
LLLW Low-level liquid waste
LLW Low-level waste
LSA Low-specific activity .
LWBR Light-water breeder reactor
LWR Light-water reactor

MAA Material access area
MBA Material balance area
MC&A Material control and accountability
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Mound Mound Plant, Miamisburg, Ohio .
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NA Not applicable
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NRC U.S: Nuclear Regulatory Commission
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OECD OrganiZation for Economic Cooperation and Development
OG Off-gas
ORELA Oak Ridge Electron Linear Accelerator
ORNL Oak Ridge National Laboratory, Oak Ridge, Tennessee·
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PA Protected area
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PCB Polychlorinated biphenyl
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PPA
PWR

QA
QC

RCP
RCRA
RFETS
ROD
RPP
RTPC
RTR
RXA
RWMC

R&D

SAR
SCGM
SCO
SGMP
SI
SISMP
SNF
SNM
SQ
SRA
SRE
SRP
SRS
SS
S&S
STP
SX

TBP
TID
TQPP
TRU
TRULW
TSA-RE
TVL

URL

Pacific Northwest National Laboratory, Richland, Washington
Property protected area
Pressurized-water reactor'

Quality assurance
Quality control

Remote canister package
Resource Conservation and Recovery Act of 1976
Rocky Flats Environmental Technology Site, Golden, Colorado
Record of Decision
Radiological protection procedure
Radkowsky Thorium Power Corporation
Radkowsky Thorium Reactor
Recrystallization annealed
Radioactive Waste Management Complex (located at Idaho National Engineering and
Environmental Laboratory)
Research and development

Safety analysis report
Sodium-cooled, graphite-moderated (reactor)
Surface-contaminated object
Sol-gel rnicrosphere pelletization
Sysreme International (International System of Units)
Site Integrated Stabilization Management Plan
Spent nuclear fuel
Special nuclear material
Significant quantity
Stress relief annealed
Sodium Reactor Experlment
Savannah River Plant (now Savannah River Site)
Savannah River Site, Aiken, South Carolina
Stainless steel
Safeguards andsecurity
Standard temperature and pressure
Solvent extraction '

Tributyl phosphate [(C4~)3P04]

Tamper-indicating devices
~raining and Qualification Program Plan
Transuranic
Transuranic liquid waste
Trans'uranic Storage Area-Retrieval Enclosure
Tenth-value layer

Uniform resource locator
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VOG
VVER

WAC
WG
WGP
WIPP
WSRC
WVNFS
WWW

YM
Y-12

ZPPR

Vulnerability assessment
Vesseloff-gas
A Rus,sian acronym for a water-cooled, water-moderated power~r (a Russian
pressurized-water type reactor) , ,

Waste acCeptance criteria
Weapons grade
Weapons-grade plutonium
Waste Isolation.Pilot Plant, Carlsbad. New Mexico
Westingh~use Savannah River Company
West Valley Nuclear Fuel ~ervices

, World wide web

Yucca Mountain
Oak Ridge Y-12 Plant, Oak Ridge, Tennessee

Zero-Power Physics Reactor'
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1. INTRODUCfION

1.1 BACKGROUND

Uranium-233 f33U) is a rnan-ritad~ isotope produced by the irradiation ofth?rium with thermal

neutrons in a nuclear reactor. Because 233U is fissile [special nuclear material (S~], it has been

studied for its use as a nuclear-weapon material and as a fuel for nuclear power ~eactors. This

isotope was discovered by Jolm Gofinan and others .during the time of the Manhattan Project. ; .

(1944), and: its application as a fissile material in atomic bombs was immediately recognized
. .' . \

(Rhodes 1995); While 233U is not naturally occurring like ~e fissile isotope 235U, ;it can be

. produced readily by the transmutation of relatively abUndant natural thorium by ramating

thorium with neutrons in reactors. The 233U produced is then separated from irradiated thorium
l

targets or thorium containing SNF.

In the late 1940s and early 1950s, concerns arose regarding the long-term availability of .
.' ,

uranium as a nuclear fuel. As a result, the governmerit turned its development e~orts toward.
. t

breeder reactors using ~e much more abundant element thorium (Brooksbank, Patton, and
'. I

Krichinsky August 1994). In the 1960s, 233U was investigated as a nuclear reactor fuel.
. .

Uranium-233 is associated with the thorium fuel cycle, which offers three major advantages over

the uraniumi'lutonium fuel cycle: (1) the greater abundance of thorium, (2) the p:roduction of
'. '.'

fewer long-lived radionuclides (e.g., 23~p), and (3) very· little plutoniumis produ~ced; thus, the

risks ofweapons production and proliferation are lessened. However, major disadvantages of the

thorium fuel cycle have also been identified. Thorium does not readily undergo fi$sion.

Consequently, the thorium fuel cycle is not self-sustaining. Unlike 238U, which br~ fissile

plutonium (i.e., 239pU) , thorium is not naturally present in economical reactor fue.ls. Another major

problem is that some neutron-irradiated thorium is transformed into another uranium isotope, 232U,

which has a decay product, wan, which emits a highly energetic ray when it decays. The 'latter
". I

difficulty complicates the handling of 233U-thorium-based fuel. The intense radiation associated
Il .

with 232U that is produced with 233U has also complicated the use of 233U in nucle<¥' weapons.
. . ;

.' Between 1964 and 1970, when U.S. interest had expanded to include the possibilities of using

233U as a fuel for producing electricity from commercial power reactors, the Atonlic Energy

Commission (AEC)' directed the production and recovery of about 2 metric tons (;) of 233Uat the .

.Savannah River Site (SRS) and the Hanford Site (Hanford). SRS produced 233U during five
" . '.)
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different campaigns between 1964 and 1969 (Orth April 1979). Hanford 233U production was

conducted in two distinct campaigns: the first in 1966 [Atlantic Richfield Hanford Company

(ARHC) Mar. II, 1968] and the second in 1970 (Jackson and Walser 1977). Further information

on SRS and Hanford 233U production campaigns is provided in Sect. 3 of this handbook. Also,

during this period, some 233U Was produced from 233U-thorium-fueled commercial reactors, most

notably Indian Point Unit I (IP-I) [Electric Power Research Institute (EPRI) July 1981].

The United StatesiDvestigated the use of 233U for weapons, reactors, and other purposes from

the 1950s to well into the 1970s. Based on the results of these investigations, it was decided not to

",use 233U on a large scale. Most of the 233U-bearing materials were placed in long-term storage at

various sites. AbOut 2 t of 233U-bearing uranium are in the current U.S. inventory, most of which

resides at Oak Ridge National Laboratory (ORNL) and Idaho National Engineering and

Environmental Laboratory (INEEL). About one-half of this material is considered high-quality 233U

with few impurities (i.e., low 2J2U imp~rity contents).

The U.S. Department of Energy (DOE) Defense Programs (DP) Office has declared much of

the stored 233U material as excess to national security needs. However, in recent years, several

potential uses for 233U have been identified. The application with the greatest near-term potential

involves using 2l3Bi, a decay product of 233U, in radioimmunotherapy. One current small-scale use

for 233U is a calibration spike in safeguards procedures for nuclear materials. These and other 233U

applications are discussed further in ~ect. 5 of this handbook.

Materials containing 233U have several unique radiological properties that require special

attention and considerations during the processing and handling of these materials. Major examples

of the relatively unique properties and handling characteristics of 233U-bearing materials are:

I." alpha emissions that require containment (unlike the alpha emissions from other uranium

isotopes);

2. buildup of gamma emissionS" from the decay chain of an associated radioisotope, 233U; and

3. emission through off-gas 'filters of radioactive radon gas (n°Rn), whose decay provides

external doses from alpha and gamma radiation.

"1.2 PURPOSE

•

•

This document is an unclassified compendium reference on 233U material properties,

processing, and handling guidelines, It has been assembled for future reference in documenting the

accumulated data and knowledge base gained throughout the DOE complex from experience with •
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operations and programs involving 233U-bearing materials. This handbook is also intended to serve

as a useful and a convenient single comprehensive resource of infonnation on 233U_ and 233U_

bearing materials to a broad range of users, including technicians and operators involved with the

processing, handling, and storage of233 U-bearing materials. For this reason, mu~h of the

infonnation presented in the document is useful in training and certification progfarns. This
, ,

handbook is intended to serve as a technical reference for a variety of individuals,
" i

including engineers, program managers, and workers being trained in the processing and

handling of233U-bearing materials. The handbook is also' intended to serv~ as a guidebook
, ,
by indicating those resources that provide more detailed information on 23iu_ and 233U_

bearing material~.

This handbook has also been' prepared as a commitment identified in the DOE Implementation

Plan for the Safe Storage of Uranium-233 (DOE Sept. 25, 1997) which was made in response to
" ,

the Defense Nuclear FacilitieS Safety Board (DNFSB)'Recommendation 97-1 (DNFSB Mar. 3,

1997).. "Sub-recommendation 8 ofthe DNFSB's Recommendation 97-1 identifieS the need for the
,

DOE complex to retain the technical knowledge and competency needed to ensure safe storage of

233U_bearing material in the short-, and long-term. To assist" in achieving that objective, this

handbook presents information for four major areas: (I) technical infonnation o~ the

characteristics Of 233U, (2) ope~tional infonnation on past 233U processes, (3) haridling practices

and facility features appropriate for safe 233U operations, and (4) potential appli~tions."

. .~

1.3 METHODOLOGY AND CONTENT

In general, this report was prepa~ed by compil~g 233Uinfonnation from uncl~sified

documents and interviews with individuals knowledgeable of 233U material prope~ies, processing,

and handling. Additional infonnation provided as a result of expert reviews ofdIifts of this report
~

have also been incorporated. '

The major body ofthe current report is comprised offour major sections (2 through 5) and

three appendixes. Section 2 documents the known properties of 233U. Radiological, criticality, and
, ,I

physical and chemical characteristics are described, followed by a discussion of p3U biochemistry

and metabolic pathways. Section 3 is a summary of the processing history of 233~ materials and

includes a discussion ofthe radiological and chemical characteristics of six speci~c 233U material

processes: (1) 233U separation from thorium targets, (2) progenY,ingrowth removal from 233U

materials, (3) 233U oxide preparation, (4) test fuel fabrication, (5) 233U metal prep'aration, and
I
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(6) separation of 233U from fission products. Handling guidelines for 233U materials are discussed in •

Sect. 4, which covers the requirements and good practices for safely handling 233U and its decay

prOducts. The handling guidelines specifically address (I) radiation protection practices;

(2) shielding materials; (3) control of radon emissions; (4) off-gas filtration; (5) confinement in

233U material processing; (6) special chemical hazards; (7) packaging materials and techniques;

(8) storage requirements; (9) safeguards, security, and nuclear materials accountability;

(10) transportation; (II) safe plant operations; and (12) worker training. Where aiJPropriate,

Sect. 4 provides a description of major facilities and eql;lipment needed in various areas for safe

233U material handling. Section 5 offers a discussion of major applications that have been identified

for 233U materials. The DOE Standard for storing 233U-bearing materials is provided in

Appendix A. This is followed by Appendix B, which provides a list of Internet sites that have

information on 233U-bearing materials.. Appendix C presents a sununary of the characteristics of the

current DOE inventory of 233U-bearing materials.

For ease and flexibility in organizing and in preparing this report, each of Sects. 2 through 5 is

subdivided into several related topics. Each topic is discussed in a separate subsection wherein.

infonnation is presented in thefoIlowing sequence: narrative, figures, and tables. References

associated with each topic discussed are listed at the end ofeach subsection narrative in two

groups: references cited and references recommended for further reading on the topic. All

references are listed in an author-date format.

For most topics, a basic sununary level of information is provided. Coverage of many topics·

has been selective and restrictive in scope and content. The interested reader will find more

detailed information presented in the references ci~ed in each subsection.
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2. PROPERTIES OF WU AND wU-BEARING MATERL\LS

Major radiological, physical, ~d chemical properties of 233U and 233U_heariitg materials are

described in this section. Specific radiological, criticality, physical, and chemical characteristics

are first described followed by a discussion of 233U biochemistry and metabolic pathways.

Uranium-233 is a fissile uranium isotope that can be used in nuclear reactorS to generate heat

and electricity. Nuclei of 233U have 92 protons and 141 neutrons. Uranium-233 'is not naturaJ.Iy

found. In a thorium-fueled~r, 233U is formed by irradiating the thorium (mamry 232-Jb.) with

neutrons. This reaction produces 23~ which undergoes two successive beta (~~gative electron)

decays to produce 233U:

n + 232-Jb ~ 233Th + Y
!

233Th_ 233Pa + p (22.3m)
I

233Pa - 233U + P (2~.0 d)

Uranium-233 contains aparasitic impurity, 232U, another synthetic uranium jsotope formed

along with 233U during neutron irradiation in a thorium-fueled reactor. The'three,principal

radiochemical reactions that produce 232U are:

(I)

n + 232Th - 231Th + 2n

!
, 231Th - 231pa + p (25.5 h)

I

231pa + n _ 232Pa + y
I

232Pa _ 232U ~ P (1.31 d)
,
, .

"
2-1
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. . (2)

n + 23o-rh _ 23110 + Y
1

23110 (decays as shown above)

(3)

o + 233U - 232U + 20

Uranium-232 is also fonned by the chain initiating neutron irradiation of 23SU, 236U, and 23'Np:

(4)

n+. 23SU - ~U + Y
1

~U + n - 237U + Y
1

237U _ 23'Np, + P (6.75 d)
1

23'Np + n - 236Np + 2n

1
236Np _ 236pU + P (22 h)

1
236pU _ 232U + a (2.85 y)

•

•

The relative importance ofthese reactions is highly dependent on the reactor neutron spectrum,

2»rh levels in the 23210, reactor neutron flux, and irradiation time. Both the total amount and the

ratio of 232U to 233U produced increases with increasing neutron flux and irradiation time..

The concentration of 232U in 233U materials is typically measured in parts per million (ppm) of

the total uranium content. Several measures have been identified for minimizing 232U •
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concentrations. A simple improvement is to avoid using ores that are rich in 2»yfi. Such ores are

readily available. This helps reduce one of the reaction pathways to 232U. Uranium-232

production is also minimized by lowering the exposure' of the thorium targets to'~gh~nergy .

neutrons. There are two ways to accomplish this. First, a thorium-fueled reactor can be loaded so

that the targets are exposed only to a low~nergy neutron flux. Also, using short irradiation times

will minimize the buildup ofintennediate'nuclides (such as 23ITh) and subsequent production of

232U.

For a single core fueling cycle under reactor conditions, the resultant 232U concentration is

typically less than 0.05 wt % (500 ppm of total uranium). Multiple cycles can b~ild 232U

concentration up to 0.15 wt % (1500 ppm oftotal uranium). At low reactor bumup and well-
.' . I

thermalized neutron production conditions, 232U concentrations were held as low as 5 ppm.

2.1 RADIOLOGICAL PROPERTIES

2.1.1 Alpha and Beta-Gam~aActivity
. .

Once produced, 233U undergoes a series of radioactive decays as shown in Fig. 2.1a (Carter

December 1976). The radiations emitted in the 233U decay chain include alpha (ex') and beta (~)'

particles from the decay of the parent and its radioactive decay products. The 233U decay chain is .,. ,
actually part ofthe Neptunium Series, shown in Fig. 2.1b (Salmon, Loghry, an~ ~hline

November 1995). Uranium-233 is a long-lived (159,200 year half-life) isotope, and its major

radiological characteristics are summarized with those of other fissionable isotopes in Table 2.1a

(parrington et al. 1996 and Browne and Firestone 1986). The first decay product,l229'Jh, also haS' a

long half-life (7340 years), and the'remaining decay products of the 233U chain are relatively short­

lived. Four isotopes in this series also emit gamma rays: 233U, 22IFr, 213Bi, and 2090J1. (The isotope

213Bi has a potential medical application, which is discussed in Sect. 5.1). Th~ 233'0 decay chain

ends with the stable isotope 20!13i. Table 2.1a shows that from the standpoint ofspecific activity,

233U is more than three orders of magltitude more radioactive than 23SU and has an activity that is

six times lower than that of 239pU. It should also be noted that the specific. activity;

(9.64 x 10-3Ci/g) of 233U is considerably greater than most of the isotopes of natural uraniuni

(238U: 3.33 x 10-7 Ci/g, 23SU: 2.16 x 10-6 Ci/g, and 234U: 6.248 x 10-3 Ci/g). In ~dition, the

specific a~tivity ofan associated isotope, 232U (discussed below) is significantly g~eater
,

• (21.4 Ci/g),
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Alpha radioactivity can be a significant internal health hazard for persons handling fissionable, •

uranium f33u and 23SU) materials. To limit radiation doses to workers from ingestion and

inhalation, this high-alpha radioactivity by itself can require glove-box handling for 233U (discussed

in Sect. 4). (As mentioned in subsequent sections ofthis document, 233U-bearing materials usually'

, contain sufficient quantities of 232U, whose decay products emit highly energetic gamma radiation

that can pose a significant health hazard to persons handling the material.)

Table 2.1b (Kocher May 1980 and U.S. DOE December 1997) summarizes and compares the

major radiological characteristics of 233U and its decay products (see also Fig. 2.10). The ranges

of radiation decay energies associated with these nuclides are reported in Table 2.ic (Kocher

.. May 1980 and Browne and Firestone 1986).

2.1.2 Uranium-232 Presence and EffectS

The amount Of 232U associated with 233U in the current U.S. inventory of separated 233U can be

divided into eight major batches based on the characteristics of the 233U. Table 2.1d (Forsberg and

Krichinsky January 1998) lists these batches and their characteristics, including the levels of 232U

impurity. The quality ofthe batches can be measured by two indexes. Most batches are almost

isotopically pure 233U-except for Batches ,I and 8, both ofwhich contain significant quantities of

23SU. For most applications requiring 233U, the high 23SU content severely diminishes the value of

the 233U. The second index of quality is the concentration of 232U in the 233U. If the 232U

concentration is high, the longer-tenri radiation levels associated with these batches will be high.

The concentration of 232U in units of parts of 232U per million parts Of 233U is shown in the

parenthesis above each column. The first two batches have high 232U concentrations.

'.:; Major radiological characteristics of .232U are listed in Table 2.10. Uranium-232 is important

-:because of its decay chain, shown in Fig. 2.lc~ and the significant impacts of the concentration of

232U in 233U on the handling of 233U materials. Uranium-232 has a half-life of about 70 years

followed by short half-lives of various alpha-emitting daughter products. This decay chain includes

an unstable decay product, 208n, which emitS a beta particle accompanied by a penetrating gamma

ray (2.6 MeV). It isthis gamma radiation ,that is primarily responsible for the shielding

requirements that are needed with 233U materials. For 233U-beanng materials with significant

quantities of 232U (e.g., 20 ppm or greater), the decay of 208n can build in unwanted radiation'

levels in 4 to 6 weeks. Other, less energetic, gamma rays from 2J2Bi and other radionuclides in the

•

•
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232U decay chain are also of concern, although they occur at considerably lower Yields (intensities)

than the thallium emissions. The final product in the 232U decay chain is the sta~le isotope 208Pb.

. Table 2.1e (Kocher May 1980 and U.S. DOE December 1997) summarizes and compares the

major radiological characteristics of 232U and its decay products [see also Fig. 2.·1c,(Carter
• • • • 1

December 1976 and Parrington et al. 1996)].. The ranges of radiation decay energies associated

with these nuclides are reported in Table 2. If (Kocher May 1980 and Bro\We an~ Firestone 1986).

The relative abundance of 232U and the alpha, beta, andg~ emissions as~iated with the

232U decay chain dictate much of the handling practices for its sister isotope, 233U. Handling

guidelines for 233U materials are discussed further in Sect. 4.

Another hazard associated with the 232U decay chain is the presenceof~ a high-energy

(6.4 MeV) alpha emitter. Because at normal temperatures and pressures, radon eXists as a gas, this

causes additional requirements for the storage and handling of 233U materials. Fuhher discussion of

. the problem of radon generation from 233U materials is provided in Sect. 2.3.

2.1.3 References (or Sect. 2.1

Listed below are the references cited in Sect. 2.1. This is followed by a list of additional

sources providing more detailed information on the radiological properties of 233l!(and 232U)

materials.··

2.1.3.1 References Cited

Browne, E., and R. B. Firestone. 1986. Table ofRadioactive Isotopes, ed. V. Sf. Shirley,
John Wiley and Sons, Inc., New York.

Carter, W. L. December 1976. HTGR Fuel Refabrication: Calculation ofRadfation Dose to
Uranium-Loaded Resinfrom 232u, mU, 234u, 13JU, 136U, and Their Daughters, GCR: 76-18,
Oak Ridge National Laboratory, Oak Ridge, Tenn.

Forsberg, C. W., and A. M. Krichinsky. January 1998. Strategy for the Future Use and
Disposition ofmU: Overview, ORNUTM-13550, Oak Ridge National Laboratory,
OakRidge, Tenn.

Kocher, D. C. May 1980.. A Radionuclide Decay Data Base-Index and Summary Table,
NUREG/CR-1413, ORNLlNUREG-70, Oak Ridge National Laboratory, Oak Ridge, Tenn..

Parrington, J. R., et al. 1996. Nuclides and Isotopes-Chart ofthe Nuclides, 15th ed., General
Electric Co., San Jose, Calif.·
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Salmon, R., S. L. Loghry, and R. C. Ashline. November 1995. User's Manualfor the Radioactive •
Decay and Accumulation Code RADAC, ORNUrM-12380, Oak Ridge National Laboratory,
OakRidge, Tenn.

U.S. Department of Energy. December 1997. Integrated Data Base Report-1996: Us. Spent
Nuclear Fuei and Radioactive Waste Inventories, Projections, and Characteristics,
DOEJRW-0006, Rev. 13, Oak Ridge National Laboratory, Oak Ridge, Tenn.

2.1.3.2 Supplemental Resources .

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2nd ed.,
McGraw-Hill, New York.·

Bodansky, D. 1996. Nuclear Ener~Principles, Practices, and Prospects, American Institute
ofPhysics, Woodbury, N.Y.
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ORNL DWG 97-5710

233U ,:

1.59 x 10'5 y

1~91 M,V

229111

73

j
:OY

5.~ MeV

22SAc (~ 22SRa :

10 d 0.111 MeV 14.8 d

1~.791 M,V

22lFr
4.8m

1~.275 M,V

217At

32 ms

j~.07M'V
213pO +1_,,-P_(9_7_.8_1YI_o)_---:213Bi (46 m)

4 ~s 1.037 MeV I
.j~.377 MeV a (2.2%)

5.87 MeV

2~i +.__. ,,-P ~209Pb I ~ 209TI

Stable 0.194 MeV 3.31 h 2.758 MeV 202m

Fig.2.1a. 233U decay chain. AdaptedJrom Carter De'cember 1976.
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ORNL DWG 97·5709

25JEs
20.5 d

1~.63M'V
245Am ..~,--_a,--(O_.O_O_1o_Vo..:-)_....::24~k

2.1 h .5.42 MeV 320 d

p
0.124 MeV

'if
249Cf

351 y

•

237U ~ a (0.002%)

6.75 d

a
5.81 MeV

'if

"-_--=--c13~__:_:_.,---___.245Cm
0.90 MeV 8500 y

1~.36M'V
241pU

'Ii.02M'v
241Am EC (99%)

. 432 ~. . y

··1 ~.49M'V
"-__-'-'-p_,._.__....237Np ~ EC

0.25 MeV 2.14E+06y1~.79M'V
2JJPa .

27.0 d

241C

32.8 d I:
I 5.94 MeV
I...

45.2 d 2J7pu

•

p
0.26 MeV

'if

~
LS9E+05 Y
I

I (Decay as shown in Fig. 2.1 )
I

Y
209Bi (Stable)

Fig. 2.1h.Decay chains for neptunium series of actinides. Adapted
from Salmon, Loghry, and Ashline November 1995.

•



•
2-9

ORNL DWG 97-5711

•
212pO __.:..~__~212Bj •

o3 j.LS 64% 60,5 m

j
' 2.929 MeV

~:94 MeV . 1~6%
208Pb • . f3 208TI

. . 3.929 MeV 3.1 m

232u
69.8 y

1~414Mev
228Th

1.91 Y

1~.s25Mev
224Ra

3.64 d

1~.771 MeV
22~.

55.88 S

1~·396Mev
216pO':

0.15 S

1~.903 MeV
~ . 212Pb

0.242 MeV 10.58 h ..

• Fig.2.lc. 232U decay chain. Adaptedfrom Carter December 1976
and Parrington, et al. 1996.' .



Table 2.1a. Major radiological characteristics or 2J1U, wU, and other selected fissile radioDudides·

Property 133U mu 1l5U 139pg. 241Pu

Atomic number (Z) 92 92 92 94 94

Atomic mass number (A) 233 232 235 239 241
(Isotopic mass, amu) (233.039627) (232.03713) (235.043922) (239.052156) (241.05687)

,
Half-life (years) 159,200 69.8 703,700,000 24,110 14.4

MOdes of radioactive decay and average energy (MeV) .-
per disintegration

. .

.Alpha (IX) emissions 4.814 5.306 4.378 5.101 0.0001

Electron emissions (e) 0.0055 0.0426 ,

Gamma (y) and X-ray emissions 0.0013 0.0002 0.1561 0.0001 0.0052

Totalb

(MeV/disintegration) . 4.821 5.307· 4.577 5.101 0.0053
(W/Ci) 0.02857 0.03146 0.02713 0.03024· 3.2E-05

Specific activity (Cilg) 9.680E-03 21.40 2.161E-06 6.216E-02 103.0

Initial daughter product from decay ~c mnd 131Th 135U 241Am

<>eased on Parrington et al. 1996 and Browne and Firestone 1986. .
bAlso referred to as the "Q" value, which is the sum of the average energies for different radiation types in keV/disintegration or W/CI. Includes

contributions from alpha and beta particles, discrete electrons, and photons. The "value" indicates the amount ofenergy (heat) that could be deposited
in a radioactive material from each decay event if none of the radiation escaped from the material.

cSee decay chains shown in Figs. 2.la and 2.lb. .
dSee decay chain shown in Fig. 2.lc. .

·tv
I.-o
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Table 2.16. Major radiological characteristics orwu and its decay products·

Specific Principle modes(s) Average radiation energies "Q" value-
Nuclide

Atomic Half-life" activity of decay , (MeV)d
number (Ci/g) , Typec Percent IX E yandX (MeV/dis) (W/Ci)

133U 92 l.S92E+{)5 Y 9.680E-03 IX' 100 ,4.8141 0.0055 0.0013 ' 4.821 2.857E-02

mn 90 7.340E+{)3 Y f IX 100 4.8620 0.0343 ' 4.896 2.902E-02

mRa 88 14.2 d f P 100 0.1057 0.0137 0.119 7.08E-04

mAc 89 1O.0d f IX 100 5.7501 0.0257 0.0176 5.793 3.434E-02

221Fr 87 4.9m f IX 100 6.3571 0.0084 0.0277 6.393 3.789E-02

mAt 85 3.23E-02 s f IX 100 7.0657 0.0002 7.066 4.1 89E-02

213Bi 83 45.59 m f IX 2.16 0.1268 0.4563 0.0825 0.666 3.95E-03
P , 97.84

213po 84 4.2E-06 s f IX' 100 8.3757 8.376 4.964E-02

(mnf 81 2.2m f p 100 2.7580 ' 2.758 1.634E-02

209pb' 82 3.253 h f P 100 0.1980 0.198 1.17E-03

2wai 83 (stable) ..

QAverage energy per nuclide disintegration. Adapted from Kocher May 1980 and U.S. DOE December 1991.
by = years, d = days, h = hours, m = minutes, and s = seconds. "
~IX "".alphaemission,- p.=.negative,beta emission,- and'y'='gamma emission.-· .' ..' ... .-,-,'. ..'
dlX = alpha emission, E = total electron emissions, and y and X = gamma and X-ray photon emissions.
-The sum of the average energies for different radiation types in MeV/disintegration or W/Ci. Includes contributions from alpha and beta

particles, electrons, and photons. The "value" indicates the amount ofenergy (heat) that could be deposited in a radioactive materjal from each decay
event if none of the radiation escaped from the material.

Itn a decay chain, the activity of each decay product is controlled by the activity of the parent. The activities of these decay products can never
exceed the activity of the parent, taking into account any branching fractions. ,

BDaughter product from the alpha emission of 213Bi in a branch of the mU decay chain.

N
I--



. Table 2.1c. SpednlDi of major radiation decay energies (MeV/dis) for WU and its decay products·

Principle . Alpha (ex) emissions Total electron (e) emissions Gamma (y) and X-ray
Average totalemissionsNuclide mode(s) ("Q" valuet

of decay Range ,:-verage" Range Average" Range Average"

mU ex 4.3072-4.8247 4.8141 0.OOOI~.0062 0.0055 0.0011-1.1190 0.0013 4.821

229'Jn ex 4.4783-5.0774 4.8620 O.0173~.2900 0.0343 .4.896

mRa ~ 0.OOO~.3620 0.1057 0.0109~.0403 0.0137 0.119

mAc ex ·4.9015-5.8288 5.7501 0.007~.526 0.0257 0.0104~.5260 0.0176 5.793

221Fr ex 5.6893-6.4000 6.3571 0.004~.409 0.0084 0.0099~.4091 0.0277 6.393

mAt ex 6.4835-7.0673 7.0657 0.00~.5940 0.0002 7.066

213Bi ex,P 0.0000-5.8691 0.1268 0.0130-1.100 0.4563 0.0090-1.1001 0.0825 0.666

213po ex 7.6141-8.3800 8.3757 8.376

(m-rt)J P 0.0092-3.3800 2.7580 2.758

21l9pb ~ 0.001~.6450 0.1980 0.198

2ll9J3i (stable)

aAdapted from Kocher May 1980 and Browne and Firestone 1986.
"Most probabie or expected value in range specified.
CAs defined in Table 2.lb.
'baughter product from the ex emission of 213Bi in a branch of the 23:tu decay chain.

tv
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Table 2.ltL Levels of JJiU Impurities and quality of major batches of2»U In Inventorr-

Uranium isotopic composition Measures ofquality"
Batch SiW Material
No. Total U 23'u. 23:tu mu Total U (kgymtJ 23iU (kg) x 10'fl:tu

(kg) (kg) (kg) (ppm)d (kg) (kg)

I ORNL Up, monolith in >400 welded stainless 1042.6 ' 796.3 101.1 140 10.3 1440
steel cans [Consolidated Edison
Uranium Solidification Program
(CEUSP) material]

2 ORNL UO~ powder in 140 welded inner '67.4 0.00 6 \.6 165 1.1 181
aluminum cans

,"

-
3 INEEURWMC Unirradiated rods and pellets in 145 35.1 0.00 34.2 21 \.03 22

, drums

4 ORNL U)O. monolith in 27 welded stainless 65.2 0.00 60.3 15 1.08 . 16
steel cans placed in tin-plate cans

5 INEEUICPP Unirradiated light-water breeder reactor 323.5 0.00 317.4 9 \.02 9
(LWBR) fuel with 14 Mr natural' ..
thorium

6 ORNL UO~ powder in 174 stainless steel 96.5· 0.00 91.2 7 1.06' 7
screw-top cans

7 ORNL UO~ powder in 1743 welded stainless '45.7 0,00 44.8 7 \.02 7
steel plates

8 Y-12' 42.6 38.7 0.8 0.113 53.2 6'
:

aAdapted from Forsberg and Kri.chinsky January 1998. These data do not represent the entire mventory total because many small batches are not listed. ,
'. vrhe following site abbreviations are used: ORNL = Oak Ridge National Laboratory, INEEL = Idaho National Engineering and Environmental JAborat,ory,.. ..

- -'~ - RWMC :::'Radioaetive Waste Management Coifiplex(locati~Hlf INEEL)~ ICPP= Idaho' CheriiiCaI ProcC:SSmg' piftnt (lOCatedatkPP),andY-I r ~ 08k'Ridge Y-12 Plant.
'c' cA low number implies a higherquality.· '

dsased on total uranium. These concentrations need to be decayed to a common date.
'May be classified as impure highly enriched uranium (HEU) or within the 23:ttJ iJiventory.

N
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Table 2.1e. Major radiological characteristics of U2U and its decay products-

Specific Principle modes(s) Average radiation energies "Q" value-
Nuclide

Atomic
Half-life" activity of decay (MeV)ci .

number (Ci/g) Typec Percent IX E '. Yarid X (MeV/dis) (W/Ci)

132tJ 92 6.89E+{)1 Y 2.140E+01 IX 100 5.3065 0.0002 5.307 3.146E-02

218TIt 90 1,9i 3 y f IX . 100 5.3992 0.0201 0.0034 5.423 3.214E-02

22~ 88 3.66 d f' 'IX . 100 5.6751 0.0022 0.0103 5.688 3.372E-02

22~ 86 55.6 s f IX 100 6.2878 0.0005 6.288 3.727E-02

216pO 84 LSOE-02 s f IX 100 6.7785 . 6.779 4.018E-02
..

mpb 82 10.64 h f P 100 0.1752 0.1453 0.320 I,90E-03

mBi 83 1.0092 h f IX 35.94 2.1740 0.5025 0.1061 2.783 1,649E-02
P 64.06

mpo 84 2.98E-07 s I IX 100 8.7844 8.784 5.207E-02

eosnt 81 3.053 m f p 100 0.5979 3.3742 3.972 2.354E-02

208Pb 82 (stable)

t--.J
I-~

QAverage energy per nuclide disintegration. Adapted from Kocher May 1980 and U.S. DOE December 1997..
"y = years, d = days, h = hours, m = minutes, and s = seconds.
cIX = alpha emission, P= negative beta emission, and y = ganuna emission.
cia = alpha emission, E :: total electron emissions, and y and X = gamma and X-ray photon emissions..
'The sum of the average energies for different radiation types in MeV/disintegration or W/Ci. Includes contributions from alpha and beta

particles, electrons, and photons. The ''value'' indicates the amount ofenergy (heat) that could be deposited in a radioactive material from each decay
event ifnone of the radiation escaped from the material.

-'In a decay chain, the activity ofeach decay product is controlled by the activity of the parent The activities of these decay products can never
exceed the activity of the parent, taking into account any branching fractions.

'Daughter product from the alpha emission ofmBi ina branch of the 233U decay chain.

• • •
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Table l.1/. Spectrum of major radiation decay energies (MeV/dis) for 2J2U and its decay products-

Principle Alpha (a) emissions - Total electron (e) emissions .
Gamma(y) and X-ray

Average totalNuclide . mode(s) emissions
C'Q" valuet

ofdecay Range Averageb
. Range Averageb Range Averageb

232U a· 4.5029-5.3203 5.3065 0.0000-0.8744 0.0002 5.307

22lYyn a 5.1384-5.4233 5.3992 0.0150-0.2160 0.0201 . 0.0000-0.2158 0.0034 5.423

224Ra a 5.0341-5.~856 5.6751 0.0000-0.6500 0.0022 0.0010-0.6510 0.0103 5.688
,

22~ a 5.7486--6.2883 . 6.2878 0.0000-0.5498 0.0005 6.288

216pO a 5.9850--6.7785 6.7785 6.779

212Pb ~ 0:0000-0.9880 . 0.1752 . 0.0094-0.4152 0.1453 0.320

212Bi a,~ 0.0000-10.5487 ·2.1740 0.0130-2.1970 0.50i5 0.0090-i.20oo 0.1061 2.783

212pO a 6.8420-11.6500 8.7844 8.784

eos-rl)J . ~ 0.0130-2.6110 0.5979 0.0092-3.5000 3.3742 3.972

208Pb .(stable)

aAdapted from Kocher May i980 and Browne and Firestone 1986.
~ost probable or expected value in range specified. .
ct\sd~tin~iIlIabJe.2Jb...._.. ' _ .. ._.. ."_. .._ .
"riaughter product from the a emission of 212Bi in a branch of the 233U decay chain.
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2.2 NEUTRON GENERAnON OF RADIQLOGICAL CONCERN

2.2.1 Discussion

The artificial isotope 233U is fissile. Consequently, the fissioning of 233 U like that of23sU, 239pu,

and 241pu generates neutrons. Both niU and 23SU are fissionable by thennal neutrons, which have

an average speed of 2200 m1s and an average kinetic energy of 0.025 eV.

The fission of a heavy nucleus, s~ch as 233U, by the absorption of a thermal neutron, results in

the splitting ofthat nucleus into two or more nuclei of intennediate mass and the average emission

of2 to 3 neutrons. In 233U·fission, the resulting fission fragments are fonned with an average total

.. kinetic energy of 163 MeV. In general, their masses are unequal-the most probable heavy mass

.. number is 139. However, inveStigationssuch as Katcoff November 1960 have detected fission

products throughout the mass region range 72 to 166. For comparison, Table2.2a (Katcoff

November 1960 and Lynch 1989) gives a breakdown ofthe average energy (MeV) released from

the fission of selected uranium and plutonium radionuclides.

The primary nuclide products from the fission of 233U by slow (thermal) neutrons are given in

Table 2.9 and Fig. 2.12 of Benedict, Pigford, and Levi 1981. That reference also indicates that

only a few of the primary 233U fission p'roducts are stable, the rest being beta-emitting

radionuclides. For comparison, the n.uclear properties of 233U and those of other fissile nuclides are

listed in Table 2.2b. This is followed by Table 2.2c (Etherington 1958 and Benedict, Pigford, and

Levi 1981), which is a list of capture and fission cross sections for 233U and other nuclides which

fission with thermal neutrons. Table 2.2c also gives the average number of neutrons produced per

.. nuclide undergoing fission (v) and per neutron absorbed (Tl). The value for Tl is higher for 233U

than for other fissile nuclides, and this property has given 233U an importan.t consideration as a

: potential nuclear fuel in thermal-neutron reactors (Benedict,' Pigford, and Levi 1981). In fact, a

thermal breeder is feasible only with 233U in the fuel. In the early years of nuclear power

development, it was felt that as natural uranium (and 23SU) became scarcer and the conservation of

neutrons and fissile material be~emore important, the production of 233U from the more

abundant natural thorium offered the potential for greater long-tenn significance as a nuclear fuel.

The decay products of232U, shown in Fig. 2.1c, contribute not only an abundance ofenergetic

alpha and beta emissions, but also an abundance of energetic gamma rays and a small nUmber of

neutrons from (y, n) reactions with light elements that may contaminate uranium-bearing material.

Shielding is also necessary because ofthe high-energy neutrons from alpha decay in 233U_bearing

•

•
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materials. The alphas from th~,decay of 233U, 232U, and 228Th interact with light elements such as
,

beryllium (Be), carbon (C), oxygen (0), and fluorine (F) to form neutrons, This :effect can add a,
neutron component to worker radiation exposure. The reactions of concern include:

{

ex + '1Je-4 12C + n

ex + 13C -4 160' + n

ex + 170 -4 2<Ne +, n

ex + 1~ -4 2~a + n

Uranium-232 also has a slight tendency to fission upon neutron capture. However, its

relatively dilute concentration (along with its association with the highly fissile 233U) presents an

insignificant contribution to nuclear criticality, which is discussed in Sect 2.4.

2.2.2 References for Section 2.2

Listed below are references cited in Sect. 2.2. This is followed by a list ofadditional sources

that provide more detailed information on neutron generation associated with 233U-bearing

materials. '

2.2.2.1 References Cited

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2nd ed.,
McGraw-Hili, New Vork. '

Etherington, H., ed. 1958. Nuclear Engineering Handbook, McGraw-Hili, Ne1 Vork.

Katcoff, S. November 1960. "Fission-Product Yields from Neutron-Induced Fission," ,
Nucleonics, 18(11), Brookhaven Natio,nal Laboratory, Upton, Long Island, N.Y.

Lynch, Charles T. 1989. Practical HandbookojMaterials &ience, CRC Press~ Inc., Boca
Raton, Fla.

2.2.2.2 Supplemental Resources
. " (

Benedetti, G., et al. 1982. "Delayed Neutron Yields from Fission of Uranium-233,
Neptunium-237, Plutonium-238, -240~ -241, and Americium-24i," in Nucled,. Science and

, , >

Eng7neering,80,379-87. ;

Foster, A. R., and R. L. Wright, Jr. '1973. Basic Nuclear Engineering, 2d ed., .Allyn and Bacon,
Inc., Boston.
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.. Lamarsh, 1. R. 1975. Introduction to Nuclear Engineering, Addison-Wesley Publishing Co., •
Reading, Mass., pp. 1l0-II. .
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Table 2.la. Breakdown of energy released (MeV) for fission of various radionuclides-

Recoverable energy fonn mu 23~U 239pg

Light fission fragments" .. 97 98 100

Heavy fission fragmen~ 66 67 72

Fission product decay
~particles 9 9 9
·y-rays 14 15 14

Fission neutrons (kinetic energy) 5 4.9 5.8

Total recoverable energy (MeV) 191 194 201

-Adapted from KatcoffNovember 1960 and Sect. 11 in Lynch 1989:
~uclides ofatomic mass number (A) < 120. The most probable light mass number is 95.
~uclides of A ~ 120. The most probable heavy mass number is 139.

. ,



Table 2.2b. Properties of fissile radionuclides·

Principal Effective . Specific
Fission

Neutrons
Nuclide

Half-life
mode(s) of decay energy activity thennal e~er~

produ~
. Major

(years)
decay '. (MeV) (Cilg)

cross section
per fission . ~source

(barns)

232U 6.98E+OI' U 5.414 2.140E+OI 75 3.13 it capture. by natural TIt
233U U92E+05 u 4.909 9.680E-03 531 2.491 n capture by 23~

23SU 7.037E+08 u 4.681 2.16IE-06 582 2.418 Natural U (0.72 atom %)

23~ 2.4IIE+04 u 5.243 6.216E-02 743 2.871 n capture by 238U

241Pu 1.44E+OI P 0.007 . 1.030E+02 1009 2.927 n capture by 24<1>u
QSource: Benedict, Pigford, and Levi 1981. .
hvariation of the fission factor TJ with neutron energy for 133tJ, 13'U, and 1l9J>u is shown in Fig. 2.40 in Sect 2.4.

tv
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Table 2.2c. Properties of fissile nuclides for thermal (2200 mls) neu~ron8·

Property 232U 23Ju 23SU ~
241Pu

Cross sections (barns) ,
Fission (op 75.2 531.1 ' 582.2 742:5 ; 1009
Capture (0c) 300 47.7 ' 98.6 268.8 ' 368
Absorption (0a> 375 578.8 680.8 1011.3 1377

a/or 4.0 0.0898 0.169 0.362 0.3647

Neutrons produced
Per tission (v) ,

,',

3.13 2.492 2.418 2.871 2.927
Per neutron absorbed (1') 0.63 ' 2.287 ,'2.068 2.10~ 2.145

QAdapted from E~erington 1958 and Appendix C of Benedict, Pigrord, and Levi '1981 .
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2.3.1 Ori&in and Characteristics

Another hazard associated with the 232U decay chain is the presence of the noble gas isotope

22ORn, a high-energy (6.4 MeV) alpha emitter that has a short half-life of 55.3 s. Thorium-228 is

the first and longest-lived decay product of 232U and, having a half-life of 1.9 years, will reach 99%

secular equilibrium with chemically separated 232Uwithin 13 y~. The remainder of the decay

chain, which includes~ and its progeny, will have the same activity as 228Th when the only

means of removal is radioactive decay--:-for example, the radon is not removed by ventilation or

'other means.

Radon's freezing points and boiling points are -71 °C and -6rC, respectively. Thus, it is a

gas at aU practical conditions, which can cause problems during the storage and handling of 233U

materials. This necessitates special precautions for control and holdup of 220Rn in ventilation

systems to aUow filtration of the radon, and its progeny (U.S. DOE Jan. 2, 1998). If the holdup

time for 22llJut in a storage and ventilation system of 233U-bearing materials is sufficiently long, the

out-leakage of 220Rn and its decay chain productS can be prevented or at least substantially

reduced. As with any other gaS, the extent to which radon can be moved by ventilation will depend •

primarily on the physical form of the uranium matrix. Gas flow through a source could easily alter

the concentration of radon and its progeny. The activity of 220Rn in the source would be expected

to re-equilibrate within minutes following the stop of such a purge, while its progeny would return

to maximum activities within a few days.,'

Control of~ in off-gas cleanup systems is necessary to preserve as low as reasonably

:~hievable (ALARA) conditions for workers handling 233U-bearing materials. Inhalation of radon

decay products, primarily those associated with 222Rn, has been demonstrated to cause elevated

levels of lung cancer due to direct irradiation of the respiratory system [National Council on

Radiation Protection and Measurements (NCRP) 77 1984 and International Council on

Radiological Protection (ICRP) 50 1987]. It should be noted that most research of lung cancer

causation by radon has been performed for 222Rn progeny; howev~r, this is simply because of the

relative abundance of the isotope in habited structures'. The effect per unit exposure for 22llJut

progeny is considered to be approximately the ~e as for 222Rn progeny and is reflected as such in

radon-specific occupational exposure limits such as those used by the DOE (U.S. DOE Dec. 14,

1993).
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The short half-life of 220JW implies that it will decay shortly after it is released to the
. I

envirorunent, and therefore, most of the radiological impact in the vicinity of a ~cility emitting this

nuclide isa result of the 2J2Pb daughter and subsequent progeny (fill February 1!976). Radon

progeny will become charged and will usually attach very quickly to aerosols foilowing creation.
, :

The fraction that remains unattached is usually quite small and highly reactive and will attach with

high probability to the air passages ofpersonnel breathing the air. As for attached progeny, most
, ,

aerosol particles carry an electrical charge and are relatively massive, with medi~ diameters

typically greater~ 0.1 Jlm. The particles are, therefore, capable of attaching~ the surfaces of

the respiratory tract either by impingement or by electrostatic precipitation. Essbn'tially all dose, or
!

risk, from radon is associated with alpha decays from radon progeny attached to'tissues of the

. respiratory system.

The isotope 220JWcan create a potential effluent treatment problem unique to facilities that

handle 233U. Depending on the original impurity level of 232U, this can easily equate to a

substantial amount of22OJW being produced. Additionally, some ofthe subsequent progeny

.following radon (e.g., 208TI) are strong gamma emitters, which means that a direct exposure hazard

will be generated. This win.occur at the storage location as well as at.any point ;Where the radon is
, i

purposely collected, such as an off-gas filtration system. i

2.3.2 Comparisons of Radon from 1UU-1J1U-Bearing Materials and 'Natural'. Uranium

The radon problem for 233~232U_bearingmaterials differs in several ways from that associated

with naturally occurring uranium. These differences include:

1. The nuclear decay chain of isotopically pure 233U does not contain any radon isotope. The

isotope 22~ IS formed in the decay sequence of232U, which is typically preSent at ppm levels

in the DOE inventory of 233U.
.' . . (.

2. NatUrally occurring uranium contains the decay products that have grown into the host mineral

over its entire existence. By contrast, 232U in storage has been isolated from 'decay products. .

through multiple chemical processmg operations. However, the half-lives Of 232U decay

products are sufficiently short such that the 232U decay chain prog~ny canb~me a significant
. ..

radiological source within a few months following chemical purification. Thf rate ofactivity

build-in of the decay chain will be controlled by the 1.9-year half-life of 22sTh, meaning that

more than 99% secular equilibrium will be attained withiit a period of 13 years.
!
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3. The isotope~ which is a direct decay product of 22STh, has a half-life of only 55.6 s, while

the principal isotope fonned from natural ur3niurn, 222Rn, has a half-life of3.82 d. Therefore,

a much longer time period (by a factor of about 6,000) is available for the latter to diffuse out

of the host envirorunent.

4. The foUow-on decay scheme for~ (from 232U) to a stable isotope fOSPb) is rapid, with the

longest-lived member ofthe chain being 2I2pb, which has a half-life of 10.6 h. By contrast, the

decay chain for 222Rn (from 238U) contains 21Opb, which has a half-life of 22.3 years.

5. The differences in the residence times ofthe radon isotopes,~ and 222Rn, is a result of the

differences in their half-lives. Due to its 55-s half-life,~ can travel only short distances

prior to decaying. By comparison, 222Rn, which has a 3.8-day half-life, can travel great

distances. Consequently, an off-gas delay system that would reduce the concentration of 22?Rn

by an order of magnitude would have virtually no effect on an equivalent amount of 222Rn

activity.

6. Direct alpha irradiation ofthe respiratory system is the prime internal dose pathway for both

~ and 222~ progeny. The detrimental effect from this type of eXposure far outweighs the

dose equivalent resulting from gamma or beta exposure from decay daughters. As for external

radiation fields in the vicinity of a source or collection trap, both noRn and 222Rn can pose a

significant external exposure hazard at high activities, although the gamma radiation from the

~ chain is more penetrating, due in particular to 20811, and has a higher relative emission

abundance.

" 2.3.3 Treatment and Containment

Release of radon to the working envirorunent could create both internal and external radiation

. hazards. Because~ is short-lived, a first line ofdefense for controlling the release of this gas is

retention within the primary contaimnent system. The functional requirement is that such a storage

system should not necessarily require hennetic contaimnent, but instead should attempt to achieve

a hold-up time that is long enough to enable only a small fraction of radon to escape the system

under typical operating conditions. Note also that the radon progeny will be electrically charged

upon creation and are, therefore, not likely to travel very far in a turbulent system without plating

to surfaces.

Use of activated carbon (charcoal) has been shown to be an excellent method for

decontamination of 22l1ut from off-gas streams. As indicated in Ackley April 1975, activated

•

•

•
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(charcoal) appeared to hold promise, based on theoretical assumptions coupled With mRn

, measurement data, as an effective adsorbent for 22~ holdup and removal. How~ver, this

application could be limited by charcoal's potential as a fire and explosion hazar:d. (Under certain. ,

conditions, the combination ofNO.rcoQlPounds,and~harcoal constitutes a seriouS fire hazard). Use

ofan inorganic adsorbent in place ofcharcoal was also considered.

A summary of potential methods for the removal of22OJUi from lITGR fuel-reprocessing and
j'

-refabrication off-gas streams is documented in Ackley April 1975. This source reviews available

mRn adsorpti~n~ (including materials used to retain radon at various concentrations) and

identifies a useful theoretical treatment for adsorber design calculations. This dOCument also

provides a survey ofdocumen~investigations relating to 222Rn adsorption on charcoal and then
. I

derives a predictive model for application to 22ORfi. Discussion of the problem of(~ release
. .'

during the carbonization, conversion, and coating steps ofthe refabrication ofH!GR fuel has also

been documented by Carter Apnl1975 and December 1976.

Actual measurements of 220Rfi adsorption onto activated charcoal from fast-moving gas,

streams were performed in 1998 (Coleman March 1999) to determine the effectiveness of a
, !

coconut-based activated charcoal on the decontamination of off-gas during rem~ation tasks 'at ail

ORNL faCility where 233U fuel was stored. The measurement info~tion iss~ in Sect. 4

as part of the discussion covering off-gas filtration design. In summary, the cha~coal proved to be

a very effective material for reducing the concentration of22OJUt in the, off-gas St~.

The problemof~ release has been apparent during handling and storing iarge volumes of

fissile solution. In the early 1970s, one such solution, whiCh used soluble neutro~ adsorbers f~r

criticality control, waS tested at ORNL. This solution consi~ ofan aqueous niVate ofpurified

uranium product from th~ Consolidated Edison Indian Point Reactor. After two ~ears, the

radioactive daughters of22ORfi were found in the vapor space ofa 5,000-gal tank;at ORNL. The

, tank was used to store nitrate solution. Subsequent deposition of these radionuc1ides were also
I

found in unshielded off-gas piping. The problem was resolved by installing a de-entrainment device

and a shielded Mini-Caisson114 filter near the storage tank (parrott, Nicol, and Nichols 1971).
\
; ,

The off-gas system of the nitrate solution tank was modified to include a containment separator
, I

and a small absolute filter. Rerouting of the piping eliminated an additional problrm ofentrainment

of solution that was occurring at a low point in the system. The entrainment separator, installed in

a vertical section of the off-gas piping, provided four 180 0 direction changes for the air flow. The

absolute filter had a capacity of50 standard cubic feet per minute (scfin). EventUally 4 in. of lead
i

,.,
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shielding were added to the filter to reduce the radiation to a pennissible level. As expected. the •

dominant daughter product from the 22~ decay in the off-gas system was found to be 212Pb.

Because of the 10.6-h half-life of 2l2pb, only a few days after the storage tank was sparged, the

radioactivity level of the filter was reduced to background (parrott, Nicol, and Nichols 1971).

F'rom the standpointof 233U-232U storage, 22'1Ut is short-lived and, thus, does not contribute to

container pressurization. Vacuum leak-tightness of primary and secondary containers is therefore

not necessary if the holdup time for 22'1Ut in the 233U_232U material storage configuration is long

enou&tt to prevent out-leakageof~ and its decay pr~ucts.

The radiological contamination associated with the escape of220JW from a containment system

, in a single incident is ofa short-term nature. The longest-lived member of its decay chain is 212pb,

, which has a half-life of 10.6 h. The time required for the concentration of 2l2Pb to decline to 0.1%

(10-3) of its initial value is 10 half-lives or 106 h, which equates to about 4 d.

2.3.4. References for Sect. 2.3

Listed below are the specific references cited in Sect. 2.3. 11tis is followed by a list of

additional sources providing more detailed information on~ generation.
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Ackley, R. D. April 1975. Removal ofRadon-220from HTGR Fuel Reprocessing and
Refabrication Off-Gas Streams by Adsorption (Based on a Literature Survey),
ORNl/fM-4883, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Carter, W. L. April 1975. Reducing 22°Rn Release and 2J2U Daughter Activity During HTGR
Fuel Refabrication, GCR:75-14, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Carter, W. L. December 1976. }fTGR Fuel Refabrication: Calculation ofRadiation Dose to
Uranium-Loaded Resin from 2J2o, 2JJo, mo, mo, 2J6o, and Their Daughters, OCR: 76-18,
OakRidge National Laboratory, Oak Ridge, Tenn.

Coleman, R. L. March 1999. Use ofActivated Charcoal for 220Rn Adsorption During
Remediation ofthe Uranium Deposit in the Auxiliary Charcoal Bed at the Molten Salt
Reactor Experiment FaCility, ORNUfM-13733, Oak Ridge National Laboratory,
Oak Ridge, Tenn. '

International Commission on Radiological Protection (ICRP) 1987. Annals ofthe ICRP, Lung
Cancer Riskfrom Indoor Exposure to Radon Daughters, ICRP Publication 50, Vol. 17,
No. I, Pergamon Press, New York.
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U. S. DepartmentofEnergy. Dec. 14, 1993. "Occupational Rad;iation Protection~ Final Rule,"

10 CFR Part 835, U.S. Federal Register, 58 (2~8).
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2.4 NUCLEAR CRITICALITY PROPERTIES

2.4.1 Nuclear Criticality Fundamentals and General Considerations

'Four predominant isotopes areencountertXl in the nuclear industry that require special attention

for the safety of perSonnel. They are 233U; 23SU; 239pu; and. to a'lesser extent, 2-4 IPu. These isotopes

ofuranium and plutonium are capable ofmaintaining self-sustaining. neutron-fission-chain

reactions induced by neutrons ofa broad range ofkinetic energies. These isotopes are defined as

fissile isotopes. This means that sufficient quantities (i.e., masses or concentrations) Of 233U can be

,~accumulated such as to maintaip a self-sustaining, neutron-fission-chain reaction ("criticality'')

":.'with thermal neutrons (i.e., neutrons having kinetic energies ofabout 0.025 eV and velocities of

.: about 2200 mls); intermediate-energy neutrons (i.e., kinetic energies between about 0.025 eVand

10 keY); orfast neutrons (i.e., Iilitetic energies betw~ about 10 keVand 15 MeV) or,

cOmbinations thereof. This is to say that, on average, during the "critical" neutron fission-chain­

reactions, precisely one neutron released from fission,'or other fission-induced neutron (e.g., n-20,

y-n), will cause subsequent fissions,at a constant power rate. That is, the number of fissions per

second will remain constant as the,result ofall neutrons, both prompt and delayed, that are released

fro~ each fission. Because the sum of prompt and delayed neutrons released from each fission is

approximately 2.5, neutrons must be lost fromthe chain reaction to prevent an increaSe in the

fission power rate known as "supercriticality" (i.e., a divergent, supercritical chain reaction). All'

neutron-fission-chain reactions can be initiated by neutrons that are released from the spontaneous

fission of 233U or other commingled fissile materials (e.g., 23SU, 23~, and 241pU), or nonfissile

fissionable materials (e.g., 234U, 23~p, 238Pu, and 24OJ>u) or fertile materials (e.g., 23~ and 238U).

Table 2.40 gives the rate of neutron emission per nuclide mass from the spontaneous fissioning of

certain nuclides.,

Because ,people can be injured or killed by the substantial quantities of unshielded radiation

that can be released from a criticality aCcident, 233U must be processed. stor~ or transported so

•

•

that the neutron fission-chain reaction will not be self-sustaining or divergent. 1De prevention of

criticality or supercriticality is achieved by causing sufficient neutrons to be lost from the fission­

chain reaction so that the fissio~rate of the 233U sYstem will always digress to some relatively small

multiple ofthe spontaneous fission rate ofthe 233U and other fissile or fissionable and fertile

, material that is present. To varying degrees, this neutron loss can be caused by the presence ofany

commingled and/or intermingled materials having neutron-absorbing characteristics (such as •
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cadmium) or extreme quantities of water relative to the 233U content. Also, this neutron loss can be
!

caused by the geometric shape and density of the system containing 233U and by other materials
l

. I

surrounding the system. Favorable geometric shapes and densities cause neutrons to escape or leak

from the system. High~ensity and/or thick materials can return or "reflect" neu~ons to the 233U
, , .

system, whereas low~ensity and/or thin materials can allow neutrons to leak from the system.

The safety activity responsible for the prevention ofcriticality or supercritica:Iity in operations

with fissionable materials outside reactors is called "nuclear criticality safety." ~uclear criticality
I

safety includes the integration ofadministrative facets (i.e., education and training, auditing and
i

verification, policies and procedures, operating instructions and human factors, apd regulations and

standards) and technical and theoretical.components (i.e., nuclear-reaction, crosstsection data

measurements and evaluations, critical-experiment benchmarking, theoretical m~e1ing,
. I

computational programming, and calculations) to verify, validate, evaluate, analyze, specify, and
. . I .

document the basis· of subcriticality and safety for fissionable material operationS.
. . ~

Nuclear criticality safety has proceeded and matured since the initiation of the first critical
. ,

assembly on Dec. 2, 1942, by Enrico Fenni 'and otherS. The maturation process has evolved

through national efforts for the designs of:

• fast neutron-driven, HEU and plutonium-fueled nuclear weapons, .

• thermal energy neutron-driven 238U-to-239pu production reactors,

• thermal energy neutron-driven, highly enriched uranium naval light-water r~ctors (LWRs),

• . thermal eriergy.neutron-driven lowly enriched commercial power LWRs, ' ,.

thermal energy neutron-driven 232Th_to_233U breeder reactors, and

• fast-energyneutron-driven 238U-to-239pu breeder reactors.

Those national design .efforts included substantial conunitments of physical, intel~ectual, and fiscal

resources to adequately and s.d-ely demonstrate the design objectives throughout the fuel cycle (i.e.,

fissionable material acquisition, processing and reprocessing, storage and tran~p~rtation, and

fuel'ing and defueling). National effo~ of theoretical analysis and modeling, physical

experimentation, and benchmarking of fissiie material systems were primarily fo¢used on the fast-
. 'I .

and thermal-energy-neutron applications ofplutonium and lowly enriched uranium (LEU) and

HEU. The influence and'concern for intermediate-energy-neutron fission-chain r~ctions on,,
nuclear criticality safety occurred in fuel-cycle operations, almost entirely out of feactors or

weapons applications. For these intermediate-energy, neutron-type systems, req~ired
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• density of the fissile isotope (concentration or enrichment);

neutron moderation (i.e., water neutron moderation causing neutron slow-down or

thermalization);

neutron reflectors (i.e., mate~als located externally to the fissionable material that can return

neutrons to the system);

geometry or shape and dimensions (including volume) ofthe fissionable material system,

including reflector conditions;

neutron interaction with other sUrrounding fissionable materials that may contribute to a

critical neutron-fission-<:hain reaction;

neutron absorber nature, concentration/density, or enrichment (e.g., thermal- or intermediate­

energy neutron absorbers such as boron, cadmium, gadolinium, 238U or 240pU, etc.); and

mass of fissile isotope.

In the case of 2J3U, the minimum required mass to achieve criticality (i.e., "critical mass") is as

little as about 600 g 2J3U if it is homogeneOusly distributed in a sphere of about 10 L of natural·

water that is surrounded by a 6-in. thickness ofnatural water (i.e., neutron reflector). More

effective neutron reflectors, such as beryllium, and more effective neutron moderators, such as

··2-30

. experimentation and benchmarking were frequently relegated to in situ subcriticality or remote .

criticality experiments on specific processing equipment or storage configurations.

Because there were very limited design applications and no production fue1-eycle facilities for

2J3U, the needed physical experimentation and benchmarking for 233U systems were restricted to

thennal- and fast-energy-neutron research (i.e., criticality experiments and neutron cross-section

measurements). Materials preparation and fabrication batch or unit masses and throughputs for

the design applications were established conservatively low so as to avoid the need for

experimentation and benchmarking of 2J3U fissionable material systems outside the boundaries of

the limited design applications. A review of the open literature referencing critical experiments and

evaluations demonstrates the limited availability of intermediate energy-neutron research. in

.particular, for 2J3U fissionable material systems [paxton and Provost July 1987; Ozer et al.

July 1982;.Organization for Economic Cooperation and Development (OECD)-Nuclear Energy

Agency (NEA) September 1998; and Koponen, Wilcox, and Hampel Apr. 24, 1979]. '

Regardless ofthe fissile material of concern, nuclear subcriticality and safety relies upon the

specification and control of various factors that can affect criticality through neutron production,

leakage, and absorption. These factors include:
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high-density polyethylene, can substantially reduce the critical maSs pelow 600 Ii 233U. In contrast,

the critical mass of an unreflected, full-density 233U metal sphere is approximately 16,500 g 233U,

but it is about 7,000 g 233Uwhen reflected with 6 in. of natural water. These remarkable variations '

in cntical masses appear even more dramatic when an infinite mass of 233U is overly diluted in an
; ,

infinite volume with thermal-neutron-absorbing hydrogen, present in natural wat~r, such that an

infinite mass of 233U is not critical as homogeneously distributed at less than 11 g233U per 1,000 g

natural water. Contrarily, in the same infinite volume, 233U at the same mass rati~ with poorly

neutron-absorbing silicon dioxide (i.e., II g 233U per 1,000 g Si00 will be supercritical.

2.4.2 Basic Nuclear Criticality Safety Parameters for 1J3u

The basic nuclear parameter that describes the attribute that is necessary for a fissionable

material system to reach criticality is the so-called neutron regeneration factor, 1'1. This factor is
,

the number of neutrons produced divided by the number of neutrons absorbed within the .

fissionable material and is defined as:

'Of'v x

where

v =number of neutrons produced per fission,

or =neutron fission cross section, .

o. =neutron absorption cross section = or + o. , and .

o. =neutron capture cross section.

Each of the above are neutron-energy-dependent parameters. The r~generat;~n factors, shown

in Fig. 2.4a, were taken from Ozer (July 1982), who provides the source data used by the nuclear
. . . . ;.

industry for standard nuClear criticality safety computations. It is apparent that the fissile isotopes,
,

233U, 23SU, and 239pU, have somewhat different values ofT). More notable, howev~r, is the

difference in the magnitude and energy position of the neutron regeneration factor, between 0.01 eV
• J'

and about 1.0 x 10+4 eV.As can be observed beyond about 60 eV for 233U, no "r~sonance

structure" is recorded in the Evaluated Nuclear Data File B, Release V (ENDFIBN). This is also
. , I

true for the most recent release VI of ENDFIB. In Fig. 2.4b, ENDFIB-VI values with recent 233U

neutron-fission cross-section measurements done in 1997 at the·Oak Ridge Electrpn Linear
I
'.
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Accelerator (ORELA) facility are compared with those values from ENDFIB-VI that are used by •

the nuclear industry. As can be observed, there is substantial resonance structure to the fission .

cross section above 60 eV. The nearly straight-line behavior of the ENDFIB-VI values above

60 eV has been historically acceptable as a reasonable average value for any benchmarks (i.e.,

thennal- or fast-energy neutron) that were computationally tested. As a result ofthe 1997 ORELA

measurements, a new "ad hoc" crosS-section evaluation was done at ORNL (Wright and Leal

September 1997). Because ofthe lack of intermediate-energy neutron-eriticality experiments, the

reevaluated nuclear data were tested with thelmaI- and fast-energy neutron-eriticality benchmarks.

Comparative criticality parameters for 233U, 23SU, and 239J»u for water-reflected spheres,

"infinitely long"cylinders,and "infinite" slabs were taken from Paxton and Provost (July 1997) and

are plotted in Figs. 2.4c, 2.4d, and 2.4e, respectively. Some of the irregular curvatures for the 233U

parameters result from the lack of information over the range ofdata and the curve-fitting used to

avoid overestimation ofcritical mass values. However, some ofthe values for 233U reported from

Paxton and Provost (July 1987) between 0.2-2.0 g 233U1cm3 may be somewhat in error. It is

apparent from an inspection ofthese curves that process systems designed for 23SU are likely

inappropriate for 233U processes. Likewise, many process systems designed for plutonium are

likely inappropriate for 233U processes. As can be observed from Figs. 2.4c, 2.4d, and 2.4e, •

extreme changes in critical masS and geometry occur over the fissile material density ranges

between about 0.1-2.0 g1cm3.

The most recent and anticipated future operations involving 233Uare expected to involve

nonreactor nuclear facility decontamination and decommissioning (O&D) and low-level waste

(LLW) transportation and disposal. However, there is a limited, but promising,

radiopharmaceutical future from retrieval of 2l3Bi from the decay chain of 233U. Such retrieval

operations require the continued storage of 233U in a safe and secure envirorunent for periodic

processing. Nearly all of these recent and anticipated future operations involving 233U nuclear

subcriticality and safety evaluations and analyses require conservative compensations for the lack

of measured data' (i.e., criticality experiments and neutron cross-section data) for 233U fissile

,material systems predominantly influenced by intermemate-energy neutrons. Cor:tservative

compensations may be exercised through the simple use ofcriticality safety limits imposed for

solution systems for which experiments and data do exist. Useful references to reports and

documents regarding 233U critical expenments and data my be examined on the web site:

•
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http://nesc.llnJ.gov:8080/koponenlbibliography.hbnl '

by searching for the character string "uranium-233."

The International Handbook ofEvaluated Criticality Safety Benchmark Experiments,

published by the OECD and NEA, contains 233U criticality safety benclunark specifications that

have heeD derived from 233U experiments performed at various nuclear critical facilities around the .

world. The benclunark specifications are intended for use by criticality safety engineers to validate
,

calculational techniques used to esta.blish minimum subcriti~ margins for opera,tions with fissile
, .

material. The following 233U experiments are in Vol. V of the handbook (OECD~NEA September

1998).

1l3U Fast Metal Systems:

1. 233U JEZEBEL: A Bare Sphere ofUranium-233 Metal (U233-MET-FAST-DOl)

2. Benclunark Critical Experiments of UraniUm-233 Spheres Surrounded by Uranium-23S

(U233-MET-FAST-D02) .. '

3. Benchmark Critical Experiments of Highly Enriched Uranium-233 Spheres Reflected by

Normal Uranium (U233-MEI:-FAST-D03)

4. Benclunark Critical Experiments ofHighly Enriched Uranium-233 Spheres Reflected by

Tungsten (U233-MET-FAST-D04)

5. Benchmark Critical Experiments ofHighly Enriched Uranium-233 Spheres Reflected by. . .". :

Beryllium (U233-MET-FASi-D05) - ;.
I

6. Bericlunark Critical Experiments ofa Uranium-233 Sphere Reflected by Normal Uranium with
. .' ~

Flat Top (U?33-MET-FAST-D06)'

1l3U Thermal Solution Systems:

1.' Unreflected Spheres of 233U Nitrate Solutions (U233-S0L-THERM-DOI)

2. Paraffin-Reflected S-, 6-, arid 7.S-Inch-Diameter Cylinders Of 233U Uranyl Nitrate SolutiOns

(U233-S0L-THERM-D04)

3. A 48-Inch,-Diameter Unreflected Sphere of 23JU Nitrate Solution (U233-S0L~TIIERM-D08)

2.4.3 Criticality Control of1l3U by Isotopic Dilution :

Potentially,' nuclear criticality problems in 233U material systems can be avoid~ best by "

isotopic dilution of the 233U material with the nonfissile neutron absorber 238U. Because all uranium
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isotopes have the same chemical characteristics, the 238U ~11 not separate from the fissile uranium

(either 233U or 23SU) ~ 'any ~nventional chemical process, either before or after disposal. As shown

in ORNUrM-13524 (Elam et al. November 1997), about 188 kg of depleted uranium (DU) are

needed for the criticality control of I kg Of 233U in all nuclear systems ~xcept those that have

special nuClear moderators such as berylIium and heavy water. This is equal to 0.66 wt % 233U in

23llU or 0.53 wt % 233U in DU With ~ assay of 0.2 wt % i3sU. The basis for this result is a s~ple
, ,

equation that has been developed to ens~re thesubcriticali,ty of 233u and uranium enriched in 23SU

by dilution with DU, specificalIy 0.2 wt% 23SU. The mass ofDU required is expressed in terms of

".,the masSes of 233U and enriched U as follows:

g DU = 188· g 233U + [(E - 1)/0.8] . g ofenriched U,

where'

g DU = mass (g) of DU (i.e., 0.2 wt % 23SU),

g 233U = mass (g) of 233U,

E = wt % of 23SU (measured with respect to total U); and

g'ofenriched U = mass (g)of(Total'U - 233U),

In this equation, the isotopes 234U and 236U may be considered to be 238U, provided that the

atom ratio f34u +236U):23SU does not exceed 1:0. If the calculated quantity ofg DU is negative, the

uranium material already contains 238U in sufficient quantity such that subcriticality would be

ensured. Consequently, no additional DU is needed. A rt:l0re general equation which applies to DU

of assay other than 0.2 wt % 23SU is presenWd in Appendix A ofElam et al. (November 1997).

",2.4.4 Nuclear Fuel Cycle

Criticality concerns are important co~iderations that must be incorporated into the design of

nucl~ fue1-eycle equipment containing233U materials. The use of 233U from thorium fuel cycles

introduces the possibility ofdry criticality occurrences while presenting additional radiation

hazards from the cOncentration of 232U and its assOCiated daughter products (Knief 1985). .

Uranium-232 also has a slight tendency to fission upon neutron capture, but its relatively dilute

concentration, along with its association with the highly fissile 233U, result in 232U presenting an

insignificant contribution to nuclear criticality:

•

•

•
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2.4.5 Standards Affecting WU Criticality Control and Safety

The American National Standards Institute (ANSI) Inc. and the American ~uclear Society

(ANS) have issued several nuclear criticality safety standards that impact the criticality. '

requirements for 233U. These include:

• ANS-8.1 Standard (ANSIIANS 19980), which provides single-parameter Whits for operations

with 233U (as well' as 23SU aDd 239pU), but it does not ad~ess their combinaticins.

Tables 2.4b-2.4d (Clark 1981, 19820, and 1982b) and Table 2.4e (ANSIIAN'S 1998b) are

based on this standard. Table 2.4b gives fissile mass and enrichment limits for 233U, 23SU, and

23~. These limits apply to a single piece of fissile material having no conca:ve surfaces and

may be extended to an assembly of pieces provided there is no interspersed ~oderation., '

Table 2.4c reports parameter subcriticallimits for uniform aqueous solutio~ of 233U, 23SU,

and 239pU compounds. This implies that concentrations of the saturated sOlu~ons are not'

exceeded. Table 2.4c also gives subcriticallimits ofparameters for oxide compounds of 233U,

23SU, and~. The limits apply only if the oxide contains no more than 1.5 Wt % water.
, '.,

• ANS-8.7 Standard [the "storage guide" standard] (ANSIIANS 1998b), which has been,
" I,

expanded in recent years to include enriched-ummwn F3u as well as 23SU) s~lutions as well as

solids. Table 2.4e is based on this standard, which provides general Storage ~riteria for 233u.

For purposes of interpreting this table, the following definitions apply:

Storage unit (unit): a mass offissile material F3U) considered as an entity (may be any

shape and consist of separate pieces);

Storage cell (cell): a volwne having defined boundaries within which a storage unit is

positioned;

Storage array (array): a regular arrangement of storage cells; and
. l

- H:U ratio: hydrogen (H) to uraniwn (U) ratio, which is an expression ofthe composition
\

ofthe stored material. ~

• ANS-8.9 Standard [the "pipeinter~ons" standard] (ANSIIANS 1978), which includes 233U
. 1

solutions and could be expanded to include 233U_Th solutions; and ;

• ANS-8.10 Standard (ANSIIANS 1975), which gives criteria for nuclear criticality safety

controls in operations where shielding protects personnel.

Other standards that pertain more ~o. the safety considerations ofnuclear 'criticalitY for storing

233U_bearing materials are discussed in Sect. 4.6.

!

!
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2.4.6 References for Sect. 2.4

Listed below are references cited in Sect. 2.4. This is followed by a list of additional sources

that provide more information on 233U nuclear criticality.

2.4.6.1 References Cited

American National Standards InstitureJAmerican Nuclear Society. 1975. American National
Standard Criteria for Nuclear Criticality Safety Controls in Operations Where Shielding
Protects Personnel, ANSI NI6.8-1975,ANS-8.l0, American Nuclear Society, Hinsdale, lll.

American National Standards Institute/American Nuclear Society. 1978. American National
Standard Nuclear Criticality Safety Guide for Pipe Intersections Containing Aqueous
Solutions ofEnricfl.ed Uranyl Nitrate, ANS-8.9-1978, American Nuclear Society, La Grange
Park, lll. .

American National Standards InstitureJAmerican Nuclear Society. 1998a. American National
Standardfor Nuclear Criticality Safety in Operations With Fissionable Materials Outside
Reactors, ANSIIANS-8.1-1998; American Nuclear Society, La Grange Park, lll.

American National Standards Institute/American Nuclear Society. 1998b. American National
Standard Guide for Nuclear Criticality Safety in the Storage ofFissile Materials,
ANSIIANS-8.7-1998, American Nuclear Society, Hinsdale, Ill.

Clark, H. K. 1981. "Subcritical Limits for Pu Systems," in Nuclear Science Engineering, 79,
65-84, American Nuclear Society, La Grange Park, Ill.

Clark, H. K. July 1982. ··Subcritical Limits for Uranium-233 Systems," in Nuclear Science and
Engineering, 81(3), 379-95, American Nuclear Society, La Grange Park, Ill.

Clark, H. K. 1982a. "Subcritical Limits for 233U Systems," in Nuclear Science Engineering, 81,
379-95, American Nuclear Society, laGrange Park, Ill .

. :'

Elam, K. R., et a1. November 1997. Isotopic Dilution Requirements for 133U Criticality Safety in
Processing and Disposal Facilities, ORNUfM-13524, Oak Ridge National Laboratory, Oak
Ridge, Tenn.

Knief, R. A. 1985. Nuclear Criticality Safety-Theory and Practice, U.S. Nuclear Regulatory
Commission, Washington, D.C. and American Nuclear Society, La Grange, Ill.

Koponen, B. L, T. P. Wilcox, and V. E. Hampel. Apr. 24, 1979. Nuclear Criticality Experiments
from 1943 to 1978, An Annotated Bibliography, UCRL-52769, Livermore, Calif.

Organization for Economic Cooperation and Development (OECD}-Nuclear Energy Agency
(NEA). September 1998. International Handbook ofEvaluated Criticality Safety Benchmark
Experiments, NEAlNSCDIDOC(95)03, Paris.
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Ozer, O. et al. July 1982. Guidebook/or the ENDFIB-VNuclear Data Files, EI'ectric Power
Research Institute Topical Report EPRI NP-25 I0, Project 975-1, BNL-NCS-31451,
ENDF-328, Palo Alto, Calif .

Paxton, H. C., and N. L. Provost. July 1987. Critical Dimensions 0/Systems Containing m U.
139pu. and 1JJU: 1986 Revision, LA-10860.;.MS, Los Alamos National Lab6ratory, Los,
Alamos, N. Mex.
. ,

Wright, R. Q., and L. C. Leal. September 1997. "Benclunark Testing of 233U Evaluations,"
, .

pp. 371-71 in Proceedings o/the Topical Meeting on Criticality Sa/ety Challenges in the
Next Decade, Chelan, Washington, Sept. 7-11, 1997, American Nuclear Society, La Grange
Park, III. '

2.4.6.2 Supplemental Resources "

Benedict, M., T. H. Pigford, and H. W. leVi.' 1981. Nuclear Chemical Engine~ring, 2nd 00.,
McGraw-HiU, New York. '

CroweU, Mayme R. September 1983. Nuclear Criticality Sajety Training: Gu~delines for DOE
Contractors, DOE/TIC-4633, Oak Ridge Associated Universities, Oak Rid~e, Tenn.

,

Intenlational.Organization for Standardization. 1975.'Nuclear Energy-Fissile',
MaterialS-Principles o/CriticalitY Sa/ety in Handling and Processing, In~rnational
Standard ISO 1709-1975(E), Geneva.

U.S. Department of Energy. November 1993. DOE Standard-Guidelines/or Preparing
, I

Criticality Safety Evaluations at Department ofEnergy Non-Reactor Nuclear Facilities,
DOE-STD-3007-93, Washington, D.C. .
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Table 2.44. Rate of neutron emission per nuclide mass
(neutrons/sec·g) from spontaneous fission

•

Nuclide

mn
mu
ntu
mu
2Jiu
23'Np

23lIpu

~
2~

14IPu

Material type

Fertile

Fissile

Nonfissile, fissionable

Fissile

Fertile

Nonfissile, fissionable

'Nonfissile, fissionable

Fissile

Nonfissile, fissionable

Fissile

Neutron emission raie
(neutronls'g of nuclide)

l.2E-07

5.4E-04

6.4E-03

l.IE-05

l.3E-02

l.4E-04

3.6E+03

l.5E-02

8.9E+02

2.1E-03

•

"

Table 2.4b. Si'ngle-parameter limits of WU and otberfissile nuclides for ~etaJ units

Subcriticallimit for
Parameter

"

nv 23Stf ~c

Mass of fissile nuclide, kg 6.0 20.1 i 5.0I
i

Cylinder diameter, cm
I

4.5 7.3 I 4.4

Slab thickness, em 0.38 1.3 ; 0.65

Maximum density for which mass and
,
I

dimension limits are vali~ g/cm3 18.65 18.81 , 19.82

'"Based on Clark 19820.
baased on Clark 1982b.
"Based on Clark 1981.
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Table 2.4c. Single-parameter limits o( WU and other fissile nuclides
. (or uniform' aqueous solutions

Subcriticallimit for fissile solute
Parameter

'WUO~/J D'U01(NOJlbmuo~t muOl(NO~" D9pg(NOJ4c

Mass of fissile nuclide,
kg 0.54 0.55 0.76 0.78 0.48

Diameter of cylinder of
solution, em 10.5 11.7 13.7 14.4 15.4

Thickness of slab of
solution, em 2.5 . 3.1 4.4 4.9 5.5

Volume of solution, L 2.8 3.6 5.5 6.2 7.3

Concentration of fissile
nuclide,gIL 10.8 10.8 11.6 11.6 7.3

Atomic ratio of hydrogen
to fissile nuclided 2390 2390 2250 2250 3630

Areal density of fissile
nuclide, g/em1 0.35 0.35 0.40 0.40 0.25

"Based on Clark 19820.
baased on Clark 1982b.
'Based on Clark 1981. The D9pg limits apply to mixtures of plutonium isotopes provided the

concentration of14Opg exceeds that Of14IPu and provided 14IPu is considered to be D9pg in computing mass
or concentration.

'towerlimil

•

•

•
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" table 2.44. Smile-parameter OmIts ror odd" orlSJu and other fissile nudlcl" contalnlnC no more than I.! wi % _ter at fuD density

Panuneter DJU01" Dtu,O." Utvo," nlUOa' UlU,O.' D'UOa' ~Ol<

Mass offissile n!!e1ide, kg 10.1 13.4 1;'2, 32.3 44.0 ~1.2 ' 10.2

, J
11.7 16.0 18.7 37.2 ~2.8 62.6, IU,Mass ofoxide, kg

Cylinder diameter, an 7.2 ,9.0 9.9 11.6 ' 14.6 16.2 ' 7.2

Slab thickness, an 0.8 1.1 1.3 2.9 4.0 4.6 1.4

Maximum bulk lICnsity" , 9.38 7.36 6.~6 9.44 7.41 6.60 '9.92
, for which limits are

valid, glan'
I-M~6(I.~-W)

: .
1~.08~(U-W) 1~.06~(U-W) 1~.086(U-W) 1-{).06~(I.~-W) 1~.0~7(U-W) 1~.091(U-W)

"Based on Clark 1982a.
'Based on Clark 1982b.
<Based on Clark 1981.
"These values include the mass ofany associlded moisture up to the limiting value of I.~ Wi " ..
·W represents the quantity ofwater. in weight percent, in the oxide.

•
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2.5 PHYSICAL ANDC,HEMICAL CHARACTERISTICS
. .

The domestic inventory of stored 233U-bearing materials is found in a variety 'of physical and
I

chemical compound forms. These include metals (and alloys), oxide powders, fluprides, and

various other material fontis and compositions. The major physical and chemical\properties
1

exhibited by 233U materials are described in this section~ .
I

The physical and chemical properties of233U materials generally reflect those ofcompounds

containing natural or HEU. Consequently, the same chemical processes used for Datural uranium,

and HEU-bearing materials are generally applicable to 233U. As previously showr! in Table 2.la,

233U has a higher specific radioactiVity than either natural uranium or HEU, which has greater than
. . ;

20 wt % 23SU. This means that certain radiation-induced chemical reactions are "faster in uranium:.

bearing materials that contain significant quantities of 233U. The faster radiation-ihduced chemical·

reaction rates impact the long-term storage of 233U by requiring that 233U storage forms and
. . .

containers be limited to exposure to water or any organic materials such as plasti~s,which degrade

with higher radiation levels. (This is discussed further in Sect. 4.6).

Uranium is a radioactive element and, as found in nature, contains three radidactive isotopes

[mostly 238U (99.28 at. %), some trace amounts of 23sU(0.715 at. %), and 234U (0~.005 at. %)]. A. .
significant number ofother is0t9pes, including 232U and 233U; have been synthetiddly prepared.

. .
Uranium has a toxicity similar to that of lead. When in the form ofa solid or pust, uranium can

be a dangerous fire hazard when it is exposed to heat or flame. Uraniun:t dust can)also be an
,

explosion hazard when ,exposed to a flame in the presence ofoxygen. (These proP,erties are

discussed further in Sect. 4.)

2.5.1 Uranium Valence States

In its purest state, uranium exists 3$ a metal~and because it is strongly electropositive, it is

highly reactive ~d.readily forms compounds with all nonmetallic elements, excep,t for the inert

noble gases. It also forms intennetaIlic compounds with many metals, including ifon. lead, .
'. 1

mercury, and aluminum. Uranium has four oxidation states in aqueous media: 3+,4+,5+, and 6+.

The U}+ state is chemically very unstable with respect to oxidation and has a red-ivine color.

U}+ reduces water, yielding~ and hydrogen. Known as the uranous ion. U4+ is metastable with
. ~ .

respect to oxidation by nitrates and is dark green. The 5+ state, U02+, is black-br9wn and tends to
\

disproportionate U4+and UO/+. The 6+~, U02+
2(uranyl ion), is yelIowand is the most
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prevalent and significant aqueous state.· It can be reduced to the 4+ state chemically, •

photochemically, or electrochemically.

2.5.2 Uranium Metill

.Pure uranium is a heavy metal that exists as either silver-white or black crystals. In this form,

u~um melts atl13rC, boils at 3818°C, and has a density of 19.04 g/cm3. By comparison,

lead melts at 327°C, boils at 1750°C, and has a density of 11.35 g/cm3. Other physical properties

of uranium and some of its significant compounds (from a233U perspective) are listed in Table 2.5a

-(Linde 1998, Katz and Rabinowitch 1951, and Benedict, Pigford, and Levi 1981).

When uranium metal is in the form of solid chips, shavings, or dust, it can be a dangerous fire

,"hazard ifexposed to heat or flame in air. Because of uranium's rapid and exothermic reaction with

oxygen, its condition as a finely divided metal is pyrophoric~ Consequently, treatment ofuranium

at elevated temperatures must be carried out in an inert atmosphere or in a vacuum. Uranium metal

can also react vigorously, evenly Violently, with oxidizing agents. Solid pieces, larger than l/16-in.

diam will not spontaneously ignite (peacOck 1992), but their surfaces will corrode. The corrosion

. rate is a function of surface area, temperature, humidity, and oxygen. Corrosion of uranium metal •

has several consequences. First, it converts a cohesive metal solid to a dispersible oxide dust.· Also,

under wet conditions, uranium metal corrosion results in the formation ofhydrides, which can lead

to a fire, explosion hazard, or container pressurization from either the radiolytic decomposition of

water or chemical reaction with water and the attendant evolution of hydrogen. Specific processes

for uranium metal preparation are discussed in Sect. 3.6.

2.5.3 Uranium Oxides

_. The oxides are the most frequently found compounds ofuranium with, perhaps, the exception

of uranium hexafluoride (UF6) (see discussion below). The uranium-oxygen phase diagram is

complex. Many binary oxides and crystalline modifications have been reported. Three ofthe

uranium oxides are common in 233U processing and storage areas: uranium dioxide· (UOJ,

uranium trioxide (U03), and iriuranium octaoxide (U30 S)' or pitchblende, also commonly referred

to as uranium oxide.

Uranium dioxide is the most common compound used in reactor fuels (in a compressed pellet

form) and is a significant intermediate material used in uranium metal manufacture. It exists in the

form of brown-black (sometimes green-black) crystals, which are fairly chemically stable. At high •
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temperatures, nonstoichiometric fonns exist with oxygen ratios ranging from U~l.63 to U022S. In a
!

very finely divided fonn, U02 is potentially pyrophoric (i.e., is capable ofigni~ spontaneously in

air). In the early 1970s, U02 powder was prepared in Building 3019 at ORNL for use in

fabricating thoria-urania (fh02-UOJ fuel peliets at the Bettis Atomic Power Laboratory.[BAPL·

(West Miftlin, Pennsylvania)] for the light-water breeder reactor (LWBR) in Shippingport,

Pennsylvania (see Sect. 3.5.1).

Uranium trioxide is another significant intermediate compound.used in uranium metal. .,

manufacture. It is a yellow-red powder that is chemically stable, except for dihydrate formation.
" .

Uranium trioxide is routinely prepared by thermal decomposition ofuranium niJate,
U02(N03h-6H20, or uranium peroxide, U04-2H20.

The most stable oxide is U30 a, which m3kes it best suited for long-term stO~e. It is the

primary oxide formed by burning in excess air and by corrosion after extended air exposure~so it

can be derived readily from the other uranium oxideS. Triuranium octaoxide·is ail olive-green
. ,

powder which is normally fonried at high temperature from the other oxides. ~use of the

chemicclI stability of U30 a, it is the preferred form for storage ofuraniwn, inclurlmgHEU (Cox

July 1995).

Specific processes that have been developed for the stabilization· of 233U_bearing materials in an

oxide form are discussed in Sect. 3.5.

2.5.4 Hydrates of Uranium Oxides

The uranium oxides (U02, U03.and U30 a) react directly with water to form hydrates. A

summary ofthe major characteristics and origination of these compounds [based.. on information

reported in two sources (Harrington and Ruehle 1959 and Vdovenko 1960)] foll~ws.
. .

Hydrates ofU02and U30 a are prepared by precipitation reaction in solution; Those ofU02

result from hydrolyzing a solution of uranium cWoride or uranium aCetate; For s~ch hydrolysis to

occur, the aqueous solution must be heated with air excluded or neutraliZed chemically with a base
. ' ,

such as ammonium hydroxide.

Hydrates of U30 a are formed during photochemical decomposition ofuranyl ,oxalate,
• I

U02(C20 4), and from reactions ofuranyl salt solutions with organic reducing agC?"ts such as

glucose, alcohols, ethers, or acetaldehyde. The U30 a hydrates dissolve in acids and form a mixture

ofquadrivalent~) and hexavalent (lri). uranium salts.
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,For V03 there are four known hydrates: V03·2H20, V03·H20, V03·O.8H20, and

V03.O.5H20. The dihydrate V03.2H20 is yellow or green-yellow and exists in two different fonns.

It is fonned by reacting saturated water vapor with the red fonn ofV03 in the temperature range of

5 to 75°C. However, heating to above 300°C drives off the water and returns the V03 back to a

stabilized fonn (Vdovenko 1960). The stabilized V03 will refonn VOf2H20 at temperatures under

60°C (Harrington and Ruehle 1959). The dihydrate can also be fonned by the action of water on

the anhydrous V03 or the monohydrate ofV03 .

The monohydrate, V03.H20, is yellow or orange-yellow and crystallizes in the fonn of needles

or plates. This compound exists either as one amorphous or four crystalline fonns, all of which are

stable at room temperature. The monohydrate can be prepared by hydrating V03 in moist air at

25°C for a period of 24 h.

The compound V03.O.8H20 is sometimes referred to as the alpha monohydrate. It is fonned

by dehydration ofV03·2H20 in the temperature range 140 to 260°C and also results from

combining amorphous V03 and water at 180°C.

The orange~loredhemihydrate V03.0.5H20 is monoclinic and can be obtained at water

vapor pressure of 15 nun within a temperature interval of 160 to 300°C. The hemihydrate is

prepared by heating V04.2H20 in water at 310 to 350°C and by hydrating the unreactive, orange

V03 at 350 to 380°C. When heated in air to 700°C, the hemihydrate goes to pure V30 S'

2.5.5 Uranium Fluorides

Uranium fluorides are used extensively in the 235U fuel cycle to enrich natural uranium and, as

UF6> represent the largest amounts of uranium thai are available. However, fluoride compounds

',have less significance for the synthetic 233U.Uranium tetrafluoride (UF4) is nonvolatile and was

;'used, in a dilute solution of other moderator salts (LiF-BeF2-ZrF4), in the Molten Salt Reactor

Experiment (MSRE) at ORNL. Also, UF4 can be directly fluorinated to fonn UF6, which is

volatile. It Was this process that was used to strip the 23SU from the fuel solvent and to refuel with

233U in the fonnof a eutecticb~ salt mixture of LiF and UF4'

During the past 30 years that theMSRE has been shut down, radiolysis of the fuel salt by

fission products dissolved therein (with the formation of fluorine gas), coupled by an annual

"annealing" cycle (intended to recombine the'radiolytically produced fluorine), has caused much of

the uranium to migrate from the fuel salt into the off-gas system connecting the fuel drain tanks to

charcoal beds. Currently, the MSRE Remediation Program is underway to remove the fuel charge

•

•

•
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of approximately 37 kg of uranium (now distributed from the fuel salt through the gas piping and
t

in the charcoal beds, principally as 233U) from the MSRE facility. This material~ eventually be,
converted to U30 S and stored in Building 3019 at ORNL. For a more complete discussion ofthis

" ,

relevant subject, see Sect. 3.5.3.

Uranium hexafluoride is highly reactive ~th water and moist air, fonning ulfU1yl fluoride '
, I

(U02FJ and releasing HF, both of which are chemically toxic. Inhalation and ingestion ofUF6
. ~ .

result in acutely serious health threats. Consequently, UF6 must be stored in gas-:tight, corrosion-
/, .

resistant canisters. It is therefore desirable to convert the vast amounts of storedUF6 to the more. '

stable U30. for long-tenn storage.

2.5.6 Uranyl Nitrate i .

Uranyl nitrate solution, U02(N03)2, is an important compound in the purification ofuraniwri

and separation of its daughter prOducts by solvent extraction (SX). It is fonned by the aqueous

reaction of nitric,acid (HN03) and uranium oxides. When dried, this nitrate soluJon fonns yellow
.' ;.

crystals, which corrode tin cans and degrade some plastics. Uranyl nitrate solutions can be

absorbed through the skin.

2.5.7 Solution Chemistry of Uranium and Related Actinides

The solution chemistry ofuranium and the other actiilides from which it is often separated are

discussed. Specifically, the solution chemistry related to the recovery of 233U fr~ irradiated

thorium targets and to the periodic requirement to purify 233U from the decay products of its
i

isotopic impurity, 232U, are discussed. Because of the presence of the natural uranium impurity in

thorium targets or the use ofequipment previously used in plutonium-bearing fuels processmg, it

may become necessary to remove traces of plutonium, americium, and curium either bY'ion
, i

exchange or SX. Separations ,are based 00 differences in valenceS and/or in the ~ility of the

actinide ions to fonn complex'species. The infonnation presented below does not presume to be

comprehensive and includes only infonnation relative to manufacture and purification of 233U.

More comprehensive infonnation may be found elsewhere (Ahrland, Liljenzin, and Rydberg '1973;
, ,

Katz, Seaborg, and Morss 1986; and Choppin and Rydberg 1980).

.'
!



,2.5.7.1 ActinideValence •

The valences exhibited by the actinide elements and the values for their ionic radii are shown in

, Tables 2".5b and 2.5c (Choppin and Rydberg 1980), respectively. The ionic radii of the actinide

elements ofthe different valences decrease with increasing atomic number. Consequently, the

charge density of the actinide ions increases with increasing atomic number and, therefore, the

probability ofthe fonnation ofcampiexes andofhydrolysis increases with atomic number. For

example, the pattern of stability of the complexes-not to be confused with the stability of the

UDcomplexed ions-in the tetravalent state is:

, Similarly, for the same element, the stabili,ty of the complexes varies with the oxidation state. .

according to the following series:

'. ",

The pentavalent state ofthe actinides is the less $hIe than the other states (except for

protactinium and neptunium). and normally'undergoes to disproportionation by the following

reaction:

. Pentavalent uranium and plutonium arereiatively stable at If" = 0.01 M or less, whereas Np02+ is .

.". relatively stable in 1M acid. The most Stable valence states ofthe actinides in aqueous solution in

air are depicted in bold letters in Table 2.5b. lbrough the appropriate choice of acidity and redox

agents, uranium valence can be adjusted and maintained as 4+ or 6+, plutonium as 3+, 4+, ot'6+,

and neptunium as either 4+,5+, or 6+. The ions U3+, Np3+, and Pa"" are unstable in air and oxidize

to the next higher valence. In aqu~us systems, thorium can exist only in the Th..... state and

actinium in the Af!+' state. The 7+ state of neptunium is formed under very strong oxidizing

conditions and is relatively unstable. The 5+ and 6+ states ofamericium are also relatively

unstable except in the presence of very strong oxidizing agents such as sodium peroxodisulfate

(N~S208) or ozone (03),

•
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2.5.7.2 Complexes of the Actinides

Actinides fonn ionic and neutral complexes with inorganic and organic li~ds, and this is the

basis of separations and recovery of actinides from aqueous solution. Reactions!ofaqueous phase

complexes ofthe actinides with organic specieS to fonn compounds or adducts that are highly

soluble in an organic phase provide the basis for the separation of actinides fro~ other elements

and from each other by liquid-liquid extraction. Likewise, differences in til<: affiriity of the various

elements to fonn adducts with the organic constituents associated with solid sorbents (e.g., ion
i

exchange) make separations possible by column chromatography methods. Only the complexes _

relevant to the recovery and purification of 233 U are discussed here. More comphmensive and in­

depth discussions are reported elsewhere (Ahrland, Liljenzin, and Rydberg 1973; and Katz,

Seaborg, and Morss 1986). In aqueous solution, the 3+, 4+, and 6+ valence actiIrides fonn
, ,

cationic, anionic, and neutral complexes with a variety of inorganic ligands (nitr3te, chloride,
I

sulfate, etc.) and with a large number of organic species.

Oftbe complexes fonned with organic ligands, only the complexes with carbpxylate ions, such

as acetate, find application's in 233 U separations. Other types of carboxylate ions (such as

hydroxyisobutyrate and aminocarbOxylate) are used in-separations ofhigher~des such as -
"

americium, curium, berkelium, and californiUm. Acetate complexation is employed in the

purification of233U frommU radioactive daughter products by a cation exchang~ process (Rainey

December 1972). Also see Sect. 3.5.1.2. Preferential sorbtion of the anionic nitrate complex of
,

thorium on anion exchange resin serves to recover:229Th from the 233U parent in nitric acid
- I

solutions (Webb 19980). Also see Sect. 3.3.2.

SX separation ofmacro quantities of thorium and uranium that are involved ~th the recovery

of 233U from irradiated thorium fuels or targets is based on the extractability of the

tributylphosphate (fBP) complexes from nitric-acid solutions. This separation ~ called the

Thorex process and is based on the difference in the extractability of the neutral complexes

U02(N03he2 TBP and Th(N03).e2 TBP into an immiscible organic phase ofTBP dissolved in

normal paraffin hydrocarbon. The reactions for complexation and extraction are;as follows:
- r

- ++

! '
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Relatively high concentrations of nitrate ions are used"to promote extraction. The extracted

uranium and thorium may be recovered from the loaded or~c phase by back~xtracting

(stripping) it with an aqueous solution of relatively low nitrate concentration. Trivalent plutonium,

americium, and curium are virtually inextractible in TBP except at low acidity and very high

nitrate ion concentrations. Under normal conditions for the Thorex™ process, they are not

extractible to a significant eXtent.

. The process flowsheets and chemistry ofthe Thorex processing have been discussed by several

authors (Bond 1990 and Gresky et al. 1952). The removal of radioactive daughters of 232U from

aged nitri~ acid solutions of 233U has been accomplished with the extractant di-(sec-butyl)phenyl

·phosphonate (DSBPP) (Ferguson 1970), which also fonns a neutral complex with uranyl nitrate.

DSBPP has a higher extractability for uranium than does TBP. The Thorex process is discussed in

more detail in Sect. 3.2.3.3.

•

2.5.8 Characteristics of Current 2.J3U Inventories

Summary chemical and physical characteristics of the inventories of 233U_bearing materials at

major sites are provided in Table 2.5d [Bereolos et al. June 1998 and DOElIdaho (ID) and Idaho

National Engineering and Environmental Laboratory (INEEL) December 1998]. More detailed •

233U inventory data are provided in Appendix C of this handbook and in other reports (in
I

particular, Bereolos et al. June 1998, DOElIDand INEEL December 1998, and Lewis and "

Wilkinson March 1998). Most ofthe domestic 233U inventory is found in two major types of solid

form material: unirradiated Shippingport LWBR fuel at INEEL and Consolidated Edison Uranium

Solidification Program (CEUSP) material at ORNL.

2.5.9 References for Sect. 2.5

Listed below are references cited in Sect. 2.5. This is followed by a list ofadditional sources

that provide more information on the physical and chemical characteristics of 233U-bearing

materials.

2.5.9.1 References Cited

Ahrland, S., 1. O. Liljenzin, and J. Rydberg. 1973. "Solution Chemistry," pp. 465-635 in
Comprehensive Inorganic Chemistry, Vol. 5, The Actinides, J. C. Bailar, Jr., et aI. (eds),
Pergamon Press, New York.
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2.5.9.2 Supplemental Resources

Katz, J. J., and E. Rabinowiteh. 1951. The Chemistry ofUranium: Part I-The Element, Its
Binary and Related Compounds, McGraw-Hill Book Co., New York.
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Table 2o~ao Characteristics or uranium and some uranium compounds·

Characteristic Natural U U02 UOl UlO. U02(NO)2°6 H2O UF4 UF6

Boiling point, °C 3818 Decomposes Decomp0ses6 Decomposd 118 1457 57d

Crystalline fonn Cubic Rhombic Multiple Multiple Rhombic Triclinic Monoclinic
cubic· forms forms

Color Silvery-whit~ Brown Orange Olive green- . Yellow Green Colorless
black

Heat of fusion, ~. 4700 67 NN NA·
caUg .' .

Heat of vaporization, . 106,700 NA· .NA NA NA
caUg

.-

Melting point, °C . 1132 2878 h .. c 60.2 960 64

Molecular weight' 238.03 270.03 286.07 842.21 ·502.13 314.02 352.02

Specific gravity' ~ 19.05 10.96 7.29 8.30 2.81 6.70 5.06

Specific heat,' caUgfOC 6.57 0.056 0.071 0.0798.
Thennal conductivity,' 0.071 0.02 1.60
caUcm'sec'oC

Water solubilitY'
,

I I I I S SI j

QBased on Linde 1998; Katz and Rabinowitch 1951; and Benedict, Pigford, and Levi 1981.
bDecomPoses at greater than 600°C at reduced pressures. .

. -.-' '-~' 'Decomposes at greater· than 13()()9c-at reduced pressures.
. dSublimes at I atm. .

~ace-eentered cubic lattice.
. INA = not applicable.

S'Measured at 25°C.
hI = insoluble; S = soluble.
IVery slightly soluble in cold water.
Joecomposes in cold water.

N
I

V1
--.,J
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•Table 2.5b. Oxidatioa states or the actinides
ia aqueous solutioa"

(The most stable oxidation states are shown in parentheses.)

Atomic No. 89 90 91 92 93 94 95 96

Element Ac Th Pa U Np 'Pu Am Cm

(3) 3 3 3 (3) (3)
(4) 4 4' 4 (4)

(5) 5 (5) 5 5
(6) 6 6 6

7 7

"Actinides ofatonUc number 97 and higher are omitted
because of their short half-lives and because they are not formed in
significant amounts in 2JlU production.' '

•
Table 2.5c. Ioaic radii or the

actinides (A)"

Element M)+ M4+ M~

Ac 1.076
Th 0.984
Pa 0.944 0.90
U 1.005 0.929 0.88 0.83
Np 0.986 0.913 0.87 0.82
Pu 0.974 0.896 0.87 0.81
Am 0.962 0.888 0.86 0.80
Cm 0.946 0.886
Bk 0.935 '0.870

"Adapted from Choppin and Rydberg 1980.

•



• •
Table 2.~d. Summary chemical and physical characteristics of major components of

the current inventory of wU-bearing materials"

Site . Material description Chemical/physical form
CY(s)6 of : Total U mu content

generation (kg) (kg)

INEEL. Containers of unirradiated LWBR U02- Th02 pellets in fuel and 1976-77 306.64 300.80
fuel blanket rods

Unirradiated assembled'LWBR UOc Th02 pellets in rods 1976-77 16.84 16.56
seed module

55-gal and IIO-gal 6M containers UOc Th02 pellets in fuel and 1976-77 35.42 34.20
ofunirradiated LWBR fuel blanket rods

\

i..WBR fuel fabrication scrap Clothing, grinding sludge, rags, 1976-77 61.86 6O.<Y
polyethylene, gloves, processing
equipment components

INEEL total . 420.76 411.56

LANL Various compounds Carbides, oxides, nitrates, 4.09 4.00
tetrafluoride, and U30 S

Metals Encapsulated, turnings, and 2.82 2.78
special alloys

Noncombu'stibles Graphite, nonactinide, and 0.13 0.13
plastics

Process residues Hydroxide precipitates, 0.20 0.19
sweepings, and screenings

Other CombustibleS (ragS) and nitrate 0.01 0.01
. ... ~~ . ,'. - .- .,. .- ...... __ .-...... 0'.".·· • ~ _, .~ ....O<~ ~ . ~50lutioiis" _.. '" .. .. - --.. ".-' " ., ~ - - - ~. . . ~_.

. ....... _ ...... _. ~-'

LANL total 7.25 7.11

ORNL Savannah River (165 ppm 232tJ) UO;rpowder 196~5 67.4 61.6

MSRE salt (excess feed material) UF4.with LiF . 196~9 3.2 2.9

CEUSP material U30 S monolith (with CdO) 1985-86 1042.6 101.1

•

N
~
1,0



Table 2.~d (continued) <:
,

Site Material description ChemicaVphysicai form CY(s)' of Total U 23l(J content
generation (kg) (kg).

ORNL .Mound Plant material UOxpowder 1967 3.6 3.5
··(contd.)

Uranium metals Uranium metal and alloys 17.3 17.0

RCP-06" U30. monolith (with CdO) 1986 65.2 60.3

BAPL" U01 powder 1976 15.4 15.0

Savannah River (35 ppm mu) U03 powder 1964-65 11.1 10.7

Oxide lots U30. powder 1980-88 96.5 91.2

Zer~PowerReactorpack~ U30. powder 1978-79 45.7 44.8

Miscellaneous Oxide powders 10.4 10.2

Other Miscellaneous forms 9.2 9.0

ORNL total 1387.5 427.2

Other sites' Miscellaneous , >83.7 >5.1

"Based on Bereolos et aI. June 1998 and U.S. DOE-ID and INEEL December 1998.
ICY =calendar year.
'This is LWBR scrap material which has a fissile e33U) content of 97 wt % (of total uranium) and a mu content of9 ppm

(of total uranium).
"'This is an arbitrary designation related to the history afthe material.
'Bettis Atomic Power Laboratory.
!.Includes contributions from 19 sites.

N·
b.
o.

• • •
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2.6 WASTE THRESHOLD CRITERIA

The requirements for storage, transport, and disposal of radioactive wastes are significantly
. .

different from those for fissile materials. Consequently, a proposed basis forde~ and
. I

• I

managing different classes.ofthe current inventory of 233U-bearing materials~ recently
I .

developed and documented (Forsberg, Storch, and Lewis July 7, 1998). As~ ofthe major

results from that investigation is provided below.

2.6.1 Introduction

Three categories that pertain to the current inventory of 233U_bearing materials have been

defined to establish separate and appropriate sets ofcriteria for storage, transPOrt. and disposition
i

or disposal. These are wastes, exceptioo-<:aSe materials, and concentrated fissile :materials

(nonwastes).

Each of these material categories bas a unique set of features relating to Co~rns regarding
!

economic value, nuclear criticality~ and nuclear safeguards (including arms con40l). The

safeguards requirements for 233U are similar to those ofplutonium. Current dom~c inventories of

the above three categories of 233U-bearing materials are documented in the report Uranium-233

Waste Definition: Disposal Options, Safeguards, Critica/ityControl, and Arms Control,

ORNUfM-13591 (Forsberg, Storch, and Lewis July 7, 1998).

2.6.2 Wastes

Wastes containing 233U-bearing materials are defined as materials containing sufficiently small

masses or concentrations offissile materials ~sU as well as 233U) such that they:can be managed

as typical radioactive waste.

Uranium-233-eontaining material is waste if three conditions are met:

I. There is no existing, planned, or proposed use for the material.

2. The 233U in the material is such that either:

a. The aetual 233U concentration is <I kglm3, or

b. 'The enrichment level is <0.66 wt % 233U in 238U.

3. The 233U in the material is such that either:

a: The approximate 233U homogeneous concentration is < I kglm3, or

b. The enrichment level is <12 wt % 233U in 238U.
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This definition covers three requiremerits that must be met (in the areas ofeconomics, criticality .'

control, and safeguards and arms control) to allow the 23lU-bearing material to be bandied as any

other radioactiye waste. This definition assumes that the wastes Will be managed in a manner

similar to transuranic (fRU) (alpha emitting) waste. The hazards and characteristics ofTRU and

23lU wastes are similar. Consequently, most sites with 2llU wastes manage those wastes like TRU

wastes. The definition also assumes that, for safeguards purposes, the concentration of 211U in the

waste does not exceed 0.15 wt %. More restrictive conditions apply ifhighly concentrated 2llU

exists in a batch of waste (Forsberg, Storch, and Lewis July 7, 1998).

Wastes containing 23lU-bearing materials at various sites contain materials from contaminated

areas, glove boxes, and hot cells; cOnstruction debris; personal protective equipment; piping; and

used standard equipment for either laboratory analysis or material processing and handling. TIle

waste forms include metals, wood, plastic, glass, and cardboard.

2.6.3 Exception-Case Materials

It has been proposed that exception-ease materials be defined as materials that should be

examined on a case-by-ease basis to determine if they are wastes. They include materials not

covered in the definition ofwastes as described above, and are chemically contaminated up to •

12 wt % 2l3U in non-218U-cootaining niaterials. As a result, such materials have a 233U mass

concentration that exceeds I kglml or about 200 g per 55-ga1 drum. Some ofthese materials may

.be economically considered wastes, but they currently have properties that may impact how they

would be managed depending upon future decisions regarding criticality, safeguards, and arms-

control.

The DOE (U.S. DOE Feb..11, 1999) has decided that certain plutonium residues containing up

to 10 wt % plutonium may be.treated as ':"as1es. No decision has been made for 2llU. However,

this precedent indicates the potential option to classify similar 2llU materials as wastes with limited

safeguards and security requirements.

Most ofthe domestic inventory ofexception-ease materials are currently found at INEEL. This

material is a mixture of2 to 12 wt % 2l3U02 in Th02, which is stored in dry storage vaults and 6M

transport drums. Most ofthe material is in the form ofunirradiated LWBR fuel rods stored in

canisters in dry storage vaults. The canisters contain a variety of LWBR fuel forms-pellets, rods

and tubes. Overall, these materials are chemically stable and have a relatively uniform

composition. •
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• Other exception-ease materials at INEEL are in storage at the Radioactive Waste.Management

Complex (RWMC). These materials reside in two major types ofstorage buildings: a building for

above-ground retrievable storage and earthen-<:over berms inside a building. The' building contains
.' ,

. ,
exception-ease material regarded as "accessible" in II' overpack boxes, each ofWhich contains

j

5 to 6 bbl, each having 55- or IIO-gal capacity. Each overpack box has 3/4-in.-thick lead

shielding. Earthen-<:overberms contain barrels of 233U exception-ease material that are stacked on
i .

asphalt pads. The barrels are separated by layers ofplywood and plastic and backfilled under an .

.earthen cover. A total of 1804 barrels, 107 ofwhich contain exception-ease ~rial, are regarded
I

as "unaccessible" and are found in the earthen-<:over berms. '

2.6.4 Concentrated Fissile Materials . ;

•

•

,

It has been proposed that concentrated fissile materials be defined as materi~s ofsufficient
i

fissile material content such as to require special handling to address nuclear criticality,
,

safeguards, and arms-<:ontrol concerns. These materials exclude spent nuclear fuel (SNF), but they

essentially include all other 233U-bearlng materials. Concentrated 233U fissile materials contain
. i

>12 wt % 233Uequivalent. .

Examples of concentrated fissile materials stored at ORNL in~ludepackages containing 233U03
I·

powder received from the Savannah River Site (SRS) and stainless steel cans containing stabilized

uranium in the form ofsolidified U30 S' The latter material was generated as part,ofthe CEUSP.
. I

The CEUSP material originated from Consolidated Edison reactor fuel uranium that was recovered. "

by the West Valley Nuclear Services (WVNS) plant at West Valley, New York, 'and later sent to
. . . .. . I

ORNL for storage.

2.6.5 Future Wastes 'and Wastes That Are Repackaged

The categorization scheme previously described for the current ~3U mateiiaf inventory does

not necessarily imply that any 233U-<:ontaining materials will be treated differently from those in the

past. The previously described categorization scheme defines different levels of~3U wastes and .

flags some materials as exception case. As new policies are developed in thefu~re, the,
requirements for the management of exception-ease materials may change signifi:cantly and result

in these materials being lnanaged as either wastes or concentrated fissile materi~s.

Potentially significan~ quantities ofnew 233U wastes may be generated in the :future from

repackaging and from future processing .of fissile matenals. Some of the 233U wake inventory
, ;!
. . !
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(including some exception-<:ase"material) will need to be repackaged to meet repository [Waste •

Isolation Pilot Plant (WIPP) and Yucca Mountain (YM)] waste acceptance criteria (WAC). Future

processing of233U fissile materials will be needed to extract 233U for medical and other beneficial

purposes and to stabilize 233tJ-bearing materials for either long-term storage or final disposition.

A recent study (Forsberg, Storch, and Lewis July 7, 1998) conducted for the DOE Office of

"Fissile Materials Disposition (MD) recommends that, where feasible, sufficient DU (i.e., 231U) be

added to any future generated 233U wastes to isotopically dilute the 233U to a concentration level of

<0.66 Wt % 233U in 23IU.

Implementing this recommendation has the major advantage ofminimizing major 233U waste

concerns and issues associated with nuclear criticality~ domestic safeguards, and arms control. In

,.. addition, there is no shortage ofDU to meet this recommendation. The addition ofDU to 233U

waste streams is a beneficial use ofDU. "

2.6.6 References for Sect. 2.6

A full citation ofthe major reference that provides the basis for the 233U waste threshold

criteria previously discussed is given below. This is followed by a list ofsources that provide

additional information on this topic.

2.6.6.1 References Cited

Forsberg, C. W., S. N. Storch, and L. C. Lewis. July 7, 1998. Uranium-233 Waste Definition:
Disposal Options, Safeguards, Criticality Control, and Arms Control, ORNUrM-13591,
Oak Ridge National Laboratory, Oak Ridge, Tenn.

U. S. Department of Energy. Feb. 11, 1999. Second Record ofDecision on Management of
Certain Plutonium ReSidues and Scrub" Alloy Stored at the Rocky F1ats Environmental
Technology Site, Office ofthe Assistant Secretary for Environmental Management,
Washington, D.C. "

2.6.6~2 Supplemental Resources"

American National Standards Institute/American Nuclear Society. 1998. American National
Standardfor Nuclear Criticality Safety in Operations With Fissionable Materials Outside
Reactors, ANSIIANS-8.l-1998, Amerie:an Nuclear Society, La Grange Park, III.

•

American National Standards Institute/American Nuclear Society. 1981. Nuclear Criticality
,Control ofSpecial Actinide Elements: An American National Siandard, ANSIIANS-8.15- •
1981, La Grange Park, III.
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Bereolos, P. J., et aI. June 1998. Strategyfor Future Use and Disposition ofUranium-233:
History, Inventories, Storage Facilities, and Potential Future Uses, ORNUfl'M-13551, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Crawford, D. W. August 1997: "Safeguards Termination Limits on IriunobilizCd Nuclear
Material," J. Nucl. Materials Management, pp. 13-14, Institute ofNuclearjMaterials
Management, Northbrook, Ill. Vol. 25. No.4. .

Elam, K. R., et aI. November 1997. Isotopic Dilution Requirements for mu Criticality Safety in
PrOCessing and Disposal Facilities, ORNurM-13524, Oak Ridge Natioruil Laboratory, Oak
Ridge, Tenn.

" ,

Forsberg, C. W., et al. February.l998. Definition ofWeapons-usable Uranium-233,
. ORNUfM-13517, Oak Ridge National Laboratory, Oak Ridge, Tenn.

International Atomic Energy Agency. March 1990. Consultants' Report on M~etingfor
Development ofTechnical Criteria for Termination ofSafeguards for Mat~rialCategorized
as Measured Discards, STR-251 (Rev. 2), Vienna, Austria. . ~.

Oak Ridge National Laboratory. Feb. 18, 1994. ORNL Nuclear Criticality Safety Program
Procedure NCS-1.0, Rev. 0, AppendiX A: Control Limits on Fissionable N4clides at ORNL,
Martin Marietta Energy:Systems, Oak Ridge, Tenn.

U.S. Nuclear Waste Technical Review Board. 1996. Report to the u.s. Congress and the
Secretary ofEnergy: 1995 Findings and Recommendations, Arlington, Va.:'

Westinghouse SavaDnah River Company. September i996. Impact ofLimitsf~r the Reduction or
Termination ofSafeguards on Low-Grade Residues, WSRC-RP-96-489, Aiken. S.C.

Westinghouse Savannah River Company. August 1997. Nuclear Criticality Safety. Evaluation:
Contact-Handled Waste at the Waste Isolation Pilot Plant (WIPP), PECD~WIP-970004,
Revision 0, Aiken. S.C. !



2-66

2.7 BIOCHEMISTRY AND METABOLIC PATHWAYS

2.7.1 .Biological Properties and Hazards

All isotopes of uranium (including 233U) and their compounds prese~t biological hazards

through ingestion and inhalation. The DOE and NRC pennissible levels for soluble uranium

compounds are based on chemical toxicity, whereas the pennissible body level for insoluble

compounds is based on radiotoxicity. Following acute and chronic exposures, chemical toxicity

often appears as irreversible kidney damage and acute arterial lesions (Lewis 1996). Uranium is a

heavy metal and has characteristics of other heavy metals like lead. Soluble uranium compounds

may be absorbed through the skin," especially through open wounds. Insoluble uranium compounds

have a detrimental effect on the lungs as a result of irradiation by the radioactive decay of the

inhaled particles. This material is transferred from the lun~ very slowly. Regarding the inhalation

of moderately soluble and soluble forms of uranium, the radiation dose generally decreases with

increasing solubility of the inhaled compounds, but the kidney burden generally increases. Some

compounds associated with certain forms ofuranium can also be toxic (e.g., IIF, which is often

absorbed on UF4 and is often a chemical reaction product between UF6 and water). Table 2.70

(Lewis 1996) lists groups of uranium compounds accor:ding to their varying degrees of solubility.

Unlike the long-lived (73~O-year half-life) 229yh in the decay of 233U, the 232U decay chain.has

no long-lived "stopper" isotope that can be used to "break" the decay chain by chemical separation.

This property implies that the effective absorbed energy per disintegration of 232U and its decay

products will be mlich higher than that for 233U. This is a significant point in the consideration of

biological hazards. The lack of a "stopper" isotope in the 2nU decay chain leads to an

approximately four times greater effective energy per disintegration to bone than from the 233U

decay chain.

Biological half-life and rate of absorption joto the body are also factors affecting internal doses

from the decay of 233U and 232U. The biological half-life indicates the time required for the body to

eliminate halfof an administered dose of a radioactive substance by the regular (natural) processes

of elimination. For a particular radionuclide, the biological half-life varies with the organ of the

body under consideration. Table 2.7b (lCRP 1979) lists the half-lives and critical organs for 232U,

233U, and other fissile nuclides. The retention of uranium in various tissues of the body is no longer

described by a single biological half-life. Table 2.7b is based on ICRP Publication 30 (lCRP

1979), which describes the retention ofuranium in all tissues by a sum oftwo exponential

e"

e

e
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• functions. This means that for each uranium isotope there are two biological half-lives, each of

which applies to a certain fraction ofthe material deposited in the tissues of coD(~ern. Thus, for

each uranium isotope and organ listed, Table 2.7b reports two biological haIf-livb and the

percentage of the ~vity deposited in that organ to which each half-life applies. '

The biological half-life ofall uranium isotopes'is the same, and the half-life of 232
U is not so

I .

short that it greatly shortens the residence time in the bOdy compared with other ~ranium isotopes
, (

with much longer half-lives. The dose from ingestion and inhalation of radionuclides depends OIl

the amount (activity) taken into the body, and the dose per unit activity of 232U ingested or inhaled

is higher than the dose from the same activity intake ofany longer-lived. isotopes, due to rapid

buildup and decay.of the 232U decay products in th~ body.

•

2.7.2 Metabolic Pathways

In general, external exposure to alpha radiation from actinide contamination ,is not a concern

because of the protection afforded by the outer layer of skin. However, inhalatio~ ofthe more

radioactive actinides such as 233U and 232U, even in microgram quantities, deliver's significant

interI)a1 radiation doses to the body. Absorption ofactinides through contaminatipn of open wounds

also delivers an internal dose. Ingestion of actinides generally results in substantially lower

radiation doses than inhalation.

When an actinide such as 233U and 232U enters the body through inhalation, ~gestion, or an

open wound, its biologic behavior is determined by its physical and chemical characteristics.
. , ;' \

When larger insoluble particles are inhaled, they are efficiently removed from the upper airways by

ciliary action, ingested and then excreted in the feces. Inhaled smaIi actinide particles, .less than a

few microns in diameter,penCtrate deeper into the lungs~ where they are'aggregated in' place by

cellular encapsulation or are translocated to lymph nodes and the liver: Massive;inhalation doses
. .

from snlaUer particles can cause pulmonary injury, fibrosis, and even death, while intermediate

doses pose a potential for delayed lung cancer. Very small actinide particles and: ionic fornis are

complexed in the blood serum and then deposited in the liver and on bone surtaees. These deposits

are metabolized very slowly. A fraction of the actinide being translocated is excreted in urine;

therefore, the urinary actinide level can provide an estimate of the total body actiiUde content. An. .
actinide's potential long-term radiological consequences, i.e., cancer, are proportional to the local

absorbed dose from short-range alpha particles, and the consequences are confined to the organs of

• concentration: lung, liver, and bone (Cantey June 1995).
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2.7.3 Regulatory ,Exposure Limits, Concentration Limits, and Permissible Intakes

Federal regulations specified by the U.S. Nuclear Regulatory Commission (NRC) in tables of

Appendix B of 10 CFR Part 20 (U.S. NRC Jan. I, 1999) indicate the maximum permissible limits

of 233U (and 232U) for workers and occupational exposure, for concentrations in airborne and liquid

effiuents released to the environment, and for concentrations in discharges to sanitary sewer

systems. These regulations serve as radiation protection standards for the general public.
, ,

Table 2.7c (U.S. NRC Jan. I, 1999) lists the occupational exposure limits for 233U, mu, other

uranium radionuclides, and natural uranium. The annual limit on intake (ALO and derived air

:concentration (DAC) for inhalation are given for an aerosol that has an average particle diameter

,'of I ~m and for three classes (D, W, Y) of radioactive materials, which refer to their retention

'Period (approximately days, weeks,'or years) in the pulmonary region of the lung. ~s

classification refers to a range of nuclide clearance half-times as follows:

D: < 10 d.

W: ~ 10 d and < 100 d.

Y: '~IOOd.'

For uranium radionuclideS, this classification also refers to the following groups of

compounds:

D: UF6, U02F2,and U02(N03h.

W: U03; UF4, 3nd UCI4•

Y: U02and U30 •.

, ,.I.~ should be noted that the classification ofa compound as Class D, W, or Y is based on the

;chemical form of the compound andriot on the radiological half-life.
; ,

In Table 2.7c, the ALI values are the annual activity intakes ofa given radionuclide which

would result in either a committed effective dose equivalent of5 remor a committed dose

equivalent of50 rem to any organ or ti.ssue., The DAC values in Table 2.7c are derived limits

intended to control chronic occupational exposures~ Further discussion of the relationship between

the ALI and DAC values is provided ~ Appendix B of 10,CFR Part 20.

Table 2.7d (U.S. NRC Jan. I, 1999~ lists the maximum permissible concentrations of 233U,

232U, and other uranium nuclides in airborne and liquid effiuents released to the environment. This

is followed by Table 2.7e (U.S. NRC Jan. I, 1999), which reports the maximum permissible

concentrations of 233U, 232U, and other uranium nuclides in monthly and annual discharges to

.'

•

•
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,

sanitary sewer systems. In Table 2.7d, the limi~ on activity concentnitionsin air and water for
,

releases to unrestricted areas that may be accessed by the public are based on an:annual committed
• I ~

'effective dose equivalent of 50 mrern (0:5 mSv) from inhalation and ingestion, ~pectively. The

effective dose equivalent is a weighted sum ofdose equivalents to different organ;s or tissues
,

defined by the ICRP (1977), and the committed dose is ~e dose received over 50.; years following

an acute intake ofa radionuclide. For any radionuclide, the committed dose includes the

contributions from any radioactive decay products arising from decayoftheradit>nu~lide in the,
,I,. '. •

body. For inhaled materials, concentration limits for ~erent lung clear3nce claSses (solubilities in

the lung, described above) are giv~.

The concentration limitsfor air and water presented in Table 2.7d areinversely..proportional to
. '

the internal doses per unit activity intake by way of inhalation~ ingestion, res~vely. The

dose per unit intake ofa radionuclide provides a measure of its radiotoxicity. Thus, the data of
, r

Table 2.7d indicate that longer-lived uranium isotopes such as 23SU and 238
U are less radiotoxic

than 233U and especially 232U.

Table 2.7/(u.S. NRC Jan. 1, 1999 and ICRP 1979) gives the maximum pe$issible quarterly,
intakes (oral and inhalatiOn) of 233

U, 232U, and other uranium nuclides for critical;body organs. The
, 1

levels reported in Table 2.71are those recommended for occupational 'exposure br the NCRP.

However, Table 2.7/does not represent the annual limits on intake (ALls) curren~y used by the

NRC and DOE. The ALIs in NRC and DOE regulations'are reported in Table 2.1g (ICRP 1994)
, I

and are based on the models in ICRP Publication 30 and a limit on arinual effective dose, equivalent
. " '! '

for'workers of5 rem. By contrast, the ICRP's latest ALls for workers are based 9n revised models
, .

and a limit on annual effective dose for workers of 2 rem. (It should be noted that an effective dose

is not the same as an effective dose equivaient.)

2.7.4 Protection and Radiation Exposure

The penetratiIlg radiation field from a source of 233
U and 232U depends upon~y factors.

"
, \

These factors are discussed further in Sect. 4 and include:

• surface area ofthe radioactive source,
" .

• distance from the source,

• self-shielding due to density and geometry of source material, and
. .

• external shielding used to reduce the radiation field from the source.
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The m:ost imPortant factor specific to the penetrating radiati~n field for 233U is the quantity of •

mU.' Because ofthe'high-energy ganuna ~ation given offby the 232U daughter, ~, the

quantity ofmvis the detennining factor in the 233U radiation field. External exposure is a much

greater concern for 232U and its short-lived deCay p~oducts than for 233U, prirriarily because the

212J3i and~ decay products of 232U emit high intensities ofhigh-energy photOns but 233U and its

decay products emit only low intensities of lower~mergyphotons. Figure 2.7a shows the

calculated gamma radiation levels over time for material With varying con~ntrations of 232U.
. .

These calculations were made for exposures 1 ft away from a 10-kg U03source packed in a

cylindrical can with a 6-em radius, 12-em height and a thickness of 12 mil (0.03 em). After the

initial increase as the gamma ~8hters are produced, the radiation levels are linear with 232U
,

concentration. Maximum ganUria exposure levels are reached after about 3800 d (10.3 years)

(Bereolos er. aI. April 1998).

Uranium-233 compounds are handled in sealed containers or in high-quality enclosures

(shielded cells, glove boxes, and ventilated tanks) becauSe ofthe high radiation hazard

(Horton 1972). Additional countermeasures to protect workers, discussed in Sect. 4.6, include

ventilation control, personal hygiene, first aid, and shipping regulations (Lewis 1996).

2.7.5 References for Sect. 2.7

Listed below are the specific referenCes cited in Sect. 2.7. This is followed by a list of

additional sources providing more detailed infonnation on 233U biochemistry and metabolic

pathways.
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Bereolos, P. J., et aI. April 1998. Strategyfor Future Use and Disposition ofUranium-233:
Technical Information, ORNLIfM-13552, Oak Ridge National Laboratory, Oak Ridge, Tenn.

CantCy, T.' June 29, 1995. "Submittal ofSRs MIN Maruigement Report-Plutonium and Other
NMMSS-Tracked Nuclear Materials," correspondence to M. Soitz, DOE Headquarters, from
DOE Savannah River OperationS Office, Aiken, S.C.

Horton, R. W. 1972. Saftty Analysis: LWBR Support Program in Building 3019 Pilot Plant,
ORNUTM-3567, Oak Ridge National Laboratory, Oak Ridge, Tenn.

••

International Commission on Radiological Protection. 1977. Recommendations ofthe
International Commission on Radiological Protection, ICRP Publication 26, Ann. ICRP I, •
No.3.
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International Commission on Radiological Protection. 1979. Limitsfor Intakes: ofRadionuclides

by Workers, ICRP Publ. No: 30, Part 1, Annals ofthe ICRP2, No. 3/4, Per~ Press,
Oxford, U.K. ~

;
, I

International Commission on Radiological Protection. 1994. Dose Coefficients/or Intakes of
Radionuclides by Workers, ICRP Publ. No.' 68, Annals ofthe ICRP, 24(4),;Pergamon Press,

I

Oxford, U.K. I
, .

, ,
Lewis, R J., Sr. 1996: Sox's Dangerous Properties ofIndustrial Materials, 9th ed., Van

Nostrand Reinhold, New York. ' '
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,2.7.5.2 Supplemental Resources

•

•
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Arnold, E. D. 1962. ','Radiation Hazards ~fRecycled 233U-Thorium Fuels," pp.;253~84 in

\
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1962, TID-7650, U.S. Atomic Energy Commission. Division ofTechnicallrlformation, Oak
Ridge, Tenn. I

\

Eckennan, K. F., A. B. Wolburst, and A. C. B.Richardson. September. Limiti';lg Values of
Radionuclide Intake and Air Concentration and Dose Conversion Factors for Inhalation,
Submersion, and Ingestion, EPA-520/1-88-Q20, Federal Guidance Report ~o. 11, U.S.
Environmental Protection Agency, Washington, D.C. :

Morgan, K. Z., W. S. Snyder, and J. A. Auxier, eds. 1960. "Report ofICRP C~mmittee lIon
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. Table 2.7(1. Solubility of uranium compounds"

Relative degree of solubility Compound{s)

Most soluble UF6

U02(NOlh
U02Cl2 '

UO~2

Uranyl acetates

Uranyl C3Ibonates
" Uranyl sulfates

Moderately soluble UF4

U~

U~
U04

(NH~U207

Least soluble 'U02(high fired)

·U3Oa
Uranium hydrides

Uranium carbides

aaased on Lewis 1996..
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Table 2.7b. Comparison of half-lives and critical organs for selected isotopes of uranium and plutoniuma

Characteristic 1J2U , 233U mU mu 23~ 2··Pu

Half-lives -
Physical (y) 6.89E+Q1 1.S92E+Q5 7.037E+Q8 4.468E+Q9 2.44E+04 1.32E+Q1

Biological (d)
Bone 20 (90%) 20 (90%) 20 (90%) 20 (90010) 36,500 36,500

5,000 (10%) 5,000 (10%) 5,000 (10%) 5,000 (10%)
Kidneyb 6 (99.6%) 6 (99.6%) 6 (99.6%) 6 (99.6%)

1,500 (0.4%) 1,500 (0.4%) 1,500 (O.~%) 1,500 (0.4%)
Liver 14,600 14,600
Gonads C ·C

Effective (d)" ..

Bone 20 (90%) 20 (90%) '20· . (90%) 20 (90%) 36,500 4,300
5,000 (10%) 5,000 (10%) . 5,000 (10%) 5,000 (10%)

Kidneyb 6 (99.6%) 6 (99.6%) 6 (99.6%) 6 (99.6%) ..

1,500 (0.4%) 1,500 (0.4%) 1,500 (0.4%) 1,500 (0.4%)
Liver 14,600 3,600
Gonads C 4,800

Critical organs" Bone Bone Bone Bone Bone Bone
Kidneys Kidneys Kidneys Kidneys Liver Liver
GYtract GYtract GYtract GYtract Red marrow Red marrow
Red marrow Red marrow Red marrow Red marrow Gonads Gonads
Lungs Lungs Lungs Lungs GYTract GPTract

Lungs Lungs

aBased on information in ICRP 1979. This reference describes the retention of uranium in all tissues by a sum of two
exponential functions. This means that for each uranium isotope there are two biological half-lives, each of which applies to
a certain fraction of the material deposited in the tissues ofconcern. Thus, for each uranium isotope and organ listed, there
are two biological half-lives and the percentage of the activity deposited in that organ to which each half-life applies. This
approach does not apply to the isotopes of plutonium, for which only one biological half-life needs to be specified for each
organ.

'Biological half-lives for kidneys also apply to all other soft tissues.
"Plutonium deposited in gonadal tissues is assumed to be permanently retained there.
"Effective half-life takes into account radioactive decay and biological removal.
'Critical organs depend on route of intake (ingestion or inhalation), and critical organs for particular route of intake

depend on solubility ofchemical form. .
1m = gastrointestinal; critical tissues include walls of upper and lower large intestines.

•• •
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I
Table 2.7c. Occupational exposure limits for wU,:WU, and otber uranium ~dionuclides·

i

. Annual limit on intake (uCi) Derived air concentration
Retention classb r

Radionuclide for inhalation
Oral ingestion Inhalation ~Cilcm~

mu 0 '2E+O 2E-1 9E-1I
W ., .4E-1 2E-1O.
Y 8E-3 3E-12

mu 0 IE+O IE+O 5E-1O
W 7E-1 3E-1O
Y 4E-2 ~E-II

mu 0 IE+I IE+O SE-IO
, W 7E-1 iE-1O

Y 4E-2· iE-II,

23'tJ 0 ·IEH· .IE+O 6E-1O
W 8E-1 3E-1O
Y 4E-2 iE-II

,
mu 0 IE+I IE+O 6E-10

W 8E-1 3E-1O
Y 4E-2 2E-1I,

Nat if
I

0 IE+l. IE+O 5E-1O
\

W 8E-1 3E-IO
I

Y 5E-2 2E-11

aSpecified by the NRC in Table I, Appendix B of 10 CFR Part 20. Values listed give limits in air
and water for releases to unrestricted areas accessible to the public. Concentration limits are inversely
proportional to radiation doses per unit activity intake by way of either inhalation (air) 'or ingestion
.~~. ~

bClearance of inhaled radionuclides from respiratory tract in a matter of days (0) for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for insoluble
chemical forms. Uranium (or thorium) in insoluble oxide forms should be Class Y. Reflects the

. following clearance half-times and groups of uranium compounds: .
0« 10 d): UF6, UO;'2' and U02(N0J2. . ~
W (~ 10 d and < 100 d): UOl' UF•• and UCI•.
Y (~ 100 d): U02and UlOa.

"Natural uranium is comprised ofmu (0.0055 at. %), mU (0.720 at %), and mu (99.2745 at. %).
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. Table 2.7d. Concentration limits of uraDium radionudides. in aii'borae aDd
liquid eft1ueats released to the general environment-

Maximum emuent Maximum eftluent

Radionuclide Retention clasl concentration (uCilcmi concentration (uglcm3
)

Air Water Air Water·

mu D 6E-13 6E-8 3E-14 3E-9 '.
W SE-13 2E-14
Y IE-14 SE-16

23l(J D 3E-12 3E-7 ·3E-1O 3E-5
W IE-12 IE-IO
Y 5E-14 5E-12

234tJ D .. IE-12 3E-7 2E-10 5E-5
W 5E-14 . 8E-12
Y 3E-12 . 5E-1O

23~U D . 3E-12 3E-7 IE-6 IE-I
W IE-12 5E-7
Y 6E-14 3E-8

mu. D 3E-12 3E-7 9E-6 9E-1
W IE-12 3E-6
Y 6E-14 2E-7

Nat. if D 3E-12 '3E-7 4E-6 4E-1
W 9E-13 IE-6
Y 9E-:-14 IE-7

aSpecified by the NRC in Table i of Appendix B of 10 CFR Part 20. Values listed give limits in
air and water for releases to unrestricted areas accessible to the public. Concentration limits are
inversely proportional to radiation doses per unit activity intake by way ofeither inhalation (air) or
ingestion (water). . ' .'

bClearance of inhaled radionuclides from respiratory tract in a matter of days (0) for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for insoluble
chemical forms. Uranium (or thorium) in insoluble oxide.forms should be Class Y. Reflects the
following clearance half-times and groups of uranium compounds:

D « 10 d): UF" U02F2, and U02(N0J2.
W (~ 10 d and < 100 d): UO), UF4• and UCI4•

y (~ 100 d): U02and U30 S•

"Natural uranium is comprised of234U (0.0055 at. %), 23~U (0.720 at. %), and mu (99.2745 at %).

•

•

•
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Table 2.teo Concentration limits of uranium radionuclides \

for discharges to sanitary sewer systems
,
~ ,/

Maximum discharge Maximum ~harge
.concentration {t.tCi/cm1 concentration

Radionuclide {t.tglcm'

Monthly Annual Monthly Annual
average" (calculated) average" ,(calculated)

mu ·6E-7 7.2E-6 3E-8 3.4E-7

mu 3E-6 3.6E-5 3E-4 3.7E-3

mu 3E-6 3.6E-5 5E-4 5.8E-3

mu 3E-6 3.6E-5 IE+O l.7E+I

mu 3E-6 3.6E-5 9E+O 1.1E+2

Nat. if 3E-6 3.6E-5 4E+O S.2E+I

"Specified by the NRC m Table 3 of Appendix B of 10 CFR Part 20. Values listed gIVe
•limits in air and water for releases to unrestricted areas accessible to the public. q»ncentration

limits are inversely proportional to radiation doses per unit activity intake by way of either
inhalation (air) or ingestion (water). ., ,

6Clearance of.inbaled radionuclides from respiratory tract in a matter ofdays :(0) for soluble
chemical forms, weeks (W) for chemical forms with intermediate solubility, and years (Y) for
insoluble chemical forms. Uranium (or thorium) in insoluble oxide forms should be Class Y.
Reflects the following clearance half-times and groups of uranium compounds: '

D « 10 d): UF6, UO;'2' and U02(N03h.
W (~ 10 d and < 100 d): U03, UF., and UCl•.
Y (~ 100 d): U02and U30 S' •

'Natural uranium is comprised ofmu (0.0055 at. %), D'U (0.720 at. %), and~
(99.2745 at. %). . .
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Table 2.7f. Annual limits on intake of selected uranium isotopes by
workers in current NRC regulationS-

Inhalation intake Oral intake
Radionuclide

SolUbility class6 ALI (JlCi) It' ALI (JlCi)"

mu D 2E-I' SE-2 2E+O'
W 4E-I 2E-3 SE+I'
Y 8E-3

mu D IE+O' SE-2 IE+I'
W 7E-I 2E~3 2E+2
Y 4E-2

234{] D IE+O' SE-2 IE+I'
W 7E-I 2E-3 2E+2
Y 4E-2

mu D IE+O' SE-2 IE+I'
W 8E-I 2E-3 2E+2
Y 4E-2

231(] D IE+O' SE-2 IE+I'
W 8E-I 2E-3 2E+2
Y 4E-2

.U-natural ·D IE+O' SE-2 IE+I'
W 8E-I 2E-3 2E+2-
Y 4E-2

"Annual limits on intake (ALIs) are obtained from Table I of 10 CFR
Part 20 and are based on limit on annual effective dose equivalent of 5 rem,
unless otherwise noted.

'Compounds that are cleared from respiratory tract in a matter ofdays
(0), weeks (W), or years (Y). Class D applies to soluble compounds including

. UF6, U0:zF2, and U02(N0J2; Class W applies to less soluble compounds
including UO), UF4, and UCI4; Class Y applies to insoluble compounds
including U02and U)Os.

<Fraction of ingested activity absorbed into blood from the GI tract.
Higher value applies to soluble hexavalent compounds ofuranium, and lower
value applies to relatively insoluble compounds in which uranium is usually
tetravalent.

"Values for oral intakes of insoluble compounds are obtained from ICRP
1979.

'Value is based on limit on annual dose equivalent to bone surfaces of
SO rem.

•

•

•
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Table 2.'g. Annuallimiu on intake or selected uranium isotopes by
. worken based on current leRP recommendations" ;

InhaIation intake
, I

Oral intake :
Radionuclide t--------r-----+---..,.------4

Solubility cJass6 ALI (JlCi) I.e ALI ('JlCi)

F lE-l 2E-2 2E+o
M 8E-i 2E-3 lE+l,
8 2E-:-2

• 238tJ'

U-natural

F 9E-l
M 2E-l

. 8 6E-2

F lE+O
M 2E-l
8 6E-2

F lE+O
M 2E-l
8 7E-2

F lE+O
M 2E-l
8 7E-2

F lE+O
M 2E-l
8 7E-2

2E-2
2E-3

2E-2
2E-3

2E-2
2E-3

2E-2
2E-3

2E-2
2E-3 "

lE+l
. 6E+l

lE+l
7E+l

lE+l
7E+l

lE+l
7E+l

lE+l
7E+l

•

GAnnuallimits on intake (ALIs) are based on effective dose coefficiepts
(8vlBq) for .inhalation or ingestion in Table B.l oflCRP 1994 and limit on
annual effective dose of 2 rem. '

·Compounds that are cleared from respiratory tract in times that are fast
(F), moderate (M), or slow (8).' ClassF applies to soluble compounds inclUding
UF6, U0:zF2, and U02(N0J2; Class M applies to less soluble compounds
including U03, UF•• UCl•• and most other hexavalent compounds; Class 8'
applies to insoluble compounds including U02and U30 •.

'Fraction of ingested activity absorbed into blood from the GI tract. .
Higher v8J.ue applies to soluble hexavalent compounds of uranium. and loWer
value applies to relatively insoluble compounds in which uranium is usually
tetravalen"t. !
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3. PROCESSING OF 13JU

. , .

This section is a brief summary of the processing history of 233U materials. The radiological

and chemical characteristics of specific 233U materials processes are also discuss.ed. For the most
. ,

part, Sect. 3 discusses activities associated with the prOcessing of 233U in the U~ted States. Other

international efforts associated with the processing of 233U_bearing materials are 'exemplified and

discussed in International Atomic Energy Agency (IAEA) publication IAEA Technical Report
. I

No. 52, Utilization ofThorium in Power Reactors (IAEA 1966). (This reference is listed in

Sect. 3.1.3.1.)

3.1 mSTORY OF 13JU PROCESSING

3.1.1 Background

Since 1947, several federally sponsored programs have either produced or stabilized
.' ,

233U_bearing materials at government sites, most notably (in chronological order): at ORNL, SRS,

and the Hanford Site. A historical list of these programs is provided in Table 3.1~. This section

describes the major features associated with each ofthese 233U processing activities, including the

program and process objectives and process description (with basic flowsheet, as appropriate), and

major results associated with the process performance. Further information on ~h process is

available in the references cited and in the supplemental resources listed.

3.1.2 Nuclear Power Reactors Using 13JU Fuel

A major application of 233 U materials has been the use as a fuel in nUclear~wer reactors.

Table 3.1b (U.S. DOE September 1995 and Nuclear Engineering International May 1975) lists

the major features of those civilian power reactors that have used fuel containingi233U with natural,
uranium. Collectively, these eight reactors generated over 4800 MW(e)-years of energy during

their operating lifetimes.

As indicated in Table 3.lb, eight nuclear power reactors have used 233U fuelm their operation,

and most of these used 233U only for a single core. Major features of these r~rs and their 233U

3-1
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fuel characteristics are described below. This description is followed by a description of the major •

features ofa new reactor design that is being proposed for the 233U_Th fuel cycle.

3.1.2.1 Dresden Unit 1 Reactor

The Dresden Unit 1 Nuclear Power ,Station waS a 200-MW(e) BWR in northeastern Dlinois.

This plant was operated for 18 years by the Commonwealth Edison Company before it was

pennanently shut down in 1978.

The nuclear core of Dresden Unit 1 had space for 488 fuel assemblies, although it was never

loaded in excess of 464 (Commonwealth .Edison Company March 1988). The 233U fuel assemblies

were manufactured by General Electric arid corlsisted of conventional U-Th fuel elements (U02-

,_ ThOJ clad in stainless steel. Each fuel assembly consisted ofa 1O.9-em2zirconium channel

surrounding 36 fuel rods, 1.4 cm in diarn (Kramer 1958). Most of the Dresden 233U fuel was

reprocessed at the West Valley site, except for the comer rods, which were shipped for storage to

the SRS.

To demonstrate application of the 233U-Th fuel cycle in a large BWR, thorium fuel was loaded

into·the core of Dresden Unit I' and used to generate 233U.

3.1.2.2 Elk River React~r (ERR)'

Located near Minneapolis,Minnesota, the Elk River Reactor (ERR) was a 24-MW(e) BWR,

which was built by Allis-Chalmers. This facility was operated for 5 years by the United Power

Association for the U.S. Atomic. Energy Commission (AEC) before it was permanently shut down

in 1968. The reactor was fully dismantled during 1971-1974.

The ERR supported 148 fuel-element assemblies in a complete core loading. Each fuel

_,·assembly was about 8.9 cm2by 2.1 m long and had 25 fuel pins of 235U02-Th02clad with stainless

steel. One ofthe major objectives of the ERR was to demonstrate the thorium fuel cycle (Fisher

and Kendrick February 1968). The 233U in the discharged ERR SNF resulted from the absorption

ofneutrons in the thorium of the initial fuel.,Currently, 188 assemblies of ERR SNF are stored at

the SRS (U.S. DOE December 1994)...

In the late 1960's, a c::ooperative project was established between Italy's Comissao Nacional de

Energia Nuclear (CNEN) and Allis Chalmers, leading to 3 shipments (28 assemblies per shipment)

of ERR fuel to a reprocessing facility [Italian Reprocessing Corporation (ITREC)] in southern

Italy during 1968-1970. Of the 84 ERR assemblies shipped to ITREC, 20 were reprocessed, and

•
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the remaining 64 were placed in stainless steel cans and stored at ITREC in a fu~l storage pool

(Nichols Mar. 8, 1996).

3.1.2.3 Fort St. Vrain Reactor (FSVR)

The Fort St. Vrain Reactor (FSVR) station was a 330-MW(e) IITGR in~ central Colorado.

Serving as a full-scale IITGR for the U-Th fuel cycle, the FSVR was operated by Public Service

of Colorado for 10 years before it was permanently shut down in 1989.

The Fort St. Vrain reactor fuel is a carbide-based fuel consisting ofa 0.5-in.'-diarn by 2-in.­

long graphite-based comp~ containing ahomogeneous mixture of fissile and fertile TRISO­

coated particles. The ~ted fissile particles co~ist of a 1:4 mixture of 93 wt o/~ enriched, 23SU

carbide and thorium carbide that range in size from 380-485 ~m in diarn. The coated, fertile

particles are 100% thorium carbide which range in size from 635-805 ~m. The;coatings consist of

an iimer- buffer layer ofporous pyrolitic carbon followed by a layer ofhigh-den$ity, isotropic

pyrolitic carbon. The next layer consists of silicon carbide to proyide fission product containment

and physical protection to the particle. The final layer is another layer ofhigh-d~nsity, isotropic

pyrolitic carbon. The mixture ofparticles were blended into powdered ~phite and processed into

cylindrical shapes, which were then sintered. The cylindrical compacts were pl~ in holes drilIed

in the fuel block. Each block had 210 fuel holes approximately 30 in. long by 0.5 in. diarn
" I

(Bendixsen et aI. September 1992). "

3.1.2.4 Indian Point Unit 1 (IP-l) Reactor

Located near New York City, Indian Point Unit I (IP-l) was a 265-MW(e) pressurized-water

reactor (PWR) designed by Babcock & Wilcox. The reactor was operated by Consolidated Edison

ofNew York for 12 years before it was permanently shut down"in 1974. In the early 1960s, the

AEC sponsored a test irradiation of IP-l's initial core to check the feasibility of ~sing the thorium

"fuel cycle. This gave the IP-l reactor a distinction ofhaving the only U02-Th02care to operate in"

.a commercial U.S. PWR [Electric Power Research Institute (EPRI) July 1981). ~

For its initial core, IP-l used Babcock & Wilcox manufactured U-Th fuel elements ~SU02­

ThOJ. The core was comprised of 120 fuel assemblies, each measuring 14.1 emf. Each assembly
,

contained 195 fuel pins clad with Zircaloy-2 and arranged in a square at a pitch Of0.95 em

(EPRI July 1981).

During reactor operation, some 233U was produced in the IP-l fuel from neutron irradiation of

the thorium. After permanent discharge, all of these assemblies were reprocessed (November 1968
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through January 1969) at the West Valley Nuclear Fuel Services (NFS) plant in West Valley, New

York, to sepanite the uranium (mostly23SU and 233U). This materi3I was shipped in nitrate solution

for storage at ORNL. As described in Sect. 3.5.2, this reprocessed uranium solution ,was

converted to a stable oxide and stored in the cells ofORNL Building 3019. ' It is often referred to

as the CEUSP material:

3.1.2.5 Molten Salt Reactor Experiment (MSRE)

The MSRE was constructed at ORNL in the early I960s as part ofa larger program to

develop a molten salt thermal breeder power reactor using the thorium fuel cycle. The Molten Salt

_Breeder Reactor program focused on the development of both converter and breeder reactor

concepts using uranium and thorium fluoride salts dissolved in a carrier salt mixture consisting of

LiF, BeF2, and ZrF4• These salts are molten and stable at high temperatures, allowing the design of

reactors that operate at high thermal efficiency at essentially atmospheric pressures (Rosenthal,

Haubenreich, and Briggs August 1972). Although many desirable features of the molten salt

re3ctor were identified, its development ceased in the ~d-1970s in favor ofdevelopment of the

liquid metal fast breeder reactor (LMFBR).

Prior to the thermal power reactor program, molten-salt fuels were considered for aircraft

reactor applications. In the early 1950s, a small Aircraft Reactor Experiment was constructed and

operated using UF4 dissolved in a NaF-ZrF4 salt mixture. Construction ofa larger Aircraft Reactor

Test was then begun, but stopped when the overall aircraft reactor program ceased. The MSRE

was constructed as an inexpensive test of the molten salt breeder concept using the fucility left over

from the aircraft reactor program. 'The objectives of MSRE were to demonstrate the stability and

compatibility of the LiF-BeF2 salt with nickel-based alloys and graphite moderator materials, and

to demonstrate the continued operation ofa molten salt reactor. It produced no electric power, and

did not irradiate thorium. Initial operation was with 23SU, but later that uranium was replaced with

233U.The MSRE then became the first reactor to operate solely on 233U fuel. MSRE achieved initial

criticality in 1965, and operated successfully until the experiment was termitlated at the end of'

1969 to focus on other aspects of molten salt breeder reactor technology.

The MSRE circulated a LiF-BeF2-ZrF4-UF4 fuel salt through a graphite-moderated reactor

vessel, a centrifugal circulating pump, and a shell and tube heat exchanger that transferred heat to

a secondary LiF-BeF2 coolant salt. The coolant salt, in tum, was pumped through an air-<x>oled .

radiator that discharged heat into a coolant salt. The reactor operated at 8 MW (Robertson January

1965).

•
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Extensive references document the preparation of the salt mixtures used in tile MSRE (Shaffer

January 1971), the processing of salts in preparation for reactor operation and ~ part of the

change to 233U operation (Lindauer August 1969) and the preparation of the LiF.:,233
UF4 enriching

salt used during 233U operations (Chandler and Bolt March 1969). An 'excellent compendium of all

chemical aspects ofMSRE operation was prepared by Thoma (December 1971): Specific

technologies generally applicable to the use of 233
U include:

• demonstration of the use of 233
U to fuel a reactorfor eXtended periods of time;

• fluoride fuel and carrier salt behavior, in contact with nickel alloys and graphite moderator;

• control of corrosion rates by adjustment of the UF:/UF4 ratio;

• separation of UF4 from fluoride salt by sparging with fluorine (fluorination process);

• preparation of 233UF4 salt for use as fuel; and

• the general handling of the salts and maintenance of equipment containing the salt.

Other test loops associated with the MSBR program evaluated breeding ratios with various

233U and thorium fuel and blanket concepts, including a simplified single-fluid reactor concept,

evaluated alternative secondary coolant salts for tritium control, and demonstrated various aspects

of chemical flowsheetS to separate uranium and protactinium from the fuel and blanket salts.
,
I .

Processes for the latter include the extraction of uranium from molten fluoride salt into liquid
:

bismuth.

The MSRE fuel sal~ aseparate flush.salt used during maintenance of the reactor circuit, and

coolant salt were allowed to freeze in their respective drain tanks at the conclusion of MSRE
I

operation. Recovery and disposition of the salts and the uranium left in the fuel ~t is addressed in

Sect. 3.5.3.

3.1.2.6 Peach'Bottom Reactor (PBR)

The 40-MW(e) PBR was a prototype I-ITGR in southern PelUlSylvania that the Philadelphia

Electric Company operated for 8 years before the plant was permanently shut down in 1974. As an
. . . I

I-ITGR, the PBR was designed to operate on the thorium fuel cycle. In the reactor, 233U was

generated from the neutron irradiation of 232Th in the fuel. Following permanent cJischarge, most of

the PBR SNF was shipped to Idaho (INEEL). Some test fuel was shipped to ORNL.

The PBR fuel was a graphite-based fuel element in which the fueled portion IS in a stack of
, . ~

annular fuel compacts 2.7 in. 00 by 1 in. ID and 3 in. long. The compacts were Stacked on a l-in.-

• 'diam high-density, graphite rod and enclosed inside a graphite sleeve 3.5 in. 00. The compacts
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were made up of particles of 93% enriched 23SU carbide and thorium carbide in a graphite matrix

which has been sintered at 1800°C. The particles are the carbides ofan intimate mixture of

uranium and thorium that are 200-600 J.lm in diam. Each· particle had been coated with a layer of

pyrolitic carbon. The core 1 particles, which had suffered significant degradation during reactor

operation, were coated with a layer of laminar, monolithic pyrolitic carbon. In order to improve the

performance of the particle coating, the. core 2 particles were coated with isotropic pyrolitic carbon

(Morissette, Tomsio, and Razvi October 1986)... .

3.1.2.7 Shippingport Light-Water Breeder Reactor.(LWBR)

Operated by the Duquesne Light Company for the AEC (and later DOE), the Shippingport

reactor began power operations in 1957. Located near Pittsburgh, this reactor was the first

commercial nuclear power station in the United States. During its operating life, the Shippingport .

reactor had three different cores, the last being a seed-blanket, LWBR-type core, which operated

from 1977 until 1982, when the reactor was permanently shut down. The reactor was fully·

dismantled during 1985-1989.

The Shippingport LWBR cor~ was developed as part of a research and development (R&D)

program whose objective was to use the weU-established LWR technology to demonstrate the

potential of the 233U_Th fuel cycle. (Use ofa nuclear fuel cycle based on thorium. which is more

naturallyabundant than uranium and offers the potential for better use of the nation's nuclear fuel

resources.) During its 5 years of operation, the LWBR core generated a gross electrical output of

2.13 million MWh (Atherton et al. October 1987).

The LWBR core consisted of 12 "seed" fuel assemblies-hexagonal modules arranged in a

symmetrical array, surrounded by a reflector-blanket region. Each module contained ari axiaUy

,;; movable "seed" region [which had a multiplication factor (k) greater than unity], and a stationary,

annular hexagonal blanket (which had k <: 1). Each ofthese regions, in tum, consisted of arrays of

tightly packed, but not touching, fuel rods, which contained pellets ofTh02 (thoria) and U02

(urania), the latter in amounts that range from 0 to 6 wt % in the seed and from 0 to 3 wt % in the

blanket region (Lamarsh 1975).

Most of the fuel fabricated for the Shippingport LWBR was shipped to the JCPP [now called

the Idaho Nuclear Technology and Engineering Center (lNTEC)]. This included about 317 kg of

unirradiated LwBR fuel and all of the irradiated LWBR fuel. In addition, about 34 kgofLwBR

fuel rods and pellets were shipped for storage to the RWMC at INEEL.

•
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3.1.2.8 Sodium Reactor Experiment (SRE)

Located northwest of Los Angeles, California, the Sodium Reactor Experiment (SRE) was a

10-MW(e) sodium-eooled, graphite-moderated reactor that was designed by Ato.lnics International
J

(a subsidiary of Rockwell International Corporation) arid operated by Southern ~ifornia Edison
;

for the AEC for 7 years before being pennanently shut down in 1964. The plant,was

deconunissioned from 1974-1983, during which time the reactor was fully dis~tJed.

The SRE system was initially operated as a graphite-moderated, sodium-c<><?led reactor. Later
, .

it was modified to operate as a thennal power breeder reactor using 233U fuel and thorium,

respectively, as the fissionable and fertile components of the fuel. The SRE 233{j_Th core was

comprised ofuranium and thorium rods clad in stainless steel. Investigations made with this type

ofcore in the SRE included the feasibility of the 233U fuel and evaluations ofthe:fuel element

design, coolant, structural temperatures, fuel bumup, and corrosion (Glasstone 1955 and Nuclear

Engineering February 1957).

The 233U fuel discharged from the SRE was shipped to SRS for storage.

3.1.2.9 New Developments

In recent years, a seed-blanket reactor core design utilizing a thorium-based fuel element (rod)
;

has been proposed by Alvin Radkowsky (Galperin, Reichert, and Radkowsky 1997). Called the

Radkowsky Thorium Reactor (RTR), the major advantage of this design is the pOtential safety it
I

offers against proliferation risks while burning excess .plutonium. The RTR core;produces almost

no plutonium and can be configured to dispose oflIEU or weapons-grade pluto~um (WGP). This.

core uses uranium enriched to just under 20 wt % ~5U), the threshold considered by the IAEAto

be unsuitable for nuclear weapons production (Nukem Market Report June 1996).

It has been proposed that by replacing the bulk of the 238U present in a conve~ntional LWR core

with either 235U or thorium, plutonium prOduction can be reduced by as much as '80 to 90%. In

addition, by the time the RTR thorium fuel blankets are removed (scheduled once every 10 years),

the total. plutonium itself is estimated to contain enough 238pU and other nonfissil~ Pu isotopes that

it would not be suitable for weapon applications (Nukem Market Report June 1996).

The basics of the RTR core design is a "seed" and ''blanket'' fuel design. A conceptual design

for the RTR includes an implementation ofa RTR fuel reload for a standard Ru~sian VVER (a

pressurized-water type reactor) having a capacity of 1000 MW(e). The RTR core for this reactor
I

has 163 fuel assemblies, each of which is comprised ofa hexagonal "seed" and surrounding
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"blanket." Each seed and blanket is comprised ofa set of fuel elements of 1.5 em warn. Bundles of

these elements could be assembled to fonn a replacement core for an LWR.

The basic fuel management concept for an RTR includes replacing the seeds on a schedule

similar to that for conventional LWR fuels, but leaving the uranium-thorium blankets in the core
. .'

for 10 years at a time. As blimup in the RTR proceeds, the newly generated 233U assumes an

increasingly greater share of the fission load. Since any 233U produced from thorium irradiation

would also be irradiated in the core (i.e., in situ), the 233U would not become a proliferation risk.

Even when an assembly blanket is removed, any 233U would be mixed in with other nonfissile

uranium isotopes to the extent that separating it would be significantly harder than simply

fabricating fresh weapons grade 23SU (Friedman September 1997 and Nukem Market Report

June 1996).

However, there are questions (Friedman September 1997) about the current feasibility of the

RTR design. These include concerns regarding the present lack ofeconomic incentive as a result of

the current low price for conventional uranium fuel. Largely for that reason, it has been difficult to

convince utilities that significant financial savings will result from either a new RTR or retrofitted ,

core before they put up capital for licensing and technical development work in making the .

transition to the RTR design (Friedman September 1997).

Private investors in the Radkowsky Thorium Power Corporation (New York, New York) and

government organizations in the United States and Russia are currently promoting the RTR design.

These proponents acknowledge that for economic reasons, the near future will not see construction

of many new RTRs. Rather, they anticipate a number of eXisting LWR-type facilities being

retrofitted (i.e., recored) in the near fu'ture to accommodate RTR assemblies and achieve lower fuel

.. cycle costs (Nukem Market Report June 1996).

3.1.3 References for Sect. 3.1

A list of cited references documenting both the background of past major 233U govemment­

sponsored programs and the use of 233U in.nuclear power reactors is provided below. This is

followed by a list of sources providing additional infonnation on these topics.
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The work Conducted as part of the Molten Salt Breeder Reactor Program at ORNL
(Sect. 3; 1.2.5) is well documented, covering reactor design and operating history, salt preparation
and experience, fission product migration, tritium migration, salt and uranium processing, and
other aspects of the project. In addition to the key references cited in Sect. 3.1.2.5, the series of
semiannual reports generated throughout the life of the program is particularly useful.

•

•

•
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'. Table 3.1& Historical summary of major WU reprocessing and stabilization prognms

Year(s) Site(s) Facility ProgramIprocess Major objective(s}'result(s) Major reference(st

1947-50 ORNL Bldg. 3019 Hexone-23 Solvent extractiori for 'fl1PJ3U from metal Brooksbank, Patton, and Krichinsky
slugs (ORNLIfM-12720,August 1994)

1952 ORNL Bldg. 3019 TBP-Interim 23 'Solvent extraction for D'U recovery Brooksbank, Patton, and Krichinsky
(ORNLIfM-12720, August 1994)

1952-59 ORNL, Bldg. 3019 Thorex campaigns 60 kg of2»U recovered for experiJDents Brooksbank, Patton, and Krichinsky
Hanford, testing the D'lJ fuel cycle (ORNLIfM-12720, August 1994)
SRS

.' 1960--64 ORNL Bldg. 3019 Kilorod Facility Pilot facility for 2»Um reactor fuel Brooksbank, Nichols, and Lotts (February
fabrication 1968)

HawS et a1 (ORNI,368 I, AugUst 1965)

19~, SRS Purex D'U production campaign 564 kg ofD'lJ produced from 240 t of Orth (April 1979)
1968,1969 Plant irradiated Th02 (for research and for LWBR

prognunt .

1966,1970 Hanford Purex D'U production campaign 863 kg of2»U produced from 635 t of Atlantic Richfield Hanford Co.
. Plant irradiated Th02 (for confinning the (IS0440RD, March 1968)

suitability of the Purex process for
processing Th on a campaign basisy Jackson and Walser (ARH-2127,

March 1977)

1965-76 ORNL Bldg. 3019 LWBRISoI-gel Preparation of 1500 kg ofD'lJ as dioxide Leitnaker et al. (0RNL-4755, April 1972)
powder for Shippingport LWBR

... '. ,1985-86 - ,ORNL .. , . Bldg. 3019 ·CEUSP· ' ., " .eonversioo of.hazardousliquid uranium . McGinnis et al. (1986) ._- ... , ...- ~-

nitrate to a stable oxide form for safe
storage

"Major reports that document the activities and results ofa particular 2»U prognun. These are listed in Sect. 3.1.3.2.
~o information is available to indicate how much, ifany, of the reported SRS production was discharged to waste tanks.
<About 45 kg of 23JU produced at Hanford was discharged to waste tanks.

W
I....

W



-, . -

Table 3.1b. Operational experience of reacton using ~U fuel-

Reactor Typeb
Capacity ratingC Lifetime energy

(location)
Period ofoperation generation

MW(e) MW(th) [MW(e)-years]

Dresden Nuclear Power Station Unit 1 BWR 1960-1978 200 700 1800
(Morris, IL)

Elk River Power Station BWR 1963-1968 22 58 58
(Elk River, MN)

Fort St~ Vrain Reactor (FSVR) HTGR 1979-1989 330 842 490
(platteville, CO) ~

Indian Point Station-Unit 1 PWR 1962-1974 265 615 1440
(Buchanan, NY)

Molten Salt Reactor Experimeitt(MSRE) MSR 1965-1969 NAJ 8 12
(Oak Ridge, TN)

Peach Bottom Power Station-Unit 1 HTGR 1966-:-1974 40 115 157
(peach Bottom, PA)

Shippingport Nuclear Power Station LWBR- 1957-1982 72 236 842
(Shippingport, PA)

Sodium Reactor Experiment (SRE) SCGM 1957-1964 10 30 4
(Santa Susana, CA)

"Based on U.S. DOE September 1995 and Nuclear Engineering International May 1975. .
baWR = boiling-water reactor; HTGR =high-temperature, gas~led reactor; PWR =pressurized~water reactor; LWBR =light-water breeder reactor,

MSR =molten-salt reactor, and SCGM =sodium~led, graphite-moderated reactor.
"Two ratings are reported: MW(e), the rate of electrical energy output in megawatts, and MW(th), the rate of thermal energy output.
~A =not applicable. . .
-ouring its history, the Shippingport reactor operated with t.hTee different coreS. Two ofthese were light-water cooled, seed4>lanket, PWR-type cores.

The third and last core in the reactor (during 1977-1982) was a seed4>lanket LWBR type.

W
I-~
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3.2 URANIUM-233 SEPARAnON FROM THORIUM

3.2.1 Savannah River Campaigns

This section provides a sununary of the 233U production Campaigns at Savarlnah River based

on Orth (April 1979) and Rathvon et a1. (February 1968). Additional infonnation is provided in the
;

references listed in Sect. 3.2.1.4.2.

3.2.1.1· Process Objective(s)

To produce 233U for research purposes, the chemical reprocessing faCilities at the Savannah

River Plant (SRP) (now called the SRS) were used to separate and recover 233U from irradiated

thorium oxide (thoria) arid thorium-metal targets. To use the.reprocessing facilities at SRP, the

existing reprocessing facilities (which were originally used for uranium and plutOnium recovery

with the PUREXlN process) were adapted to the ThorexlN proCess for the recovery ofuraniiun

and thorium.

Five separate campaigns were undertaken at SRP between 1966 and 1969. In the first two

campaigns, thorium metal was used as the feed, and only uranium was recovered while the thorium

was discarded as waste. For the last three campaigns, a new process also recovered thorium. In the

first of these three campaigns, both thorium metal and thoria were used as feed ~hile in the last

two campaigns the feed consisted of only.thoria. . i

3.2.1.2 Process Description and Basic Flowsheet

The five campaigns undertaken at SRP were based on two different flowsheets. In the first

two campaigns where only 233U was recovered, a 3.5 wt % TBP [(C4~O)3PO]flowsheet was used

(Fig. 3.2.10). In the final three campaigns, the flowsheet was changed to use 30 wt % TBP to
. \

extract and recover the thorium (Fig. 3.2.1b).

3.2.1.2.1 Dilute TBP Flowsheet

In the campaign that used the dilute TBP flowsheet, the initial feed was aluminum-dad

thorium slugs. The slugs were put into a dissolver. Then a boiling sodium hydr<?xide-sodium

nitrate (NaOH-NaN03) mixture was used to dissolve the aluminum cladding, which was -then

transferred out as a waste for storage. The remainingirradiated thorium metal~ then dissolved

by adding a solution of nitric acid, potassium fluoride, and aluminum nitrate [sp~ificaJly,
.'



3-16

12 MHN03 - 0.05 M KF - 0.2 M Al(N03)3). The dissolver product was then centrifuged to·

remove undissolved fines, which were then fed back into the dissolver.

Manganese nitrate [Mn(N03)2) and potassium permanganate (KMn04) were then added to the

solution to fonn a precipitate, manganese dioxide (Mn0J. The Mn02precipitate carried a major

fraction of the 233Pa and Zr-Nb fission products. The solution was then fed to a second centrifuge

to separate the precipitate and to reduce significantly the Iadiation level of the solution. The

precipitate was stored for recovery of the 233U produCed by the decay of the 233Pa. The clarified

solution was then adjusted with either acid or water (or both) for feed to the first cycle SX system

(lA-C) (Fig. 3.2.10).

In SX, mixer-settlers of 12 to 16 stages were used as the cOntactors. The first SX cycle used

" three mixer-settler banks. The uranium-thorium solution was fed to the lA mixer-Settler bank,

where the uranium was extracted with 3~5 wt % TBP in Ultrasene™ (a high~ekerosene). The

extracted uranium solution was'sent to the next mixer-settler (lB), and the thorium was discarded

in a waste stream. In the second bank (lB), the uranium solution was then scrubbed with an acidic

solution of sodium phosphate (Na3P04), ~hich was added to remove 233Pa for recycle and improve

the decontamination from zirconium-niobium (Zr-Nb). The uranium solution was then sent to the

third Stage (1C), where the uranium was stripped with a dilute 0.01 MHN03 solution. The

uranium product from this first cycle extraction cycle was then washed with Ultrasene™,

evaporated, and acid adjusted for feed to the second SX.cycle (lD-E).

The second SX cycle consisted oftwo mixer-settler banks and was used for additional

decontamination from fission products. In the first bank (lD), the, uranium was extracted by a

·7.5 wt % TBP solution and then stripped in the IE bank with 0.01 MHN03 to produce a dilute

uranium nitrate product solution. The uraniUm was absorbed on Dowex™ 50W-X12 cation

"exchange resin and then' eluted with a mixture of 1MHN03 and 2 MNH.N03• The uranium was

then precipitated as anunonium diuranate [~hU207) using anunonium hydroxide (NH.OH).

The precipitate was then calcined by heating at 550°C for 30 min to produce the fina] U03

product.

3.2.1.2.2 Thorex Flowsheet

The final three campaigns used a 30 wt % TBP flowsheet to recover thorium as well as

uranium. The flowsheet (Fig. 3.2.1b) involved the.addition ofa third SX cycle for

decontamination.

•

.'

•



•

•

•

3-17

In the final three campaigns, the feed was both irradiated thorium metal (as in the first two
:

campaigns) and (primarily) irradiated thorium oxide. The thoria (Th02) targets pw were

processed were aluminum cans filled with 3.6 kg of thoria particles. The thoriwra metal targets

were treated to remove the aluminum cladding as described in the first f1owsheet:~ For the thoria

feed and aluminum cans, a two-step dissolving process was used. First, concentrated acid

(I2MHN03, 0.05 MKF)was added to the dissolver to dissolve the thoria heel left in the dissolver

from the previous charge. Then, fresh targets were added to the solution, the acip was diluted, and

mercuric nitrate [Hg(N03)21 was added to catalyze the dissolution of the aluminUm. This reaction

led to the dissolution of the aluminum and some of the thoria and left a heal of~oria. The solution
"

was then sent through the centrifuge and Mn02precipitation steps as described iiI the previous

£lowsheet to recover the protactinium. The clarified solution was then sent to the first sx
cycle (IA-e).

The first SX cycle used three mixer-settler banks. The first bank (1 A) coextraeted uranium and

thorium using a 30 wt % TBP in Ultrasene'IN solution. The extracted thorium ~d uraniuin were

then sent to the second mixer-settler bank where thorium was separated from urariium by stripping
i

with dilute HN03. The thorium solution was then sent to a second SX cycle. The uranium

solution was then sent stripped in the third mixer-settler bank with a 0.01 MHN93 solution. This
" '

recovered uranium was then sent to a second SX cycle, involving cation exchang~, precipitation,

and oxidation, as described in the first £lowsheet.

The extracted thorium solution produced was further processed in a two-~ SX process. The

thorium solution from the 18 partioning step was'evaporated about two fold and.:then extracted

using a 30 wt % TBP solution for additional decontamination of protactinium and other fission

products. The thorium solution was then stripped in the second bank (28) with 0.01 MHN03. The

thorium product solution was then evaporated, the acid concentration reduced by!steam stripping in

the evaporator and stored as thorium nitrate solution.

Solvent from all extraction cycles in both flowsheets ,was washed with dilute :sodium
. . . l

bicarbonate solution, acidified, and recycled back into the system. Solvent extraction wastes were

evaporated, neutralized, and sent to underground waste tanks.

3.2.1.3 Process Performanc~Major Results

Over five campaigns, the SRS processed 240 t ofthorium and produced abo~t 580 kg of

uranium (ofwhich 564 kg was 233U). The product purity of the urai'lium produ~ ranged from 91
, .

to 98 wt % 233U. During the three campaigns that uranium and thorium were recovered, total
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losses of uranium and thorium were less than 1.0 wt %. The uranium product contained less than

1500 parts of thorium per million parts uranium, and the thorium product contained less than two.

parts uranium per million parts thorium. ,

One of the limiting factors of the process was the dissolving rate for urania. which exceeded

4 tid, while the extraction rate for thoria was limited to around I tid. During the campaigns, it was

established that the processing rates through the mixer-settlers was stable when run at 0.9 to 1.0 t

of thorium per day, but perfonnance deteriorated at or above 1.1 tid. Due to the extraction'

properties of protactinium, the uranium stream was proCessed an average of four times through the

.second uraniurri SX cycle to achieve the desired removal of protactinium. Nuclear safety was

maintained by limiting uranium con~ntrations to less than 6 gIL throughout the process.

3.2.1.4 References for Section 3.2.1

A list of-references cited for 233U prOduction activities at Savannah River is provided below.

This is followed by a list of sources providing additional' infonnation.

3.2.1.4.1 References Cited

Orth, D. A. April 1979. "Savannah River Plant Thorium Processing Experience," Nuclear
Technology, 43, 63-74, American Nuclear Society, Hinsdale, III. '

Rathvon, H. C., et al. February 1968. "Recovery of 233U from Irradiated "DIoria" pp. 765-824 in
Proceedings ofSecond International Thorium Fuel Cycle Symposium, Gatlinburg,
Tennessee, May 3-6. 1966, U.S. Atomic Energy Commission, Division ofTechnica1
Infonnation, Oak Ridge, Tenn.

3.2.1'.4.2 Supplemental Resources

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2d ed.,' '
McGraw-Hili, New York.

Burney, G. A. July 1966. Cation Exchange Concentration ofAqueous 133U02 (N0J2 and
Conversion to 133UOJ, DP-I047~ Savannah River Laboratory, Aiken, S.c.

Goodlett, B., and H. Bull, III. December 1974. Dissolution ofAluminum-Clad rhoria, DP-I072,
Savannah River Laboratory, Aiken, S.c.

Hyder, M. L., W. E. Prout, and E. R: Russell. July 1966. Dissolution ofThorium OXide,
DP-I044, Savannah River Laboratory, Aiken, S.c.

•
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Kishbaugh. A. A. February 1966. Performance ofMixers-Settlers in the Thorex Process,
DP-1022, Savannah River Laboratory, Aiken, S.c.

Prout, W. E., and A. E. Symonds. January 1967. Recovery ofThorium and Uranium-233 from,
Irradiated Thorium Oxide andMetal, DP-I036, Savannah River Laboratory, Aiken, S.C.

Siddall, T. H., m. October 1956. Extraction ofThorium Nitrate from Nitric Acid by
TBP- "U/trasene". DP-181. Savannah River Laboratory. Aiken, S.C.
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Fig.3.2.1a. Separation of 2JJU from thorium at the SRS followed by a
discard of thorium waste. From Orth April 1979. •
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•
Fig.3.2.1b. Separation of 233U from tborium at tbe SRS with recovery of both 233U and

tborium. From Orth April 1979.



3-22

3.2.2 Hanford Campaigns

This section provides a summary of the 233U production campaigns at Hallford based on

Jackson and Walser (1977), Rathvon et aI. (February 1968), and the Atlantic Richfield Hanford

Company (Mar. II, 1968). Additional infonrtation is provided in the references listed in

Sect. 3.2.2.4.2.

3.2.2.1 Process Objective(s)

To produce 233U for research, the Hanford chemical reproCessing facilities were used to

separate and recover 233U froin irradiated thorium oxide (ThOJ. To use the reprocessing facilities

". at Hanfor~ the existing reprocessing facilities, which were originally used to separate and to purify

. uranium and plutonium, were adapted to the Thorex process to recover uranium and thorium.

Two separate campaigns were· undertaken at the Hanford facilities, one in 1966 and one in

1970. The goal of the 1966 "campaign was to produce 233U for research, while the 1970 campaign

target was to produce 360 kg of 233U for the LWBR Prop.

·3.2.2.2 Process Description and Basic Flowsheet

The two campaigns Undertaken at Hanford facilities were based on the Thorex n process,

which was developed at ORNL. A.simplified process flowsheet is shown in Fig. 3.2.20.

3.2.2.2.1 "Head-End Operations

The head-end process consisted ofthfee batch operations. The processed thoria targets were

aluminum caDs filled with 3.6 kg"ofthoria particles. The thoria targets were first lowered into the

.,dissolver and covered with 1.9 MNaNOJ and then heated to boiling. Then 19 MNaOH was added

.to remove the aluminum cladding from the thoria. The decladding solution was then cooled and

centrifuged to remove any entrained thoria particles. The thoria cake is then digested in a solution .

of 13 M HNOJ, 0.025 M KF, and 0.1 M Al(NOJ)J for 6 h to dissolve the thoria. The solution was

then transferred to the acid bOil-off step, which concentrates the solution to about 1.5 M thoriUm.

The thorium feed solution was then sent to the first SX column cycle, IA (Fig. 3.2.20).

3.2.2.2.2 Solvent Extraction

The SX process required four cycles. The feed material was decontaminated and partitioned in

a four-column first cycle; next the thorium was decontaminated further in a two-column second

cycle, while the 23JU is decon~ted in ~o additional tWo-column cycles. The first-eycle

•

•

•
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colWlUlS and the second-eycle thorium colWlUlS are large-diarneter colWlUlS, while the additional

two 233U cycles are small-diarneter extractors designed originally for plutonium ~riticality safety.
I

In the first column, IA, uranium and thorium are coextracted using a 30 wt % TBP solvent. A

nitric acid salting agent is added to the bottom extraction stage to optimize product

decontamination with respect to zirconium (Zr), niobium (Nb), ruthenium (Ru), and protactinium.

(pa). Aqueous acidities were maintained at greater than 0.2 M to prevent thoril$ phosphate .

precipitation. The extracted solution was then sent to the lBX column, where the 233U and thorium

are partitioned by controlling acidity, temperature, and flow ratio. The uranium Solution exits the

. IBX column with the sOlvent and is stripped out in the 1C column and then concentrated before

proceeding to the second uranium cycle. The thorium leaves the lBX column in(the aqueous

stream and is sent to the lBS.column, where it is scrubbed with fresh dilute HN93 to remove any

uranium remaining. The product is then sent to the second thorium cycle.

The thorium solution produced was further processed in a two-step SX process. The thorium
. '

solution from the IBS column is sent to the 20 extraction column, where the thorium is extracted

using a 30 wt % TBP solution for additional decontamination ofprotactinium and other fission

products. The thorium solution was then fed to a stripping column, 2E, where the thorium was

stripped from the solvent using dilute acid. The thorium product solution was th~ evaporated, and

the acid concentration was reduced by steam stripping in the evaporator and stored as thorium

nitrate.

The uranium solution was then sent from the concentrator to the second and third uranium
,

cycles. Each cycle consists of an extraction-stripping sequence, 2AB and 3AB, using 30 wt %
•

TBP and dilute HN03 for the additional decontamination from fission products. The uranyl nitrate

solution produced is then sent through adsorption and cation exchange colWlUlS ~ further remove

thorium contamination and unconverted protactinium. The final product is then concentrated to

final product specifications.

Solvent from all extraction cycles of the flowsheet was washed with dilute s~um bicarbonate

solution, acidified, and recycled back from two separate systems. The SX wastes, were evaporated,

neutralized, and sent to underground storage tanks.

3.2.2.3 Process Performance-Major Results

The 1966 233U campaign at Hanford produced about 235 kg of 233U from ·165 t of thoria. The

thorium and 233U met all target specifications-except for the fission product con~nt of the

thorium product. The 1970 campaign produced 628 kg of 233U from 470 t ofthorla. The total 233U
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that was recovered (nearty 820 kg) from both of these campaigns met all product specifications.

An overall thorium-uranium separation factor of 8.0 x 106 was obtained.

One problem found during the process was that partitioning in the 1BX column degenerated

and that a large percentage of 233U would go with the thorium. The 233U was usually re-extracted

in the IBX column and recycled back to the lA column. However, in some cases, the 233U

continued into the second thorium cycle, and the final thorium product had to be reworked. This

problem was caused by two conditions: (l) a decrease in the organic-to-aqueous flow ratio in the

column and (2) a loss of salting strength because of low thorium concentration in the 1BS feed.

Also, the 233U tended to strip out of the organic whenever the thorium nitrate concentration in the

IBS feed dropPed.

Nuclear safety was maintained by limiting uranium concentrations to less than 6 gIL

throughout the process.

3.2.2.4 References for Sect. 3.2.i

A list of references cited for 233U production activities at Hanford is provided below. This is

followed by a list of sourceS providing additional information.

3.2.2.4.1 References Cited

Atlantic Richfield Hanford Company. Mar. II, 1968. Process Performance ofthe First U-233
Production Campaign at the Hanford Purex Plant, IS0-440 RD, RicWand, Wash.

Jackson, R. R., and R. L. Walser. 1977. Purex-Process Operations and Performance-l970
Thoria Campaign, ARH-2127, Atlantic Richfield Hanford Co., RicWand, Wash.

Rathvon, H. C. et al. February 1968. "Recovery of 233U from Irradiated Thorium," pp. 765-824
in Proceedings ofSecond International Thorium Fuel Cycle SympoSium, Gatlinburg,
Tennessee, May 3-6, 1966, U.S. Atomic Energy Commission, Division ofTechnical
Information, Oak Ridge, Tenn. .

3.2.2.4.2 Supplemental Resources

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2d'ed.,
McGraw-Hill, New York.

Burney, G. A. July 1966. Cation Exchange Concentration ofAqueous mU02(NO~2 and
Conversion to mUOj , DP-I047, Savannah River Laboratory, Aiken, S.C. '

•

•

General Electric Company. July 10, 1951. Redox Technical Manual, HW-18700, Hanford Works, •
RicWand, Wash.
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Goodlett, B., and H. Bull, m. Oecember 1974. Dissolution ofAluminum-Clad, Thoria, OP-10n,
Savannah River Laboratory, Aiken. S.C.

Hyder, M. L., W. E. Prout, and E. R. Russell. July 1966. Dissolution ofThOriium Oxide,
OP-1044, Savannah River Laboratory, Aiken. S.C. .

Kishbaugh, A.A. February 1966. Performance ofMixers-Settlers in the Thorex Process,
OP-1022, Savannah River Laboratory, Aiken, S.C. . '

Prout, W. E., and A. E. Symonds. January 1967. Recovery ofThorium and Uranium-233 from
Irradiated Thorium Oxide andMetal, OP-1036, Savannah River Laboratory, Aiken. S.C.

Rockwell Hanford Operations, September 1983. Purex Technical Manual, RHO-MA-U6,
Richland, Wash.

Siddall, T. H., m. October 1956. Extraction ofThorium Nitrate from Nitric Acid by
TBP- "Ultrasene", OP-181, Savannah River Laboratory, Aiken, S.C.
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3.2.3 Oak Ridge (ORNL) Campaigns
,

Major developmental work for the recovery of 233U from irradiated thorium took place at
<
\

ORNL in the years following World War D. During this time, three major pr~seswere

developed and tested:

1. Hexone-23 (or Redox) process (where "23" refe~sto 233U),

2., TBP Interim-23 process, and

3. Thorex process.

A summary ofeach of these processes is given in Sects. 3.2.3.1 through 3.2.3.3.,

It should be noted that two separate Thorex processes (identUied as Nos. I a:nd 2) were

developed, but only the No.2 process was used for the demonstration With irradiated materials.

The Kilorod pilot plant (discussed in Sect. 3.7.1) was ~ased on the Thorex No.2 flowsheet

(ABmann et aI. 1982).

3.2.3.1 ORNL Hexone-23 (Redox) Campaign

In the years followirig World War D, significant advances were made in nuclear fuel

reprocessing, particularly in those methods that used SX. For nuclear fuels, the basic principle that
, I

applies to SX is that the nitrates ofuranium and plutonium in the higher oxidation states are

readily soluble in certain organic liquids that are immiscible with water; In contrast, the nitrates of

fission products are generally insoluble in these liquids.

Argonne National Laboratory (ANL) developed the first successful SX proci:ss to recover

uranium and plutonium. Called the Redox process, this scheme involved the use ~fmethyl isobutyl

ketone, or hexone, as the organic solvent and the addition of aluminum nitrate in;the aqueous phase

to improve the separation.

From 1945-1951, pilot plant testing ofthe Redox process was performed at'ORNL,

Building 3019. This was followed with large-scale plant operations at Hanford in 1952. A

description is provided below of the ORNL Redox process tests involving 233U recovery during this

period (ABrnann et aI. 1982 and Brooksbank. Patton. and Krichinsky August 1994).

3.2.3.1.1 Process Objective(s)

,The Hexone-23 (Redox) process resulted from the need to develop a contin~ous SX process to

recover and decontaminate 233U from irradiated thorium [Chemical Technology Division (CTD)

Oct. 20, 1949].
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3.2.3.1.2 Process Description and Basic Flowsheet

The hexone-23 process has been well documented (Culler 1956 and Stoller and Richards

1961), and a sununary flowsheet is provided in Fig. 3.2.3.10. The process began by dissolving

irradiated thorium slugs. in nitric acid (HN03)' Then, the resulting thorium nitrate [Th(N03)],

acting as the primary salting agent, was prepared and adjusted as an aqueous feed solution before

being introduced intO the middle of the uranium extraction column. In this column. 233U was

extracted by the solvent methyl isobutyl ketone {hexone [CH3(CO)C.J-4]} and entered an organic

phase. At this point, most of the 233pa, thorium, and fission products remained ,in the aqueous

phase.

An acid-deficient aqueous scrub solution, containing aluminum nitrate [A1(N03)3· 9H20] and

ammonium nitrate, was introduced at the top of the uranium extraction column to neutralize some

ofthe acid and further decontaminate the'organic product stream from thorium and fission

products. The alUminum nitrate was also used as a salting agent to prevent the high concentrations

ofnitric acid that could be generated in the evaporators from reacting explosively-with the hexone

(Katz, Seaborg, and Morss 1986).

The organic product stream, containing 99.9 wt % of the origina1 233U feed, was fed to the

bottom of the uranium stripping column, where it was contacted with a 0.04 N nitric acid solution

to strip the 233U from the organic (hexone) phase. The resulting aqueous solution was subsequently

concentrated by evaporation to produce a'uranyl nitrate product (CTO February 1950).

The hexone extractant proved useful in the Redox process because it is essentially immiscible

(only 2% soluble) with water and was found to extract uranyl nitrate (as well as plutonium nitrate)

selectively from fission product nitrates if the aqueous solution had a sufficiently high nitrate ion

,concentration.

Aqueous wastes from the Redox p~ocess included thorium, fission products, and 233Pa. The~

were stored in stainless steel tanks for further treatment and disposal (General Electric Company

July 10, 1951).

3.2.3.1.3 Process Performance-Major Results

Pilot plant tests at ORNL showed a 233U recovery rate of99.9 wt %, and a 233U product

separation factor from thorium, pro~ctinium, and fission products of 104
• The thorium was

sufficiently inextractable in the hexone such as to permit separation factors ofgreerter than 104
•

Decontamination factors for most fission products were lOS.

•

'.

•
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Several limitations and disadvantages of the Redox process were identified that resulted in this

process being abandoned in favor of the Thorex process (Benedi~Pigford, and Levi 1981; Katz,

Seaborg, and Morss 1986). These included: .

1. Volatility and flammability of the hexone solvent,

2. Large quantities of aluminum nitrate [A1(N03)3] needed as a salting agent in'the liquid phase,

3. Inability of the process to recover thorium, and
i

4.. Use limited to long-decayed material (i.e., material decayed until 233U losses as protactinium
,

are very low). This feature was a result of the inability of the Redox process~to provide

effective separation of 233Pa.

3.2.3.1.4 References for Sect. 3.2.3

Listed below are the references cited in both Sects. 3.23 and 3.2.3.1. This ~ followed by a list

of additional resources that provide more detailed information on the Redox process as it was used

in 233U recovery.

3.2.3.1.4.1 References Cited

A8mann, H., et al. 1982. "Reprocessing of Spent 232Jh-233U Fuels," pp. 276-351 in Gmelin
Handbook ofInorganic Chemistry, 8th ed., Supplement Volume A4 (Uranium), System 55,"
(Sect. 2.4), Springer-Verlag, New York. '

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engine~ring, 2d ed.,
McGraw-Hili, New York.

Brooksbank, Sr., R. E., B. D. Patton, and A. M. Krichinsky. August 1994. Historical and
Programmatic Overview ofBuilding 3019, ORNUfM-12720, Oak Ridge National
Laboratory, Oak Ridge, Tenn. .

Chemical Technology Division. Oct. 20, 1949. Chemical Technology Process Reportfor
Quarter Ending August 31. 1949, ORNL-467, Oak Ridge National Labonupry, Oak Ridge,
Tenn., p. 68.

Chemical Technology Division. February 1950. Progress Report for Month Enping
December 31. 1949, ORNL-580, Oak Ridge National Laboratory, Oak Ridge, Tenn., pp. 5
and 14.

. Culler, F. L. 1956. "Reproces~ing of Reactor F~el and Blanket Materials by Solvent Extraction,"
pp. 464-83 in Proceedings ofthe International Conference on the Peaceful Uses ofAtomic

. I

Energy, Vol. 9, RS.l-I030, United Nations, New York.
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General Electric Company. July ,10, 1951, Redox Technical Manual, HW-18700, Hanford,
. Richland, Wash.

Katz, J. 1., G.T. Seaborg, and L. R. Morss, eds. 1986. The Chemistry ofthe A.ctinide Elements,
2d ed., Vol. 1, Chapman and Hall, New York.

StoUer,-S. M., and R. B. Richards, eds. 1961. Reactor Handbook, Vol. n (Fuel.Reprocessing),
Interscience Publishers, Inc., New Yode:. .

3.2.3.1.4.2 Supplemental Resources

Etherington, H., ed. 1958. Nue/ear Engineering Handbook, McGraw-Hill, New York.

Schulz, W. W., et aI. eds. 1990. Science and Technology ofTributyl Phosphate, Vol. m
(Applications ofTributyl Phosphate in Nuclear Fuel Reprocessing)~ CRC Press, Inc.,
Boca Raton, Fla.

•

•

•
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3.2.3.2 ORNL TBP-Inten~23 Campaign

'3.2.3.2.1 Process Objective(s)

This process used TBP [(CJ-190)3PO] as the 233U extractant. The TBP-Interim 23 process was

developed to use after irradiated thorium had been stored long enough (2 to 3 months) to allow.

most of the 233Pa to decay to 233U. Isolation of the 233U product was achieved with a mixture of

TBP in AmscoTN, a commercial hydrocarbon diluent baSed on a high-grade kerosene.

3.2.3.2.2 Process Description and Basic Flowsheet

Figure 3.2.3.20 shows a summary flowsheet of the TBP-Interim 23 process. In this system, the

:. 233U product was extracted from a thorium nitrate solution ofthebreeder blanket materials with

1.5 wt % TBP in AmscoTN and later back-extracted with 0.05 N nitric acid (HN03). TBP was

used in the process as the preferential 233U extractant. Detailed descriptions of the process are

provided in several sources (notably Culler 1956 and Stoller and Richards 1961).

The flowsheet indicates major activities 'involving feed preparation, uranium extraction,

uranium stripping, and final 233U product purification. Initially, thorium slugs were dissolved in

nitric acid, and the resulting aqueous thorium nitrate [Th(N03)4] solution was adjusted to required

process specifications before being introduced. into a column for uranium extraction. At the bottom

ofthe uranium extraction column, the organic solvent ofTBP in AmscoTN was added to extract

233U from the aqueous nitrate solution. The 233U extraction left fission products, protactinium .

f33Pa), and thorium in the aqueous waste raffinate from the column. An aluminum nitrate

[Al(N03)] solution was feed at the top ofthe uranium extraction column to scrub fission products

:: and thorium from the rising organic phase.

An organic extract, rich in 233U, was taken off the top of the uranium extraction column and

passed over to the bottom ofanother column, where it was stripped using a dilute nitric acid

solution. At the top ofthe stripping column, the TBP solvent was recovered, purified, and recycled.

At the bottom of the stripping column, the aqueous 233U product was removed for concentration

and for further decontamination. The latter involved passing the 233U solution either through a

second extraction cycle or through a tail-end purificatio.n step that used silica gel adsorption and

Dowex-50 ion-exchange resin (Stoller and Richards 1961). Iftail-end purification was used, the

product was first passed through asilica-gel column for the adsorption of traces of fission

products, then through a small resin column for the removal of ionic impurities (e.g., corrosion

products and thorium), and finally through a larger resin column for the sorption of 233U. The latter

•

•

•
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series of steps proved effective for final concentration and decontamination of th~ 233U product
!

from both radioactive and ionic impurities.

The 233U product left the larger resin column as uranyl acetate [233U02(C2H30:J2], which could

be precipitated as a peroxide and redissolved in nitric acid (Culler 1956).

The product was stripped in dilute nitric acid, passed through a silica-gel column for

_adsorption oftraces fission products, through a small resin column for removal of ionic impurities

(corrosion products and thorium), and finally through a larger resin column for sorption of the
233 I

U.

3.2.3.2.3 Process Performance-Major Results

During 1952, the ORNL Pilot Plant (Building 3503) separated 2.67 kg of 233U from 3698 kg

of Hanford-irradiated thorium using the TBP-Interim 23 process. The recovered 233U had an

isotopic assay of 98 at. % (Hylton Dec: 11, 1952).

The TBP-Interim 23 system provided excellent separation ofthe 233U produc'tfrom both

thorium and highly radioactive materials. It proved to be a suitable SX procedure for producing
I

experimental quantiti~ of 233U.

3.2.3.2.4 References for Sect. 3.2.3.2

A list of cited references documenting the TBP-Interim 23 process is provided below. This is

followed by a list of sources providing additional information.

3.2.3.2.4.1 References Cited

Culler, F. L. 1956. "Reprocessing of Reactor Fuel and Blanket Materials by Solvent Extraction,"
pp. 464-83 in Proceedings ofthe International Conference on the Peaceful Uses ofAtomic

, Energy, Vol. 9, RS.I-I030, United Nations, New York.

Hylton, C. D. Dec. 11, 1952. Separation ofmU in the ORNL Pilot Plant, ORNL-1425, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Stoller, S. M., and R. B. Richards, eds. 1961. Reactor Handbook, Vol. II (Fuel Reprocessing),
Interscience Publishers, Inc., New York.

3.2.3.2.4.2 Supplemental Resources

Chemical Technology Division. Sept. 30, 19520. "Interim-23 Process," pp. 49~56 in Chemical
Technology Division Progress Reportfor Period August 20, 1951 to February 10, 1952,
ORNL-1311, Oak Ridge National Laboratory, Oak Ridge, Tenn. ;
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Chemical Technology Division. Sept. 30, 1952b. "Iilterim-23 Process," pp. 5-7 in Chemical •
Technology Division Progress Reportfor Period Ending May 20, 1952, ORNL-1328, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Katz, I~ I., G. T. Seaborg, and L. R. Morss, eds. 1986. The Chemistry ofthe Actinide Elements,
2d 00., Vol. 1, Chapman and Hall~ New York.
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3.2.3.3 ORNL Thorex Campaigns .

To reprocess irradiated thorium-based nuclear fuels, the solvent-exchange-based Thorex

process was developed at ORNL during the 1950s. The ORNL work was perfonned in the Pilot

Plant of Building 3019 and was the forerunner to the process used in the subsequent recovery of

233U from the spent Consolidated Edison IP-l fuel at the West Valley NFS site (discussed in

Sect. 3.4).

3.2.3.3.1 Process Objective(s)

The Thorex process was developed for separating and decontaminating thorium. 233U, and

233Pa from neutron-irradiated thorium. It is a SX process which uses TBP as the extractant, nitric

. acid catalyzed ~th fluoride as the thorium-dissolution agent, and either aluminum nitrate

[A1(N03)3] or nitric acid as the salting agent (Culler 1956).

Two versions of the Thorex process have been developed and described, Thorex No.1 and

Thorex No.2 (Gresky, A; T., et al. Dec. 17, 1952). Each of these versions are described below.

Thorex No.1 is an acid-based process that was developed and demonstrated only on a laboratory

scale (Stoller and Richards 1961). By C?ntra:st, Thorex No.2 is an acid-deficient process and has

shown greater engineering feasibility in the reprocessing of thorium-based fuels (see Sect. 3.4). For

this reason, Thorex No.2 is conunonly referred to as the Thorex process.

3.2.3.3.2 Process Description and Basic Flowsheet

Separate flowcharts for the Thore" No. I and No.2 processes are provided in Figs. 3.2.3.30

and 3.2.3.3b, respectively. Each flowchart depicts a schematic for a one-eycle process. These

. flowcharts represent typical Thorex processes developed at ORNL and are separately discussed

.~elow. For certain applications at some sit~ [e.g., Knolls Atomic Power Laboratory (KAPL)],

other Thorex process flowcharts were developed (see Sect. 3.4).

3.2.3.3.2.1 ThoreJ: No.1 Process

The Thorex No. I process was a tentative approach to thorium-233U-233Pa separation and

decontamination. As the flowchart of Fig. 3.2.3.30 indicates, the process featured the following

major steps, in order:

I. Extraction of 233Pa in diisobutyl carbinol [(DISC) (i - C4~)2- CHOH],

2. Extraction Of 233U in 5 wt % TBP, and

•

•

•
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3. Extraction of 232'Jb in a solvent mixed with 45 wt % TBP, 15 wt % benzene.(CJf<,), and

40 wt % ArnscoTN.

Process No. I began with irradiated thorium dissolution, after which the feed solution was

adjusted and fed into the middle ofthe column for extraction of 233Pa by DISC. While the aqueous
,.' I

acidity favors the 233Pa extraction, some 233U, thorium, and fission products we~ also extracted;

however, these were effectively scrubbed from the extractant by an A1(N03h sol~tion entering at

the top of the 233Pa extractio~ column. The extract from this column was sent to
l
a stripping

column, where the organic solution was stripped with a slightly acidic strip solution. The spent

DISC solvent was purified and recycled, while the aqueous str~ coniainmg th~ 233Pa product

. was stored for decay prior to 233U recovery. The aqueous raffinate from the 233p~ extraction
,

column, containing the 233U, thorium, and fission products, was fed into the 233U .extraction column,

where the aqueous phase was mixed with a solvent stream of 5 wt % TBP in AJIiscoTN.

Under flowsheet conditions, the 233U is extracted by the TBP solvent and scr}ibbed with a

HN03solution to remove thorium and fission products. The organic stream leaving the 233U

extraction column cascades to a stripping column, where the 233U is stripped using a weak acid

solution. The TBP solvent stream is purified and then recycled back to the 233U column. The

raffinate from this column is fed into a third column for thorium extraction, whe~ the aqueous

phase is mixed with 45 wt % TBP-15 wt % benzene in ArnscoTN• Under flowsheet conditions,

thorium is extracted by the solvent and scrubbed by an Al(N03)3 solution to remove fission

products. The aqueous waste containing the fission products leaves at the bottom of the thorium­

extraction column and is stored. The organic stream containing the thorium product passes over

the top of the thorium-extraction column to the bottom of the third stripping col~ where a

HN03solution is used to strip the thorium from the organic phase. The TBP solvent leaves the top

of the stripping column and is purified prior to recycle to the thorium-extraction ~Iumn. Further

purification and concentration of the 233pa, 233U, and thorium streams may be achieved by

additional extraction cycles if required (Gresky et al. Dec. 17, 1952).

3.2.3.3.2.2 Thorex No.2 Process

The Thorex No. 2 process was designed to accomplish the separations previously described for
,

the No. 1 process using only TBP as the extraction solvent. In addition, the No..2 process uses

acid-deficient A1(N03)3 in place ofHN03as a salting agent in the initial separati~n cycle.
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As the flowchart of Fig. 3.2.3.3b indicates, the process featured the following major steps, in

order:

I. Extraction of 233Pa in TBP,

2. Partitioning of233U from thorium in TBP, and

3. Stripping and isolation of the 233U product by ion exchange.

The lborex No. 2 process begins with the dissolution of irradiated thorium fuel in concentrated

nitric acid. Typically, the fuel is in the fonn ofTh02pellets in aluminum cladding. Feed

dissolution is followed by a digestion and feed adjustment step to remove excess nitric acid.

The aqueous feed is introduced near the middle ofthe extraction column. An aqueous scrub

solution ofacid-deficient aluminum nitrate, ferrous sulfate, and dilute phosphoric acid enters at the

top ofthe column. TBP diluted with AmscoTN 125-82 (an inert paraffinic diluent) enters at the

bottom ofthe column and is used to extract thorium and 233U. The primary TBP-nitrate complexes

of these elements are Th(N03)4· 4TBP and U02(N03h •2TBP. The corresponding complex of the

nitric acid is HN03• TBP.

Because ofthe acid-deficient conditions of the aqueous phase, the 233Pa and most of the

troublesome fission products are not extractable. However, the aqueous scrub solution added at

the top of the extraction column provides for additional 233Pa and fission product removal from the

product extract. The scrub solution includes the phosphate ion, which assists in the

decontamination from 233pa, and the ferrous ion, which prevents extraction of an oxidized

chromium compoUnd that is produced during the head-end,treatment of the feed.

The aqueous raffinate from the extraction column contains aluminum nitrate, is acid deficient,

and contains any 233Pa that has not decayed to 233U, fission products, and other impurities. To

-minimize its storage requirements, the raffinate is evaporated to reduce its volume.

The organic extract from the extraction column, containing 232Th, n+nt, 233U, traces of fission

products, and any 233Pa that may be present, is introduced into the middle ofthe partitioning

column. The thorium is stripped into an aqueous phase ofnitric acid, which flows down the

partiti'oning column; this aqueous solution is scrubbed by the organic stream ofTBP introduced at

the bottom of the column. The aqueous strip stream represents the combined flow of an acid
. .

solution introduced at some distance below the top ofthe column and a water stream introduced at

the top of the column. This achieves the maintenance of slightly acidic aqueous conditions, which,

in tum, will permit thorium stripping into the aqueous stream and retention of the 233U in the

organic stream. Although the water stream entering the top ofthe column results in some 233U

•
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reflux. this step is necessary'to remove nitric acid from the organic phase so that·,the subsequent

uranium-stripping cycle will operate at maximum efficiency.

The organic effluent from the partitioning column, contains all the 233U and some traces of
',' ,

nitric acid. This effluent is passed to the bottom of the uranium-stripping column. An aqueous

phase of dilute nitric acid is introduced at the top of the column to strip the 233U ~omthe rising

organic stream. The aqueous effluent is then passed through the following: a sili,ca-gel column for

removal of trace quantities of fission products, a small column containing a cation-exchange resin

for the retention oftraces of thorium and corrosion products, and a larger cation-exchange resin for

concentrating and further decontaminating the 233U product. The effluent from ~e uranium­

stripping column is discarded as a chemical waste, and the 233U product is eluted by a solution of

The laboratory development of the Thorex process is described in several reports (Gresky et al.

Dec. 17, 1952, and Rainey, Meservey, and Mansfield Feb. 11, 1959), and the reader is referred to

these documents for further details.

3.2.3.3.3 Process Performance-Major Results

3.2.3.3.3.1 ThoreJ: No.1 Process

While the Thorex No. 1 process appeared potentially adequate from the standpoint of

separation and decontamination, several engineering and chemical problems we~ noted and

documented (Gresky et al. Dec. 17, 1952) during its development phase. The objectionable

engineering features included the necessity for:

1. Equipment and operational control of three different solvents (DISC, TBP, and TBP-benzene);

2. Extra solvent vessels for storage, pumping, holdup, and chemical treatment; .:and

3. The excessive number offirst-cycle coluinns (six) required for separation, at least four of

which would be contaminated with radioactivity.

The chemical problems associated with Thorex No. I involved:

1. Incomplete stripping of 233Pa from the diisobutyl carbinol,

2. The need for aromatics s'uch as benzene in the TBP extractant to prevent two-phase organic

layers when the TBP is saturated with thorium,
. I .

3. Incomplete 233Pa decontamination in the thorium removal step because of its;TBP

extractability in acidic systems, and
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4. The uncertain attainment of equilibrium or steady-state in the complicated TBP-thorium-nitric

acid system.

3.2.3.3.3.2 Thorex No.2 Process

The Thorex No.2 process is still potentially useful for reprocessing irradiated thorium-based

fuels. Use of the Thorex process to isolate 2J3U from irradiated thorium has been demonstrated on

an industrial scale. Detailed flowcharts for such processes may be foUJid in several documents

(ORNL February 1968 and cm July 1971).

3.2.3.3.4 References for Section 3.2.3.3

A list ofcited references documentmg the Thorex process is provided below. This is followed

by a list of sources providing additional information.

3.2.3.3.4.1 References Cited

Chemical Technology Division.' July 1971. Chemical Technology Division Annual Progress
Reportfor the Period Ending March 31,1971, ORNL-4682, Oak Ridge National Laboratory,
Oak Ridge, Tenn. .

Culler, F. L. 1956. "Reprocessing of Reactor Fuel and Blanket Materials by Solvent Extraction," .
pp. 464-83 in Proceedings ofthe International Conference on the Peaceful Uses ofAtomic
Energy, VoL 9, RS.I-1030, United Nations, New York.

Gresky, A. T. et al. Dec. 17, 195i Progress Report: lAboratory Development ofthe Thorex
Process, ORNL-1367, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Oak Ridge National Laboratory. February 1968. Thorium Fuel Cycle-Proceedings ofSecond
International Thorium Fuel Cycle Symposium, Gatlinburg, Tennessee, May 3-6, 1966, Oak
Ridge, Tenn.

Rainey, R. H., A. B. Meservey,.and R. G. ,Mansfield. Feb. 11, 1959. lAboratory Development of
the Thorex Process Progress Report, December I, 1955 to January I, 1958, ORNL-2591 ,
Oak Ridge National Laboratory, Oak Ridge, Tenn..

Stoller, S. M., and R. B. Richards, eds. 1961. Reactor Handbook, Vol. II (Fuel Reprocessing),
Interscience PublisherS, Inc;, New York.

3.2.3.3.4.2 Supplemental Resources

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemical Engineering, 2d ed.,
McGraw-Hili, New York. .
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Brooksbank, Sr., R. E., B. D. Patton, and A. M. Krichinsky. August 1994. Historical and
Programmatic Overview ofBuilding 3019, ORNUTM-12720, Oak Ridge National
Laboratory, Oak Ridge, Tenn.

Katz, J. J., G. T. Seaborg, and L, R. Morss, eels. 1986. The Chemistry ofthe Actinide Elements,
2d ed., Vol. 1, Chapman and Hall, New York.
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3.3 PROGENY INGROWTH REMOVAL

Processing 233U-bearing materials in glove boxes may be facilitated temporarily by using SX or

ion exchange (IX) to remove selected radioactive daughters. The role of each ofthese processes is

discussed in several sources (notably, Parrott et al. September 1979) and is summarized below.
" "

The overall objective of daughter removal is to break the 232U decaychaiIi by extracting and

removing the longer-lived daughters (particularly 22'Th, I~ = 1.9 years; and 224Ra, I~ = 3.7 d). This

"greatly reduces the intense radiation field from subsequent decay products and briefly allows

processing some 233U_bearing materials in unshielded glove boxes. Unfortunately, the 232U decay

chain lacks a long-lived "stopper" isotope (like 229'Jb. with Ilia =7340 years in the 233U decay chain)

that can be used to ''break'' the decay chain for an extended period (i.e., for months or longer)

.: through a chemical separation. Therefore, very briefperiods (i .e., up to weeks) of relief from

penetrating gamma emitters can be realized by removing the'longer-lived daughters of 232U.

It must be recognized, however, that gamma radiation relief in unshielded glove boxes is dependent

upon the absence of (or vigilant housekeeping to remove) aging 233U_232U residues left in

equipment from earlier processing. Such residues can provide a field that would preclude

continued, unshielded processing.

Unshielded glove box processing is practical only for short periods with material involving

very small quantities of 232U (i.e., much less than 20 ppm of 232U). Therefore, any strategy of

daughter ingrowth removal to allow subsequent unshielded glove box processing must consider the

quantity and isotopic purity of the material to be processed in addition to the time frame that

includes both the duration of processing and the time after purification.

3.3.1 SX

A modified Interim-"23 SX flowsheet has been used effectively to separate and remove bulk

nitrate salts (e.g., thorium nitrate, aluminum nitrate or sodium nitrate), excess nitric acid,

transuranium element impurities, and 232U 4ecay daughters from 233U-bearing materials. SX

removes essentially all 232U daughters from uranium-bearing solutions, which results in a dramatic

and immediate reduction in the radiation that is produced by 232U progeny (notably wan).

However, where thorium is present in substantial feed concentrations (i.e., comprising a large

portion of the nitrate salt concentration), the SX process will allow some smaIl concentration of

thorium (sO.O 1 wt %) in the feed to remain with the uranium. The presence of the thorium from

232U decay (i.e., 22810-/% = 1.9 years) will hasten the return of a substantial radiation field that is

associated with the uranium product of SX. Feed solutions for this process are prepared from

•
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either 233U_Th nitrate dissolver solutions or ammonium acetate--nitric acid recy~le solutions from

the IX system, which is discussed below.

The SX flowsheet for 233U separation is shown in Fig. 3.3a. Because of critiCality safety

considerations where large feed tankage is used, the feed solution typically contains 233U in
I

concentrations that are no more than 8 gil. The feed solution also typically contains a high

concentration ofinextraetable nitrate salts (aluminum, ammonium, sodium, thoriUm, etc.) and may,
include up to 5 M nitric acid. The organic extraction solvent used in this flowsheet is 5 vol % of

di-sec-butyl-phenyl phosphonate (DSBPP) in diethylbenzene (DEB), although ~P in DEB has

also been used. The saturated scilutionof total ufanium in this solvent is typically 20 to 25· gil.
, ~.

The inventory of organic solvent used in the SX system is typicaily about 600 L.lOnly a small

portion of the solvent actually resides in the columns; the bulk of it resides in a special storage

tank. During operation of the SX system, the organic solvent exiting the strip coliunn is transferred

via this storage tank back to the extraction colunm. When the SX system is not operating, the

entire batch of organic solvent is periodically washed with sodium carbonate to remove solvent

degradation products.

DuringSX operatio·n, the feed is contacted with the organic solvent in the extraction colunm

and the aqueous raffinate solution is usually a waste stream. The organic solven~ which contains

the 233U_bearing product, is scrubbed with an· inextractable aluminum nitrate solution in the

scrubbing colunm and is then stripped with dilute acid in the stripping·colunm. The stripped
;

uranium product solution is concentrated by means of an evaporator or further processing and then
. I

stored in product solution tanks to await additional processing (e.g., product conversion to oxide or

polishing in the IX system).

3.3.2 IX

IX is used to remove trace impurities from a solution. For 233U, IX is used to .'remove 232U

decay daughters from the uranium by preferentially absorbing the 22'7h daughter.' (In this process,

most 224Ra is also adsorbed.) The removal of 228Th and 224Ra interrupts the 232U decay chain and

substantially reduces the radiation that is produced by the subsequent decay products (notably

208TI) of that chain. Feed for the IX system is either the product from the SX system or the

dissolver solution from the uranium dissolver.

A typical IX flowsheet is given in Fig. 3.3b. The IX colunm contains about l~ L ofa cross­

linked, organic~based cation exchange resin (200 to 400 mesh size). Prior to processing a uranium
'\ I

solution, dilute nitric acid is passed through.the colunm to convert the resin to theH+ form. The
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feed solution is then passed through the column to absorb the thorium F 8Th) and radium F4Ra)

impurities; during this process, most'of the resin is converted into the uranium form .. In this

manner, 2 to 3 kg ofuranium is retained in the column along with the impurities. The remaining

uranium passes through the column to the product tanks. When the impurities are eluted (washed

out), 2 to 3 kg of retained uranium are also removed from the column. The eluate solution is then

stored for subsequent recovery of the uraniUm by means of the SX systein.

The IX product sOlution can be processed to produce a stable solid form. Another IX process

is described in Sect. 3.3.3.2.

•

'3.3.3 Applications

The thorium ingrowth removal process haS provided a promising medical application. Certain

decay prOducts of the 233U decay chain may play a critical role in the treatment of certain cancers

(see Sect. 5.i). In recent years, the recovery of229'Jb from the 233U decay chain has proven useful

for the subsequent production of alpha generators like 213Bi, which can be used for such medical

applicatioris. This section describes the recovery of 229'Jb'from 233U-bearing materials for the

subsequent use of 2J3Bi (Hall July 22, 1998). As part of the 233U decay chain (see Fig. 2.la in

Sect. 2.1), 2J3Bi is an alpha emitter with a short haIf-life(46 min). Decay occurs through two •

chains. About 98% of the number of decays of 2J3Bi involve the emission of an 8.4-MeV alpha

particle from the 2J3pO daughter (haIf-life, 4.2 J,ls). The other 2% ofthe 213Bi atoms decay by direct

emission ofan alpha particle (5.8 MeV). In the treatment of some types ofcancers (e.g., leukemia,

lymphoma. ovarian, and lung), 213Bi is attached to monoclonal antibodies· that are used to target

certain types of cancer cells. The alpha emissions from 2J3Bi have a very localized impact on cell

.tissue because of their short range in tissue. The high linear energy transfer emitted by 213Bi has a

.path length of 50-80 ~m (Jurcic et al. Nov. 15, 1997). This feature enables the 213Bi alpha

radiation to kill cancer cells with a high degree ofefficiency and precision (Nadis Oct. 14, 1997).

Further discussion of this application is provided in Sect. 5.2.

3.3.3.1 Process Objective(s)

Thorium-229(haIf~life, 7;340 years), the first daughter of 233U, can be purified from

. inventories of 233u-bearing materials as a first step in providing 2J3Bi for medical applications.

Significant quantities of229'Jb exist in the 233U stockpiles. The extraction and recovery process

• A monoclonal antibody is a protein molecule that attaches to the outside ofa cell membrane.. •
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described in the following also removes the 232U decay products that are associati:d with the 233U

inventory. The 232U decay daughters will grow back to equilibrium in -10 years:

A major hindrance to extracting 213Bi precursors from 233U is the extremely slow production of

213Bi that results from the relatively long haIf-life (159,200 years) of 233U. In addition, as

previously discussed in Sect. 2.1.2, 232U is an isotope associated with inventories of 233U.

Uranium-232 has undesirable gamma~tting daughters which can significantlY. complicate

handling. Uranium-233 is also fissile.

3.3.3.2 Process Description and Basi~ Flowsheet

A summary flowsheet that shows the extraction of229-yh and the recovery of,213Bi is provided

in Fig. 3.3c. 'Three major phases are involved in the process, and each phase involves a series of

related steps.

In the first phase, 233U oxides are dissolved in nitric acid (HN03)' Thorium-229 is then

separated from the 233U by ion exchange. The resulting thorium-bearing solution 'contains

essentially no fissile nuclides and thus poses no complications regarding nuclear weapons use,

safeguards, and criticaljty. The remaining uranium in solution can be resolidifie4 and stored in

standard packages for future use or disposal. After allowing several years for th~ ingrowth of
I

additional 229-yh from the decay of the 233U in these packages, the entire 229-yh extraction process

can be repeated.

In the next majpr phase of 213Bi recovery, mAc is separated from 229-yh and other decay

products of the 233U and 232U decay chains. Because there are no actinium daughters in the 232U

decay chain, this separation results in a product of pure 213Bi precursor.

The final phase in the 213Bi recovery flowsheet involves loading a biomedical generator system
I

with mAc, from which 213Bi can be extracted or "milked" as 225Ac decays. (As Fig. 3.3c shows,

different nuclides are milked at different sites: 229Jb at ORNL and 213Bi at the h~spital.)

Thorium-229 has been extracted at ORNL from two different sources. The first source was a

very limited amount of 229-yh residues that had been saved from previous 233U pr<?cessing. This

material was contaminated with small amounts of metals and uranium. The seco~d source is the

inventory of stored 233U. The 229-yh is present at milligram (10-3g) quantities as a result of the

natural decay of kilogram quantities of 233U oxides. Reillex HPQTN
e
anion-exc1~ge resin has been

used to extract thorium from the first of these source materials (Webb et al. 1997). The Reillex

e .
The Reillex HPQTN (resin product name) is produced by Reilly Industries, Indianapolis. Indiana.
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HPQ did not perfonn well when challenged With the removal oftrace thorium from bulk 233U.

Modifications to the separation and different resins were required for this separation. A second

resin. BioRad MP-ITN,·· and a finely controlled process were shown to be much more effective at

separating trace quantities ofmn from the 233U parent (Webb Sept. 10, 1998).

The ORNL process for purifying residual materials (thorium materials contaminated with

small quantities ofmetals) from prior 233U processing began with dissolution in a high

concentration of nitric acid (HN03) followed by filtration. The thorium was selectively retained on

a Reillex HPQ resin in HN03, while uranium, actinium, iron, aluminum, radium, and lead were

eluted. To speed thorium extraction and minimize work~r radiation exposure, an open-top ion

. exchange column was maintained at an elevated temperature (70°C) and gravity-fed with

extraction solution at a high flow rate (10 cm3/min). The thorium was then stripped by a dilute

solution ofHN03and collected for further purification.

In the second ORNL extraction process,~ was recovered from stored 233U oxides. The

~ in these stored oxides resulted from the natural decay ofthe 233U. The~ extraction began

by dissolving the 233U oxides in strong HN03, followed by filtration and ion exchange. The thorium

was stripped from the resin using dilute HN03for further purification. ~rwards, the 233U .was

solidified and calcined for storage.

3.3.3.3 Process Performance-Major Results

At ORNL, the extracted~ product has been separated from a waste stream of 233U

processing that had been stored in several waste tanks. The 233U-bearing material used in this

extraction was originally produced at ORNL during the mid-I 970s as part ofthe Light-Water

~-Breeder Reactor Program. A Reillex HPQTN anion exchange resin was used to separate the~

. product (Webb et al. 1997).

,. The~ extraction process, currently being developed and used at ORNL, has involved the

use ofa strong-acid, ion~xchange solution to separate milligram (10-3g) quantities of229'Jb from

kilogram quantities of 233U. Most ofthe thorium product has been recovered in a single pass

through the anion exchanger (Webb et al. 1998).

. The recovery of213Bi for medical applications has shown much promise. Preliminary results

using 213Bi in the treatment of seve~1 cancers (e.g., leukemia, prostate, melan~ma, breast, and

lymphoma) have been promising. Details are discussed in Sect. 5.2. The amount of 213Bi needed to

.. . .
The BioRad Mp-l TN (resin product name) is produced by Bio-Rad Labomtories, Hercules, California.
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treat a heavy tumor load is on the order ofa few nanograms (10-9 g). The potential amount of 2l3Bi

that could be harvested annually from the current domestic 233U inventory could 'support research

and treatment for hundreds ofthousands of patients (Webb et aI. 1998b). The potential pool of

229Jh will cOntinue to increase for centuries as the 233U continues to decay. How~ver, this pool

faces a major threat ofdepletion as a result ofprocessing losses.

Separationof~ can be costly because of the low concentrationof~ (in the

parts-per-miUion range amongst the bulk 233U) and precautions that need to be t3ken for 233U

criticality, safety, safeguards, and radiological protection from progeny of the contaminant 2nU

isotope. In addition, the short half-lives of 22SAc (t~ = 10 d) and 213Bi (t~ =46 mi,n) require that the

213Bi nuclide be harvested shortly before medical use (Jurcic et.aI. Nov. 15, 1997.)

3.3.4 References for Section 3.3

A list of cited references on thorium ingrowth removal is provided below. This is followed by a

list of supplemental references that provide additional information on this subjcq.
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Jurcic, J. G., et al. Nov. 15, 1997. ''Targeted Alpha-Particle Therapy for Myeloid Leukemias: A
Phase I Trial of Bismuth-213-HuM 195 (Anti-CD33)," Blood, 90(10), Supplement 1 (part 1
of2),504a.

Nadis, S. October 1997. "Smarter Cancer-Killing Drugs," MIT's Technol. Rev. 100(7), 15.
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Light-Water Breeder Reactor Demonstration Program, ORNUCF-79/279, 'Oak Ridge
National Laboratory, Oak Ridge, Tenn. .
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3.4 URANIUM-233 SEPARATION FROM FISSION PRODUCTS (REPROCESSING)

This section discusses the application ofthe Thorex process to the separation and removal of

thorium from 233U in SNF. The type ofprocess discussed is more cOmmonly· referred to as nuclear

fuel reprocessing. When irradiating 2310 to produce 233U, 233pa, with a half-life of 27 d, is the

intennediate product that decays to 233U. As a consequence, if 233U is to be recovered from freshly

irradiated thorium, it is necessary to recover both 233U and 233Pa. The recovered 233Pa will then

decay into 233U.

3.4.1 History and Process Objec:tive(s)

.. A history of reprocessing thorium-based reactor fuels is provided in Benedict, Pigford,·and

Levi 1981. As their discussion indicates, ORNL (Rainey and Moore May II, 1962) perfonned

small-scale experiments on the application ofthe Thorex (No. lor acid-based) process to SNF

containing uranium, thorium, and tracer quantities of principal fission products. The overall

objective of the ORNL ana1ysiswas to simulate recovery ofuranium and thorium from irradiated

6 wt % uranium and 94 wt % thorium fuel that was used in the initial loading of the Consolidated

Edison IP-I PWR. Spent uranium-thorium fuel from the IP-I PWR was subsequently reprocessed

in 1971 at the West Valley NFS Plant, near Buffalo, for recovery of uranium, but without

separation of thorium from fission products. No account of this separation has been pUDlished

(Benedict, Pigford, and Levi 1981).

The other full-scale applications of the Thorex process have involved the separation Of 233U

from thorium irradiated in government production reactors at the SRS and Hanford. These

campaigns were previously discussed in Sects. 3.2.1 (SRS) and 3~2.2 (Hanford). A summary

.description is provided below of the ORNL Thorex reprocessing experiments as documented in

,-several sources (Blanco,"Ferris, and Ferguson Feb. 28, 1998; Rainey and Moore May II, 1962).

3.4.2 Process Description and Basic Flowsheet

The basic proCess used to separate 233U and thorium from fission products by SX was

described in a conference paper by A. T. Gresky (1956). This process used nitric acid as the

thorium dissolution agent, TBP as the extractant, and aluminum nitrate and nitric acid as the

aqueous salting agents. In the fina1 step, 233U is isolated by ion exchange. The basic process

described is the original Thore" flowsheet, which was discussed in Sect. 3.2.3.3.

Figure 3.30 illustrates the acid Thorex flowchart (Blanco, Ferris, and Ferguson Feb. 28, 1998)

that was used to reprocess SNF containing 233U from the Consolidated Edison IP-I reactor. In this

•
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process, nitric acid is used as the "salting agent" in the SX of thorium and urani~ from an acid­

deficient feed with 30 wt % TBP in Arnsco. The process was demonstrated in laboratory

equipment for the recovery of synthetic Consolidated Edison thorium reactor fuel containing tracer

fission products (Rainey and Moore May 11, 1962).

In the first cycle of Fig. 3.30, the adjusted (acid-deficient) feed contains 265,g/L of thorium

and 15 gIL of uranium along with concentrations of 0.1 15 M A13+, 0.046MF-1, and

0.1 MNaHS0J. As the flowchart indicates, the feed is contacted with 30 wt % TBP and scrubbed
1

with nitric acid (HNOJ) to coextract thorium and u~um in the first column. The extract is

scrubbed in the first column with HNOJ, HJP04, and Fe(NH2S0J)2 to decrease the extraction of

fission products, protactinium, and Cr04-
2(from stainless-steel corrosion), res~vely. In the

second column, the thorium is partitioned from uranium with 0.008 M A1(NOJ)J,'and the uranium

is stripped from the solvent with 0.008 M A1(N0J)J in the third column. The thorjum and uranium

are each processed through an extraction cycle for additional decontamination to:sufficiently ensure

that the fission prOduct activities are not greater than those of the daughters of the 232U decay

chain.

3.4.3 Process Performance-Major Results

In the laboratory experiments at ORNL,the flowchart of Fig. 3.30 was dem~nstrated using

three 2-in.-diam pulsed columns with 12-ft sections for extraction, scrubbing, paititioning,

(thorium stripping and uranium scrubbing), and uranium stripping. A single exmU:uon step in the. ,

flowchart of Fig. 3.30 resulted in typical decontamination factors of 1,000, 5,00Q, 10,000, and

100,000, respectively, from ruthenium, zirconium-niobium, protactinium, and nu;e-earth elements.

Uranium losses were sO.Ol wt %, and thorium losses were sO.3 wt %. Most losses are a result of

incomplete separation of thorium and uranium in the partitioning column, where good flow control

is required (Ryon Jan. 17, 1961). The extracted thorium and uranium may be sel~vely stripped

or costripped as desired, and additional SX cycles may be used to increase deconiamination.

For thorium fuel reprocessing, the acid Thorex flowsheet was found to be ver:y flexible and

may be varied to give maximum decontamination of feeds with various fission product ratios or

adapted to available process equipment (Rainey and Moore May 11, 1962). Another major

advantage found with the acid Thorex process was the ten-fold improvement in waste concentration

compared to the process that uses aluminum nitrate for salting.



3.4.4 References for Section 3.4 ..

A list of cited references documenting the reprocessing of spent 233U-bearing fuel is provided

below. This is followed by a list of sources providing additional infonnation.
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3.5 mU OXIDE PREPARATION

This section desc~~ the major programs involving the preparation of 233U oxides. Three

ORNL programs are described: the LWBR Support Program, the CEUSP, and the recent MSRE

Fuel Stabilization Program.

3.5.1 Production of Fuel-Grade mUOr-LWBR Demonstration Support Proaram

During the period 1973-1976, ORNL, under contract with BAPL, prepared metric-ton

quantities of 233U as dioxide powder f33UOJ in the 3019 Building Pilot Plant for use in the

Shippingport LWBR Demonstration Program (parrott 1980). The 233U for this activity was

'~'separated originally at the SRS and Hanford Site (as discussed in Sects. 3.2.1 and 3.2.2,

.. respectively).

3.5.1.1 Program Objectives and Scope

The objective ofthis program was to convert kilogram quantities of 233U to U02powder

directly suitable to use in preparing Th02-U02fuel pellets for the Shippingport LWBR. As

specified in ORNL's contract with BAPL, the prepared U02powder was to meet rigid chemical

and physical specifications and be freshly separated from the decay daughters of 232U just before

shipment to BAPL. The U02powder prOduction campaign was conducted in Cells 5, 6, and 7 and

the oxide conversion facility, ofthe Building 3019 Pilot Plant.

3.5.1.2 Process Description and Flowsheet

The oxide .preparation process began with purification ora uranyl nitrate [U02(N03hJ solution

.by ion exchange (see Fig. 3.3b) to remove the 232U decay daughters. The resulting solution was

~'converted to oxide (U02> and generally shipped not more than 16 d after purification so that the

BAPL fuel fabrication operations for the LWBR could be performed unshielded in a relatively low

radiation field at a rate of 15-20 kg U per week (Horton et al. March 1972). Reject 233U02-Th02

pellets were returned to ORNL, granulated, and dissolved in nitr!c acid catalyzed with hydrofluoric

acid. The 233U was recovered from the thorium by a modified Interim-23 SX process (see

Fig. 3.3a) before it was purified again by ion exchange.

A summary flowsheet ofthe 233U02 preparationcampaigil is gi~en in Fig. 3.5.1a (parrott

1980). The isotopic purity of the 233U·used was greater than 97.5 wt %, and the associated 232U

content was <10 ppm. The uranium was produced by the irradiation of thorium in the Hanford and

SRS production reactors and separated from the residual thorium and fission products at those

•

•

•



•
3-59

sites. ORNL received about 65 wt % of the total 233U (as a uranyl nitrate solu~on) from Hanford

and the remainder (as UO) from SRS. These materials were stored at ORNL until needed for the

production ofU02. This storage lasted several years and necessitated processing of the material

immediately before its conversion. A high-pressure, cation-exchange technique Was used to

effectively remove the 228Th and 224Ra, both of which had formed from the decay of 232U (Rainey

December 1972). During the ensuing 3-d period, the resulting solution was all0'red to decay to

0.2% of the mass equilibrium concentration for 20811, the principal gamma emitter in the 232U decay

chain.

The flowsheet of Fig. 3.5.10 shows the major steps used in the conversion process:

precipitation, drying, reduction, and blending. The uranium was converted in I-kg batches, with

one batch being fed to the system every 4 h. Nominally, a 10-L solution of uranium (having a
. . ~

concentration of 100 gUll) was transferred to a metering vessel (calibrated to m.easure system

input) and then transferred to a precipitation vessel. While the solution was being recirculated in
,

•

the vessel, a stream ofanunonia gas was bled into the recirculating pump's suction line until the

pH of the solution reached 8.25. The pump discharge was then rerouted to a rotating centrifuge,

which contained a Teflon™ liner. The supernate overflowed, leaving the wet ammonium diuranate

• (ADU) [(NH..hU207] cake in the liner. After the cake had been washed With w~r to remove the

residual nitrate, the centrifuge was shut down.

Following removal from the centrifuge, the Teflon liner was placed into a microwave oven

equipped with a turntable. The cake was dried while being subjected to a microwave power level of

2 kW for I h followed by I kW for I h. Since Teflon does not absorb microwav~ energy, the liner

was able to be reused several hundred times.

The dried cake was then passed through a 100-mesh granulator and loaded into the furnace

boats. Each I-kg batch was distributed evenly into four boats. Calcination and re4uction were. . ,

conducted in a continuous-belt, multizone, controlled-atmosphere furnace featu~g a distinct

hydrogen region in the midsection bounded by argon regions at.the ends. The po~der was heated to
:.

625°C in argon, then passed into the hydrogen atmosphere, where it was heated to 650°C and held

for 6 h to achieve reduction. Following this treatment, the powder was reintroduced into an argon

atmosphere and cooled to ambient temperature.

The U02leaving the furnace was.pyrophoric and, thus, would have rapidly oXidized to U)Og

on exposure to air. To prevent such oxidation, a thin outer layer of the powder was stabilized by

contact with moist air. The final oxygen:metal (O:M) ratio varied between 2.03 and 2.07, which
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was well below the specified maximum of 2.18. The resulting moisture content varied between

0.10 and 0.36 wt %, which was well below its specified maximum of 0.5 wt %.

Following stabilization, the powder was granulated through a 100-mesh screen, and the U02

product from a week's operation (25-35 kg) was mixed in a V-blender to achieve uniformity. The

blender was then inverted, and the U02 was vibrated intO stainless-steel cans (each containing

400 g ofUOJ for packaging and shipment to BAPL.

3.5.1.3 ,Process Performance and Results

Major highlights (parrott 1980) from the ORNL preparationof 233U for the LWBR

Demonstration Program are as follows:

. 1. The 233U was handled in glove boxes within 10 d following the removal of the high-energy 23~

daughters, and I dlweek waS spent in cleaning the glove boxes. However, in spite of these

precautions, the radiation exposure to operating persoMel still resulted in being

20-30 mrem/person-week.

2. Specification-grade U02'was produced during the initial batch processing.

3. Of the total quantityofU02produced (2030 kg), only 99 kg fuiled to meet all specifications. '

No material was rejected by BAPL.

4. Microwave drying ofthe ADU l(NH.)2U207] before calcining eliminates the effects of
precipitation on the, final U02powder characteristics.

5. ORNL's contract with BAPL called for delivery ofthe U02 product within 16 d of

purification. Only I shipment of 188 to BAPL was not delivered on time.

3.5.1.4 References for Section 3.5.1

A list of cited references documenting the LWBR Support Demonstration Program at ORNL is

provided below.. TIlls is followed by a list of sources providing additional information.

3.5.1.4.1 ReferenceS Cited

Horton, R. W., et aI. March 1972. Saftty Analysis: LWBR Support Program in Building 3019
Pilot Plant, ORNLITM-3567, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Parrott, J. R 1980. "Preparation of 233U02 for the Light-Water Breeder Reactor Demonstration
Program," Transactions a/the American Nuclear Society, 34, 434-35, ISSN: 0003-018X,
American Nuclear Soci~, laGrange Park, Ill.

•

•
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3.5.1.4.2 Supplemental Resources

Brooksbank, Sr., R E., B. D. Patton, and A. M. Krichinsky. August 1994. Historical and
Programmatic Overview o/Building 3019, ORNUTM-12720, Oak Ridge National
Labor3tory, Oak Ridge, Tenn.

Chemical Technology Division. 1974. "Preparation of 233U02," pp. 22-23 in Chemical
Technology Division Annual Progress Report/or the Period Ending March 31, 1974,
0RNL-4966, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Chemical Technology Division. 1975. "Preparation of 233U02," pp. 25-26 in Chemical
Technology Division Annual Progress Report/or the Period Ending March 31, 1975,
ORNL-5050, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Leitnaker, 1. M., et 81. April 197i. (:onversion ofUranium Nitrate to Ceramic-Grade Oxide/or
the Light-Water Breeder Reactor: Process Development, ORNL-4755, oak Ridge National
Laboratory, Oak Ridge, Tenn.

u.S. Department of Energy. December 1994. Integrated Data Base Report-1993: U.S Spent
Nuclear Fuel and Radioactive Waste Inventories, Projections, and Characieristics,
DOFlRW-0006, Rev. 10, Oak Ridge National Laboratory, Oak Ridge, Tenn.
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3.5.2 Conversion of Uranium Nitrate to Oxide for Storage-Consolidated Edison Uranium
Solidification Program (CEUSP)

3.5.2.1 Program Objectives and Background

The CEUSP developed ~ unique conversion and solidification process that~ carried out at

ORNL (Building 3019) to prepare a stable uranium fonn for long-teon, safe ~rage. During

1985-1986,~ evaporation-thennal denitration process was developed, operated, and maintained

at ORNL to achieve the solidification and safe storage of about 1000 kg ofhighly radioactive and

fissile uranium, which had been stored in a nitrate solution.

The uranium processed by CEUSP originated from the irradiation of a ThOrU02 fuel core in

the Consolidated Edison IP-I reactor during the early 1960s. The irradiated fuel,was reprocessed

in 1968 at the NFS plant in West Valley, New York, and the uranium nitrate prOduct solution was
, "

sent to ORNL for storage in 1969. The nitrate liquid was placed into an underground storage tank

o located in a vault outside Building 3019 and stored there until 1986. During this:time, soluble

poisons (cadmium nitrate and gadolinium nitrate) were added to ensure subcritica.Iity. Because no
001

apparent use was found for the uranium while. the nitrate solution was in storage~ the CEUSP was
-'

developed to solidify the material during 1985-1986 for long-term, safe storage (parrott
,

August 1978 and McGinnis et aI. 1986).

3.5.2.2 Process Description and Flowsheet
l.

A schematic diagram of the CEUSP process flowsheet is given in Fig. 3.5.~ (McGinnis,

Collins, and Patton 1986). The processed uranium nitrate solution had a concentf.uion of 130 gUlL

and contained' about 1000 kg of highly radioactive and fissile uranium. The material was divided
i

and processed into about 400 batches, each containing about 2.6 kg U. The CEU5P used methods
l .

. . ;
in remotely operated evaporation-acid destruction, thennal denitration-solidification, and solid-

0' •

material handling. The major steps included:

I. Batch evaporation to concentrate the uranium-eadmium-gadolinium nitrate solution to slightly

less than the saturation concentration,

2. Use of formaldehyde in an ~vaporator to destroy nitric acid so that crystallization of the nitrate

salts due to supersaturation would not occur,

3. 1Dennal denitration to fonn the oxide in situ in the storage can.
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4. Remote welding of the can lid and installation of a crimp-sealed, secondary containment

canister, and

5.. Transfer of the finished package to a shielded storage well.

While a simple solidification process was utilized, several constraints (McGinnis, Collins, and

Patton 1986) complicated the use of equipment and facilities. These included:

1.. The presence of 232U (140 'ppm) and its associated decay daughters (see Sect. 2), thus requiring

massive shielding and alpha contaimnent;

2. The large mass of fissile uranium ~3U and 235U), which necessitated equipment designs

geometrically favorable to subcriticality;

3. Limited available in-cell processing space,

4. Intricate mechanical equipment needed for the remote operation and transport of the product

storage cans, and

5. The available facilities required direct, hands-on maintenance ofthe processing equipment.

•

.As shown in Fig. 3.5.20, an evaporator was included in the process design to utilize

evaporation in reducing the overall time requ.ired for solidification. The feed solution to the

evaporator was concentrated by a factor of about 2.5. Evaporation ofa feed batch took 2 to 3 h •

and was much faster than the downstream .thermal denitration process, which took about 1 d. Thus,

the CEUSP facility equipment had three thermal denitration systems, which were operated in a

parallel mode, but only one evaporation system.

The evaporation step incorporated the need for a destruction process using formaldehyde to
. '. .

remove part of the nitric acid. This addition was necessary because,.with the desired feed

:concentration in the absence of any acid destruction, a supersaturated concentrated solution would

.:have been produced that would have salted out solids, plugging the process equipment.

Major features of the evaporation-acid destruction step and thermal denitration step of the

CEUSP process are described below. Further details of the CEUSP operational experience are

provided in McGinnis et aI. 1986.

3.5.2.2.1 Evaporation-Acid Destruction

As shown in Fig. 3.5.2b, the CEUSP evaporation-acid destruction step, which concentrated

the fissile uranium-eadmium solutions, was perfonned in a thennosiphon-type evaporator vessel.

The vessel was operated semicontinuously to concentrate about 21-L batches of feed solution to an

8-L volume (Hall, Panon, and Hass 1986). The CEUSP feed solution and formaldehyde entered •
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the evaporator through a common nozzle and were swept downward through the evaporator by the

recirculating liquid from the thermosiphon leg. The reaction.of formaldehyde with nitric acid was

conducted at temperatures above 95°C to obtain an instantaneous, controllable ~reaction (Healy and

Davis Feb. 22, 1956).

3.5.2.2.2 Thermal Denitration-Solidification

The CEUSP system configuration for thermal denitration-solidification occUrred in a

combination reactor/storage can, as shown in Fig. 3.5.2c. The thermal denitration step was a
,

semicontinuous process in which batches of the concentrated CEU solution (eacJ1 containing

, -2.6 kg U) was fed into a can located inside a three-zoned cylindrical heating fufnace (Vedder,

Collins, and Hass 1986). As the solution was fed in, it Was evaporated to dryneSs, and the nitrate

was decomposed. leaving a solid cake in the can, which also served as a storage;container, thereby

minimizing any problems associated with handling solids. An entire batch waS fed at a rate of

-9 rnUmin during a 16-h period in which the temperatureS in the bottom. middl~, and top zones of

the furnace were independently increased by a programmable controller. Following the feed

addition, a bakeout period of3 h at -800°C was used to complete the solidification. Off-gases

from the denitratiOD, primarily'water vapor and nitrogen oxides, exited the can through a jacketed
,

line to a liquid collection tank. During the feed addition period, the off-gas line~ washed with

nitric acid to dissolve any entrained solids. The collection tank was vented through a chilled-water-
I

cooled condenser, and condensables were drained back into the tank. Figure 3.5~2c also shows that

the fet;:d and purged air entered the can through a process connection nozzle. Gases evolved during

the denitration exited the can through the same nozzle.

The CEUSP material was loaded into its packaging by placing each container in a high­

temperature furnace, in which the uranium (mostly 233U and 23SU ) was added as anitrate solution.

In the package, the nitrate decomposed to an oxide (UJOs), forming a cast-in-pl~ solid monolith.

3.5.2.2.3 Solid Material Handling

The solidified CEUSP material was placed in over 400 stainless steel cans, Which were welded

shut and placed in Cell 4 ofORNL Building 3019. The design ofa CEUSP storage inner can

assembly is given in Fig. 3.5.2d. The inner cans have 3.5-in. outer diam (00) ana 24.25 in. length.

Each inner can was placed inside a double-seamed, tin-plate outer canister (not shown). The outer
. i

canisters have a 3.625-in. interior diarn (ID) and a 24.75-in. length (Martin Marietta Energy

Systems, Inc. June 1984).
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A summary of the major characteristics of the solidified CEUSP material stored at ORNL is

provided in Table 3.5.20 (peer Consultants and Engineering, Design, Geosciences Group

Dec. 23, 1987). Collectively, over 400 welded CEUSP canisters con~in 1043 kg of uranium, most

(898 kg) ofwhich is fissile.

3.5.2.3 Process Performance and Results

The CEUSP project achieved its major goals of converting hazardous liquid uranium nitrate to

a stable form and placing that stable form into safe storage. Over 1000 kg of highly radioactive

and fissile uranium, containing about 75 wt % 23SU, about 10 wt % 233U, and about 140 ppm 232U,

--''was processed and solidified in over 400 canisters as an oxide.

3.5.2.4 References for Section 3.5.2

A list of cited CEUSP references is provided below. This is followed by a list of sources

providing additional information.

Healy, T. V., and B. L. Davis. Feb. 22, 1956.· The Destruction ofNitric Acid by Formaldehyde,
Part n, AERE CIR 1739, U.K. Atomic Energy Research Establishment, Harwell, U.K.

Martin Marietta Energy Systems, Inc. June 1984. Final Safety Analysis Reportfor the
-Consolidated Edison Uranium Solidification Program (CEUSP) Facility,. -

ORNUENG/INF-83/2, Oak Ridge National Laboratory, Oak Ridge, T~nn.

-
McGinnis, C. P., E; D. Collins, and B. D. Patton. 1986. "A Remotely Operated Facility for In

Sinl Solidification of Fissile Uranium," p. 453 in Proceedings ofSymposium Waste
Management '86, Tucson, Arizona, March 2-6, 1986, Vol. 1, Arizona Board of Regents,
Tucson, Arizona.

McGinnis, C. P. et aI. 1986. "Development and Operation of a Unique Conversion!
Solidification Process for Highly Radioactive and Fissile Uranium," presented in Radioactive
Waste Management, March. 1987.

•

Parrott, 1. R., Sr. August 1978. A ReView ofAlternativesfor Amelioration ofProblems
Associated with Continued Storage ofConsolidated Edison Core "A" Uranium Solution,
TRCE-78-101, Oak Ridge National Laboratory, Oak Ridge, Tenn. •
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Peer Consultants, P.C., and Engineering, Design, and Geosciences Group, Inc.',
Dec. 23, 1987. Part B RCRA Permit Applicationfor Ce// 4 Solids Storag~ Facility, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Vedder, R 1., E. D. Collins, and P. A. Haas. 1986. "Development of the In-Storage-ean Thermal
Denitration Step in the CEUSP Process'," p. 309 in Proceedings ofSymposium Waste
Management '86, Tucson, Arizona, March 2-6,1986, Vol. 1, Arizona B~d of Regents,
Tucson, Arizona. ~

3.5.2.4.2 Supplemental Resources

Chemical Technology Division. 1978. "Conversion of Consolidated Edison Urimium from a
Nitrate Solution to U30 8," p. 81 in Chemical Technology Division Annual Progress Report
for the Period Ending March 31, 1978, ORNL-5383, Oak Ridge National ~ratory, Oak
Ridge, Tenn.
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Table J.5.2a. Cbaracteristia of CODsolidated EdisoD UrauiuriJ
Solidification Program material at ORNLQ

i

Descriptio"

Monolithic waniwn oxide material (radioactive and hazardOUS)

Storage locatio"

Radiochemical Processing Plant (Building 3019, ORNL), Cell 4

Material inventory, kg

.Total material 1673.3
Total U 1042.6
235U 796.4
mu 101.1

Uranium isotopic compositio", MIt "

•
9.69
1.39

76.52
5.60
6.80

-0.01 (about 140 ppm)

Chemical compositio", MIt "

75.6
21.7

2.7
(Trace amounts .of Si, Fe, AI, P, and Cr)

UJoB

Cdci'
~OBb
Metal contaminants

Storage containers

403 welded canisters; each inner can is placed inside a tin-plate outer can
(Fig.3.5.2d).

Inner can: 3.5 in. OD by 24.25 in. length
Outer can: 3.625 in. OD by 24.75 in. length

•

Average radiatio" levelsfrom storage containers

At surface: 300-350 rem/h
At 1 ft from surface: 60-80 remlh

,
'"Based on Peer Consultants, P.C., and Engineering, Design, and Geosciences

Group, Inc. Dec. 23, 1987. .
. bNeutron poiSons cadmium and gadolinium were added to the CEUSP material to .

reduce the risk ofa criticality accident during its 17-year period of storage as a liquid.
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3.5.3 Conversion ofpranium"F1uorides to Oxides for Storage-Molten Salt Reactor
Experiment (MSRE) Fuel Stabilization

"3.5.3.1 Process Background and Objective(s)

As noted in Sect. 3.1.2.5, the MSRE operated at ORNL from 1965 through 1969, at which

time it was shut down and the fuel. flush, and coolant salts were allowed to freeze in their

respective drain tanks. At the time ofshutdown, it was expected that a waste repository would be

available in a few years and~ the storage period at MSRE would be brief. Inadiation of solid

salt was known to result in the liberation offluorine from the salt matrix, and a procedure to heat

(not melt) the solid salt to recombine fluorine was instituted. After the salts were not moved for

" several years, an evaluation ofcontinued storage was performed (Notz September 1985). In 1994.

a gas sample taken from the off-gas system serving the fuel and flush tanks showed that fluorine

had escaped the fuel salt in significant quantities and that uranium was present as UF6 at a partial

pressure near the saturation pressure. Recent experiments have shown that the annual heatup

procedure likely resulted in the oxidation ofUF" in the salt to volatile UF6 (Williams. Loghry, and

TothJanuary 1998). Further investigations identified a deposit of uranium in a charcoal bed

connected to the off-gas system (Fig. 3.5.3a). The MSRE Remediation Project was established to

stabilize conditions at MSRE, recover uranium from the off-gas system and the charcoal bed, and

remove, process, and package the fuel and flush salts (peretz et al. September 1998).

TheMSRE Remediation Project consists ofthe following activities:

• Stabilization of the facility, including improvements in nuclear criticality safety and material

. confinement;

• Removal of the uranium present as a gas and as solid deposits in the off-gas system;

• Remov3I ofthe uranium deposit present in the auxiliary charcoal bed;

• Removal of the fueland flush salts, separation of the uranium remaining in the salts

stabilization and packaging"ofthe salts for long-term storage; and

• Conversion of uranium to U30 S for long-term storage.

In the.conduct of the MSRE Remediation Project, several technologies applicable to the

general handling of 233U are being applied. These include:

• Radiological surveys based on 232U daughter products,

• "Trapping of UF6 on sodium fluoride,

• Restoration ofthe oxidation state ofuranium during melting ofradiolytically reduced salt, "

•

•

•
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,

• Separation of233UF4 from salt by oxidation to UF6 using a fluorine gas sPat:ge,

• Desorption of UF6 from sodium fluoride and conversion to U30 S'

• Conversion ofuranium-earbon compounds to U30 S, and

• Maintaining nuclear criticality safety handling significant quantities of 233U In various process,

configurations.

The MSRE Remediation Project has been the subject of various reviews, including a review by

the National Research Council (Margrave 1997). It is being conducted as a CERCLA project

under the Oak Ridge Federal Facilities Agreement (FFA).

3.5.3.2 Process Descriptions and Basic Flowsheets

3.5.3.2.1 Recovery ofUF, from OfT-Gas System

Based on the analysis ofthe initial sample taken from the MSRE off-gas system, it was·

detennined that there was at least 5 kg of uranium present as volatile 233UF6 in a ,gas stream

consisting ofequal parts fluorine and helium. An unknown quantity (now estimated at about 18 kg)·

was expected to be present as solid deposits of UF6, which had condensed in cool portions of the

off-gas system. A reactive gas removal process was installed to recover the uranium on a sodium

fluoride trap and to react fluorine on an alumina trap (Fig. 3.5.3b). This selection was based on a

review of trapping technology (TroWbridge et aI. August 1995), and process parameters were

confinned in the laboratory (Rudolph et aI' July 1997). On-line evaluation ofUF~ concentrations

was installed using Fourier-transfonn infrared (FTIR) spectrometers. Gas was ~thdrawn from the

off-gas system into previously evacuated decay tanks. The residual gas was held 'for the decay of

~ and its daughter products. Thermal profiles in the traps were used to monitOr trap filling, and

gamma radiation transmission was used to positively identify progress of the uranium front past

specific locations. Final inventory control was achieved by weighing the traps. 'Jius equipment has

proven effective for the removal of volatile UF6 as long as the piping transporting the gas is clear.

Several plugs in the off-gas piping existed; these were initially postulated as ~Iid UF6

deposits. However, reducing the partial pressure ofUF6 in the off-gas system did'not cause the

material to sublime. It was then postulated that the plugs consisted ofeither UOi2 produced by

contact with moisture, or ofUF4 or UFs produced radiolytically by the high alpha activity ofthe

233U and its.232U contaminant. Treatment of these plugs ~th elF3to oxidize the uranium back to

volatile UF6 was selected (Trowbridge June 1997) and demonstrated in the laboratory
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(Williams et al. April'1997). These gas treatments have been successful in removing the plugs, and

reaction products indicate that the material was most likely radiolytically reduced uranium fluoride.

3.5.3.2.2 Recovery ofUranium-Bearioa Charcoal Deposit

When the uranium deposit was discovered in the auxiliary charcoal bed. concerns developed

over both the form of uranium present in the charcoal and the potential chemical reactivity of

carbon-fluorine compounds formed in the water-cooled bed. A series of laboratory tests were

conducted to identify the carbon-fluorine-uranium chemistry under the conditions at which fluorine

and UF6 were loaded on the bed (Del Cui et al. September 1998). This work identified the

formation ofa CxF compound at 23°C with an approximate C:F ratio of2.6. This compound can

react exothermally to form higher fluorides, such as CF4, A process to safely react the CxF with '

'. ammonia, producing nonreactive carbon, NH.F, and nitrogen, was then demonstrated

(Del Cui et al. October 1997),.and implemented to prevent undesirable chemical reactions during

removal of the uranium.

The same series of tests demonstrated that uranium deposited in activated charcoal from a

UFJF2 gas stream is in the form ofnonvolatile uranium fluorideS and uranium oxyfluorides that

are intercalated in the micrographitic structure ofcharcoal. The uranium-laden charcoal was. .. . .

visually indistingUishable from virgin-activated charcoal.,A process~ developed to physically

tap into the auxiliary charcoal,bed below the deposit and vacuum the uranium-laden charcoal into a

critically safe centrifugal separator and collector vessel (Fig. 3.5.3c). After HEPA filtration, the

exhaust was then passed through a charcoal bed for retention of 220JUl for decay. A flow test of a

prototype charcoal bed was performed to demonstrate the effectiveness of this radon decay bed

(Coleman March 1999).

A recent initial entry into the auxiliary, charcoal bed has identified a hard, nongranular

structure in the top several inches of the bed. As a result, modifications to the removal process

described above is no~ being developed. It is likely that physical removal ofthe top of the bed

vessel will be required. allowing ~ither direct removal ofa portion of the deposit or access to break

up the charcoal matrix prior to pneumatic transfer.

3.5.3.2.3 Recovery ofUF. fromFuel and Flush Salts as UF,

The MSRE fuel salt is divided between two drain tanks; a similar flush salt use<! to rinse the

reactor loop before and after maintenance is stored in a third tank. The salt content was well­

documented throughout the reactor's operation, and fission-product inventories can be estimated by

•

•

•
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accounting for decay (Williams, Del Cui, and Toth January 1996). Because of the fluorine lost
,

directly from the salt and the fluorine lost by the evolution of UF6t the solid-fuel! salt matrix is in a

net- reducing condition. Although no impact is observed with solid salt, when tOO salt is melted, a.
series of reactions takes place (Williams, Toth, and Del Cui November 1996). T;hese reactions lead

to the reduction of UF4 to UF3, after which ,both zirconium and uranium metal i~ fonned. These

metallic species may be seen in the salt, and they tend to interact with the walls of the container.
. .

Furthennore, a clear melt is not achieved with radiolytically reduced salt. Instead. clumps. of

nonflowing material appear in the salt.

An evaluation ofalternatives for the removal, processing, and disposition of the salt has been
. I

perfonned (peretz AugUst 1996). This evaluation identifies the advantages of removing the salt as

a liquid and then separating the uranium from the salt using the same fluorU1atiop process as was

used to remove the initial 23SU charge in 1968: The 233U can then be managed alOng with the rest of

the uranium being removed from MSRE, and UF6 can no longer be liberated from the Salt. A

chemical getter can be used to prevent 'pressurization of the salt containers. TheSe alternatives have

been documented using the CERCLA process, and a Record of Decision (ROD) to melt, process,

and store the salt has been approved (Jacobs EM Team July 1998). The overall block diagram of

the process being used is shown in Fig. 3.5.3d.

In order to safely melt the salt and obtain a clear liquid with all the uranium in solution, a pool
I

of salt will be melted near the solid-salt surface, and the liquid in that pool will be treated with a

HFIH2gas sparge (roth. Williams, and Del Cui July 1996). This pool-melt process has been tested

on shnple salts (Williams, LOghry, and Toth January 1998), and tests using the ~nradioactive

MSRE coolant salt are about to commence.

3.5.3.2.4 Conversion ofUF, to UJO. for Long-Term Storage

A 2NaF-UF6 complex is produced by trapping UF6 from the off-gas system ~d from

fluorinating the fuel and flush salts. In addition, the uranium-laden carbon removed from the

auxiliary charcoal bed is not suitable for long-term storage. Consequently, a facility is being

constructed to convert the uranium to the stable oxide U30 a (Del Cui, Icenhour, and Toth

November 1997). Because of the 2.6-MeV gamma radiation produced by the 20'71 daughter of

232U, this process must be installed in a hot cell and operated remotely. The main. criteria used to,,
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• Minimal loss;

- Minimal secondary w3.stes and contamination;

- Adaptability to small-scale, hot-eeU operation;

- No moving parts, stirring, mixing, or transfers between vessels;

- Minim31 product purity requirements; and

- Adaptability to a variety of uranium feed materials, including the 2NaF-UF6 complex.

uranium-laden charcoal, and miscellaneous materials such as uranium deposits in piping.

The process operates in batch mode, using either a NaF trap from the off-gas recovery process or. , .
the salt fluorination process, .or a container of charcoal as the processing batch.

The process consists of two uranium-recovery schemes interconnected with a common oxide

conversion unit. The first recovery unit is shown in Fig. 3.5.3e. UF6 is desorbed from the NaF trap

by heating the trap to 40D-450°C in a closed-loop recirculating system. UF6 is then condensed and

cooled in a process vessel. A small amount offluorine gas is continually circulated through this

loop-first, as a carrier gas for UF6 and, secondly, to convert any oxyfluorides or lower fluorides

of uranium into UF6' Two in-line infrared gas cells are used to monitor the completeness of the

recovery-eondensation operation. The pressure in this loop is kept below atmospheric pressure. A

soda-lime trap is located before the vacuum pump to ensure that no fluorine or uranium leaves the

system.

1be charcoal recovery scheme is shown in Fig. 3.5.3/ A charcoal container is connected to the

FTIR gas cells and the condenser/conversion vessel. An intermediate room-temperature trap (an

empty vessel) is included for the initial heating of the passivated charcoal to allow the condensation

ofammonium fluoride that emanates first from the charcoal container. Once the charcoal reaches

600°C~ it will be reacted with F2 ~ produce, primarily, CF4 and smaller quantities of other carbon
fluorides. Accompanying this cOmbustion of charcoal in fluorine will be the formation of UF6 from

the lower fluorides and oxyfluorides present in the charcoal. The volatile UF6 will be carried over

to the condenser-conversion vessel, where it will condense and be cooled.

The conversion of the frozenUF6 to U30. will be conducted using the process shown in

Fig. 3.5.3g, in the same vessel uSed to freeze the UF6• Initially, a slight excess ofwater vapor (the

amount needed to stoichiometrically react with the UF6) will be condensed as ice on top ofthe UF6•

The vessel will be allowed to warm to room temperature, thus resulting in the formation ofthe

contents into solid U02F2-xH20 and HF. The resulting solid will be heated and contacted with

pressurized steam, which will penetrate into the cake and react with the oxyfluoride-oxide mixture

•

•

•
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to produce HF. A NaOH solution will be used to neutralize this HF. Air will thc::n be passed over

the solid when the temperature reaches 750°C to convert the uranium oxides fo-;med at lower

temperatures into the air-stable oxide U30 S'

Laboratory testing of this process has been completed with both 2NaF-UF6 and uranium-laden

charcoal feeds. This testing is being integratixi with the development of a storage standard for 233U

oxide material. Construction ofthe final process equipment is beginning in the high bay above the

hot cell, prior to relocating the pretested hardware into the cell.

3.5.3.3 Anticipated Process Performance and Results

The removai ofUF6 from the off-gas system is now nearly complete, with residual volatile

uranium concentrations in most of the system near or below the detection limit. ~o significant

uranium plugs remain in the off-gas system. Passivation of the charcoa1 bed with ammonia is
. .

complete, and initial entry into the auxiliary charcoal bed is underway. Modifieapons to the

process for removal ofthe uranium-laden charcoal are needed to account for the;solid mass

identified by the early entry activities. Access has been gained to the drain tank cell, equipment in

the cell has been examined and found suitable for use, aDd removal ofthe cool~tisalt is underway.

Testing ofthe salt melting and uranium recovery processes; using both the cooIaht salt and smaUer
).

\
batches of salt irradiated to reproduce the radiolytica11y reduced conditions ofth¢ fuel salt, is now

underway. The conversion process has been tested with both 2NaF-UF6 and uraIlium-Iaden

charcoal feeds, and construction of the final process equipment is beginning.
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3.6 URANIUM-233 METAL PREPARATION AND APPLICATION

3.6.1 Process Objective(s)

The preparation ofuranium metal is needed for weapons component manufa:cture and other

uses.

3.6.2 Process Description and Basic Flowsheet

Uranium metal is produced using the industrial batch. metallothermic reduction process, where

magnesium metal (Mg) is used to reduce uranium tetrafluoride (UF4) to ,uranium metal and

magnesium fluoride (MgFJ by-product (Harrington and Ruehle 1959). The reaction is represented

by the following equation:

UF4 + 2Mg- U + 2MgF2 .

A flowsbeet of the converSion process, shown as part of the process of conventional uraniUm

refining, is given in Fig. 3.60 (Rich et al. June 1988). This is followed by Fig. 3.~ (Rich et al.

June 1988), which shows a detailed flowsheet of uranium metal production by the reduction ofUF4

with magnesium. As~ description of the metal preparation process is provided in the

following sections. The information presented is based on several references (Ha:Irington and
i .

Ruehle 1959, Klima July 30, 1962, Rich June 1988, and Wilhelm 1956).

3.6.2.1 UF4 Reduction to Metal

The conversion of UF4 to uranium metal is undertaken using a batch operation. The UF4 is '

first added to a double-cone mixer, and then Mg particles are added. The amounf ofmagnesium

added is approximately 4 wt % 'more than is theoretically required for the reduction of UF4' The
"

UF4 and magnesium is then mixed until they are well blended. The mixed solids are then emptied
, ,

into a graphite-lined, steel retort vessel. After the retort vessel bas been filled, it is transferred to a

capping station. At the capping station, a graphite lid is first inserted into the v~l, and then a

steel lid is bolted onto the retort. No gaskets are used in order to allow gases to escape the vessel

and to not allow pressurization ofthe vessel.

After the vessel bas been capped, it is moved to a furnace, where it is heated from 40 to 540°C
•

for several hours. This heating induces the reduction reaction, which produces ~,exothermic

reaction that heats the retort contents to about 1650°C. As the reaction progress~, molten
!
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uJ:aIlium metal forms and settles to the bottom of the retort to form a uraniiun metal ingot. The

MgF2forms as a solid slag at the top of the vessel above the ingot. The total time for the reaction

to go to completeness is about 13 h. At this point, the vessel is then cooled.

The retort is first moved from the furnace to an air~ling chamber. The vessel is allowed to

air cool until the surface temperature reaches 540°C. At this point, the. vessel is moved into a

water bath, where it continues to cool until it reaches room temperature. After the vessel is cooled, .

it is moved on to the breakout station.

. At the breakout station, the two lids are removed, and the retort vessel is inverted and jolted.

This action removes both the uranium ingot and the MgF2slag from the retort. The retort is then

.sent to the refurbishment station, where it is cleaned and inspected for use in the next batch. The

., ingot and slag are sent to the separation step, where they are separated. The ingot is sent to

cl~up, and the slag is sent to slag processing (Dubrin et al. May 1997).

3.6.2.2 Slag Processing

The MgF2 slag material that is recovered from the retort is then processed, and uranium

particles are recovered. The MgF2slag is first fed intO a crusher, which reduces the slag to about

1/4-in.-size pieces ofMgF2 and deforms any uranium metal rerilaining in the slag into larger sizes.

The crushed material is then fed to a vibrating screen, which allows the MgF2to pass through but
, .

retains any uranium metal pieces. These uranium metal pieces are then collected and held until

enough material has been collected. When enough uranium metal has been collected, it is sent to

an induction furnace in which the metal is melted into an ingot and then sent to the ingot cleanup

area. The MgF2 that is collected is sent to a roasting furnace in which it is heated to 540°C to

., oxidize any remaining uranium and excessinagnesium. After the material is cooled, it is sent to a

',:hammer and ball mill to produce fine MgF2 particles, which are then sent to a leaching system.

The MgF2 is leached with nitric acid to ~uce the uranium content (predominantly 238U) to less

than 90 ppm (<35 pCilg) so that it may be disposed of in an ordinary landfill (Dobrin et al. May

1997).

3.6.2.3 Ingot Cleanup

The ingots that are received from the separation station and from the slag-processing system

are cleaned to remove any slag or other surface impurities. The ingots are first sent to a roasting

furnace in which they are heated to about 650°C. This causes the surface of the ingot to oxidize.

The ingot is then'put in a water quench tank which causes the oxidized surface layer to fall off.

•

•

•
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The ingots are then dried in an oven and cleaned up for packaging and shipment.; The quench

water is filtered to remove the uranium oxide and then recycled back into the qu~ch tank. The

oxide is dried and stored for recovery.

3.6.3 Process Performance-Major Results

During the reduction of UF4 with magnesium. several things must be watched to produce high­

purity metal. A high moisture content in the bomb charge can cause side reactions which will

lower the yield and quality ofthe uranium metal produced. High oxygen content in the UF4 charge

in the form ofuranyl fluoride (U02FJ will lower the uranium-metal yield and lead to poorer slag
. 1

separation. For acceptable metal yields, the UF4 should be around 98% pure or better. Another
'.

factor is the packing density ofthe UF4• The higher the packing density, the &r9ter the amount of

beat generated per unit area of the container. Acharge with a higher packing density usually has a

better heat conductivity, which, in turn, will lead to better yields. A packing denSity ofat least

3 g1cm3 for the UF4 is recommended (Wilhelm 1956).

3.6.4 Application of 13JU-Bearing Metal-The Jezabel Critical Assembly

One example ofa use of 233U metal was the Jezabel Critical Assembly (JCA), which is

described in Klima July 30, 1962. The 233U associated with the JCA, its compon~ts, and scrap
I

were used as source ofuraniwn feed material for fuel rods fabricated in ORNL ~uilding 3019 for

use at Brookhaven National Laboratory (BNL). Six small discs, machine chips, and JCA .

fabrication residues were repac~ed at Los Alamos National Laboratory (LANL) intO aluminum
. . I .

cans furnished by ORNL. This repackaging was done in order to eliminate scraps ofcloth, paper,

wax, and metal'other than uranium or aluminum. ORNL furnished aluminum wool, which was

stuffed into the cans at LANL to prevent the rattling of the 233U metal pieces durihg shipment.

After arrival at ORNL, the recanned metallic pieces were stored until transfer to ~uilding 3019 for

charging into a dissolver and subsequent fabrication into fuel rods for use at BNL.

3.6.5 References for Sect. 3.6
,

A list of references documenting information on uranium metal preparation is provided below.
1

Additional information on this topic is provided in the supplemental resources in~cated.
\



. 3-90

3.6.5.1 References Cited

Dubrin, J. W. et al. May 1997. Engineering Analysis Reportfor the Long-Term Management of
Depleted Uranium Hexafluoride-Revision 2, UCRL-AR-124080, Vol. 2, Lawrence
Livennore National Laboratory, Livennore, Calif.

Harrington, C. D., and A. E. Ruehle, 005. 1959. Uranium Production Technology, D. Van
Nostrand Company, Inc., Princeton, N.J.

Klima, B. B. July 30, 1962. "Thorium-Uranium (233) Fuel Fabrication Facility: Material
. Preparation-Jezabel," No. 62-7-81, correspondence to A. R. irvine, Union Carbide Nuclear

Company, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Rich, B. L., et al. June ~ 988. Health Physics Manual ofGood Practices for Uranium Facilities,
EGG-2530, Idaho National Engineering Laboratory, Idaho Falls, Idaho.

Wilhelm, H. A. 1956. "The Preparation of Uranium Metal by the Reduction of Uranium
Tetrafluoride with Magnesium," Proceedings ofthe International Conference on the Peaceful
Uses ofAtomic Energy, Vol. 8, P/817, 162-74; United Nations, New York.

3.6.5.2 Supplemental Resources

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuclear Chemica' Engineering, 2d 00.,
.McGraw-Hill, New York.

Buntz, B. J. 1957. "Uranium Ingot Production for Atomic Energy Feed Material Production
.Centers," Nuclear Metallurgy 4, 17-21.

Fellows, J.A., et al. 1957. "Reduction and Fabrication Practices for 3300-Pound Dingots in
Metallurgy Information Meeting, Ames Laboratory, Iowa State College, May 2, 3, 4, 1956,
USAEC Report TID-7526, Pt. 2B, Mallinckrodt Chemical Works, St. Louis, Mo.

. Goldsclunidt, B., and P. Vertes. 1956. ''The Preparation of Pure Uranium Metal," pp. 152-55 in
. Proceedings ofthe International Conference on the Peaceful Uses ofAtomic Energy, Vol. 8,

P/341, United Nations, New York..

Grainger, L. 1956. "Production of Uranium Metal," Proceedings ofthe International
Conference on the Peaceful Uses ofAtomic Energy, Vol. 8, P/407, 149-51, United Nations,
New York. .

Stevenson, J. W., and A. E. Ruehle, July 1, 1956. Uranium Metal by Bomb Reduction: V. The
ReactionofUF.. andMagnesium Vapor, USAEC Report MCW-1412, Mallinckrodt Chemical
Works, St. Louis, Mo. .

•

•

•



•

•

3-91

ORNL DWG 98·8115

Uranium ore

Makeup Nitric ! concentrate

HNOJ acid
,. Dissolution

Impure U02(NOJh· 6H2O
,

Purification "

by solvent ,. Impurities
extraction

Pure U02(NOJh • 6H2O,

Recycle
HNOJ Conversion

to UOJ
:,

Pure UOJ (orange oxide)
,if

H2
Reduction H2O,. ,

Pure U02 (brown oxide)'
If .

Anhydrous HF ... Hydrofluorination HF + H2O

! Pure UF4 (green salt)

.~ !
~ Metallothermic MgF2 Fluorination!

F2

reduction .
~ ~. i

Metallic uranium Pure UFs

•
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3.7 FABRICATION OFwU-Th FUEL

Historically, two major programs were involved with the fabrication of 233~-bearingfuels for

nuclear reactors: the ORNL Kilorod Facility and the fabrication ofthoria-urania (Th02-UO:J fuel

for the Shippingport LWBR Program. The fuel fabrication activities associated ivith each of these
, , I

major programs are described below followed by ,discussions of the Babcock an4 Wilcox (B&W)

experience with direct fabrication of 233U fuel elements, the fabrication of fuel el~ts for the

Idaho ANL-West (ANL-W) Zero-Power Physics Reactor (ZPPR), and the fabJication ofother

233U fuels.

, 3.7.1 ORNL Kilorod Facility
,

The Kilorod Facility was designed, constructed, and operated during 1960- t964 as a pilot
,

facility for demonstrating 233U_Th fuel fabrication. The facility was located inO~ Building
" '

3019, where a single cell (No.4) was renovated to receive the equipment for this 'pilot-plant
•

program. Because of the energetic gamma radioactivity resulting from the decay of the daughter

products of 232U normally present in 233U, an economical 233U_Th fuel cycle req~ires chemical and

mechanical'processes easily adaptable to remote, fuel-handling procedures. The Kilorod pilot-plant

demonstration showed the feaSibility for the remote fabrication of 233U-bearing ~el. The Kilorod

Facility provided a complete system for making 233U fuel elements by coupling ~e sol-gel process
, 'j

with the vibratory-compaction loading offuel tubes (LOtts et aI. December 1962 and CTD

November 1964).

3.7.1.1 Process Objectives

The specific objectives ofthe Kilorod Facility demonstration program (BroolCSbank, Nichols,

and Lotts February 1968) were to:

1. Prepare about 1000 Zircaloy-elad rods containing 3 wt % 233U02-97 wt % Th02in order to
1

fulfill a request for 233U fuel rods needed in criticality experiments at Broo~venNational

Laboratory (BNL).

2. Detennine the radiation levels and personnel exposures encountered in the fa!?rication Of 233U­

bearing fuels.

3. Provide base-line engineering infonnation for future 233U fuel fabrication plants.
. , .' l

"
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3.7.1.2 Process Description and Basic F10wsheet

. A summary flowsheet for the Kilorod Facility, which is provided in Fig..3.7.la, indicates the

involvement of three major operations:

1. preparation offeed materials-involving hydrothennal denitration and SX,

2. sol-gel process-involving preparation of the sintered solids, and

3. fuel-rod fabrication-involving powder preparation as well as rod fabrication.

Preparation of the feed materials included both the purification of 233U and the preparation of

Th02. Uranium-233 was purified by using a one-eyc1e SX process to remove the daughter

products Of 232U from 233U in a 233U02(N03h solution. Thoria was prepared by denitration of

thorium nitrate crystals.under a superheated steam atmosphere at 450 to 500 0 e. The SX process

used to purify the 233U demonstrated the use of a new extractant, 2.5 wt % di-sec­

butylphenylphosphonate in diethylbenzene.

In the sol-gel proceSs, 233U02(N03h and Th02feed stocks were blended at sooe to fonn a

stable sol (3 wt % 233U02-97 wt % ThOJ. A flowsheet (Haws et al. August 1965) is provided in

Fig. 3.7: lb. In the Kilorod Facility, the sol was dried to a gel at sooe and afterward calcined and

reduced in an Ar-4% H2atmosphere at 11S0 0 e to produce a sintered, fragmented mixed 233U02­

Th02product.

Fuel rods were fabricated by grinding and sizing the 233U02-Th02 fragments and loading the

oxide powder into Zircaloy-2 fuCI nibes by vibratory compaction. In the sizing operation, the solids

were screened through a6-mesh screen onto a 16-mesh screen. The remainder of the solids were. .

ball-milled to a powder of "smeared" size· distribution. The powders were then blended in proper

proportionS and loaded into Zircaloy tubes by vibratory compaction. Following compaction, the

end ofeach rod was closed by welding and inspected for leak-tightness and uniformity ofpacking.

Finally each completed fuel rod was decontaminated. A flowsheet ofthe major steps taken in the. .

fuel rod fabrication process is shown in Fig. 3.7.1c (Sease, Lotts, and Davis April 1964).

Figure 3.7.1d gives a cross-section overview ofboth ofthe Kilorod sol-gel (solids-preparation)

and rod fabrication areas (Brooksbank, Nichols, and Lotts February 1968).

3.7.1.3 Process Performance-Major Results

The Kilorod process produced a total of 1100 fuel rods. Ofthis total, 900 rods each contained

890 g ofmixed oxide (3 wt % 233U02-97 wt % ThOJ, and 200 shorter rods each contained 310 g

of the same mixed oxide. Most of the rods were needed for criticality experiments at BNL. The

•
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basic design features of each BNL fuel rod required in these experiments are shown in Fig. 3.7.1e.

These rods had a Zircaloy-2 clad and measured 0.5 in. diarn by 46 in. in length. :

In addition to the production ofover 1000 233U-bearing fuel rods, the Kilorod pilot-plant

demonstration also provided encouraging results regarding worker exposure in the fabrication of

233U fuels. Data were also collected on parameters affecting radiation dose rates.' This enabled
I

estimations to be made of the allowable 232U content in similar 233U fuel fabrication lines. From this. ,

information, a model was developed to provide a basis for extrapolating personnel dose rates to

fuel fabrication lines having a nominal capacity of 10 kg of product oxide cn3U02- ThOJ per day.
. '

The Kilorod demonstration showed that this pilot 233U fabrication process could ~ readily.scaled

to larger operations. This result provided a basis for estimating the design paranleters of

conceptual 233U_Th fuel fabricating plants having capacities ranging from 60 to ~700 kg of heavy
,

metal (U and Th) per day (CTD November 1964).

3.7.1.4 References for Section 3.7.1

A list ofcited references documenting the ORNL Kilorod Facility pilot-plant demonstration is

provided below. This is followed by a list ofsources providing additional infonnation.

3.7.1.4.1 References Cited

Brooksbank, Sr., R E., J. P. Nichols, and A. L. Lotts. February 1968. ''The IJripact of Kilorod
Facility Operational Experience on the Design of Fabrication Plants for 233U~Th Fuels,"
pp. 321-40 in Proceedings ofSecond International Thorium Fuel Cycle Symposium,
Gatlinburg, Tennessee, May 3-6, 1966, U.S. Atomic Energy Commission, Division of
Technical Information, Oak Ridge, Tenn.

Chemical Technology Division. November 1964. Chemical Technology Division Annual
Progress Reportfor the Period Ending May 31, 1964, pp. 153-63, ORNL-3627, Oak Ridge
National LabOratory, Oak Ridge, Tenn.

Haws, C. C. et al. August 1965. Summary ofthe Kilorod Project-A Semiremote 10-kg/day
Demonstration ofm UOr ThO, Fuel-Element Fabrication by the ORNL Sol-Gel Vibratory­
Compaction Method, ORNL-3681, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Lotts, A. L. et al. December 1962. "The Oak Ridge National Laboratory Kilorqd Facility,"
pp. 351-83 in Proceedings ofthe Thorium Fuel Cycle Symposium, Gatlinburg, Tennessee,
December 5-7, 1962, USAEC Report TID-7650, Book I, Oak Ridge Tenn.,:and American
Nuclear Society, Hinsdale, III.
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3.7.1.4.2. Supplemental Resources.

Ferguson, D. E., O. C. Dean, and D. A. Douglas; 1965. "The Sol~elProcess for the Remote
Preparation and Fabrication of Recycle Fuels," Proceedings ofthe Third United Nations
Conference on the Peaceful Uses ofAtomic Energy, Geneva, 1964, 10,307-315, United
Nations, New York.

Lotts, A. L.and D. A. Douglas, Jr.. 1966. "Refabrication Technology. for the Thorium-Uranium­
233 Fuel Cycle," Utilization ofThorium in Power Reactors, IAEA Technical Reports Series
No. 52, pp. 212-45, Vienna, Austria.

Sease, 1. D., A. L. Lotts, and F. C. Davis. April 1964. Thorium-Uranium-233 Oride (Kilorod)
Facili~Rod Fabrication Process and Equipment, ORNL-3539, Oak Ridge National
Laboratory, Oak Ridge, Tenn. .

•

•

•



•
3-97

ORNL DWG 63-6210 R-4

. Feed
SolutionExtraction

trate -,.

Hydrothennal
Denitrator

If
--

Sol-Gel Fuel-Rod
Process

,.
Fabrication,

I

JI'
Aged - :

233ul
Fuel'

233U Solvent
U02(N°3h Rods i

-

Thorium
Ni

•
232U Decay Products Fuel-Rod

Carrier

Fig.3.7.1a. Summary flowsheet for ORNL Kilorod facility.

•



ORNL-LR-DWG 74842RB

H20, HN03 H,O

UOlN(3)2

Solution
(-{).2 M)

w
-h
00

ate Steam __~ol ~~par~tion __
Denitration Blending, 80° C
185-475° C Th02 pH Adjustment UOr Th02

Sol H2O

Steam 1
350-450° C Gelation

---- - .. _- .- --

Evaporation

80-85° C

Calcination

Dense U02-Th02
Air, 300° C/h to 1150° C

to Sizing and 1150° C, 1 h
- - - - - - -- - -

Vibratory Argon-4% Hydrogen UOr Th02
Compaction 11500 C, 4 h Gel

Argon-Cool to 100° C (Density: -7 kg/L)

Thorium Nitr
Solution

--:2M

•
Fig.3.7.1b. Flowsheet for the sol-gel process.

• •



• • •
Bulk Oxide

ORNL·LR·DWG 7S340RJ

Classifier

w
I

\0
\0

Exit Water

- - - I He Leak Checker I

Water

RelwD
to Powder

Line

Fuel Tubes

Recycle
Hopper
161140

Stonge
Hopper
SO/140

Stol3ge
Hopper

-200

Check Weigh

Fig.3.7.lc. Flowsheet for fuel-rod fabrication process.



3-100

•

SERVICING PORTS

SECOND LEVEL
EQUIPMENT

MAINTENANCE

PRIMARY
CONTAINMENT

(SEALED) •

SOL-GEL
OXIDE

PREPARATION
LEVEL

POWDER
CONDITIONING

SHAFT

tt~~~~~;:7... I FIRST LEVEL
. - I. ROD FABRICATION:

~~ti~~~~.;~~VIBRATORY COMPACTION
"; WELDING

CLEANING
INSPECTION

--•• -•••---------------- ORNL 0-9 64-4105
PERS

I
O/2NNEL SHIELD' ------ _

4- - in. STEEL --- _

. Fig.3.7.ld. Kilorod solids-preparation and rod-fabrication facility. (The processflow
began at the top left with sol blending, flowed to the right where the solids were fired, passed

.down the vertical shaft as the powder was prepared, andfinally flowed across the bottom as the
rods were loaded and tested.)

•



• • •

UNCLASSIFIED
ORNL-LR-DWG aeI5,A,

Vol
I......
o......

HANGER FITTINGINCONEL SPRING

"'"m. . ,. ".1~ "I

~Il-i
0.499-ln. 00. 0.430-ln 10 \'-...AI~3 DISK

ZIRCALOY-2 TUBE
90~ THEO 0 ± 2 ~

UOz-ThOz
FUEL 9009 NOM

Fig.3.7.1e. Design features of the BNL fuel rod.



3-102

3.7.2 Light-Water Breeder Reactor Fuel Fabrication

3.7.2.1 Process Objectives and LWBR History

During 1975-1981, 233U-bearing fuel was fabricated at BAPL for the core of the Shippingport

reactor, which was modified from PWR design to that ofan LWBR in order to demonstrate and

verify nuclear fuel breeding capability.

The fuel pellets of the LWBR core had a right~ircular-cylinder shape and were comprised of

thoria (IbO:J, or thoria with a low content (1-6 wt %) of uranium dioxide ~3UO:J, or urania. The

ceramic thoria-urania (Ib02_233UO:J, or binary fuels were similar to U02, but they had higher

. melting temperatures, more creep resistance at higher temperature, better corrosion stability, and

released less fission product gases (Atherton etal. October 1987).

Fabrication ofthe LWBR fuel pellets was based on sintering, which is a single-fire process

that offered the advantages of less radiation exposure to personnel and the need for less processing

equipment.

Figures 3.7.20 through3.7.2e give an overview ofthe basic design of the LWBR core, fuel

rods and assemblies, and fuel pellets. The LWBR core. in the Shippingport reactor was a uniquely

designed seed-blanket type, as sbo~ in Fig. 3.7.20 (Connors et al. January 1979). This core

operated in the Shippingport Power Station in Pennsylvania from 1977 to 1982. As shown in

Fig. 3.2.7b (DiGuiseppe and Johnson July 1982), the LWBR core consisted of 12 "seed" fuel

assemblies-hexagonal modules arranged in a symmetrical array, surrounded by a reflector­

blanket region. Each module contained an axially movable "seed" region [which had a

multiplication factor (k) greater than unity), and a stationary, annular hexagonal blankeqwhich

had k < I). Each of these regions, in turn, consisted of arrays of tightly packed, but not touching,

·fuel rods, which contained pelletS ofTh02(thoria) and 233U02 (urania), the latter in varying

amounts from 0 to 6 wt % in the seed and from 0 to 3% in the blanket region (Lamarsh 1975).

Figure 3.7.2c (Bolton, Christensen, and Hallinan March 1989) gives a cutaway view of an LWBR

seed module, and a similar view for an LWBR blanket module is provided in Fig. 3.7.2d. The seed­

blanket module combination provided a unique binary (thoria and urania) fuel control and

distribution scheme, which is described in detail in several sources (Connors et al. January 1979

and Heckler June 1979). The design of typical seed, blanket, and reflector pellets are shown in

Fig.3.7.2e (Belle et al. January 1976). More detailed infonnation on the features of the LWBR

fuel components just described is provided in the references listed in Sect. 3.7.2.4.

•

•

•



•
3-103

3.7.2.2 Process Description and Basic Flowsheet

Specific activities required for fabricating the Shippingport LWBR fuel pe~ets, rods, and
\

assemblies are discussed below. In Sect. 3.7.2.2.1 fuel pellet manufacture is discussed, and in
I

Sect. 3.7.2.2.2, the production ofthe fuel rods and supporting assemblies are dikussed.

Major features of the LWBR fuel fabrication facility are described in LWB~ Program
,

Summary report (Atherton October 1987). For thoria fuels, the processing ofpowder into pellets

involved dealing with only low level amounts ofalpha radiation, which enabled~ work to be

perfonned in either hoods or other exhaust~ntrolIed containment areas relatively free from, I
. shielding. More stringent requirements needed to be observed for binary fuels, however. Areas of
, ,

the fabrication facility for producing binary fuels had to be designed and constnicted to incorporate
\

the following features: :

A major consideration in·the facility design was that the binary fuel contains,low levels

«10 ppm) ofthe beta-gamma-emitting 2J2D, which requires a shielded facility and procedures to

minimize radiation exposure. For this reason, the binary fuel area used a continuous system of

shielded glove boxes connected by short tunnels and similar enclosures.

• minimizing radiation exposure ofpersonnel.

•

•

•

•

precluding inadvertent criticality,

controlIing the escape ofcontamination, ,

providing for material security and control, and

. J

•

3.7.2.2.1 Fabrication of Fuel Pellets
,1

, ,

As described by BAPL (Belle et aI. January 1976), the fabrication ofhigh-structuraI-integrity,

high-density thoria and binary fuel pellets was based on a single-fire process (s~,tering) and

included the following 14 major activities shown in,the order oftheir occurrence:in the flowcharts
. I

of Figs. 3.2.71 (thoria fuel pellets) and 3.2.7g (binary fuel pellets):

1. Blending,'

2. Micronizing,

3. Secondary blending,

4. Agglomeration,

5. Granule drying, .

6. Final blending,

7. Lubricant addition,
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8. Compaction,

9. Pretreatment,

10. Sintering,

II. Pellet grinding,

12. Cleanirig and drying,

13. Inspection and evaluation, and

14. Degassing.;

Detailed process parameters of each of these activities are provided in the LWBR pellet

.. manufucture document (Belle et al. January 1976), which was prepared by BAPL. It should be

-noted that the dashed lines shown in Figs. 3.7.2fand 3.7.2g refer to process control operations that

.were added to deal with product variability and material losses in achieving a satisfactory fuel-

pellet product. A summary description of the role and function of each of the major fabrication

process activities follows. The oider followed in this description is the same as the sequence used

in the fabrication process.

1. Blending. The fabrication ofbinary fuel pellets first requires blending the as-received thoria

.and urania powders to a mixed f~ material suitable for further intermixing and processing.

The initial (or primary) blending operation serves as an important safety precaution with

respect to criticality control because it provides well-dispersed, small-sized U02 aggregates

before release for further processing. Rigid housekeeping practices and cleanliness for

avoiding the presence of foreign materials are essential in the initial blending process.

2. Micronizing. Micronizing, powder conlminution, and miXing are perfonned on the as­

received calcined fuel powder to activate the powder to a level suitable for meeting final

density specifications and uranium homogeneity. Activation in this context refers to the

process of increasing the surface area of the powder by decreasing the particle size by

grinding the particles together. The as-received powder is not inherently active because of the

relatively high temperatures (980 to 1040 0 q used during manufacture ofthe powder by

calcination. Such high temperatures result in increased crystalline size and reduction in

surface area. Micronizing ofbinary powder mixtures is also required to ensure that stringent

uranium homogeneity requirements are met. For binary fuels, micronizing provides a highly

efficient mixing or homogenizing operation. For the LWBR fuel, powder micronizing was

perfonned in a 4-in. jet mill, which consisted of a circular grinding chamber, a vibratory

powder feeder, an inlet and outlet air supply, and a milled powder collection system.

•
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Table 3.7.20 lists the typical levels of surface area and particle size that were necessary for
,

the production ofhigh~ensity, high-integrity thoria and binary fuel pellets for the LWBR.

3. Secondary blending. Secondary blending is perfonned on co-micronized thoria-urania

powder batches, thereby minimizing product variability. This operation mixes powder batches

to fonn an inspection sampling unit for the product final certification. Wh~ this operation is

complete, samples are obtained from the homogenized powder. Surface area analyses·are

perfonned to verify the required activity of the powder. Blanket material bl,ends are composed

ofa maximum of 12 micronizing batches for a total blend size of 100 kg. Seed material blends

are composed ofup to 6 micronizing batches for a total blend size of 25 kg:. Both sizes are

maximum units established from criticality control criteria. Blanket blending is perfonned in a

standard industrial 2-ft3 twin-shell blender (internally modified for criticality control), and

seed blending is perfonned ~ide a 0.5-ft3 twin-shell blender. Secondary blending follows the

same levels for cleanliness that are observed in the initial (primary) blending operation.

4. Agglomeration. The agglomeration process transfonns the finely divided, ~cronized powder

into a free-flowing compactible press feed, which is spherical in shape.~ step resolves two

major problems associated with compaction ofa finely divided powder, nonunifonn filling of

the die and the formation of circumferential cracks in the.pellets. The spherical agglomerates

flow more easily and consistently into the die. Because they have·a higher ~ulk density than

micronized powder, less trapped air and associated cracks result during co~paction .

.Agglomerates are fonned by the addition of the seco~dary blender powder tp a wax binder in

solution with a solvent (oxylene). The binder-solvent solution is introduced·as a spray during

tumbling of the powder in a twin-shell blender. Agglomerates ranging from;O.OO4 to 0.25-in.
:

diarn are fonned: These are subsequently granulated through a standard 25 'mesh screen to

produce a sphere size ranging from 0.004 to 0.030 in. diarn.The output of~e agglomeration

process bas a significant impact on the qualitY ofLWBR fuel. The characteristics of the

resultant agglomeration control subsequent processing steps and strongly influence final
1

product characteristics. The following fuel pellet characteristics are influenCed by

agglomeration: granular segregation, external porosity, internal porosity, density, internal

cracks, and circumferential chips (chips out of the pellet sides).

5. Granule drying. Granule drying is perfonned on the agglomerated product 'after granulation

to volatilize the retained oxylene from the granules in order to provide a dry: press feed

suitable for compaction. In this process, a batch of the agglomerated-granulated powder is
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distributed into a shallow bed on.drying trays and dried in a recirculating-air drying oven at a

temperature (-40°C), which is sufficiently high to promote effective evaporation of the

oxylene solvent. The nominal drying time for each batch is determined from the amount of

retained oxylene.

_6. Filial blending. Following drying, the agglomeration batches are finally blended together for

remixing in twin-sheU blenders for several minutes. For thoria blends, a I-ft3 blender was

used. After blending, the binary powder was loaded into S-in.- diam by lS-in.-Iong cans in

preparation for the next step, lubricant addition. Thoria powder remained in the twin-shell

blender, which also served for lubricant addition. At this point, the blended, agglomerated

powder is characterized by a sieve analysis and measurement of the bulk density of the

granules to control the agglomeration parameters and ensure satisfactory compaction.

7. Lubricant addition. Before compaction, a dry powder lubricant (Sterotex) is added to the

agglomerated powder to minimize interparticle and die-waU-to-pellet friction. The lubricant

also minimizes pressing loads during pellet compaction and reduces the forces required to

eject a pellet from a die cavity, thereby minimizing internal pellet stresses that tend to cause

cracks and other associated pellet defects. Lubricant addition for thoria and binary

compositions is performed in different types of equipment, which require different mixing

parameters. However, both pr0ce4ures result in comparable degrees ofmixing. Addition of

the lubricant to the thoria press feed is performed in a 1-ft3 twin-shell blender following the

final blending operation. For binary fuel, addition of the lubricant is performed in S-in.-diam

by lS-in.-long powder~ntainer cans.

:-- 8. Compaction. The compaction process fonns fuel pellets by cold pressing the feed powder.

The forces of compaction establish the interparticle contacts in the powder that are necessary

for pellet densification and microstructure development in the sintering operation. Compaction

parameters determine the density level and particle distribution within the pellet, and these, in

turn, control dimensional uniformity and pellet shrinkage during sintering. The compaction

process is a very critical operatiol1 that requires close control conditions in order to prevent

flaws or faults from ocCurring in the pressed pellet product. Such defects are not correctable

in subsequent fabrication processing steps. There are several operations involved with the

compaction process. Initially, the granular powder to be compacted is poured into a

compacting press feed hopper. Gravity feeds the powder into a shuttle-type feed shoe, which

volumetrically fiUs the die cavity on the forward stroke and then levels the powder charge in

•
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the cavity on the return stroke. The powder is then compacted to a predetermined density in
, ,

the die between an upper and a lower punch, and the pellet is ejected from the die and pushed

away by the feed shoe in the succeeding die-fill motion. The pressed pellet ~ manually

removed from the die table, inspected, and then loaded into a tray container (or ''boat'') made

of Inconel or molybdenum. An Inconel boat is used for binary fuel because it is compatible
, !

with the high-temperature CO2 pretreatment atmosphere (discussed below)~ while the
I

molybdenum boat is used for thoria fuel to prevent oxidation. Figure 3.7.~ shows the typical
I

geometry and finish-ground dimensions of three types of LWBR fuel pellets: seed, blanket,

and thoria reflector.

9. Pretreatment. Before compacted "green" (untreated) pellets are introduced1into a furnace for

densification (sintering), they are exposed to a thermal pretreatment to rem~ve the Sterotex

lubricant additives. For such removal to be effective, this process requires the pellets to be

subjected to an environment that is controlled in terms of time, temperature, heat-up'rate, and

atmosphere. Thoria pellet pretreatment is perfonned in molybdenum boats in a CO2

atmosphere, using a bell (batch-type) furnace at 400-450°C for about 4 h. .Binary thoria~

urania pellets are pretreated in a CO2 atmosphere in a continuous electric ~rnace .

10. SintDing. The densification or sintering process consists of heating compaCted (and

pretreated) fuel pellets gradually up to a maximum temperature to obtain a high-density

product that meets all finished product microstructural requirements. The p~oduct density is
I '

typically 97-98% of the theoretical density. For binary fuels, sintering has the added

objective of fonning a homogeneous solid solutiori of the mixed and blended thoria and urania

powder. Pellet sintering is perfonned inside a special furnace. For the LWBR fuel, pellets in

boat trays were heated at a rate of 100-115°C/h up to a maximum furnace ~perating

temperature of 1790°C. The pellets were sintered for a minimum of 12 h in.a wet H1

atinosphere. Such conditions are controlled by both the temperature profile (over length) of

the furnace and by the stroking rate of the pellet boats through the furnace. :

II. Pellet grinding. The final geometric shape and size ofa sintered fuel pellet are attained by a

two-stage, centerless plunge grinding procedure. This operation produces pellets with a

configuration which satisfies dimensional design requirements. The pellet-g#nding operation
I

is perfonned on conventiorial centerless plunge grinders. A speciallydesigne1d pellet feed

system accepts the sintered pellets, pushes each pellet forward along a work; blade which

supports it, and places it into position to be ground. When in position, the pl.unge grinder
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regulating wheel moves toward the grinding wheel and pushes the pellet against the grinding •

wheel. 'The final shape of each pellet is determined by the shape of the grinding wheel and the

steps ofthe regulating wheel. The latter, which control taper and chamfer size, are attained by

dressing the wheel with a diamond truing tool, which traces the profile of special truing cams.

This process of regulator wheel dressing, repeated when as-ground pellet characteristics begin

to drift toward the limits of acceptance because ofwheel wear, is a normal characteristic of

commercial grinders used in the process-the only exception being that these operations are

performed in a large glove box enclosure.

12.. Cleaning and drying. Following the grinding operation, the fuel pellets are cleaned to remove
.-"

remaining particulate matter in machine oil from the grinder. To ensure that no unacceptable

. residues are left, deionized Grade A water is used for a cleaning fluid aided by the use of

ultrasonic agitation. The cleaning operation begins with the as-ground pellets being placed in

specially desigJied, perforated, stainless-steel-covered trays. To keep grinding sludge from

drying on the pellets, the trays are loaded under water, which provides buoyancy and enables

the smaller, less fragile seed pellets to drop into the water-filled trays. The blanket pellets have

~eater size and mass and require individual handling to minimize chipping. Blanket-sized

pellets are individually placed, with tweezers, into a support structure in the trays. Once the

pellets are loaded into a tray, the tray is placed into a water-filled can and transported to a

glove box for cleaning. Within the glove box, the trays are removed from the cans and placed

into a tank ofstill water for a rinse before being moved to a second water-filled tank, where

they are cleaned ultrasonically for several minutes. The remainder of a typical cleaning

process includes another ultrasonic cleaning in a third tank followed by a water rinse in a

fourth tank. Conventional commercial ultrasonic cleaners are used in this cleaning sequence.

Following removal from the fourth tank, the pellets, still contained in the trays, are drained

and then placed on small dollies for transport through a drying oven for several hours. During

this time, the pellets are subjected to a continuous counter direction heated air flow to ensure

the degree ofdryness attained. The cleaning and drying processing steps for both thoria and

binary fuels are the same and use the same type of ultrasomc cleaner.

13. Inspection and evaluation. Fuel pellets are inspeCted to ensure compliance with technical

requirements, which include requirements for granular segregation, grain size, and

nonhomogeneity. This step is accomplished by nondestructive visual examination of all pellets

•

•
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and dimensional, metallographic, and chemical evaluations of sample peU~ taken from each
,

blend. The inspection and evaluation process includes the foIlowing activities:

a. Visual and dimensional inspection of all finished fuel pellets to ensure that all teehDical

requirements are met.

b. Structural attribute inSpection of random samples. This is detennined b~ metallographic

evaluation in which samples are sectioned transversely or longitudinallyiand then polished
\

for evaluation of pore size, pore distribution, granular segregation, intef1lal and comer

cracks, foreign inclusions, and color.

c. Composition inspection of random samples. This involves a chemical analysis of random

samples of peIlets for cOmpliance to the requirements for total and isotopic uranium

content, iml'urities, and oxygen-to-uranium ratios.

d. Random sampling of each blend of fuel.

14. Degassing. Before being loaded into fuel rods (Sect. 3.7.2.2.2), the fuel peIlets are subjected
,

to a high-temperature-vacuum degassing operation to remove any adsorbed Foisture, other

su'rface contaminants, and any residual gases within the fuel,. The residual gases include

mainly CO and H2 with minor amounts of CO2 and various hydrocarbons, ~hich are fonned

during the pretreatment and sintering steps as a result of the decomposition of the binder and

lubricant additives and subsequent chemical reactions of the decomposition products with the

fuel and the pretreannent and sintering gases (C02 and HJ: The degassing operation begins

with the loading of both thoria and binary peIlets that have passed inspection into Ioconel
, ,

boats for a controIled heatup coupled with the removal of air, which results in a 3- to 4-h soak

at a temperature of 97Q-1040°C under a pressure of 10 miIlitorr or less. Th¢se conditions

have been found to provide pellets with very low levels of residual gas. Once degassed, peIlets
"

are loaded into tubes which are welded closed with glove box air exposure liffiited to a
. .. ~

maximum of 32 h. FinaIly, an analysis for residual gases left after degassing: is perfonned on
,

, samples from each fuel blend to verify that the degassing operation has ind~ removed most

of the gases and to certify that the degassed pellets meet the specification l~ts.

3.7.2.2.2 Fabrication of Fuel Rods and Assemblies

As described in the Light-Water Breeder Reactor Program Summary Report'(Atherton

October 1,987), 17,290 fuel rods were assembled into the LWBR core. Each fuel ~od was
,

composed ofa Zircaloy-4 seamless tube filled with oxide fuel and thoria peIlets. All fuel rods were
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approximately 10ft long and varied in diameter according to fuel type. Nominal diameters were

0.306 in. for seed rods, 0.571 in. for standard blanket rods, 0.526 in. for power-flattening blanket

rods, and 0.832 in. for reflector rods. At the top of each rod, a plenum region provided a void

volume to accommodate released fission gas and a helical coiled spring to exert pressure on the

pellets to keep the stack together. As an example, the general dimensions and components of the

seed rods are shown in Fig. 3.7.2h (Bickel et al. March 1986). The dimension specifications of all

various LWBR fuel elements (pellets and rods) are given in Table 3.7.2b (Campbell and Giovengo

October 1987).

The fabrication procedure for the LWBR fuel rods ~Atherton October 1987) consisted of six

-, ,major steps performed sequentially:

. -I. Sizing and cleaning the finished metallic components provided by suppliers. [These

components consisted of tubes, end caps, and plenum hardware (spring, plenum sleeve, and

plenum pin)].

2. Welding an end enclosure to the bottom end ofeach cladding tube to form a tube assembly.

3. Loading the fuel pellets and plenum hardware into each tube assembly to form a fuel rod

assembly.

4. Welding the top end closure to S;ea1 the fuel and plenum hardware in each cladding tube to form ­

a fuel rod. (The welding is done in a helium atmosphere to provide an inert environment inside

the fuel rod.)-

5. Pickling each rod to final diameter and applying a corrosion film to all surfaces.

6. Inspecting each finished fuel rod for external and internal attributes, including the integrity and

proper placement of the fuel pellets.

The welding performed in Step 2 (above) is a critical procedure in processing the fuel-rod tube

assemblies. For each tube assembly, gas tungsten arc welding was used to join a prepared bottom­

end closure to a cladding tube. Each weld was 'machined and polished flush with the tube surface,

and then inspected for internal defects by both radiographic and ultrasonic techniques. A

pressurized helium leak-check ofthe welds was performed, and this was followed by measurement

and visual inspection of the internal tube length before any fuel pellets were inserted.

In Step 3, before the loading of the fuel pellets, the welded tube assembly, the end-closure

assembly, and plenum spring were vacuum-dried to remove surface moisture. In a glove box

environment, the vacuum-degassed and inspected pellets were assembled into the required stack

length. After stacking, a tube assembly end was inserted into the glove box and the fuel pellets

•
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were loaded into the tube. The loaded assemblies and their hardware were stored under vacuum in

the welding equipment area until a sufficient weld lot was accumulated. The top'-end~losure

welding of Step 4 was pefformed using equipment and procedures similar to thOse described above
1

for bottom~ndwelding. After welding, the end closures were machined and inspected

ultrasonically for internal defects. To remove surface contamination, acceptable welds were rinsed

in a cold nitric acid solution and transferred to the rod·processing area. Rejected welds were

rewelded, and the machining and evaluation process was repeated.

Following Step 4, the rods were radiographed in motion to confinn pellet loading. The top~

closure was radiographically evaluated for weld integrity and inspected for dimensional

requirements by the same procedures performed on the bottom end. The surfaceS ofacceptable

rods were vapor-blasted to prepare for pickling to final size and corrosion testing. Remaining

operations assOciated with Steps 5 and 6 consisted of inspections to evaluate the. rod for all

required attributes before final release. The corrosion film evaluation was performed after

corrosion testing, the final visual inspection was performed as close to the end of the processing as

possible, and the in-motion radiography for internal evaluation was performed last.
. ~

Approved and released rods were cleaned, coated with Neolube (an assembly lubricant),
.' ,

packaged, and then shipped to the module assembly area (Atherton October 1987).

Details of the module assembly activities, in particular, the fabrication ofthe fuel rod support,
grids for the Shippingport LWBR, have been described.in detail by BAPL in VarlOUS reports

(notably, Bickel et al. March 1986 and Atherton October 1987).

3.7.2.3 Process Performance-Major Results

The BAPL fuel manufacturing facility fabricated about 24,000 fuel rods during the period that

the Shippingport LWBR core operated (1977-1982).

In addition to providing the necessary fabrication capability, the BAPL facility for

manufacturing the LWBR binary fuel incorporated features that precluded inadv~rtent nuclear

criticality, controlled the escape of radioactive contamination, provided for nucle:u material

security, and minimized personnel radiation exposure. A major basis for thefacil,ity design was
, '

that the fabricated binary fuel would contain concentrations of 232U <10 ppm. nus resulted in a set
"

of procedures to minimize radiation exposure and a facility which employed a system of shielded

glove boxes connected by short tunnels and similar enclosures.

Not all LWBR fuel components required shielding in ~e BAPL fabrication ~ility. Since the

processing of thoria powder involved only low levels ofalpha radiation, the processing of thoria

I,
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powder into thoria pellets was perfonned in hoods and exhaust-eontrolled containment areas

relatively free from shielding.

3.7.2.4 References for Sect. 3.7.2

A list ofcited references documenting the BAPL fuel fabrication for the Shippingport LWBR

is provided below. This is followed by a list of sources providing additional infonnation.

3.7.2.4.1 References Cited

Atherton, R October 1987. Water-Cooled Breeder Program Summary Report (LWBR
Development Program), WAPD-TM-1600, Bettis Atomic Power Laboratory, West Mifflin,
Pa. .

Belle, J. et aI. January 1976. Th01 and ThO;r1JJU01 High Density Fuel Pellet Manufacture for
the Light Water Breeder Reactor, WAPD-TM-1244(L), Bettis Atomic Power Laboratory,
West Miftlin, Pa.

Bickel, W. L. et aI. March 1986. The Fabrication and Loading ofFuel Rods for the Light-Water­
Breeder Reactor, WAPD-TM-1278, Bettis Atomic Power Laboratory, West Miftlin, Pa.

•

Bolton, S. R., A. B. Christensen, and E. J. Hallinan. March 1989. Final SafttyAnalysis Report: •
Storage ofUnirradiated and Irradiated Light-Water Breeder Reactor Fuel in Underground
Dry Wells at ICPP, INEL-WIN-107-4.7A, Rev. I, Idaho Fails, Idaho.

Campbell, W. Rand J. F. Giovengo. October 1987. Light-Water Breeder Reactor Fuel Rod
Design and Performance Characteristics (LWBR Development Program), WAPD-TM-1387,
Bettis Atomic Power Laboratory, West Mifflin, Pa. .

Connors, D. R et aI., eds. January 1979. Design ofthe Shippingport Light-Water Breeder
Reactor (LWBR Development Program), WAPD-TM-1208, Bettis Atomic Power Laboratory,
West Mifflin, Pa.

DiGuiseppe, C. P. and E. G. Johnson. July 1982. Review ofPhysics Critical Experiments Using
the Thoria-Fuel System (AWBA Development Program), WAPD-TM-1513 (Revised), Bettis
Atomic Power Laboratory, West Mifflin, Pa.

Hecker, H. C. June 1979. Summary ofthe Nuclear Design and Performance ofthe Light Water
Breeder Reactor (LWBR) (LWBR Development Program), WAPD-TM-1326, Bettis Atomic
Power Laboratory, West Mifflin, Pa.

Lamarsh, 1. R. 1975. Introduction to Nuclear Engineering, Addison-Wesley Publishing Co.,
Reading, Mass., pp. 148-51.
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3.7.2.4~2 Supplemental Resources

Schick, W. C., Jr. et aI. September 1987. ProofofBreeding in the Light-Wate~ Breeder Reactor·
(LWBR Development Program), WAPD-TM-1612, Bettis Atomic Power Laboratory, West
Mifflin, Pa. '

,
Schultz, B. G., ed. May 1979. Radiological Control Aspects ofthe Fabrication ofthe Light­

Water Breeder Reactor Core (LWBR Development Program), WAPD-TM;1285, Bettis
Atomic Power Laboratory, West Miftlin, Pa. (Note: This reference contains more detailed
information on the layout ofa fabrication facility for LWBR fuel.)
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Courtesy ofBettis Atomic Power Laboratory, West Mifflin. Pennsylvania.
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• Fig.3.7.2h. General dimensions (in inches) and components of LWBR
seed fuel rods. From Bickel et al. March 1986.
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Table 3.7.20. Typical levels of surface area aDd average particle size-

Typical characteristics

•

-From Belle et aI. January 1976.
~xpressed in microns (J.l), where 1 J.l = 10-6 m.

Fuel powder Characteristic

Thoria(ThOz) . Surface area
Average particle sizt!

Binary (fh~-UOJ Surface area
Average particle size

As-received .
powder

6.5-7.5 m2/g
1.4-1.8 J.l

4.5-6.0 m2/g
1.5-2.2 J.l

As-micronized
powder

9.0-9.5 m2/g
0.5 J.l

•

•
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3.7.3 Babcock and Wilcox Direct Fabrication o(:WU Fuel Elements

In the mid-l 960s, as part of its Fuel Recycle Fabrication Program, the B&W fabricated 233U

fuel into full-sized fuel rods, which, in tum, were remotely assembled into fuel elements under

water. This direct-fabrication method used unshielded glove boxes in which the fuel rod tubes were

loaded with fuel powder by vibratory compaction. The details of this process were documented by

B&W (Kerr, Barnes, and Ryon Feb. 1968 and Schileo February 1968) and are summarized below.

The fabrication process was part of a larger experimental program that developed a pilot plant to

convert recycle fuel and to fabricate a prototype fuel assembly for a power reactor. Initial

fabrication of fuel elements containing Th02_
233U02was successfully demonstrated in 1965 at the

;·B&W Nuclear Development Center, Lynchburg, Virginia.

3.7.3.1 Process Objectives

From the conventional fabrication of 233U.-bearing fuels, significant personnel exposures are

generally encountered from the high radiation levels of 233U (and 232U) decay daughter products.

The B&W rod-fabrication process was carried out in a specially designed facility to permit rapid,

uncontamiDated fuel fabrication before the buildup of the ganuna~tting daughters of 233U (and

232U) to a level such that would require heavy shielding to protect fabrication workers.

3.7.3.2 Process Description and Basic Flowsheet

A summary overview flowsheet of the direct fuel-refabrication process is given in Fig. 3.7.3a.

The method used the sol-gel process (developed by ORNL to produce high-density Th02-U02

from thorium and uranium nitrate feed), vibratory compaction ofthe oxide powder in Zircaloy

.tubing, and mechanical assembly of the fuel elements under water. Most of the fabrication

~activities were performed in customary glove boxes. The 233U used for this demonstration

contained 42 ppm 232U_233U and was received from ORNL in the form of a uranyl nitrate

[U02(N03hl solution.

Figure 3.7.3b shows a general flowsheet ofthe specific B&W rod fabrication process. A

simple glove-box line was designed for the vibratory compaction process. In a blending box, the

sized fuel constituent material was received, weighed, and mixed into an oxide. The blended oxide

was then placed into an adjacent glove box, which had a small vibratory feeder or shaker that

loaded the blended oxide into a Zircaloy-4 fuel rod: After the loading and compaction, the fuel rod

was disconnected from the shaker and weighed. The end of the fuel rod was decontaminated,

capped, placed in a horizontal poSition, and then lowered into the welding glove box, which had a

•

•

•
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quick-release chuck used for grasping and rotating the rod. Within the glove-box line, the end caps

were welded in a small automated chamber that was evacuated and filled with an inert gas. After

the chamber was filled, the inert gas flow was increased, and the rods were inserted through a small

opening. The gas flow was adjusted to prevent leakage ofair into the welding enclosure and to
. :

maintain the purity ofthe atmosphere for welding the fuel rods. .

For nondestructive tests, the welded fuel rods were dye-penetrant inspected; their end welds

were helium leak-tested, and the rods were gamnia-scanned to measure fuel-mass variation. A

gamma-ray homogeneity gage, developed by B&W, was used to measure the fuel-mass variation

over the length ofthe fuel rod. This gage used the attenuation ofgamma rays passing through an

absorbing medium, such as fuel material, to determine local variations in the fu~1 mass per unit fuel

rod length.

After the fabricated fuel rods were nondestructively tested, they were ultraspnically cleaned,

dried, removed from the glove-box line, and stored underwater to await remote assembly into a fuel

element. As each fuel rod was removed from the line, a smear was taken to cheek its surface for

alpha contamination.

A rail-mounted underwater assembly machine was used to assemble the fuel rods. This

• machine could perform three types ofmotion. in a horizontal plane: b~k and fo:rth, side to side,

and circular. Additional horizontal and vertical movements for the precise positioning ofeach rod

in a fuel element were provided and were controlled by hydraulic cylinders and adjustable stops. A

hydraulic device was also used to grasp the fuel rods, to extract them from the storage bundle and

then place them into a lead-lined cylinder, and to insert them into the fuel bundle.

•

3.7.3.3 Process Performance-Major Results

Following a preliminary checkout and an operation with nSU-enriched fuel, .the B&W process

used 72 kg of sol-gel thoria-urania (Th02-233UO:J fuel to fabricate 37 fuel rods for part ofa
. '

demonstration product fuel assembly. The urania content of this fuel was 3 wt~. Ofthe 72 kg of

oxide handled, about 18 kg was lost in the fabrication line. The average time to process a fuel rod

.' through the glove-box line was I h.

Low gamma doses were r~ived by the operating personnel during the fuel ifabrication. The

total maximum whole-body dose received by an operator was 60 mrem, and the total maximum

hand dose received by an operator was 170 mrem.

The results from the B&W Recycle Fuel Fabrication Program indicated that the direct methOd

of ,fuel fabrication would be practical for operations with 233U fuels containing higher levels of
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232U contamination in the fuel than the 42-ppm material that was used in these tests. About

1000-ppm 232U in 233U was the maximum level of impurity that was assumed that could be

tolerated by the pilot-plant facility that demonstrated this fabrication scheme. For such materials,

fuel- fabrication operations could be carried out in unshielded glove boxes at significantly less

caPital cost than in any fully shielded facility.

3.7.3.4 Reference for Section 3.7.3

Kerr, J. M., L. D. Barnes, and 1. W. Ryon. February 1968. "Direct Fabrication Of 233U Fuel
Elements," pp. 537-45 in Proceedings ofSecond International ThoriumjUel Cycle
Symposium, Gatlinburg, Tennessee, May 3-6. 1966, U.S. Atomic Energy Commission,
Division ofTechnical Information, Oak Ridge, Tenn. .

-Schileo, G. February 1968. "An Unshielded Pilot Plant for Recycling 233U," pp. 299-319 in
Proceedings ofSecond International Thorium Fuel Cycle Symposium. Gatlinburg,
Tennessee, May 3-6, 1966, U.S. Atomic Energy Commission, Division ofTecbnica1
Information, Oak Ridge, Tenn. .
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ORNL DWG 98-8114

Fig. 3.7.3a. Flowchart of direct fuel refabrication process. Adaptedfrom Schi/eo
February 1968.
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3.7.4 Fabrication of Zero-Power Physics Reactor Fuel Elements

3.7.4.1 Process Objectives

During 1979-1981, ORNL, under contract with ANL-W, fabricated over 1'700 fuel elements
I,

(also called packets) for use in criticality experiments in ANL's ZPPR at Idaho ralls, Idaho. This

program also ~c1uded recovery of 23lU from rejected fuel elements. Information;on theaetivities of

this program is summarized below and based on documentation prepared by the:CfD ofORNL
I

(em 1979, em 1981, and Nicol et al. May 1982). f

3.7.4.2 Process Description and Basic F10wsheet

A basic flowsheet of the ZPPR fuel fabrication is given in Fig. 3.7.40. The major steps

involved in the ZPPR fuel fabrication included converting the purified uranyl nitrate (as solution)

to UlOS powder (suitable for use as fuel) and the subsequent activities of charging, sealing,

decontaminating, and testing the fuel elements prior to shipment.

Because of the age of the starting uranyl nitrate and -:eeYcled oxide, purifi~on by either SX,

ion exchange, or both, was required before.conversion to UlOS' The conversion equipment and

• operations were the same as those previously used and described for the LWBR Demonstration

Program (Sect. 3.5.1). Fuel element production operations included preparation of the stainless

steel packets '(shells and lids) fabricated by ANL and shipped to ORNL. The packets were charged

or loaded with 233UlOS by a vibrator feeder. Groups of filled packets were then placed in an oven

and heated to 250 0 e for 1 h to reduce moisture content. Heated packets were~ removed from,
the oven and placed on a welding assembly, where they were sealed by fusin~ an.'end cap to the

body by means ofprogrammed welding. This was followed by leak-testing underia vacuum in an

ethylene glycol solution, decontamination in an ultrasonic bath, plating with nick~l to reduce direct

alpha contamination, and counting for alpha contamination. These operations were performed in a

line of stainless steel glove boxes. Each sealed packet with fuel then went throu~ a series of final

checks (covering UlOS powder weight, internal pressure, moisture content, leak rate, surface

radioactivity, dimensions, and surface flaws) before being assigned a unique identification number.

After receiving an identification, each packet was packaged and placed in interim' storage for

shipment to the ANL ZPPR facility in Idaho.

•
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3.7.4.3 Process Performance-Major Results

The 233U30S packet-loading program for ANL resulted in the fabrication of 1743 fuel elements,

each ofwhich contained 33 g of 233U30S converted from freshly purified 233U nitrate solution. A

stainless steel packet fabricated for the ZPPR experiment measured 5.08 x 7.62 x 0.64 em. About

20 kg of 233
U were recovered from those fuel elements or packets that were rejected. The associated

232U concentration was about 10 ppm. The uranium material balance for the ANL ZPPR Program

is summarized in Table 3.7.40.

The overall yield (fraction of loaded fuel elements or packets that met specifications) was 72%.

Leakage caused by poor welding was the principal reason for rejection. Fusion welding of the tops

onto the fuel elements was difficult because of three factors: the precision required ofthe tracking

mechanism, the welding current changes that resulted from heat buildup in the programmer, and

the length and taper of the welding rods (CTO 1981).

3.7.4.4 References for Section 3.7.4

Chemical Technology Division. 1979. "233U30 S Packet Loading for Argonne National
Laboratory," pp. 90-92 in Chemical Technology Division Annual Progress Report/or the
Period Ending March 31, 1979, ORNL-5542, Oak Ridge National Laboratory, Oak Ridge,
Tenn.

Chemical Technology Division. 1981. '<233U30 S Packet Loading for Argonne National
Laboratory," p. 134 inChemical Technology Division Progress Report/or the Period
April 1, 1979 to March 31, 1981, ORNL-5757, Oak Ridge National Laboratory, Oak Ridge,
Tenn.

Nicol, R. G. et aI. May 1982. Fabrication o/Zero Power Reactor Fuel Elements Containing
mUPa Powder, ORNurM-8140, Oak Ridge National Laboratory, Oak Ridge, Tenn.
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Table 3.7.411. Uranium material balance (or the ANL ZPPR program-
(Uranium available for use in this program)

Total U (kg) 23'lJ(kg)

1. Initial inventory (available for use in this program)
a Liquid (UNH in U-storage) 55.963 54.886

Liquid rIn-process" tanks 9.472 9.285
- < b. Solids (as oxides in storage) 18.197 17.835
. ' -- ----

Total to account for 83.632 82.006

2. Shipments out
a ANL-ZPPR (Idaho) 48.690 47.722
b. Approved transfer to other programs 2.699 2.646

-- --
Total shipped 51.389 50.368

3. Waste discards
a From solvent extraction, ion exchange, and analytical facility 0.521 0.511
b. From oxide conversion line 0.293 0.287

-- --
Total measured losses 0.814 0.798

4. Remaining inventory
a Recycle oxide from program 5.367 5.262
b. Unused oxide 5.086 4.991
c. UNH solution in U-storage . 18.740 18.397
d. "In-process" tanks 1.724 1.688
e. Archive samples (oxide) 0.215 0.211

-- --
Total rem3ining 31.132 30.549

5. Total accounted for (items 2, 3,4) .83.335 81.715

6. Difference (item I minus item 5) 0.297 0.291
(% unaccounted for) 0.36 0.36

.'"Based on Nicol et al. May 1982.

•
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3.7.5 Fabrication o( Other 1.13U Fuels

The fabrication of other 233U fuels is discussed in the following sections. Such fuels include

those used for criticality experiments and fuels fabricated for nuclear reactors ~ India, which are

based on the thorium fuel cycle.

3.7.5.1 Fuel (or Brookhaven Criticality Experiments

In the 1960s, a project was conducted to fabricate fuel containing 233U oxid~ f33UOJ and
..

zirconium oxide (zrOJ for criticality experiments at BNL. The fuel was made trom uranyl nitrate

[U02(N03hl that was purified at ORNL and shipped to the NFS facility in Erwin, Tennessee, for.
fabrication into fuel pellets. These pellets were blended with zr02, sintered at 1760°C for 48 h,

loaded into Zircaloy-2 tubing, and then shipped to the Nuclear Materials and Equipment

Corporation (NUMEC) in Apollo, Pennsylvania, for the final seal weld on each of the rods..

In this campaign, the 233U was fabricated into I wt % U02-Th02and 26 wt rc. U02-Zr02

pellets and enclosed in Zircaloy-2 cladding tubes as 1299 blanket rods and 377~ rods. The 233U .

had an associated 232U concentration of38 ppm and was purified as two batches'ofliquid uranyl

nitrate inunediately prior to processing into powder form. All fuel rods were completed within 95 d

ofthe initial solvent extraction of the nitrate. ~e overall uranium yield ofni~ to usable

materials was over 900/0, and only 14 rods were rejected in welding (all without loss ofcontained

fuel). This material is currently stored at the RWMC at INEEL in 22 drums thaf are under an

earthen-covered berm in the 'rransuranic Storage Area-Retrieval Enclosure

(TSA-RE). The material in these drums has about 5.5 kg of 233U (Frankhouser et al. February·. ,

1967).

3.7.5.2 Fuel Fabrication (or Indian Reactors

Because India has large natural reserves of thorium and no enriched uranium, the power

reactors of that nation are based on the thorium fuel cycle. The latter is initiated with natural

uranium, followed by the use of self-generated plutonium with natural thorium, and, finally, the

232Th_233U cycle (Balakrishnan and Ganguly 1989). Summaries of various fabri~tion methods that

have been developed and documented for fabricating 233U_Th fuel for Indian reactors are provided
\ ~

in the following paragraphs.

India's long-term nuclear power program has envisaged different modes of the thorium fuel
i .

cycle for supporting its pressurized heavy-water reactors (PHWRs). As described in Balakrishnan
I

and Ganguly (1989), process flowsheets have been developed for the fabrication Ofhigh-density
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Th02-PU02 and Th02_
233U02fuel pellets via the conventional "powder-pellet" route and using

advanced methods that include the "pellet impregnation" and the sol-gel microsphere pelletization

(SGMP) processes. Evaluations were then made of the thennophysical properties of these fuels up

to the envisaged in-pile operating temperature. A six-pin Zircaloy-2-elad Th02-PU02 test fuel

cluster (having 4 wt % ofPuOJ was successfully irradiated to a bumup of 18,400 MWdIMTllIM. .

in the pressurized water loop of the cmus reactor, a 40-MWt research reactor located at

Trombay.

The first incidence of fabricating 233U-bearing fuel in· India was the production of a1uminum­

clad A1-233U alloy fuel for the Kainini research reactor. Later, the reactor physics experiments for

this fuel were perfonned in the Pumima III critical assembly, where aluminum-plutonium alloy

.plates were also used. Both types of fuels were fabricated in the radiometallurgy laboratories of the

Bhabha Atomic Research Centre. Ganguly et at. (October 1991) provide a detailed discussion of

the fabrication of A1_233U and aluminum-plutonium plate fuel for Pumima III and Kamini.

A1uminum-elad A1-20 wt % 233U and A1-23 wt % plutonium plate fuel subassemblies were

fabricated for the critical facility and the research reactor using a flowsheet that included the

following major steps:

• preparing the master alloy using alumlnum and uranium or plutonium as feed materials;

• remelting and casting the fuel alloy ingots;

• rolling;

• picturing, framing, and sandwiching the fuel alloy between aluminum sh~ts;

• roll bonding and locating the fuel alloy core outline by X-ray radiography; and

• trimming and machining to final dimensions.

'.

•

Development ofthis fabrication process has revealed that metallic molds produce better ingots

than graphite molds. Also, the addition of zirconium during melting has been found to improve the

microstructure of the aluminum-uranium and aluminum-plutonium castings and facilitate the hot

rolling of the ingots. In fabricating the subassembly, the fuel plates were fmally locked in

aluminum spacer grooves by a novel roll-swaging technique, High-resolution X-ray radiographs

and microdensitometric scans were then utilized to confinn the homogeneous distribution of the

fissile material in the fuel plates, Nonbond areas were detected by blister testing and immersion

ultrasonic testing ofthe roll-bonding fuel plates.

Experiences in the fabrication of aluminum-clad metallic uranium fuel are described by

. Vijayaraghavan (1989). In June 1959, the first metallic uranium fuel element was fabricated, •
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starting from uranium ingots. Aluminum-clad metallic uranium fuel has been used in both the

CIRUS reactor and Dhruva, a lOO-MWt research reactor at Trombay. The Dm;uva fuel is in the,
fonn ofa cluster consisting of seven fuel pins as compared with the rigid single:fuel element that is

used for CIRUS. Uranium ingots are initially used in the fabrication of the CIRUS and Dhruva
I

fuels, and the fuel fabrication flowsheet itselfconsiSl$ of the foIlowing major activities:

• vacuum melting and casting;

• hot rolling (in three stages);

• heat treatment;

• straightening;

• machining;

• decreasing, pickling, and cleaning;

• canning;

• seal welding; and

• radiography and leak testing of the final product (fuel element).

Compared with the CIRUS fuel, the fuel for the Dhruva reactor requires a uranium metal rod

ofsmaller diameter, a higher length-tCKliameter ratio, CUld different configurations of fins on

aluminum sheaths and cluster assembly. As a result,· such differences have required development

work in optimizing some of the production parameters for this fabrication proces's.
. I

3.7.5.3 References for Sect. 3.7.5

Listed are the references cited in Sect: 3.7.5. This is followed by a list ofadditional resources

that provide more detailed information on the fabrication ofother 233U fuels.

3.7.5.3.1' References Cited

Balakrishnan, K., and C. Ganguly. 1989. <'Thorium Utilization in Indian Power Programme,"
pp. 125-38 in Proceedings ofa Symposium on Nuclear Fuel Fabrication. NlJFFAB '88,
Bombay. India, December 12-14, 1988, Trans Tech Publications, Aedennannsdorf,
Switzerland.

Frankhouser, W. L., et aI. February 1967. Fabrication ofFuel Rods Containing:2JJU Pelletized
Oxide Fuels, WAPD-TM-588, Bettis Atomic Power Laboratory, West Mifflin, Pa.
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Vijayaraghavan. R. 1989. "Experiences in the Fabrication of A1wnimim Clad Metallic Uranium
Fuel," pp. 329-46 in Proceedings ofa Symposium on Nuclear Fuel Fabrication, NUFFAB
'88, Bombay, India, December 12-14,1988, Trans Tech Publications, Aedermannsdorf,
Switzerland..

3.7.5.3.2 Supplemental Resources

. Bhagwat, A. M., et aI. August 1993. Radiological Safety Experience in the Fabrication ofAlloy
Plate Fuels Bearing 2JJUlPu, Nuclear Technol., 103(11),246-56.

Sood, D. D., and V. N. Vaidya. 1989. "Experience in BARC on the Preparation ofGel
Microspheres of Uranium, Thorium, and Plutonium Fuels," pp. 245-56 in Proceedings ofa
Symposium on Nuclear Fuel Fabrication, NUFFAB '88, Bombay, India, December 12-14,
1988, Trans Tech Publications, Aedermannsdorf, Switzerland.
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4. HANDLING GUIDELINES FOR mU-BEARING MATERIALS

This section includes a discussion of the major areas associated with the tw,dling of 233U_

bearing materials. Major requirements are described for the following areas that: impact 233U

material handling: (1) radiation protectio~ practices, (2) shielding materials and ~hniques,
. . \

(3) control of radon emissions, (4) otr-gas filtration, (5) confinement in 233U material processing,

(6) special chemical hazards, (7) packaging materials and techniques, (8) storage requirements,
'. \

(9) nuclear materials accountability, (10) transportation, (11) safe plant operations, and

(12) worker training and certification. The separate subsections that follow are ~evoted to;each of

these topics. Major references that provide more detailed information on each of:these topics are
.' .

also listed. Throughout the discussion of these topics in Sect. 4, the present tense is used to indicate

that the activities described are currently being perfonned in facilities that contain 233U_bearing

materials.

There are two major areas for which the handling requirements for 233U materials are
. ,

significantly different from those ofm<?st other radioactive materials: (1) special :radiation

proteCtion practices needed as a"result of the increased gamma dosage with time to exposed

personnel and (2) the presence of radioactive radon flORn) in the off-gas emissions from a facility

containing 233U-bearing materials. Section 4 is a discussion of the special handlirig guidelines that
I

are needed to address these tWo major radiological concerns.

4.1 RADIATION PROTECTION PRACTICES

The radiation~ds posed by 233U and 232U, their radioa~tive daughters, and other

radionuclides p~esent in 233U_bearing material are considered in this chapter. Sin~ the insult posed

to man from exposure to the radiation from 233U and 232U is measured in terms of: dose, some basic

principles ofdosimetry are discussed. The techniques for external and intenlaI n¥llation protection

are then covered. Special precautions are ~eeded for the radiation protection of ~orkers from 233U_

bearing materials. These are discussed in Sect. 4.1.3 following discussions ofthe(basic principles
. .

of radiation dosimetry (Sect. 4.1.1) and the basic techniques for external radiation protection

(Sect. 4.1.2). Uranium-233 is a fissile material, and a criticality accident can result in excessive

doses. Nuclear criticality safety and control are discussed in Sect. 4.1.5 .

4-1
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4.1.1 Radiation Dosimetry •

Radiation dosimetry is the branch of science that deals with the theory and application of the

principles and techniques involved in the measurement and recording of radiation doses. Its

practical aspect is concerned with the use of various types of radiation instruments with which

measurements are made (Shleien 1992). Dosimetry is essential for quantifying the incidence of

various biologi~ changes as a function of the amount of radiation received (dose~ffect

relationships), for comparing different experiments, for monitoring the radiation exposures of

individuals, and for surveillance of the environment (fumer 1986);

Quantities and Units Used in Radiation Dosimetry

Exposure. Radiation exposure is expressed in terms ofthe unit, roentgen (R). A roentgen is

defined as the amount of ionization ofeither charge produced,in air by gamma or x-rays, i.e.,

I R =2.58 X 10-4 C/kg

Exposure is defined only for electronlllgnetic radiation in air.

Absorbed dose. Absorbed dose is defined as the energy absorbed per: unit mass. The

traditional unit of absorbed dose is the rad, defined as 100 erg/g. The International System of

Units (SI) unit is the gray (Gy). A gray is equal to 1 J/kg, or 100 rad.

Dose equivalent. For the same absorbed dose in tissue delivered at the same rate, some types

of radiation (e.g., alpha particles, neutrons) produce greater biological effects than others (e.g.,

photons, electrons). The different biological eff~veness of different types of radiation is

incorporated in the dose equivalent. The dose equivalent, H, is defined as the product of the

absorbed dose, D, and a dimensionless quality factor, Q, which depends on the linear energy

transfer (LET):

H=QD.

For purposes of radiation protection, the quality factor (Q) is asswned to be I for photons and

electrons and 20 for alpha particles. The values for neutrons vary from 5 to 20 depending on their

energy. When the absorbed dose is expressed in terms ofrads, the dose-equivalent unit is the rem

(roentgen equivalent man). With the absorbed dose expressed in gray, the SI dose-equivalent unit

is called the sievert (Sv), where 1 Sv = 100 rem.

•

•



•
4-3

4.1.2 Techniques for Enernal Radiation Protection

The objective ofexternal radiation protection is to protect individual radiation workers by
. ,

optimizing the external dose equivalent and preventing exposure above the admihistrative and
, )

regulatory limits. External radiation protection is an important issue when deal~g with 233U and
, J

232U because ofthe highly energetic 2.6-MeV gamma rays from the 2J~ radioactive daughter,

20811., To a lesser extent, neutron doses can be ofconcern depending on the imp~rity radionuclides

present in the 233U-bearing material and the chemical fonn ofthe material (e.g., fluoride

compounds in which a-n reactions' can occur). '
;

The exposure ofpersonnel to external radiation may be controlled using one,.or any

combination ofthe following three teelmiques (Cember 1983):

1. minimization of exposure time,

2. maximization ofdistance from the radiation source, and

3. shielding ~e radiation source.

Time. As general rule, the following relationship is valid:

Dose rate x time =total dose.

• Hence, reduction in worker exposure time will result in less dose. Operatio~ involving 233U_

bearing material need to be planned carefully to reduce worker exposure time to the extent

practicable.
, ,

Distance. Radiation exposure decreases with increasiJ:tg distance from a radiOactive source.
"

Hence, the use of teelmiques to make operations semiremote and to keep the distance ofworkers as

far away as practicable from the radiation source while performing work will reSult in dose

reductions.

Shielding. The use ofshielding is a very important method for reducing dos~to personnel,

especially when h3ndling or storing 2J3U, because ofthe highly energetic 2.6-Mey photons released

by~ (a radioactive daughter of 2J2U). Lead shields and barite concrete are commonly ~sed

materials for gamma shielding. The amounts or thicknesses ofshielding materi~ to be used depend

on the source activity, geometry, and matrix. Expected exposure rates for actual1conditions should

be detennined on a case-by-ease basis using a combination of radiation measurerhents and

computer programs that project radiation shielding requirements.

•
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4.1.3 Special Precautions (or Radiation Protection (rom wU-Bearing Materials

As indicated in Sect. 2, a major problem with 233U is that some neutron-irradiated thorium is

transfonned into another uranium isotope, 232U, which has a decay product, 20811, which emits a

highly energetic (2.6-MeV) gamma ray when it decays. Depending upon the concentration ofthe

23~ isotope, this gamma emission can produce an intense radiation field that can hinder and

complicate the handling of 233U-bearing materials and require these materials to be stored inSide

shielded vaults. This feature can also require the construction of special-purpose, remote facilities

for the fabrication of 233U fuel.
.

As discussed in Sect. 4.1.2, exposure of facility personnel to external radiation from radiation

sources is generally controlled by techniques associated with optimizing exposure times, distances

from the radiation sources, and shielding of the sources. (The features and requirements associated

with the shielding of 233U-bearing materials are discussed in Sect. 4.2.) However, application of

considerations of time and distance to spills and general periodic housekeeping involving 233U

requires some modification from most approaches generally taken. Experience from handling 233U_

bearing materials indicates that, for example, spills involving these materials need to be cleaned up

quickly (with minimal delay) followed by an immediate evacuation of personnel. In addition,

material residues containing 233U on prOcess equipment need to be removed periodically. Because

of the rapid ingrowth of hannful radiation from the decay products of the associated 232U isotope,

delayed responses to the cleanup of 233U materials are to be avoided. Delayed housekeeping and

cleanup activities will lead only to increased exposures to cleanup personnel when they finally enter

the area of contamination.

4.1.4 Techniques for Internal Radiation Protection

Internal radiation protection is concerned with the control of intakes of radionuclides into the

body. This is accomplished by keeping contamInation in radiologically contaminated areas

ALARA and using engineering and administrative controls to prevent the accidental deposition of

radioactive material on or within the body. '

There are three ways by which radioactive material may gain entry into the human body

(Cember 1983):

I. Inhalation-by breathing radioactive dust and gas;

2. Ingestion-by drinking contaminated water, eating contaminated food, or by tacitly

transferring radioactivity to the mouth; and

•

•
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3. Absorption-through the intact skin or through wounds.

To prevent the entry of radioactive material into the body or deposition of ~ntaminationon

skin, the radioactive source(s) must be enclosed or confined, or the environment has to be
:' .

controlIed by limiting access ofworkers or the public to areas where radioactive:sources are kept

or areaS where contamination occurs.

• 0)

4.1.4.1 Confinement

The simplest type ofcOnfinement and enclosure is achieved by limiting the handling of
, "

radioactive lnaterials to well-defined, separated areas within a laboratory and by:subisolating units
. ' .

such as trays. In cases where the potential for airborne contamination exists or ~ere radioactive
, .

gases might be present, a ventilated hood is used. When the potential for personnel contamination

is high or when a ventilation system for ventilated hoods is not available, glove boxes are used.

The main function ofa glove box is to isolate the contaminants from the 'enviromhent by confining

it to an enclosed volume. In operations involving 233U_bearing materials, the glo~e boxes are

designed to provide gamma shielding to reduce personnel exposure to the high~~rgy gamma rays

associated with~. '

4.1.4.2 EnVironmental Control

Environmental control ofhaZards from radiOactive contamination is achieved, through proper
. \

design ofthe confinement systems, rooms, buildings, and facilities where radioactive material is

used or stored. Good administrative controls are also essential. Proper procedures and work

processes must be implemented. Ingress ~d egress ofpersonriel and material fro~ radiation areas

must be carefully monitored to prevent the possible spread ofcontamination outside radiation

areas. Decontaminability ofworking surfaces, floors, walls, piping; the means for monitoring for,,
contamination; and a well-designed and functional ventilation system are very important in

physical facilities where contamination exists or can occur.

4.1.4.3 Personnel Protection

Personnel protection can be provided by requiring radiation workers t~ wear JpJJropriate
, ' I

• J

protective clothing and respiratory protection devices (as necessary when airborne hazards are

encOUntered) when Performing work in radiation ,areas.
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. Protective clothing minimizes the potential for contamination to get on or in a worker's body.

The types of protective clothing used may include laboratory coats, coveralls, caps, gloves, shoes,

and shoe covers. The choice of protective clothing to be worn for ajob depends on the type ofjob

and types and levels of hazards. This determination is made by radiation protection and health and

safety personnel. Protective clothing is always assumed contaminated after its use and is left in

the radiation areas, where it is then either packaged for disposal or sent for laundering.

Respiratory protection is required when a person is likely to be exposed to a high concentration

of airborne radioactivity. The type of respiratory protection used depends on the nature and levels

ofcontaminants. These are two classifications of respiratory protection in radiological

applications: filter type and supplied air masks. The choice of appropriate respiratory protection

devices is made by the radiation protection and health and safety personnel.

4.1.4.4 Surface Contamination Limits

Contamination is the presence of undesirable radioactivity. Undesirable can be in the context

of health or for technical reasons. For radiation protection, only the health aspects of

contamination are considered. There are two categories of surface contamination: fixed and

removable. Generally, fixed contamination cannot be transmitted to personnel, and the main

hazard that results is the external radiation. The hazard from removable contamination is that it

can spread and be transferred to the skin or be ingested. Removable contamination can also be

resuspended and inhaled. The limits for both fixed and removable contamination are provided in

10 CFR Part 835, "Occupational Radiation Program" (U.S. DOE Dec. 14, 1993). In some. cases,

more restrictive site-specific liinits for surface contamination are implemented.

4.1.4.5 Internal Exposure Monitoring

Monitoring for internal exposures includes prospective monitoring, retrospective monitoring,

and dose assessments (Rich 1998). Prospective monitoring is perfonned to verify the integrity of

radioactive material confinement systems and to detect accidental releases of radioactive material ':

into the environment. Prospective monitoring would also indicate possible intakes of radionuclides

by workers. Retrospective monitoring is aimed at measuring radioactive material in the body and

in excretion collected from workers with known or suspected intakes, that is, in-vitro and in-vivo

bioassay. Dose assessments (internal dose estimates) are then perfonned using bioassay data.

•

•

•
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4.1.5 Personnel Radiation Experience (Kilorod Facility)

Personnel radiation experience from handling 233U-bearing materials was obtained during the

operations ofthe ORNL Kilorod Facility, the major operations of which are described in

Sect. 3.7.1. Exposure of Kilorod Facility workers to radiation at the 38-ppm 232U level was far

below pennissible.limits.

A sunuruuy ofpersonnel exposures from the Kilorod Project (Haws et al. A~gust 1965) is

provided in Tables 4.la and.4.lh. To~ body exposure ofall personnel is reported for each of

three quarterly periods ofoperation in.Table 4.Ic. Film-badge and pocket-meter;exposures are

reported for both supervisors and different process workers. Table 4.Ih reports total-body

radiation exposures for various operations involved with specific major Kilorod processes:

denitration (feed material preparation), sol-gel (sintered solid preparation), and fuel-rod·

fabrication. Estimated radiation dose rates to operating personnel for various leVels ofshielding

and 23~ content in fuel~lement manufacturing are provided in Table 4.lc.

4.1.6 Nuclear Criticality Safety and Control

As previously indicated in Sect. 2.4; nuclear criticality safety of 233U-bearing materials is

• maintained by a combination.ofmaterial mass, geometry, and concentration controls. Criticality

safety of 233U is also maintained by limiting the neutron interaction with other fi~sionable·materials

within or adjacent to 233U operations or storage. As discussed in Sect. 4.11, admiDistrative controis,
!

along with technical practices, are used to prevent accidental criticality. At facilities that use

fissionable materials like 233U, criticality safety programs are primarily directed ~ the avoidance of

nuclear criticality accidents. Because the possibility of such accidents exists with· life-threatening

consequences, the implementation and use ofdetection systems, advanced planning, practice in

planned emergency responses, and verification of readiness are mandated.

A 233U criticality accident may lead to an excessive radiation dose. Conseque~tly, a means of

alerting personnel and a procedure for their prompt evacuation or other protectiv~ actions to limit

their exposure to radiation are provided. To meet these objectives, two major systems are required

for alleviating the consequences ofa 233U criticality accident: one for criticality ~ident alarms and

another for emergency planning and response (commonly referred to as emergency preparedness).

For each ofthese systems, a set of standard procedures were developed by the~S and then

accredited by the ANSI.

•
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4.1.6.1 CriticalitY Alarm Systems •

Requirements for criticality accident a1ann systems are documented in ANSIIANS-8 .3-1997

(ANSIIANS 19970). This standard provides guidance for establishing and maintaining an alarm

system to initiate personnel protective actions in the event of inadvertent criticality. The standard

is applicable to all operations involving fissionable materials, including 233U-bearing materials, in

which inadvertent criticality can occur and cause personnel to receive unacceptable exposure to

radiation. Requirements for criticality alarms covered in the standard include those affecting basic

alarm system features, design criteria, tests, and employee training.

4.1.6.1.1 General Principles and Coverage

General principles and coverage specified in ANSIIANS-8.3-1997 (ANSIIANS 19970) for

criticality alarms that pertain to 233U-bearing materi~ls include the following:

• The purpose of a criticality alann system is to reduce the risk ofa criticality accident to

personnel.

• Evaluation of risks from criticality accidents has led us to recognize that hazards may result

from false alarms and subsequent interruption of facility operations and relocation of

personnel.

• . Equipment used in processing areas from which immediate evacuation is required are designed

so that leaving that equipment will not introduce significant' risk.

• The criteria for determining when a criticality alarm system' needs to be installed is specified by

applicable local site standards as well as by ANSIIANS-8.3-1977.

• For a facility criticality evaluation, individual areas are considered unrelated and applicable to

233U-bearing materials when: (1) no uri~ntrollable transfer ofmaterials can occur between

those areas, (2) the minimum separation between material in adjacent areas is 10 cm. and

(3) the areal density of fissile material averaged over each individual area is less than 50 glm2
•

• A criticality alarm system is installed in those facility areas where personnel would be subject

to an excessive radiation dose. For this purpose, the maximum fission yield integrated over the

duration of the accident does not exceed 2.0 x 1019 fissions. The basis for a different yield is

, documented.

• In areas in which criticality alarm coverage is required, a means is provided to detect a

criticality accident and to signal that prompt protective action is required.

•

•
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4.1.6.1.2 Criticality Alann System Features

The ANSI/ANS-8.3-1997 standard (ANSI/ANS 1997a) specifies the folloWing major features

for a criticality alarm system: '

• The signals from such an alarm system are uniform, distinctive from other alamiS, and indicate,

a response ofprompt evacuation or other protective actions~

• The signal generators of the alarm system are automatically and promptly ~ated upon

detection ofa criticality accident. As required by emergency procedures, the signal generators
, , I

continue to function after actuation, even ifthe radiation falls below the alarm point.

• For areas where personnel protective action is required following the detection ofa criticality

~ident, the number and placement ofcritiCality alarm'signal generators are:adequate to notify

personnel promptly throughout those areas.

• Audio generators are designed to prOduce a total sound pressure level ofat least 75 decibels

(dB), but not less than 10 dB 'above the ambient noise level of each area for which audio
I

coverage is to be provided. To avoid injury, audio generators do not produce'an A-weighted

sound level in excess of liS dB at an individual's ear.

• In areas with very high audio background or mandatory hearing protection, cnticality alarm

systems incorpora~ the use of visual signals.

• Measures are taken to maximize criticalitY alarm system dependability by

- Avoiding false alarms through the use of redundant detector systems.

Using portable instruments in special siiuatio~ to augment an installed Crticality accident

alarm system. These situations include alarm system maintenance or testing, evacuation,
drills; and activities in areas not usually occupied by personnel.

i
Installing emergency power supplies for alarm systems or portable instruments in process

areas in which activities continue quring power outages.
, ,

Ensuring that the alarm system design has adequate sensitivity (discussed'below).

4.1.6.1.3 Alann System Design Criteria

Major design criteria are specified in the standard ANSI/ANS-8.3-l997 (ANSI/ANS 1997a)

for a nuclear criticality alarm system. These include:

• Reliability. The system design minimizes the effects of nonuse, deterioration, power surges,
,

and other'adverse conditions and ensure reliable actuation of the criticality alann signal and
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avoidance of false alanns. System components do not requir:e frequent servicing, lubrication,

or cleaning.

• System vulnerability. The alann system components are located or protected to minimize

damage from extreme conditions (e.g., fire, explosion, corrosive atmosphere, etc.). Major

components are labeled.

• Seismic tolerance. The criticality alann system remains operational following a seismic shock

from an earthquake.

• Failure warning. The alann system provides a visible or an audible warning signal to indicate

system malfunction or the loss ofprimary power.

• Response time. The system design ensures that the criticality alann signal is produced within

0.5s of detector recognition ofa criticality accident.

• Detection capability. The alann system responds immediately to the minimum accident of

concern. In areas where the material is processed or handled with only nominal shielding, the

minimum accident is assumed to deliver the equivalent of an absorbed dose rate in air of

20 radlmin at 2 m from the reacting material. The basis for a minimum accident of concern is

documented.

• Detector sensitivity. The system design ensures that alann actuation occurs as a result ofa

minimum duration radiation transient of 1 ms. The alann trip-point is set high enough such as

to minimize the probability of an alann from sources other than criticality and low enough

such as to detect the minimum accident ofconcern.

• Detector spaCing. The spacing ofdetectors is consistent with the selected alann trip-point and

specified detection capability. The location and spacing ofdetectors serve to minimize the

effect of shielding caused by massive equipment or materials.

4.1.6.1.4 Alarm System Testing

Requirements in ANSIJANS-8.3-1~97 (ANSIJANS 19970) for tests, inspections, checks of

criticality alann systemS cover the following:

• Initial tests. Initial system tests, inspections, and checks verify that the alann system

fabrication and installation were made according to design specifications.

• Special tests. Special tests and inspections are adequate to demonstrate system operability and

are perfonned following modifications, repairs, or events that may affect system performance.

•

•

•
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Response to radiation. System response to radiation are periodically tested ~d measured to

confirm continuing instrument perfonnance. Tests are performed at least mo~thly; and records

ofthese test must be maintained. Portions of this testing may be automated ~y system designs

that incorporate self-ehecking features.

• Periodic tests. The entire alarm system is tested periodically and must establish that criticality

a1airn signals are functional throughout all'areas where personnel would be Subject to an

excessive radiation dose. Each signal generator is tested annually. .

• Corrective action. Without winecessary delay, corrective action is taken when tests reveal

inadequate perfonnance.

Test procedures. System test procedures~ both false alarms and inadvertent initiation

ofemergency response. Following a test, an alarm system is returned immediately to normal

operation.

• Records. To provide information on system operability and identify sources offailure, records

oftests and corrective action for each criticality alarm system are maintained.

4.1.6.1.5 Employee Awareness and Training

To familiarize employees with criticality alarm system requirements, posted instructions,

training, and criticality alarm drills are required by ANSUANS-8.3-1997 (ANSUANS 1997a).

Instructions regarding respo~e to criticality alarm signals are posted at strategic locations within

areas requiring alarm coverage. Specific requirements and guidance for the trainiDg offacility

employees, the training of visitors, and the conduct of criticality alarm drills are provided in the -
I, .

standard ANSUANS-8.19-1996 (Administrative Practices for Nuclear Criticality~Safety)

(ANSUANS 1996).

4.1.6.2 Emergency Planning and Response for Criticality Accidents

Where criticality alarm systems are installed, emergency procedures are established and

maintained. Requirements for emergency planning and response to a criticality acCident are
. ,

documented in ANSUANS-8.23-1997 (ANSUANS 1997b). This standard provid~s guidance for

emergency planning and response to a nuclear criticality accident for facilities outSide reactors that

process, store, or handle fissionable materials, including 233U-bearing materials. The standard
"

assumes that a criticality alarm system that complies with th~ previously described standard

ANSUANS-8.3-1997 (ANSUANS I997a) is in place. In addition, the emergency planning and
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response standard is not general in scope but focuses on those elements of planning and response •

needed specifically for a criticality accident. Requirements for emergency planning and response

covered in the standard include those affecting personnel responsibilities, emergency-response

planning, evacuation, rescue and stabilization, and training.

4.1.6.2.1 Responsibilities

Separate responsibilities for criticality emergency preparedness are given in standard

ANSI/ANS-8.23-1997 (ANSI/ANS 1997b) for management and technical staff. Management

establishes or provides the following:

• an emergency response plan;

• staffwith relevant expertise; .

• evacuation zones and routes;

• personnel assembly stations ahd personnel accounting;

• equipment and instrumentation for criticality accident response;

• training to ensure adequate readiness for criticality accident response;

• capability to perform radiological dose assessments in response to criticality accidents;

• communication system for coordinating site emergency activities;

• nuclear accident dosimeters, both personnel and fixed units, as specified in the standard

ANCIEN-1969(R1981) (ANSI/ANS 1981);

• criticality alarm system equipment, as specified in the standard ANSI/ANS-8.3-1997

(ANSI/ANS 19970); and

• documented procedures for activating emergency response when needed.

Responsibilities for a technical staff cover planning and emergency response. For planning, the

.technical staff: .

• Identifies potential criticality accident locations and define immediate evacuation zones.

• Evaluates and characterizes potential criticality accidents.

• Determines instrumentation and equipment requirements for emergency response activities.

• Participates in the planning, conduct, and evaluation of emergency response drills.

•

•
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• During an emergency response, the technical staff:
, '

• is available to advise and assist the emergency coordinator in responding to a criticality
i

•

accident.

conducts a radiological dose assessment appropriate for a criticality accident.

•

4.1.6.2.2 Emergency Response Planning

As required by standard ANSIIANS-8.23-1997(ANSIIANS I997b), emergency response

planning includes preparing a documented evaluation, providing appropriate equipment for

responding to a criticality accident, and developing an emergency response plan. ;

The evaluation describes the bounds of a credible accident, an estimated fiss~on yield, and an

estimated likelihood of criticality recurrence. As a result ofthe evaluation, an immediate. -

,evacuation zone is Cstabiished along \Vith a maximum -level ofacceptable absorbM dose at its

boundary.

Protective clothing and equipment is provided for personnel responding to a criticality accident.

As standard ANSIIANS-8.23-1997 (ANSIIANS 1997b) indicates, such clothing~and equipment

may include the following:

• respiratory protection equipment,

• anticontamination suits, -

• both high-: and low-range gamma radiation detection equipment,

• neutron detection equipment.

• communications equipment, and

• personnel-monitoring devices (e.g., pocket dosimeters).

Monitoring equipment to detennine if further evacuation is needed and to identify exposed

individuals is provided at personnel assembly stations.

An emergency response plan is established and maintainCd ifan evaluation indicates that a

criticality accident from 233U-bearing materials is creditable. The plan provides ~idance to aU

persoJUlel for responding to a criticality accident and may be activated on even a perception that a

criticality accident is either developing, is occumng, or has occurred. The emerge~cy response plan
,

includes the following: '

• functions of response personnel,

• • recommended protective actions, .
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• equipment needed for criticality accident response, and •

• identification of potential criticality accident locations and appropriate facility descriptions.

The plan also includes provisions for

•

•

•

•

•

•

•

providing an emergency coordinator and coordinating with emergency organizations expected

to provide emergency response assistance;

assembly and accountability of personnel;

activating emergency response;

responding to concurrent emergencies (e.g., fire, personnel injury, security incidents);

identifying exposed personnel, detennining their radiation dose, and providing appropriate

medical care;

evaluating both radiologiCal and other consequences of a criticality accident; and

detennining when emergency conditions no longer apply. '

4.1.6.2.3 Evacuation

Requirements in standard ANSIIANS-8.23-1997 (ANSIIANS 1997b) for evacuating personnel,

include the following:

• Personnel in the immediate evacuation zone. During an evacuation, all personnel within the

immediate evacuation zone evacuates immediatelyby planned routes to established assembly

stations.

• Monitoring in adjacent areas. Radiation levels are monitored in occupied areas adjacent to the

immediate evacuation zone after initiation of a criticality emergency response.

'. Monitoring at assembly stations. Radiation levels are monitored periodically at assembly

stations after initiation ofa criticality emergency response.

• Evacuation ofnonemergency response personnel. If the dose rates of personnel in the adjacent

areas and at the assembly stations exceed 100 mrem/h, then nonemergency response personnel

are evacuated from those areas.

• &its. Sufficient exits from the immediate evacuation zone are provided to enable immediate

evacuation of personnel. The latter takes precedence over contamination control or security

considerations.

• Identification ofassembly stations. Assembly stations are clearly labeled for identification.

• Evacuation route planning. Evacuation routes are planned to minimize risks from ~I potential

hazards, including chemical, industrial,. as well as radiation.

•

•
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4.1.6.2.4 Reentry, Rescue, and Stabilization

The facility emergency coordinator i~ responsible for authorizing and coordinating reentry,

rescue, and stabilization activities in response to a criticality emergency.

Reentry activities include:

• Provisions for continuous radiation monitoring and minimizing risks to pefS9l1Jlel.

• Only individuals trained in emergency response.

• Preliminary radiological surveys that indicate acceptable exposure levels.

• A planned method for disabling any system that still may be critical. The method is

implemented so as to minimize hazards to the reentry team.

Ifapersonnel rescue is necessaJY, the activities for this effort

4.1.6.2.5 Training, Exercises, and Evacuation Drills

FacilitieS that contain 233U_bearing materials develop and annually provide a training program

for responding to a criticality accident in ~rdance with the Criticality Training, Standard

ANSI!ANS-8.20-1991 (ANSI!ANS 1991). The criticality training program must;be annually

reviewed to ensure that appropriate changes or modifications are incorporated. This training

program ensures the following objectives:

. ;
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• Facility personnel who respond to a criticality accident alann are able to recognize the alann •

and know the facility layout, evacuation routes, location ofpersonnel assembly stations, and

personnel accountability and monitoring methods.

• Technical staffwho respond to a criticality accident know their specific duties and

responsibilities.

• Emergency response personnel who respond to a criticality accident know their specific duties

and responsibilities, which include procedures, facility layout, and characteristics of a

criticality accident.

• Reentry team personnel receive annual training on reentry procedures and facility hazards.

.• Visitors are briefed on their responsibilities in responding to a criticality alann or acc~dent.

To reinforce emergency training and test capabilities of the emergency organizations and

communication system, a criticality-accident-response exercise is conducted annually. Such

exercises may include evacuation drills and have the following features:

/

• include a realistic simulated criticality-accident scenario with defined objectives for testing and

reinforcing,

• be planned and controlled by individuals not directly participating in the exercise,

• include the participation ofemergency response personnel, and

• a postexercise be followed by critique involving observers, planners/controllers, and

representative participants.

PreannouncCd evacuation drills are conducted annually and include all personnel who work

routinely within the immediate evacuation zone. These drills do not include false alanns. Drill

response tests cover the same evacu~tion practices as used for a criticality accident.

4.1.7 References for Sect. 4.1

Listed below are the references cited in Sect. 4.1. This is followed by a list of additional

resources that provide more detailed information on radiation protection practices for workers

handling 233U-bearing materials.

4.1.7.1 References Cited

American National Standards Institute/American Nuclear'Society. 1981. American National
Standard Dosimetryfor Criticality Accidents, ANSIN 13.3-1969 (RI981), American Nuclear
Society, La Grange Park, Ill.

•

•
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American National Standards Institute/American Nuclear Society. 1991. Ameriqzn National
Standard Criticality Safety Training Accidents, ANSIIANS-8.20-1991, American Nuclear
Society, La Grange Park, ill.

. ,

American National Standards Institute/American Nuclear Society. 1996. AmeriCan National
Standard Administrative Practices for Nuclear Criticality Safety, ANSIIANS-8.19-1996,
American Nuclear Society, La Grange Park, 'ill. .

.
American National Standards histitute/American Nuclear Society. I997a. American National

Standard Criticality Accident Alarm System, ANSIIANS-8.3-1997; American Nuclear
.Society, La Grange Park, Ill.

American National Standards Institute/American Nuclear Society. 1997b. American National
StandQrdfor Nuclear Criticality Accident Emergency Planning and Response,
ANSIIANS-8.23-1997, American Nuclear Society, La Grange Park, Ill. .

Cember, H. 1983. Introduction to Health PhYSiCS, Pergamon Press, .Elmsford, New York.
,

Haws, C. C., et al. August 1965. Summary ofthe Colewort Project-A·Semiremote JO-KglDay
Demonstration of2JJUOr Th02 Fuel Element Fabrication by the ORNL SoI~Gel Vibratory~

Compaction Method, ORNL-368I, Oak Ridge National Laboratory, Oak Ridge, Tenn.
. ". . '.

Rich, B. L., et al. June 1988. Health Physics Manual ofGood Practices for Uranium Facilities,
EGG-2530, Idaho National Engineering Laboratory, Idaho Falls, Idaho. :

. Shleien, B., ed. 1992. The Health Physics and Radiological Health Handbook, rev., Scinta, Inc.,
SilverSpring,~d. ' \

Turner, J. E. 1986. Atoms, Radiation, and Radiation Protection, Pergamon Pres~, Elmsford, New
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U.S. Department of Energy. Dec. 14, 1993. Occupational Radiation Protection: Final Rule,
10 CFR Part 835, u.s. Federal Register, 58 (238).
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Table 4.1C1. Summary of wbole-body eIpOJUre of aU Kllorod penonnei-

Whole-body exposure (mrem)

3rd quarter 1963 4th quarter 1963 1st quarter 1964

Personnel Film badge . Film badge Film badge
identification Dc6 Pocket meter Dc6 Pocket meter

Dc6 Pocket meter

Total
Average Range of Maximum Total Average Range of Maximwn Total Average Range of Maximum
weekly daily values weekly weekly daily values weekly weekly daily values weekly

Denitrator operators
100c 3404A 15 ~25 35 26 ~15 30

Sol-gel operatorS
~IOO' 120'B 220 17 240 18 ~20 30 310 24 ~O 100

,A 100 15 ~25 35 (8 e denitrator labove) 270 21 ~90' 130'
C 10 0.8 ~20 35 120 9 ~20 20 160 12 ~30 55

-.
Rod fabrication

operators 150 12 ~20 40 250 19 ~10 30 350 27 ~30 55
0 230 18 ~ 60 290 22 ~15 45 270 21 ~30 75
E 310 24 ~25 55 200 15 ~20 35 220 17 ~30 60
F 170 13 ~30 50 120 9 ~IO 35 160 17 ~15 30
G

Supervisors
R 70 5 ~15 25 50 4 ~10 20 60 5 ~20 30
S 140' 11 ~20 35 20 7 ~5 5 60 5 ~15 25
T· ~O 40 80 6 ~15 75 .70 5 ~20 20

"Based on Haws et al. August 1965.
~ = dose to the critical organ; in this case, the whole body. [This parameter is used in reference to the cadmium (Cd) disc fitter placed in the film. badge. Any radiation penetrating

the Cd disc is measured as the dose the wearer received.]
cWorked fll'St balf of quarter in Cell 4 and last halfat denitrator.
'Worked 7 weeks at denitrator and 6 in Cell 4.
'This high value believed to be result of dropping ofmeters. Operator did no unusual task during this w~.
fAssigned to another project for the fll'St four weeks in the quarter.

~-·00 .

• • •
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Table 4. lb. Whole-body radiation eIJ)OSUre8 per opentioa for the Kilorod Program-
(Source: Dc values from film badgest (

1

Whole-body exposure (mremslweek)

Process Operation 3rd quarter 4th quarter 1st qua.tter
(1963) (1963) (1964)

Average

Denitration All operations 15 24c Shutdown 20
(7-week
operation)

Sol-gel Blending 22 9c 20 : 17
Operations at 29 12c 25 22- - -, -crucible table

Sol-gel total 5i 21 45 39

Rod fabrication Jaw crushing and , 3.2 5.1 . 7.3. 5.1
sampling

,

Ball milling 2.1 3.2 4.6 3.2

Blending (powder) 5.3 .. 8.4 12.0, 8.4
r

Compacting 16.0 20.0 19.0, 18.0
\

ScanniDg 4.8 3.0 3.4· 3.4
Transfeiring rod 0.5 0.4 0.5. 0.4

for scanning

Welding 6.5 4.5 6.0 5.5

Ultrasonic 2.2 1.6 2.1' 1.9
cleaning

Leak testing and 2.5 1.7 2.3 ; 2.1
weighing

t.
Turco cleaning; 4.4 5.4 6.5 5.4

smearing and
loading into
carrier

Supervising 19.0 12.0 14.0. 14.0

Rod fabrication 66.5 65.3 77.7 67.4
total

oaased on Haws et al. August 1965.
'Dc values are doses measured to the critical organ, in this case the whole body.
CProm sum of pocket-meter values.



Table 4. Ie. Estimated ndlatlon dose ntn to opentlng penonnel as a func:tlon of shielding and U2U content for fuel element manufacture (Kllorod ProJectt

(Glove box line producing 97 wt % Th02-3 wt % muo2 by sol-gel and vibratory compacti~ mu purified by solvent extraction)

Shielding as
Average post- Average post- Weekly radiation dose rate to operators

Type ofoperation
Scale

equivalent oflead
purification time purification time (mrem) mucontent

(kg oxide/d) in sol-gel process in rod fabrication (ppm in 23'U)
of shadow shield

average (d) (d) Hands Body

Kilorod facility to 2 IS 19 100 20 40

Batch facility to 2 IS 19 500 100 200
to 2 7.5 12 500 100 500
to 0 7.5 12 SO 100 SO

Semicontinuous facility 100 2 4.5 6 500 100 600
100 0 4.5 6 SO 100 SO

OSased on Haws et al. August 1965.

~

~o
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4.2 SHIELDING MATERIALS AND TECHNIQUES

This section discusses the shielding requirements for 233U-bearing materials.; Separate

discussions are provided on the proper materials and techniques needed to shield workers handling

233U materials.

Like all radiation sources, 233U-beiuing materials need to be managed such as to keep the

occupational radiation exposure associated with theit storage, processing, and handling ALARA.

The ALARA concept was developed by the NCRP as a measure to ensure the cQntinuation of

effective radiation-protection progranis and practices that have kept exposures for monitored

workers well below established limits. ALARA is also an essential requirement of radiation

protection programs at all DOE sites.

Radioactive-shielding requirements for 233U-bearing matenals are strongly d~pendent on the

concentration ofthe associated contaminant radionuclide 232U and its daughter p!oduets. As

previously discussed, 233U materials also contain 232U, whose decay produCts inciude·alpha emitters

and strong gamma emitters. The quantities of 232U present with 233U detennine tHe radiation­

shielding requirements for 233U-bearingmaterials. The 232U decay chain daughter product 208n
emits a 2.6-MeV gamma ray, which often requires massive shielding to protect ~orkers­

especially if the 232U concentration is sigruficant. Uranium-233 materials may contain
. .

concentrations ofthe 232U impurity in concentrations sufficient such as to require special handling

facilities (hot cells with gant;ma shielding) because of high radiation levels (see Sect. 4; 1).

Because of the high radiation levels associated with the contaminant isotope; 232U, radiation

shielding of most 233U_bearUig material is generally handled by the design of the ~ustodial facility.
,

However, if the amount of material is sufficiently low, the packaging itselfmay provide sufficient

shielding to satisfy requirements for ALARA conditions.

4.2.1 Radiation (rom 1J3U-Bearing Materials

Often 233U materials must be handled in shielded enclosures because of the hazard from their

high external radiation. The exposure ofworkers to external radiation fields fro~ 233U materials

depends .upon several factors:

• surface area of the material source,

•
• distance from the source, .

; .



• self-shielding as a result ofmaterial density and geometry, and

• presence ofexternal shielding.

Major nuclear characteristics. of 232U and 233U, atong with the isotopes of their decay chains, are

discussed in Appendix B.

4.2.2 Radiological Characteristics

The combined nuclear characteristics of 233U and 232U account for some unique characteristics

for systems containing 2J3U-bearing materials. If 233U is chemically purified to remove selected

products from the decay chain of 232U, the 2J3U, with significant concentrations of23~, can be

.,. processed and converted into desired foons in gloveboxes and other enclosures without significant

radiation exposure to workers. It takes time (days to weeks) for the gamma~mitting products of

the 232U decay chain to build up to high enough concentrations such that they require thick

radiation shielding to protect workers. If significant (5 ppm or more) 232U contamination remains in

the system, radiation levels will build up with time and can dominate the radiation field of the

processing activity. An example of the buildup and decay of 233U with a high concentration

(100 ppm) of 232U impurities is provided in Fig. 4.20 (Forsberg and Krichinsky January 1998).

This case shows both alpha activity and gamma exposure rate at I ft as a function of time

calculated for 1 kg of 233U (with 100 ppm of 232U). The 2J3U-bearing material i~ assumed to be a

loose-pour powder of a density of 1.5 g/cm3that is contained in a 3-in.-diam by 6-in.-high can

with 20-mil-thick steel walls. Four sets ofpeaks are illustrated in Fig. 4.20. One set is from the

alpha buildup and subsequent decrease of the decay products of 2J2U. A second set shows the alpha

buildup·and subsequent decrease of the decay products of 2J3U. A graph summarizing the alpha

a~vity from both of the 232U and 233U curves is also shown. Finally, a fourth graph shows the

variation ofgamma-ray exposure rate with time since the uranium was purified. The latter curve

indicates peaks in gamma exposure at 10 years and at 32,000 years following purification, and

between these peaks a minirn~ dosage occurs at about 500 years following purification (Forsberg

et aI. Sept. 30, 1998).

4.2.3 Shielding Materials

While self-shielding and stainless steel containers provide a small reduction in the external

radiation field of 2J3U materials, the primary shielding materials used to protect workers and the

public are lead and concrete. The basic physical and chemical characteristics of these shielding

•

•

•
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materials is provided in Table 4.20 (La Lande, Jr. and Janes 1961; Linde 1998; ~and Stewart 1988).

As indicated previously, the amount of shielding material needs depends primarily on the amount of

2l2U present in the 233U inventory. Figure 4.2b shows the thickness of lead shielding that is needed

to reduce worker dose from I kg of 35-d aged 233U to 2 mremlh at a distance of i m (Arnold 1962).

Further. discussion on exposure impacts from 233U-bearing materials is given in $ect. 4.1.

A shielding parameter that is a useful indicator of external radiation exposui;e is the mean

gamma-ray attenuation coefficient (~). The reciprocal of the mean gamma-ray attenuation

coefficient is the thickness of lead that would be required to reduce the eXternal dose rate at a

distance of 1m from a point source in.air to 5% of its unshielded value.

Table 4.2b lists the mean gamma-ray attenuation Coefficients in'lead and cOncrete for the
. '. I

radionuclides ofthe 233U and 232U decay chains (ANSI/ANS 1997 and Unger and Trubey May

1982). While these coefficients do not account for any shielding provided by the source itself, they
;

are, nevertheless, useful indicators ofwhether external exposure would be an imPortant concern for

materials Containing these isotopes. For example, external exposure is a much~r concern for

232U and its short-lived decay products than for 233U, primarily because the major decay produ~
t

of the 232U decayc~ (namely, 212Bi and~) emit high intensitieS ofhjgh-eneigy photons
i

(gamma rays), but 233U emits only low intensities of low-energy photons (see Ta~les 8.2 and B.4

of Appendix B). This conclusion is supported in part by the much lower mean gamma-ray

attenuation coeffiCients for lead and concrete for the important 212Bi and lOST) deCay products of
!

232U compared with the values listed for 233U and its d~y products. The higher ~uation

coefficients for 233U and its decay products indicate that self-shielding by a finite ~source would

reduce the external dose by large factors.
"

Diluting 233U with DU may help reduce shield-thickness requirements for 233U materials.
. " .

However, while the added uranium mass provides an additional degree of self-shi~lding, it can pose

a substantially larger mass (and volume) to be shielded, which can effectively increase the overall

shielding mass (Bereolos et al. April 1998).

'Another useful shielding parameter is the mass attenuation coefficient, which: is the ratio ofthe
• '''J

attenuation coefficient (~) to the density (p) ofthe shielding material. Table 4.2c ~ANSI/ANS 1997

and White May 13, 1952) gives the mass attenuation coefficients for photons of various energies in
, .

five different types of shielding materials, including uranium. For each rnaterialliSted, the
.' , I

coefficients reported take into account the total affects ofshielding attenuation frC?m Compton
, ' " ,, I

scattering and absorption, photoelectric absorption, and pair production (Evans I~72). For the
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2.6-MeV ganuna radiation emitted by the 232U decay daughter, 208Tl, Table 4.2c shows a minimum •

value of the total mass attenuation coefficient for lead shielding.

4.2.4 References for Sect. 4.2

A list of cited references documenting the shielding requirements for 233U-bearing materials is

provided below. This is followed by a list of sources providing additional information.

4.2.4.1 References Cited

American National Standards Institute/American Nuclear Society. 1997. American National
Standardfor Nuclear Analysis and Design ofConcrete Radiation Shieldingfor Nuclear

. Power Plants, ANSIJANS-6.4-1997, La Grange Park, Ill.

Arnold, E. D. 1962.' "Radiation Hazards of Recycled 233U-Tborium Fuels," pp. 253-84 in
Proceedings ofthe Thorium Fuel Cycle Symposium, Gatlinburg, Tennessee,
December 5-7,1962, TID-7650, U.S. Atomic Energy Commission, Division ofTechnical
Information, Oak Ridge, Tenn.

Bereolos, P. J., et aI. April 1998. Strategyfor the Future Use and Disposition ofUranium-233:
Technical Information, ORNUfM-13552, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Evans; RD. 1972. The AtomicNucleus, McGraw Hill Co., Inc., New York, pp. 712-18.

Forsberg, C. W., and A. M. Krichinsky. January 1998. Strategy for the Future Use and
Disposition of1JJU: Overview, ORNUfM-13550, Oak Ridge National Laboratory, Oak
Ridge, Tenn.

Forsberg, C. W., et aI. Sept. 30, 1998. Disposition Optionsfor Uranium-233,
ORNUfM-13553, Oak Ridge National Laboratory, Oak Ridge, Tenn.

La Lande, W. S., Jr., and M. F. Janes, eds. 1961. Concrete Engineering Handbook, 1st ed., New
York.

Linde, D. R., ed. 1998. CRC Handbook ofChemistry and Physics, 79th ed., 1998-1999, CRC
Press, Ann Arbor, Mich.

Stewart, D. C. 1988. Handling Radioactivity-A Practical Approach for Scientists and
Engineers, Robert E. Krieger Publishing Co., Malabar, Fla.

Unger, L. M., and D. K. Trubey. May 1982. Specific Gamma-Ray Dose Constants for Nuclides
Important to Dosimetry and Radiological Assessment, ORNURSIC-45, Rev. I, Oak Ridge
National Laboratory, Oak Ridge~ Terin.

•

White, G. R. May 13, 1952. X-Ray Attenuation Coefficients from 10 IreV to 100 Me v: NBS-I 003,
National Bureau of Standards, Washington, D.C. •
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4.2.4.2 Supplemental Resources
,

Blizard, E. P., and L. S. Abbott, eds. 1962. Reactor Handbook, Volume m. Part B ("Shieldingj,
Interscience Publishers, New York. '



ORNL DWG 98-3897
12 " i 80000

10000

600no

~
>
~

40000 a
:s
III .l:'­
0: I
III N.c 0-

. 30000 .s­
c(

-. 50000 U-

.. 20000

.. 70000

Alpha Activity

/" .
I \/ ,

/..... \
\

I \

I \
-I \

;/ '"

,. \
,',

\

, .........., ~,

"",/ • a.. "-
~ ..

gf' ~...... •
..... #' ~•••

~ ,
.r- '-

• _B- J!'"' "

~ Gamma Activity

• Gamma Exposure Rate at 1 ft (R/h)

°U-232 chain alpha radioactivity

U-233 chain alpha radioactivity

-.-

-0-

-.-Total alpha radioactivity
-'"

2

0"- . - ----::::= I I I "'Q II B B II B B II B B ~o
1.E-02 1.E-01 1.E+00 1.E+01 1.E+02 1.E+03 1.E+04 1.E+05 1.E+06

Time fy)

10

~

1;

~
0:
! 6
:s
~a.
an
III
EE 4 .

~

-J:

ge
=

Fig.4.2a. Alpha activity and gamma exposure rate at 1 ft as a function of time calculated for 1 kg 133U (with 100 ppm 133U) as a
loose-pour powder (1.5 g/cm2) contained in a 3-in. diam by 6-in. tall can with 20-mil-thick steel walls. Courtesy ofForsberg and

.,skYJanuary /998. • •



• •
ORNL DWG 98-3898

•
18

·16

14

12-~
I:l-o....
~ 10
S
u-till

.51 8"0

~.s=
II)

6

4

2

0

0 SO 100 ISO 200 250 300
m Uconcentration (ppm)

350 400 450 500

.p­
I

N
'-J

Fig. 4.2b. Lead shielding required for I kg of IJJU with various concentrations of 1J1U. (Thickness needed to reduce worker dose
from 1 kg of 35-d aged mU to 2 mRlh at a distance of I m.) Adapted/rom Arnold 1962.



4-28

Table 4.211. Major physical and chemical characteristics of concrete and lead-

Characteristic (units) Concrete Lead

Atomic mass (g) Varies 207.2

Chemical fonnula Variesb Pb

Linear expansion coefficient (10-6 °C- I) 4-7 29.3

Specific heat (caYg 0C) 0.156 0.031

Specific gravitf 2.1-6.0 11.35

Tensile strength (kglm2) 77,300-443,000 12,700-16,100

Thermal conductivity (caYs' cm°C) 0.002 0.083

"Sources: La Londe, Jr., and Janes 1961; Linde 1998; and Stewart 1988.
h:Examples for shielding include serpentine (MgO-SiOz), limonite (2F~Ol'3H20),

Barytes (BaSOJ, Ilmenite (FeO-TiOJ, Magnetite (FelOJ, and Hematite (F~OJ.

"At 20°C. A typical average is 2.35.

•

•

•
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Table 4.2b. Mean gamma-ray attenuation coefficients in :

concrete and lead for radionucUdes of the
.mU and mU decay chains

,

Decay chain. Radionuclide
Attenuation coefficient (U, cm-1)i..

Concrete" Lead·"

mu mu ·.180 705.0 ,

22!loJ'h . 2.1. 103.7
~ 28 304.4 .
:WAc 12 472.6
221Fr . 3.5 11.522
217At 0.23 1.378
2liai· 0.47 2.094 J

213po 0.56 .1.002
-n 0.11 0.705
209pb d d ;

~i e e

232lJ 232lJ. 212 716.7
mrh 131 . 731.9
~ 2.6 8.124

,

220Rn 0.20. ·1.534 ;

216pO . 0.16 0.965
21% 0.34 11.112

"21%Bi ..0.39 1.042
212po d .. .d
2leJ1 0.08 : 0.555
20lIpb e ·e

"Based on a'plot ofdata for the mass attenuation coefficients of
gamma .radiation with cOherent scatteriDg for ordInary conc~, which
are reported in Table B.l (Appendix B) of ANSIIANS-6.4-1997 .:
(ANSIIANS 1997). Also based on an assumed density ofl.35 g/cm3 for
ordinaly concrete. . ,

"Based on Unger and Trubey May 1982.
"fhis is the mean gamma-ray attenuation coefficient. For lead, the

reciprocal of this Value gives the thickness (cm) required to reduce th~

external gamma dose-equivalent ·rate at a distance of 1 m from a point
source in air to 5% of its unshielded value.

~ot a gamma emitter.
·Stable.
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Table 4.1c. Total mu. atteauatioa ooefI"'lCieat (cml/g) for photoas of •various energies in selected materials

Photon Material-
energy

Ait Lead" Uranium" wa,tetl(MeV) Concrete'

0.01 4.SSE+OO 2.66E+{)1 8.46E+{)1 1.18E+{)2 4.72E+OO
0.015 1.45E+OO 8.30E+OO 8.33E+{)1 4.02E+{)1 1.50E+OO
0.02 7. 12E-Ol 3.65E+OO 7. 18E+{)1 S.76E+{)1 7.36E-Ol
0.03 3.35E-Ol 1.22E+OO 2.35E+{)1 3. 19E+{)1 3.55E-Ol
0.04 2.39E-Ol . 6.12E-Ol 1.05E+{)1 .1.43E+{)1 2.58E-Ol
0.05 2.03E-Ol 3.94E":01 S.73E+OO 7.79E+OO 2.21E-Ol
0.06 1.8SE-Ol 2.96E-Ol 3.55E+OO 4.73E+OO 2.03E-Ol
0.08 1.66E-Ol 2.13E-Ol 1.66E+OO 2.22E+OO 1.83E-Ol
0.10 l.SSE-OI 1.78E-Ol S.46E+OO 1.26E+OO l.71E-OI
O.IS 1.36E-Ol 1.43E-Ol 1.92E+OO 2.49E+OO 1.S1E-Ol
0.20 1.23E-Ol 1.27E-Ol 9.42E-Ol 1.20E+OO 1.37E-Ol
0.30 1.07E-Ol 1.08E-Ol 3.78E-Ol 4.76E-Ol 1.19E-Ol
0.40 9.53E-02 9.63E-02 2.20E-Ol 2.73E-Ol 1.06E-Ol
0.50 8.69E-02 8.77E-02 1.52E-Ol 1.85E-Ol 9.67E-02
0.60 8.04E-02 8.10E-02 1.19E-Ol 1.42E-Ol 8.94E-02
0.80 ·7.06E-02 7.10E-02 8.66E-02 9.87E-02 7.86E-02
1.00 6.3SE-02 6.38E-02 7.03E-02 7.79E-02 7.06E-02
1.50 5.16E-02 5.20E-02 5.23E-02 5.62E-02 5.76E-02
2.00 4.43E-02 4.48E-02 4.56E-02 4.83E-02 4.93E-02
3.00 3.S7E-02 3.6SE-02 4. 13E-02 4.35E-02 3.96E-02 •4.00 3.07E-02 3.19E-02 4.16E-02 4.38E-02 3.39E-02
S.OO 2.7SE-02 2.90E-02 4.30E-02 4.55E-02 3.02E-02
6.00 2.52E-02 2.70E-02 4.4SE-02 4.71E-02 2.77E-02
8.00 2.22E-02 2.4SE-02 4.71E-02 S.OlE-02 2.42E-02

10.00 2.04E-02 2.31E-02 ·5.03E-02 5.31E-02 2.21E-02
15.00 1.80E-02 2.1SE-02 S.67E-02 6.00E-02 1.94E-02
20.00 1.69E-02 2.11E-02 6.2SE..,02 6.6OE-02 1.80E-02
30.00 1.63E-02 2.11E-02 7.09E-02 7.54E-02 1.70E-02
40.00 1.6OE-02 2.13E-02 7.73E-02 8.20E-02 1.67E-02
50.00 1.61E-02 2.17E-02 8.17E-02 8.65E-02 1.67E-02
60.00 1.62E-02 2.22E-02 8.5SE-02 9.06E-02 1.68E-02
80.00 1.66E-02 2.30E-02 9.07E-02 9.61E-02 1.70E-02

100.00 1.69E-02 2.37E-02 9.45E-02 l.OOE-OI 1.73E-02

-For purposes ofestimating the corresponding linear attenuation coefficient
[t.t(cm- I

)] of these materials, the following densities should be used:
• air: 1.21 X 10-3 g/cm3 (at 20°C) .
• concrete: 2.35 glcm3

• lead: 11.3S g/cm3

• uranium: 18.95 g/cm3

• water: 1.00 g/cm]
b&sed on 20°C as reported in White May 13, 1952.
13ased on information reported for coherent scattering in ANSIJANS-6.4-

1997 (ANSIJANS 1997) except for data associated wi~ photon energies
exceeding 30 MeV, which are based on White May 13, 1952.

"Based on information reported in White May 13, 1952. •
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4.3 RADON CONTROL

This section discusses measures taken in the control of radon eniissions froni 233U-bearing
!

materials. Specific attention is givento the process for absorbing and removing f1Ut from 232U

decay. An overall basic radon control system is discu-ssed, and this discussion is followed by a

description of the features of the equipment used.

4.3.1 Discussion

Off-gases from 233U operations are passed through systems designed toe~ both the inert

radon gas and particulates contaminated with other radioisotopes before their disCharge to the

environment. HEPA filters can be used for capturing suspended particles; howe~er, these win have,

DO effect on radon or other inert gases passing through such a system. Methods considered to be

viable for 22l1W reduction and for other inert radioactive gases include decay during retention and

adsorption onto activated charcoal or other suitable material. Discussion of filtration for

particulates 'and noxious gases is discussed in Sect. 4.4.

Ackley (April 1975) reviewed radon filtration concepts and identified a mathematical treatment
,

ofadsorber design using activated charcoal. Ackley derived an application ofgas:-chromatography

mechaniCs from publications by others which described the holdup and decay of radioactive noble
, . '

gases onto activated charcoal. The result 'of this approach was an equation set designed to anow

, the prediction of radon removal in an air stream using a combination of known ~d estimated

parameters.

Factors that affect radon adsorption from aflowing stream ofgas onto charCC?a1 include (a) the

properties of the charcoal used such ,as gran~larity, material type, and porosity; (b) the

concentration ofwater 'or other competing m~lecules in the gas; (c) the rate of movement ofthe'gas

through the charcoal; and (d) the half-life ofthe radon isotope being evaluated. The number of '

radon~ffinitive adsorber sites in activated charcoal is expected to be extremely I~rge, with

published values on the order of6 )( 1021 cm-3(Blue, Iarzemba, and Fentiman 19?5). The

collective term adsorber sites is used to describe the overall adsorptive capacity of charcoal and is

empirically related to the number ofatoms, or molecules, that can be retained within a fixed

volume of charcoal. Given such a' large number ofavailable sites and the high spe\cific activity of

22l1W, the effect of input concentration on adsorption capability should be small over a very broad

range ofconcentration,
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. More recently, Coleman (March 1999) performed experiments to evaluate the effectiveness of •

activated charcoal for the removalof~ in process off-gas from the MSRE at ORNL during

remediation tasks. A series of bench-scale tests were performed at linear flow rates of20, 35, 47,

and 65 ftlmin with an input concentrationof~ on the orderof 104 pCiIL in air. In addition,

two tests were perfonned at theMSRE facility by flowing helium through an auxiliary charcoal

bed, in which a deposit of 233U and 232U was located. The MSRE tests were performed specifically

so that the filtration effectiveness could be evaluated with a relatively high concentrationof~.

In fact, the input concentration during these facility measurements was about 1010 pCiIL. The

charcoal used for the tests was coconut-based Calgon Carbon polychlorinated biphenyl

(PCBHi x 16 with a 6 x 16 mesh sizing and a density of 0.41 g1cm3
•

A summaJY of tenth-value layers (TVLs) detennined during the study is listed in Table 4.30

and shown graphically in Fig. 4.30 as a function of flow velocity. As given, the TVL is the

thickness of charcoal that reduced the concentration of22ORn by a factor of 100. Note that the

adsorptive effectiveness ofthe charcoal was not affected by the concentrationof~ used, and

the two measurements collected at 35 ftlmin indicated an unexpected reduction in filtration

effectiveness at that velocity. The reason for this finding was not discussed, but it could

presumably have been caused by a flow condition specific to the sample geometry used during the •

experiments. To calculate the concentration reduction factor for a filter design using these data,

the following equation can be used:

R=R (_1l~
o . 10 '

. where~ is the concentration of 220Rn input to the charcoal bed, T is the TVL at the velocity of

.interest, x is the thickness of charcoal in the direction of flow, and R is the concentration at the

output.

As a comparison, the method presented by Ackley (April 1975) was used to estimate 22l1ut

TVL values for some of the flow rates measured by Coleman (March 1999). The results indicated

that the calculated values did not match very well with those that were measured. For example, the

TVLs that would be predicted using Ackley's model at flow velocities of20, 35, and 65 ftlmin

would be about 3,5, and 9 in., respectively, indicating a relatively constant increase ofTVL with

velocity. Conversely, the experimentally measured values at these same flow rates were about 4,6,

and 4 in. and did not follow a linear pattern. It should be mentioned that the chromatographic data •
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referenced in Ackley (April 1975) could easily be altered by the selection ofdifferent data sets and,
. ,

as such, could alter the comparison ofcalculated to measured data.

4.3.2 Filter Design

Coleman (March 1999) discussed a charcoal filter design that had been proposed to capture

~ during remediati~n operations at the MSRE. Although this design is specific to applications

at the facility, the same logic could be used when evaluating a filter for other pUfPOses. As an

example case, tJte proposed design and associated evaluation are inciuded herein: as. a general guide

of some of the parameters that should be considered.

A design schematic for the proposed housing is shown in Fig. 4:3b for reference. The design is

that ofa charcoal column in the shape ofa right-circular cylinder having a diam~r of 17 in. and a

length of3 ft. For this design, a flow rate through the' filter of 1 ftl/min would ~ expected to

produce an average linear velocity of 0.63 ftlmin. An important consideration for any filter design

is the spatial uniformity of flow velocity across the face ofthe unit. For a granular bed, such as

one made ofcharcoal pellets, the flow will typically be nondiffuse at the entrance. In most cases,

the flow will become-uniform across the bed by ~tural diffusion, but it could also be necessarY to

add flow barriers which prevent tunneling, or short-circuiting, from occurring.

4.3.2.1 Filtration Effectiveness

Off-gas and suspended residuals would presumably be delivered through a particulate filtration

system and then be passed through-a charcoal filter for removal of22ORn. To eval,uate the example

filter bed, the measured 1VL values were used to estimate the expected decontanimation factor as

a function of input flow velocity. The results ofthese intermediate calculations are listed in

Table 4.30. Review of the results-indicate a relatively constant 1VL ofabout 4~. at flow rates

ranging from 20 to 65 ftlmin, with a single exception occurring at a flow rate ofoJ5 ftlmin. For

reasons unJalown, the 1VL at this velocity was about 50% larger than at the othet measured rates.

This could have been because ofany number of reasons, but the 'most probable one was that some
. I

type offlow-patteni transition was occurring at this velocity inside the 4:8-cm-di.pn,.charcoal-filled

tube. Since this effect could not be explained. a 1VL vaiue of6 in.. would appar~tly be a
, ..

conservative point when analyzing the effectiveness ofa proposed filter. Using tills value and

calculating a reduction factor for 3 ftofcharcoal give a result of 1 x 10-6
.
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4.3.2.2 Filter Capacity •

Coleman (March 1999) also evaluated the expected capacity, or lifetime, ofa charcoal filter by

considering its adsorptive capacity, which was asserted to be a direct function of the adsorber site

density of the material. In addition, the effect of humidity on capacity and perfonnance was also

briefly discussed.

Based on data presented by Watson et al. (1988) and Gray and Windham (1987), Blue,

Jarzemba, and Fentiman (1995) detennined that a reasonable estimate for the number of adsorption

sites in activated charcoal would be about 6 x 1021 cm-3
• This value was based on measurements

of n2Rn adsorption using U.S. Environmental Protection Agency (EPA) measurement canisters.

Unfortunately, the specific type of charcoal used when detennining this factor was not given.

. However, coconut-based forms are common for this application.

Considering the 55-s half-lifeof~ there will be 2.9 x 1012 atoms per Ci of the isotope.

According to Blue, Jarzernba, and Fentiman (1995), the adsorptive ability ofa charcoal volume

will decrease with the number of available sites, but no appreciable effect will be expected until the

number of sites expended comes within two orders of magnitude of the total number originally

available. The overall effectiveness of the proposed filter~ be approximated by assuming that

all~ entering the system will be adsorbed within the first inch ofcharcoal. This is a somewhat •

conservative assumption, since all radon entering the bed will certainly not be adsorbed within the

first inch.

Applying this concept to the filter design described in Sect. 4.3.2.1, a l-in.-thick layer of

charcoal within the cylinder would equate to a total number of available adsorber sites before

operation of about I x 1025
. Assume now that the adsorptive ability for the entire filter bed would

. begin at about the time that the number of adsorption sites in the first I-in. layer were depleted by

d%, or down to 9.9 X 1024 sites. For this to occur, a total ofabout 1 x 1023 sites would need to be

exhausted. Since there would be one radon atom for each site, this would equate to a total

adsorbed activity of about 3 x 1010 Ci. Rounding down gives a total estimated capacity, before the

onset ofdegradation, of about 1010 Ci. Note that this is the amount of adsorbed activity that would

begin to degrade the overall effectiveness of the proposed filter. The overall filtration effectiveness

would be expected to decrease past this point, but the effectiveness would still be expected to

remain relatively high for quite some time.

•
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4.3.2.3 Effects of Humidity
'.

The previous analysis of capacity did not account for adsorption sites beingidepleted by means
,

other than radon. According to Coleman (March 1999), a primary concern for 4charcoal bed

when filtering air is the competition for sites by water molecules. Humid conditions should be
;,

avoided since operation in dry atmospheres would alleviate concerns for the eff~ ofwater on the

charcoal bed. Since such avoidance is not always possible, proper consideration needs to be given

to water effects when predicting filter performance. It should be noted that most of the
)

measurements previously discussed were collected at a room temperature ofabout 70°F and a

relative humidity range of 30 to 60%.

At Standard temperature 'and pressure, there would~ about 4 IJg ofwater f~r every cm3ofair

when the relative humidity is 50% which equates to about 1017 molecules ofwater per em3. Unlike'

~ which will exhaust sites following decay because its daughter products are not mobile, water

, will be continually adsorbed and desorbed until a steady-state condition is reached. According to

Blue, Jarzemba, and Fentimatl (1995),50% relative humidity in air at standard ~nditions will

result in about 5 x lOW sites per em3ofcharcoal being occupied by water molecules after steady

state bas been reached. Considering that there are about 6 x 1<>21 cm-3total sitesiavailable, this

equates to about 10% potentially being depleted by the water at 50% relative hwpidity.
)

Operation with moist air at higher temperatures, where the absolute humiditY, could be higher,
. ;

could potentially degrade adsorptive ability significantly. Note, however, that even under

conditions ofsaturation humidity, radon will still compete for sites and that the filtration ability for

radon will not be 'reduced to zero by the presence ofwater. As an example of this effect. Pojer et aI.

(1990) demonstrated by laboratory measurements that the ~rp~ve ability of~coal for 222Rn

was reduced by about a factor of3 when the relative humidity Was increased fro~ 15 up to 90% at

a room temperature of 35 0 C. As a point ofcomparisOn, it was also demonstratee;l during the study

,that a change in relative humidity from 20 up to 50% decreased the effective performance by less

than 20% at a room temperature ofabout 20 De.

4.3.3 References for Sect. 4.3

A list of cited references documenting radon control requirements for 233U_~gmaterials is

pr~vided below. This is followed by a list of sources providing additional information.
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ORNL DWG 98-8103

Fig. 4.3a. Plot of measured TVL values vs flow velocity. From
Coleman March 1999.
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Table 4.341. Summary of measured tenth-value
layen (1VL) for~ PuSing

through activated charcoal-

"Based on Coleman March 1999.
bData collected with either a low (bench~e)

220Rn concentration or a high 220Rn concentration.
~cted reduction factor for the proposed filter

design (i.e.• a 3-ft-long column of Calgon Carbon
PCB-6 x 16 activated eoconut-based charcoal).

. #rwo separate measurements were collected at a
velocity of 35 ftlmin to confirm the larger 1VL value.

•

•

Relative input
concentration'

Low
Low
Low
High
Low
Low

Flow
velocity
(ftlmin)

20 /
35"
35"
40
47
65

1VL
(in.)

4.0
5.6.
6.0
3.8
3.6
4.2

Reduction
factor

1.0E-09
3.7E~07

LOE-06
3.4E-:-I0
tOE-I0
2.7E-09
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4.4 OFF-GAS FILTRATION

This section discusses the off-gas filtration system needed in the processing of 233U-bearing

materials. The basic principles and requirements for an off-gas filtration system are discussed, and

this is followed by a description ofthe equipment used.

The concentration of 232U in low-quality 233U impacts the requirements of off-gas systems for

processing 233U-bearing materials. In its decay chain (Fig. 2. Ie, Sect. 2.1), 232U decays through

several isotopes to the noble (and inert) gas 22ORn, which eventually decays to 2OllTI, a radionuclide

that emits a 2.6-MeV ganuna ray. As an inert gas,~ can pass through commonly used HEPA

filters and then decay to 2OllTI. To prevent this from happening in a process system, the off-gas

: system must contain charcoal beds, delay lines, filters, or other special equipment to hold the radon

, in the system until it decays and attaches to a solid material that can be removed from the off-gas

with a HEPA filter (Forsberg et al. Sept. 30, 1998).

4.4.1 Off-Gas Filtration System Features for Radon Removal

An off-gas treatment system is designed to remove radioactive particles from the gas stream(s)

[or off-gas(es)] generated by a production process. This discussion addresses off-gas treatment

systems in those processes involving 233U-bearing materials. Off-gas equipment will clean a

process gas before releasing it to a common ventilation system. Off-gases are quenched, filtered,

scrubbed, and vented through HEPA filtration. Typical contaminants removed by off-gas systems

include 22ORn, water vapor, NO",'SO", and particulates. The particulates are sometimes returned to

the process. The specific controlof~ is discussed in Sect. 4.3.

A typical off-gas system consists of filters to collect radioactive particles and auxiliary

.equipment to condition the off-gas in order that it will not be hannful to the filters. Figure 4.40

shows such a system consisting ofan entrainment separator, deep-bed filters, a steam heater,

pocket filters, blower, and a stack (Hylton Dec. 11, 1952).

A chamber packed with a separator and having a I-~ (930 cm3
) cross section serves to collect

liquid entrained in the off-gas. The deep-bed filters serve to collect solid particles. These are

packed with glass fiber and are located downstream from the separator. Beyond the deep-bed

filters is a steam heating chamber to prevent any off-gas condensate from collecting on a multistage

set of pocket filters. The latter filters have layers ofdifferent size filter media in series to remove

any particles that escape the deep-:-bed filters. The end of the system has a blower that discharges

the remaining off-gas via a stack to the atmosphere.

•

•

•
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In practice, an off-gas system is a component ofa facility ventilation system~ An example of

such a system is provided in Fig. 4.4b, which shows the ORNL Building 3019 mterconnections
;

between the process off-gasand the cell ventilation system ofthe pilot plant (Horton et aI.
i

March 1972).

4.4.2 OfT-Gas Filtration Syste~ Features for Nuclear Fuel Reprocessing

The reprocessing of 233U-bearing fuels also involves the treatment ofother off-gases besides

22l1m. Off-gas systems for 233U fuel reprocessing are discussed in detail in other sources

(ABmann et aI. 1982 and Benedict 1981). Such systems deal with the treatment toffission product

off-gases. When 233U fuels are dissolved in acid, gaSeous fission prOducts are liberated into the

off-gases. In addition, aerosols. in the form ofdroplets are formed. Significant constituents of the

off-gases may include nitrous oxides and aerosols along with the radioactive is:otopes of iodine,

ruthenium. krypton, cesium. strontium. xenon, radon, and tritium. Such gaseous 'contaminants are

liberated into the off-gas partly during the cutting open (shearing) ofthe fuel elements and partly

during the phase in which those elements are dissolved in acid (ABmann et aI. 1982).. ,

• 4.4.3 References for Section 4.4 '.

A list ofcited references documenting the requirements for off-gas filtration of 233U_bearing

materials is provided below. This is followed by a list ofsources providing additi~na1 information.

4.4.3.1 References Cited

Afimann, H., et aI. 1982. "Reprocessing of Spent 232'Jb-233U Fuels," pp. 276-351 in Gmelin
Handbook o[lnorganic Chemistry, 8th ed., Supplement Vol. A4, "Uranium, 'System 55,"
Sect. 2.4, Springer-Verlag, New York.

Benedict, M., T. H. Pigford, and H. W. Levi. 1981. Nuc/ear Chemica/Eng;neenng, 2d ed.,
McGraw-HiIl, New York.

Forsberg, C. W., et aI. Sept. 30, 1998. Disposition Options/or Uranium-233,
ORNLffM-13553, Oak Ridge NatioDal Laboratory, Oak Ridge, TenD.'

•
Horton, R. W., et aI. March 1972. Safety Analysis: LWBR Support Program in 'Building 3019

Pilot Plant, ORNLffM-3567, Oak Ridge National Laboratory, Oak Ridge, ~enn.

Hylton, C. D. Dec. 11, 1952. Separation o[2JJU in the ORNL Pilot Plant, ORNL-1425, Oak
Ridge National Laboratory, Oak Ridge, Tenn.
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4.4.3.2 Supplemental Resources

Harbnan, H. F., et aI. Sept. 14, 1984. Final Safety Analysis Reportfor the Consolidated Edison
Uranium Solidification Program (CEUSP) Facility, ORNUENGIINF-83/2, Oak Ridge
National Laboratory, Oak Ridge, Tenn.

Rich, B. L., et aI. June 1988. Health Physics Manual ofGood Practices for Uranium Facilities,
.EGG-2530, Idaho National Engineering Laboratory, Idaho Falls, Idaho. (fable 5.1 ofthis'
reference provides a summary offilter characteristics.) .

•

•
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4.5 GENERAL CONTAINMENT PRINCIPLES AND REQUIREMENT;S

As indicated in tJW tables of Sect. 2, the specific activity (radioactivity per uPit mass) of 233U is

about 4500 times greater than 23SU and approximately 15% ofthat for 239pu. This difference would

suggest that the confinement requirements for 233U wou~d lie between those for these two fissile
. ;

materials and perhaps closer to 23% than 23SU. In addition, the shielding requirep1ents for 233U_

bearing materials are complicated by the presence (and degree ofconcentration) ~fthe associated

23ZU radionuclide. As indicated in Sect,. 2, the presence of 232U and its decay products contribute

additional radioactivity. In fact. most oftbe penetrating beta-gamma radioactivity assoCiated with

233U_bearing materials results from the decay daughters of 232U.
. .

The high specific activity of 233U (and that of 232U) results from the emission:ofhigh-energy

alpha particles. As a result ofmomentum conservation, the parent nuclides associated with these

decay emissions respond to the ejection ofthe alpha particles .by recoiling. This phenomenon is

referred to as "alpha recoil." For materials having coneentrations of 232U that are greater than

10 PPm. the net effect ofthe alpha recoil is a migi-ation of the radioactive paren~. It is against this

background ofalpha recoil that confinement concepts have evolved.

4.5.1 General Containment and Conrmement Concepts

In the nuclear fuel processing industry, containment and confinement have different and

sometimes confusing meanings. Containment'generally refers to the container holding bulk
j

radioactive material. Movement of the bulk material is severely constrainedwi~ the boundary of

the container itself. For example, many ofthe tanks and vessels at a nuclear fuel processing plant

are designed to contain bulk radioactive materials. The vessels themselves are further enclosed

within a shielded concrete room or process cell. The process cell serves as a back-up to confine any

releases of the radioactive material nom its containment vessels should they occur for whatever

reason.

Confinement, on the other hand, is associated with contamination-radioactive material in

undesired places. Confinement constrains the migi-ation of radioactive material ¥om a bulk

.material container. The confinement boundary is usually larger and the anticipated radioactive
~ ~ :

material encountered is less. For example, radioactive material is contained in a process vessel and
. . !

the process vessel is located in a confinement space to handle any deliberate or acpidental release of

material. Furthermore, at a nuclear fuel processing plant, the building surroundirig the concrete

process cell serves to confine ~y migratory material from the process cells. Co~ement can be



4-46

thought of as a boundary to. restrict the migration of small amounts of radioactive materials. By •

design, containment and confinement methods overlap.

4.5.2 Levels of Conrmement

For a facility handling 233U-bearing materials, multiple confinement areas, arranged in series,

are often used. In this scheme, each area has a separate physical structure and ventilation system.

Area requirements. for the proper confinement of233U_bearing materials can be divided into

primary, secondary, and tertiary levels. In general, primary confinement surrounds the radioactive

material, secondary confinement surrounds the primary, tertiary confinement surrounds the

secondary, etc.

Primary confinement consists of a barrier or set ofassociated barriers that have the most

intimate contact with the radioactive material. In a nuclear fuel processing facility for 233U_bearing

materials, primary confinement areas can include shielded process cells, process vessels, and sealed

enclosures such as storage wells, laboratory hoods, and glove boxes. The rooms surrounding the

primary confinement areas constitute secondary confinement and enclose the primary areas to

receive and cootrol any contamination released from them. Secondary confinement areas may also

include vaults containing a tank or the outer wall of a double-walled tank. Tertiary confinement •

areas serve as barriers that enclose secondary areas to receive and control any contamination that

may be released from them. Examples oftertiary confinement systems include a building shell that

contains a room with a single-walled tank of radioactive material or a room containing 233U_bearing

material in a double-walled tank.

The different levels ofconfinement need to be as independent as possible. However, required

secondary and tertiary barriers may exist in a common form (such as a roof slab) provided the

barrier can withstand the effects of relevant design-basis accidents. Major requirements for the

primary, secondary, and tertiary containment systems of 233U material facilities are summarized

below.

• Primary confinement includes process cells, glove boxes, laboratory hoods, storage containers,

process piping, and storage tanks used in the facility. As appropriate, the primary confinement

spaces are comparonentalized to isolate high-risk areas and minimize the effects ofdesign­

basis accidents.

•
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• Secondary confinement generally includes the facility's operating compartments and associated

ventilation systems. This confinement system also houses any process cells or glove boxes or

other enclosures.

• . Tertiary confinement will typically be the building shell housing the facility',s operation area

and its associated ventilation system(s).

The degree ofconfinement required at a nuclear fuel processing facility whete 233U-bearing .

materials are handled depends on the quantity, physical form, chemical characteriStics, and

radiological characteristics of those materiaIs that poteptiaUy could be released. \In general,

233U-bearing materials are stored in contaiDers that are enclosed in specially desi¢n buildings.

Material handling processes includes all equipment that contacts bulk radioactiv~ materials.
. .

Depending upon the facility, such equipment may include storage containers, Collection tanks,
I

process vessels, pwnps, valves, and glove boxes. Maintenance and inspection ofmaterial handing. ,

systems should be done without breaching confinement schemes. In 'general, nu+rial handling

processes maintain barriers between an operating, limited-access area. and generilI-aeeess area.
. . I

Such equipment may include the walls and ventilating systems ofthe facility-ope'rating area. The
mode of secondary confinement has sufficjent passive-relief capacity such as to ~se in the event of

\

a large leak from the prirnary-confinement area. A tertiary confinement system for material

handling may be optional, depending on the major facilityoperation. This sy~ includes all
r

equipment that maintains the barrier between the general-access area(s) and the outside 'of the

building housing them. Such equipment may include the outside walls and roof ofthe bUilding and

building ventilation system.

4.5.3 Confmement Ventilation Concepts

In the nuclear fuel processing industry, all radioactive materials are controlled or confined by

physical barriers to occupy spaces designed to protect the health and safety ofth~ workers and the

public. One widely used method is that ofconfinement ventilation, which iitclu~ specially.
controlled airflows, the use ofnegative-pressure enclosures, and high-efficiency filters to control

the migration of iadioactive materials. In a properly designednuclear fuel pr~sing facility, the

actual or potential migration ofany radioactive material is controlled by confin~eiit ventilation,

which directs airflow from areas ofno contamination toward areas of higher contamination. The

airflow is then treated as necessary and HEPA filtered and monitored before release to the

• atmosphere: .
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For a specific facility containing 233U-bearing materials, the number and arrangement of •

confinement ventilation systems and their required design features and characteristics need to be

detennined on a case.,by-ease basis, consistent with a facility's major function and process-design

specifications. Such detenninatiori. must meet the objective ofeither preventing or limiting the

release of radionuclides and shielding the high-radiation emitters from the 232U decay chains during

normal facility operation, anticipated operational occurrences, and postulated accidents. By

design, air flows from areas of lower contamination hazards into those with higher contamination

hazards, thus facilitating access to most areas with rninirnaI risk. Before the air is released to the

. environment, it must be filtered and monitored to ensure that any residual contamination is weU

.below acceptable, safe levels for public exposure (Mansfield 1998).

4.5.4 Confmement aDd Ventilation in wU_U1U Processing

Confinement is DOE's preferred method for protecting the public and workers from exposure

to hazardous substances like 233U_bearing materials. To meet this objective, confinement

encompasses both the physical structures in which a material like 233U resides and the associated

ventilation systems designed to protect workers and the public from inhalation exposure to 233U by

maintaining radiological confinement to designated areas. The objective ofmaterial confinement is •

to provide a physical barrier. Ventilation systems for such radioactive materials are designed to

perform tw<? major functions: (1) draw air from areas of lower radiological contamination to areas

ofhigher contamination and (2) provide a means offiltration before atmospheric discharge.

4.5.5 Confmement Ventilation Requirements

The high specific activity of 233U (and that of232U) promotes the evolution ofgaseous

decomposition by-products from contaminants such as water and plastics. Such by-products

include potentially explosive gases (e.g, hydrogen) that must be diluted and removed by a reliable

ventilation system. This system must also retain an inert radioactive gas that is a by-product ofthe

232U decay chain, 22'1ut, whose characteristics are discussed in Sect. 2.3 and whose control and

filtration are discussed in Sects. 4.3 and 4.4, respectively. The retention of22C1Ut is crucial for

233U-bearing materials having concentrations of 232U greater than 10 ppm and for conditions in

. which purging of evolved radon is facilitated by gas flow through the bulk of the 233U_bearing ,

material. However, for dormant 233U material storage,~ evolution must be considered in the •
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ventilation-system design. Ventilation systems for 233U_bearing materials are also needed for

dissipating the heat generated by highly energetic alpha decay emissions.

Special consideration must be given to the design ofventilation systems for ~3U materials

stored as UFmwhich have a significant vapor pressure. Chemically, as well as radiologically,
. !,

hazardous UF6 readily decomposes to release the toxic and corrosive gases F2~ HF. These gases

can quickly deteriorate improper ventilation and filtration equipment.

Ventilation requirements are less severe for 233U_bearing materials stored in high-integrity

packages. These may include "special-form" canisters or packages {as defined iJ;t accordance with

49 CFR Part 173 [U.S. Department ofTransportation (DOT) Oct. I, 1998]} that have two
. .

corrosion-resistant, certified-welded layers ofmetal containers. As long as their integrity is

established, such special-form canisters or packages can be considered reliable for containing alpha .. . ,

particles, recoiling parent radion~clides, radon, and radiolyticaUy generated gases.

4.5.6 Effective Glove-Box Design Concepts

Glove boxes for h3ndling 233U_bearing materials are environmentally sealed enclosures usually

made ofstainless steel and having large panes ofglass or transparent rigid plasti~ to view inside.
. . " ". 1

Workers using rubber gloves attached to openings in the box can safely handle 1J¥.ard0us 233U

materials from the outside by inserting their hands into the gloves and manually Performing

manipulatioris. In some~, it is necessary to provide radiation shielding to either or both the

glove box or rubber gloves depending on the radiation field present. ,
c·

A comprehensive review ofthe use ofglove boxes in handling radioactive ~rials is provided

by C. ]. Barton (1979). This reference discusses the major factors associated with the general

design ofglove boxes and assoCiated auxiliary equipment used to handle hazardoUs materials.
. , ,

These include:

• 'air monitoring;

• controlled-atmosphere enclosures for nontoxic materials;

• controlling personnel exposure to radiation; '.

• . doors and air locks;

• fire, heat resistance" and criticality control;

• glove materials and design;

• housekeeping and waste disposal;

• • initial operation procedures;
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• leak testing;

• materials ofconstruction;

• monitoring for escape of alpha activity;

• ports and port closures;

• pressure measurement and control;

• safe operating procedures;

• ventilation, filter, and exhaust systems; and

• window materials:

Nuclear criticality safety aspects ofworking with fissionable materials, including 233U, in glove

'~ boxes are described in Shuck (August 1959) and include two major methodologies: always-safe­

geometry (shape) and always-safe-:mass. The latter method involves keeping the mass of

fissionable material in a glove box or in an interconnected series ofglove boxes below the

minimum mass level required to produce a chain reaction, regardless of its shape or environment.

The always-safe-geometry concept refers to observing limits on the containment and dispersion of

the fissile material in the glove box along with its geometric shape. Employment of the always­

safe-geometry method ofavoiding nuclear criticality is usually needed only in production-type

operations where large amounts ofmaterials are present (Barton 1979).

For fuel fabrication work with 233U materials, double-gloving is recommended (Shuck

August 1959). Using lead-lined gloves is also effective against strong penetrating radiation emitted

by the daughter products of232U.

As an example, ORNL Radiological Protection Procedure (RPP) RPP-347, Radiochemical

Glovebox Safety [Lockheed Martin Energy Research Corp. (LMER) Mar. 30, 1995a], documents

the current ORNL radiological safety requirements for operations carried out in radiochemical

glove boxes and the surveillance and ins~on program for such containers. This .procedure also

indicates that glove box designs satisfy the requirements ofRPP-128, Radiological Design

Requirements for New Facilities andModifications to Eristing Facilities (LMER Nov. 14, 1995).

The design ofglove boxes for handling 233U materials is strongly based on the 233U criticality

limits, as discussed in Sect. 2.4. The criticality requirements and limits for 233U-bearing materials

limit the mass ofmaterial that can be handled in a given batch, and these, in turn, limit or restrict

the size of the work area in a particular region of confinement.

•

•

•
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4.5.7 References for Sect. 4.5

A list ofcited referenCes documenting the confinement and containmentreq~ts for 233U_

bearing materials is provided below. lbis is followed.by a list of sources provi~ additional

information.

4.5.7.1 References Cited

Barton, C. J. 1979. "Glove Box TechniqUes," ,Chapter V, pp. 225-339 in E..S. ~erry and A. Weiss
Berger, EIS, Technif/'!'es o/Chemistry, lAboratory Engineering andManipulation, 3rded.,
Wiley-Interscience, New York.

Lockheed Martin Energy Research Corporation. Mar. 30, I995a. Procedure-Radiochemical
Glovebox Safety, RPP-347, Rev. 0, Oak Ridge National Laboratory, Oak Ridge, Tenn.

I

Lockheed~ Energy Research Corporation. Nov. 14, 1995. Procedure~diological Design
Requirements for New Facilities andModifications to Existing Facilities, J;U>P-128, Rev. 2,
Oak Ridge National Laboratory, Oak Ridge, Tenn. .

Mansfield, John E. 1998. "Operational Fonnality for Confinement Ventilation Systems: Some
Lessons," keynote address given at the 25th Harvard Air Cleaning ConferenCe, Harvard
University, Cambridge, MaSs.. .

Shuck, A. B. August 1959. "Safety Aspects ofWorking with Plutonium," Nuclear Energy
Engineer, 13(135),411-14, Princes Press, London.

U.S. Department of Transportation. Oct. I, 1998, Code OfFederal RegulationS, 49 CFR
Part 173, "Shippers-General Requirements for Shipments and Packagings.;" U.S.
Government Printing Office, Washington, D.C. ",

4.5.4.2 Supplemental References

American Glovebox Society Standards Development Committee. July 1998. Guideline/or
Gloveboxes, 2d ed., AGS-GOOI-1998, American Glovebox Society, Santa ~osa, Calif.

,
~

Bereolos, P. J., et aI. April 1998. Strategyfor the Future Use and Disposition 0/Uranium-233:
Technical Information, ORNLffM-13552, Oak Ridge National Laboratory~ Oak Ridge, Tenn.

Doman. D. R. 1988. Design Guides for Radioactive Material Handling, Facilities, and
Equipment, American Nuclear Society, La Grange Park, Ill.

EG&G Mound Applied Technologies. Oct. 15, 1989. Guide to Good Practices at DOE Tritium
Facilities, MLM-36 10, Miamisburg, Ohio. .
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. Henry, H. F. 1960. "Planning for Control of Criticality Emergencies," Progress in Nuclear •
Energy, Series IV (I'echnology, Engineering, and Safety), 3, 206-27, C. M. Nicholls, ed.,
Pergamon Press, New York.

International Atomic Energy Agency. 1974. Saft Handling ofPlutonium-A Panel Report, Safety
Series No. 39, Vienna, Austria.

International Atomic Energy Agency. 1998. Safe Handlingond Storage ofPlutonium, Safety
Reports Series No.9, Vienna, Austria.

Lockheed Martin Energy Research Corporation. Mar. 30, 1995b. Procedure-Special
Considerations for Plutonium, Uranium, Tritium, and Accelerator Operations. RPP-360,.
Rev. 0, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Mimer, J. R 1953. Materials Handling. McGraw-Hill Book Company, Inc. New York.

Sadlowe, Jr., A. R., et aI. March 1999. Analysis ofORNL Radiochemical Development Facility
Ventilation Systems, draft report in preparation, Oak Ridge National Laboratory, Oak Ridge,
Tenn. ..

Stewart, D. C. 1988. Handling Radioactivity-A Practical Approach for Scientists and
Engineers, Robert E. Krieger Publishing Company, Malabar, Fla.

U.S. Department of Energy. Apr. 6, 1989.· DOE Order 6430.1A, General Design Criten'a,
Washington, D.C.

U.S. Department of Energy. Jan. 19, 1993. DOE Order 5480.30, Nuclear Reactor Safety Design
Criteria, Washington, p.C. .

Westboro, J. L. August 1995. Advanced Neutron Source Radiological Design Criteria,
ORNLffM-13054, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Wilkinson, W. D. 1962. Uranium Metallurgy, Interscience, New York.
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4.6 SPECIAL CHEMICAL HAZARDS

This section is intended to outline special chemical hazards that may arise4uring processing

or storage because of the nature of relatively high activity of 233U but which generally do not
appear in processing ofmore commonly encountered isotopic mixes of uranium.i It is not intended

to cover inherent hazards in processes which happen to be applied to 233U, nor cJe radiation'

damage ofmaterials ofconstruction discussed. ' i

Chemical hazards unique to 233U are a consequence of the relatively high rallioactivity of 233U

(or the 232U which may accompany it). At the activity level of 233U, lCI(ijochemical processes may

produce hazardous or active species at rates which merit consideration, while th<?se same processes

occur only to a negligible extent in natural or even 23SU enriched uranium and ar~ thus commonly

disregarded. It is difficultto'generaliz.e, but the topic can perhaps best be treated by discussion of
,

4.6.1 Radiolytic Generation of Gases

, Radiation of the uranium compound or ofnearby materials 'can produce cheinical changes,
, , I '

inCluding radiation damage and radiolytic generation ofgases. The net generation ofgas is a

balance between production and destruction. Sometimes the reverse reactions (cOnsuming the

radiolytically produced gas) are so large such as to render the reaction moot, as is typically the

case for uranium oxides. In other cases, gas formation is a well-known phenomenon. In the decay

chain for 233U, the decay energy is largely alpha, whereas most available radiolys~s information is
. I

for material exposed to gamma or x-ray'exposures. The effects ofalpha, beta, gkma, and ' '
, .

neutron irradiation can be much different.

H20 radiolyzes to form H2, H20 2, arid 02' In liquid water, this process ten~ to self-limit as

the recombination reactions balance the decomposition reaction at moderatepartial pressures of

H2• The steady-state pressure can be strongly dependent upon,other species preseht in the solution

(Allen May 1952 and Hoclmadel May 1952). The H2, ofcourse, could form flamptable mixtures,

with air or 02, though it will not spontaneously ignite at room temperature but ~uires an ignition

source.

Both NH3 and NH/ salts have been demonstrated to radiolyze in beta or ga#una fields

(Orlov et al~ 1988) and probably do so also upon alpha exposure. H2 and N2 are observed as the

primary reaction products. Unlike the case for H20, the reverse reactions are insignificant until

fairly high pressures are reached (Ausloos, ed. 1968). H2 is, ofcourse, flammabl~ on mixing with
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air or 02' In 233U experience, &6 trapped on activated charcoal (which was also impregnated with

NaF) was observed to produce H2 and N2 by radiolysis.

Several instances have been observed of the radiolytic generation ofF2 from 233U-bearing

materials. After shutdown of the MSRE, the frozen fuel salt was observed to generate F2 (though

this is most likely because of fission product radiation and only to a minor degree to the uranium

decay series, since one alpha-induced radiolysis test yielded no obvious gas generation) (Williams,

Del Cui, and Toth January 1996). UF6 haS been observed to decompose under its own (primarily

alpha) radiation field, generating reduced uranium fluorides (e.g., UFs) and F2• This phenomenon

has been observed in the gaseous and solid states and also for UF6 complexed with sodium

fluoride. In the gas phase, net decomposition can be essentially completely suppressed by the

presence of a low-partial pressure of F2• Such a suppression of decomposition is not evident in

radiolysis of condensed phases containing UF6 (Trowbridge August 1995).

4.6.2 Potential Hazards

Radiolytic production of reactive gases can have a number of potentially detrimental effects.

The simplest pressure rise can be a problem if large quantities of radiolyzing material are stored in

a sealed container of limited volume and if the reverse reactions are insufficient such as to stop the

pressure buildup before vessel limits are exceeded. In such cases, venting at a rate or frequency

sufficient such as to prevent buildup of detrimental pressures can resolve this problem. Another

contemplated solution is inclusion of a chemical getter for the generated gas. The chemical

characteristics of the radiolysis product gases would, of cOurse, need to be considered in

performing,the venting. For example, F2 would generally be chemically trapped or scrubbed from

the vented gas stream, and, when venting H2, consideration would have to be given for the

flammability of the gas (e.g., avoiding ignition sources, diluting below flammability limits, or

venting under circumstances where no harm could occur were there an accidental ignition). Radon

would accompany the vented gas if other isotopes of uranium with radon in their decay chain were

present (e.g., 232U with its~ daughter), so provision would have to be made for that as well.

Any oxidizers produced (02, F2, etc.) could pose reactivity concerns if suitable fuel were

present, particularly if the pressure were allowed to build to significant levels.

Halogens (e.g., F2 and CIJ generated in the presence of moisture (including not only liquid

water but also humidity or hydrated material) will form strong acids, which may then attack

construction materials at a more rapid rate than does the parent halogen.

••

•

•
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Other, more exotic, secondary effects have been observed. In one instance (in the MSRE),

radiolytic fluorine slowly migrated to an activated charcoal bed (ACB), upon which it was trapped.
,

Low-temperature fluorinated charcoal is thermodynamically unstable and has (iJtfrequently) been

known to decompose with near-explosive characteristics (Del Cui et aI. October J 997 and

September 1998):

The'instances cited here by no means constitute a comprehensive listing of potential direct or

indirect chemical effects in 233U handling, storage, or processing. Similar materi~s (certainly other'

halid~ salts, other fonnsofwater or hydrates, and other hydrogen-eontaining spepies) can be
, '

expected to exhibit some degree of radiolytic breakdown. The specific system under consideration

should be evaluated for wlnerability to such effects.

4.6.3 Gaseous Uraniu~Compounds

One specific concern with uranium compounds compared to plutonium and other fissile

materials is the potential for conversion to gaseous uranium compounds in the p~nce ofhalides

and certain other chemicals. This can potentialIy create unique modes of 233U transport and unique

hazards.

An example of this is the experience at the MSRE. The 233U was trapped as; UF4 in a solid
. . . I

solution of lithium fluoride and beryIlium fluoride. Radiolysis created free fluorine that reacted,
with the UF4 to produce UF6' In this case, radiolysis and chemical kinetics creat~ conditions that

, ,

would not be predicted by classical thermodynamics. 'The 233UF6 migrated into the off-gas system..
I .

Some of the UF6plated out in the off-gas system while the remainder of the UF6was trapped on a

charcoal bed. lbis created safety concerns about the potential for (I) accidental nuclear criticality
\

.since the off-gas system was not designed for fis~ile materials and (2) exothermic chemical

reactions between the fluorine and charcoal bed. Corrective actions removed the f3UF6from'the

off-gas system.

In any system with radiation and halogens that can create volatile uranium C<?mpounds,

special attention is required to assure that in the long-term volatile uranium compounds that can

transport the uranium are not created.

4.6.4 References for Sect. 4.6

A list ofcited references documenting the special chemical hazards of 233U-b~ringmaterials
!

is provided below. lbis is folIowed by a list of sources providing additional information.
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4.7 PACKAGING MATERIALS AND TECHNIQUES

This section is a discussion of suitable materials and techniques for properly packaging :233U_

bearing materials. Types of suitable packaging materials are described. and then;a summary

description ofproper techniques is presented.

4.7.1 Types of Packaling Materials

,#J The inventory of 233U is stored in a variety of chemical and physical fonns and ~ various

- packaging configurations. A detailed example is given in Table C.6 in Appendix C~ which

summarizes the packaging configuration at ORNL Building 3019.

The unirradiated LWBR fuel stored at INEEL consists of ceramic fuel pellets, which provide

the primary level ofcontairiment for the 233UOZ-Th02 oxide. "The physical pac~g provides

additionaI levels ofcontainment. The packaging at the"RWMC consists ofZircaioy~ladfuel rods,
,

stainless-steel rods closed with an O-ring plug, polyvinyl chloride (pVC) bags of pellets, or

polyethylene bottles ofpeIlets. These units are placed inside steel 2R containers #tat have been

coated with a rust-resistant paint and closed with a lightly oiled pipe cap. The 2R containers are
" ,

put into an epoxy-coati:d steel lid sealed with an elastomer seal ring. Each 2R container is located

in the center of its respective drum surrounded by layers of fiberboard packing. thednuns are
. ..~ ,

then packed inside a lead- or steel-shielded overpack, which is then stored inside a steel building on
. "

a concrete pad. This combination ofphysical barriers presents an effective level ~f containment

for the ceramic peIlet (Shappert 1998).

4.7.2 DOE Packaging and Storage Standard

Packaging provides a principal barrier for isolating stored material from the environment. As

such, it is designed to maintain mechanical integrity, including closure, during ant~cipated handling

and storage operations. General issues surrounding the package relate to materials of construction,
'. I .

internal package atmosphere, identification and, closure. The storage packagefor PretaIs and

powders consists ofa minimum oftwo nested, leaktight containers to isolate the ~ored materials

from the environment and to prevent the release of contamination. This two-container system is

also acceptable for monoliths and ceramic oxides. However, the storage system for monoliths may

consist ofa minimum ofone container. For ceramic oxides, the integrity of the ceramic fonn may

replace one of the package barriers.



4-58

The general requirements for containerS used in packaging are corrosion resistance, adequate

mechanical strength, permanent identification, leaktigbtness, and contamination-free. Additionally,

the design should consider nondestructive assay (NDA) requirements for material control and

accountability (MC&A), anticipated storage conditions, and potential handling accidents. The

inner container must be sized such that it fits in the outer container with clearance for closure. The

outer container must be sized to fit in the storage configuration. Additional optional containers are

also allowed (U.S. DOE December 1998)..

4.7.3 References for Sect. 4.7

A list ofcited references documenting the packaging requirements for 233U-bearing materials

:'." is provided below. This is followed by a list ofsources providing additional information.

4.7.3.1 References Cited

Shappert, L. 8., ed. 1998. The Radioactive Materials Packaging Handbook-Design,
Operations. andMaintenance, ORNUM-5003, Oak Ridge National Laboratory, Oak Ridge,
Tenn.

U.S. Department of Energy. December 1998. DOE Standard-Criteriafor Preparing and
Packaging Uranium-233-Bearing Materials for Sofe Long-Term Storage, SAFT-0067,
Washington, D.C. . . .

4.7.3.2 Supplemental Resources

Bereolos, P. 1., et aI. March 1998. Initial ORNL Site Assessment Report on the Storage of2J3U,
Oak Ridge National Laboratory, Oak Ridge, Tenn.

Bereolos, P. 1., et aI. October 1998. Assessment ofUranium-233 Storage Safety Issues at
Department ofEnergy Facilities, ORNUfM-13685, Oak Ridge National Laboratory, Oak
Ridge, Tenn. (draft report).
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4.8 STORAGE REQUIREMENTS

This section is a description of 233U storage requirements. It includes discussions of required,
storage facility characteristics and viable storage options. These discussions are' followed by a

summary ofthe DOE standard criteria for packaging, transporting, and storing ,,?3U-bearing

materials. The officially published interim DOE standard for the storage' of 233U-bearing materials

is provided in the report, DOE Standard-Criteria for Preparing and Packaging Uranium-233­

Bearing Materials for Safe Long-Term Sto;age (SAFf-0067) (U.S. DOE Decefuber 1998). A full

copy of this document is provided in Appendix A.

4.8.1 Storage Facility Characteristics

A facility used for the storage of233U should address the unique characteristics of the material

and include nuclear criticality safety, confinement of radioactive materials, radiation shielding, and

safeguarding special nuclear material (SNM). Requirements for safeguards are discussed in
I,

Sect. 4.9.

•

4.8.1.1 Nuclear Criticality Safety ,

• Because a principal safety consideration for the safe storage of 233U is eliminating the

possibility of the material reaching a configuration that would result in criticality~ criticality

avoidance is a prime priority in safety considerations' in the design and operation ;ofa 233U storage

facilitY. The principal facility function is to provide an array that is criticality sa(e under normal

circumstances. Additionally, the packages and facility. must be engineered, constiucted, cOntrolled,

and monitored to avoid the occurrence ofaccidental criticality for all credible natural-phenomena
. '

events such as fires, flooding. earthquakes, and tornadoes. Because criticality safety is consid~red

to be the dominant safety concern in the design and operation ofa 233U storage facility; the vault

area should be designed with consideration ofwater sources such as fire sprinkl~~. Coexisting

combustible materials should be minimized or eliminated from the facility to minimize the potential

for fires and the need for fire-suppression systems.

A majority of the 233U in inventory consists ofmixtures of 233Uand 232U or~res whose

properties are dominated by the 233U and 232U content ,Uranium-233 has substantially different

nuclear criticality properties than two other SNMs, 23SU and plutonium. Therefore, facilities

designed for 23SU and plutonium may not be acceptable for comparable activities ~volving 233U

from a nuclear criticality safety standpoint.
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The criticality safety requirements for storage and handling of 2l3U-bearing materials must •

conform to the criticality safety requirements of DOE Order 420.1 (U.S. DOE Oct. 13, 1995).

Criticality safety evaluations document that storage and handling activities remain subcritical

during all normal and abnormal events. Criticality safety evaluations are performed for operations

(under normal conditions) within any facility containing 233U in excess of the limits specified in

DOE Order 420.1 (U.S. DOE Oct. 13, 1995) or as specified in site-specific nuclear criticality
. .

safety program policies and procedures. Special care should be exercised in validating calculation

methods supporting criticality safety evaluations because of the paucity ofdata in the intermediate

energy regime which may be important for some 233U-bearing matrices under specified operational

. conditions.

4.8.1.2 Confinement of Contamination .

The material form, material containers, or containment vessels serve as the principal barrier

for confinement ofcontamination. Depending on the material storage system, the facility itselfmay

serve as another confinement barrier. 11le combination of the material storage system and the

storage facility represents a defense-in-<lepth safety confinement system.

11le matrix of the material and/or the inner container provide the first barrier against spread of

contamination; the outer container and the tube vaults provide additional barriers. The packaging is

designed to maintain mechanical integrity, including its seal, during normal handling. However,

this package is not expected to provide protection from all perils, such as major fires and

earthquakes; design of the facility and ofthe storage array are expected to address these

considerations (see Appendix~ U.S. DOE December 1998).

The facility where 233U_bearing material is stored provides a physical barrier to the release of

. contamination. The integrity of the storage facility shall be maintainable through all normal

operations, anticipated operational occurrences, and any design-basis accidents (DBAs) the barrier

is required to withstand. The particular ~BAs that the storage facility is required to withstand is

determined on a case-by-ease basis. The DBAs to be considered include external events (e.g., .

severe natural phenomena and man-made events) and internal events (e.g., container

overpressurization). The adequacy of these confinement systems to effectively perform their

required functions sba1l be demonstrated by the safety analysis. Requirements governing the safety

analysis process include the applicable portions of DOE Orders 420.1 (U.S. DOE Oct. 13, 1995),

5480.21 (U.S. DOE Dec. 24, 1991),5480.22 (U.S. DOE Feb. 25, 1992), and 5480.23 (U:S. DOE

•

•



•
4-61

Apr. 10, 1992). The need for ventilation systems for confinement should beb~ on the results of

the safety analysis.

4.8.1.3 Radiation Shieldin2

Owing to the presence of 232U in 233U inventories, radiation shielding is requ!red to attenuate

the 2.6-MeV photon emitted by the 232U daughter, ~. Depending on the mate~ fonn and

material storage system used, the facility i~lfmay serve as a radiation shield. 11le regulations

pertaining to occupational radiation protection as specified in 10 CFR Part 835 (V.S. DOE
- - I

Dec. 14, 1993), "Occupational Radiation Protection" must be met. A general discussion of 233U

shielding is given in Sect. 4.2.

Uranium-233 and its associated sister iso~pe, 232U, present mu~h more severe external

radiation hazards than any of the naturally occurring uranium isotopes. Massive biological

shielding is required where high concentrationS of 232U occlir. This shielding pro~ personnel

from the 2.6-MeV gamma emission of 232U daughter product wan. The occupational r3diation
,

exposure should be kept ALARA, and radiation protection be provided as specified in 10 CFR

Part 835 (U.S. DOE DeC. 14, 1993). Dose rates are dependent on the source (e.g.:, activity,

• geometry, and matrix), shielding," and source-to-detector configuration, soexp~ dose rates for

actual conditions should be detennined on a case-by-ease basis.

Except for spontaneous fission, neutrons are not directly produced durIng the radioactive

decay of any of the uranium isotopes or the sequential decays. However, alpha-n~tron reactions,
. '

in which alpha particles react with low-Z isotopes such as 6Li, 7Li, ~e, loa, and I~ (and to a

lesser eXtent 27AI and 2llSi) generate neutrons. Depending on the material storage ~stem used, the

facility itselfmay serVe as a shield (see AppendiX A, U.S. DOE December 1998).)

Additionally, the Occupational radiation exposure must be kept ALARA. In defining ALARA,

the NCRP states that "ALARA is simply the continuation ofgOOd radiation-prote¢tion programs
. :-

and practices which traditionally have been effective in keeping the, average and individual

exposures for monitored workers well below the limits." The NCRP "did not intehd that

application ofthe ALARA j>ririciple be raised to such extremes so as to restrict urinecessarily the.

use of radiation in the oCcupations ofcommerce and medicine and consequently p~eclude its
. .

employment when there are countervailing benefits to be gained."

-,
;

•
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4.8.2 Storage Options •

Different options for the storage of nuclear materials imply different policies and multiple

process options. As described and discussed in Forsberg et aI. (Sept. 30, 1998), there are three

long-term storage options for 233U-bearing materials:

• store as is,

• isotopically dilute to nonweapons-usable 233U (i.e., <12 wt % 233U) for future use as

DODweapons-usable metal, and

• isotopically dilute to critically safe 233U (i.e., <0.66 wt % 233U with no other fissile nuclides)

as a waste.

Three technologies have been identified for isotopically diluting 233U materials: (1) dry-
-,

powder blending, (2) dry-melt blending, and (3) aqueous-nitrate blending. Each technology has

specific advantages and disadvantages.

4.8.2.1 Dry-Powder Blending with Sintering

In the dry-powder blending process (ORNL July 19, 1995), 233U oxide is mixed with DU

oxide (both in fine powder form) and pressed into pellets. which are sintered (by heating to a high •

temperature) to produce a ceramic-type material. Solid diffusion during the sintering step

isotopically mixes the 233U with the DU. The 233U in the resulting product cannot be separated

from the 238U by chemical or physical means except by the use ofexisting uranium isotope

separation technology. A schematic flowsheet of the process is shown in Fig. 4.80.

The 233U to be processed is removed from the storage wells and transported in a shielded

carrier to the processing hot cell. A bagless loading procedure was used for contamination control.

The material is processed in limited-size batches for criticality control. Inside the hot cell, the

material is inventoried for accountability control. After inventory, the containers are opened, and

the contents are removed. Many of the containers, such as the CEUSP monoliths, require

equipment to cut open the container and to drill into or otherwise extract the contents. After any

large chunks are removed from the containers, they are crushed into granules before the material is

sent to a ball mill to be powdered. Any of the oxide forms in which the uranium is stored

(e.g., U02 and U30 8) can be used. Metallic uranium and nonoxide uranium are converted to oxide
.'

(U308) by heating in a furnace under an air atmosphere before the blending operation. The

nominal processing rate is 1.2 kg of fissile uranium per day, assuming an operation of three shifts

per day and a 4-h cycle per batch. The batch size is chosen to be 200 g to ensure criticality •
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control. However, the processing rate could be increased by installing parallel sYstems. Material

in the feed other than uranium oxides, such as cadmium and gadolinium oxides or thorium oxide,

will remain with the uranium oxide throughout the process and Qe present in the;fina1 product.

Blending begins'by adding a weighed amount of 233U oxide powder with a predetennined

quantity of DU oxide (U30S) powder in a mixing vessel. Depleted uranium oxide for blending is

prepared outside the 'hot cell. The powder is mixed by rotating the mixing vessel in a tumbling

apParatus for a prescribed length oftime. To aid in the subSequent pellet-rnakin8 process, an

organic binder is added and blended with the powder during the mixing operation.

An automatic press is used to cold-press the mixed oxide powder. Blended;powder is fed into

a cavity and pressed by a piston. Theensuing:pellets are limited to a mass of 57. g or less and a .
. ,

maximum diameter or height of 3 em, and the nominal fissionable material in eath pellet do not

exceed 1 g. The pellets are then ejected from the cavity into a sintering tray.

The uranium oxide pellets are placed in a sintering oven and heated to a temperature that is
. . . !

sufficient such as to vaporize the organic binder and to heat the pellets to effect sintering: The

pellets shrink as the volatile material is driven off. The finished pellets will be approximately 90%

of theoretical density ofthe mixed oxide. (For U02, 90% theoretical density is 9.86 g1cm3.) After
.'

.they are sintertxl, the pellets' are allowed to cool and are then transferred to an~ for

nondestructive analysis to verify the fissile content ofthe pellets. Broken pellets '~e recycled.

The dry-blend process does not introduce any additional material into the prOduct other than

the DU. Isotopic dilution of 1 kgof 233Uby the dry-blend process will produce 9;.5 kg of non­

weapons-usable U02 (8.407 kg U) product having a pellet volume of 0.96 L. BI~ding 1 kg of

233U with DU to eliminate long-tenn criticality will produce 214 kg ofuranium o~de (189 kg U) .

product having a pellet volume of 21.7 L. A summary ofthe product v~lumes arid mass per

kilogram of 233U processed is given in Table 4.80 (Forsberg et aI. Sept. 30, 1998). However, the

actual waste volume per kilogram 233U will be higher because of the presence of other material

(thorium, cadmium, and gadolinium oxides) in the 233U material and any additio~ DU required to

dilute 23SU contained in the 233Umaterial..

. After sintering, the pellets are placed in the inner containment vessel (ciln), Which is sealed by'

welding. The can is then enclosed in an outer container to provide double contairUnent for storage

and shipping. Off-site transportation is carried out in shielded overpacks that m~t DOT
,

requirements.



4-64

4.8.2.2 Dry-Melt Blending •

In the dry-melt blending process (ORNL July 27, 1995), the 233U oxide is mixed with DU

oxide powder and solvent metal oxide powder [alkali oxide-silica, boron oxide <B203) or borax

(N~~07)] and melted in an induction furnace. In the resulting material produced, the 233U cannot

be chemically or physically separated from the 238U except by existing uranium isotopic separation

technology. Ordinarily, an equal weight ofsolvent metal oxide and uranium oxide are used. The

melt crucible also serves as the product container. A schematic flowsheet for the process is shown

in Fig. 4.8b. The use ofa silica-based solvent metal oxide produces an insoluble product. The use

of~03 orN~~07produces a product that allows easy recovery ofthe uranium at a future date.

The loading, unpackaging, and size reduction for the dry-mek blending is very similar to that

, . for the dry-powder blending. The 233U material to be processed is removed from the storage wells

and transported in a shielded carrier to the processing hot cell. Material is processed in limited­

sized batches for criticality control. Inside the hot cell, the material is inventoried for

accountability control..After inventory, the containers are opened, and the contents are removed.

Many ofthe containers, such as the CEUSP monoliths, require equipment to cut open the container

and to drill or otherwise to extract the contents. After any large chunks are removed from the

containers, the remaining chunks are crushed into granules before the material is sent to a ball mill •

to be powdered. Any ofthe oxide forms in which the uranium is stored (U0l, U30.) can be used.

Metallic uranium and nonoxide uranium may require conversion to oxide (U30.) before blending.

Ifso, this is effected by heating the uranium in a furnace under an air or steam atmosphere. The

nominal processing rate is 1.2 kg offissile uranium per day, assuming a three-shift-per-day

operation and a 4-h cycle per batch using one melt-:blending furnace. However, the processing rate

.' could be increased by installing parallel systems.

. . After the 233U material is ~hanged to powder form, it is blended with DU and a specified

solvent oxide mix consistiitg largely ofalkali-metal oxides and silica. Since the melt-product

crucible (which is nominally 10 in. diam x 20 in. high) will not hold'atl ofthe material in powder

form, several powder additions must be made. The initial charge does not contain the DU. With

the onset of melting, DU oxide is periodically added while the mix is stirred. The final process

temperature will be adjusted to achieve complete melting for the type of 233U material being

processed. The process is carried out under a vacuum. No significant chemical reactions occur

during mixing and melting other than dissolution ofthe uranium oxide. The isotopic content ofthe .

•
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mix is verified by sampling. After the contents are melted and mixed, the furnaCe is turned off, and

the contents are allowed to solidify in the melt crucible.

To provide double containnient for storage and shipment, the crucible cont3ining the product
\

is sealed inside an inner container by welding. The inner container is then placed inside a second

container, which is also sealed by welding. ,
Ifprocessing aIkali-metal oxide and silica glass is the final product, the isotopic dilution of

1kg of233U to nonweapons-grade uranium by the dry-melt process will produce: 19.1 kg ofoxide
,.

product (containing 8.407 kg ofU and 9.5 kg of alkali-metal oxide and silica) hoiving a volume of
. . . ~

5 L. Blending 1 kg of 233U to eliminate long-term criticality will produce 429 k8 ofoxide (189 kg
, , t

U as U02 and 214.4 kg ofaIkali-metal oxide and silica) with a volume of 112.9L The actual
, .

waste volume per kilogram of 233U will be higher than that ofprocessing pure 2;
13U because of the

presence of the other material in some of the 233U.material (thorium oxide, cadmium. and. ,

gadolinium oxides) and the additional DU required to dilute 23SU contained in the feed 233U

material.

4.8.2.3 Aqueous Nitrate Blending

In the aqueous nitrate blending process (ORNL July 13, 1995), solid 233U material is dissolved

in nitric acid to produce an aqueous uranyl nitr:ate solution which is mixed with auranyl nitrate

solution of DU. The 233U cannot be separated from the 23IU without isotopic enriFhment. After

mixing, the solution is then denitrated (by heating) to form an oxide powder. Th~ powder may be

either pressed into pellets or incorporated into grout to provide an acceptable fonn for transport

and disposal. The solution may also be denitrated to produce an oxide monolith similar to those

'monoliths made in CEUSP. A schematic flowsheet for the process is shown in F,ig. 4.8c.

Uranium-233 material is lifted from the storage well into a shielded cask, which is then

transported to the loading port at the manipulator hot cell. Processing the materi.al is carried out on

a batch basis to control criticality and inventory. After inspection and inventory~ the containment

vessels are opened. and the contents are removed. Equipment is provided for c~(ting the cans and

mechanical removal of the contents when required. Caked or lumped material isicrushed, into

granule-size pieces.

Granular or powdered material containing 233U is converted to a uranyl nitrate solution by
, .

reaction of3 L of 4 M nitric acid per kilogram of U (as oxide) to produce apprmpmately

330 g UIL ofsolution. A uranyl nitrate solution ofDU of the same concentratio~ is prepared by
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the reaction ofDU oxide (V30S) with nitric acid outside the hot cell area. Dissolution of the

thorium oxide-233U oxide fuel currently stored at INEEL will require the addition ofhydrofluoric

acid and aluminum nitrate to the nitric acid to aid in dissolution.

Blending is done by mixing measured amounts of 233U nitrate solution and depleted uranyl

nitrate solution to produce controlled isotopic concentrations of uranium. To produce a free­

flowing powder during denitration, 2 mol of anmlonium nitrate per mole ofuranium is mixed with

the uranyl nitrate solution during the blending step (the modified direct denitration process).

A one-step conversion of the blended uranyl nitrate solution to uranium trioxide (V03) is

accomplished by thermal denitration. The process produces a free-flowing fluffy powder. The

.,powder has a low density (about 1 glcm3) and is in a form that might be easily dispersed. Two

options were considered for further immobilizing the powder: (I) compaction by pressing and

(2) compaction by incorporating the oxide powder into grout. Compaction of the powder to

4.3 glcm3(about 60% of the ~eoretical density ofU03) is considered sufficient such as to produce

a nondusty, monolithic fonn. In the grouting option, the oxide is incorporated into grout at a

50 wt % loading.

A third option for producing an immobilized oxide is the denitration of the blended uranyl

nitrate solution in the product can (similar to that done for the CEUSP material). Using this

method, ammonium nitrate would not be added to the nitrate solution, and denitration would occur

about 800°C to produce a U30 s'monolith product. The products from any of the immobilization

methods are packaged in doubly contained vessels with welded seals for transport and disposal.

The production of uranium oxide by the aqueous nitrate blending process does not introduce

additional material other than DU into the final product. Incorporation of the uranium oxide

product into grout introduces an equal amount ofgrout into the final product. Isotopic dilution of

1 kg ofU03to nonweapons-grade uranium by the aqueous nitrate blending will produce 10.1 kg of

. U03(8.407 kg U) as pellets having a volume of2.3 L. Grouting the oxide will produce 20.2 kg of

material having a volume of4.8 L. In-can denitration will produce 9.9 kg ofU30 s product having

a volume of3.l L. Blending I kg of 233U to elimin3te long-term criticality will produce 227 kg of

U03pellets (189 kg U) having a volume ,of 52.8 L. Incorporation of the oxide into grout will

produce 454 kg ofgrout with a volume of 108.2 Llkg of 233U. Denitration of the blended nitrate

solution diluted in the product can will produce 223 kg of U30 S having a volume of 67.4 L. -The

actual waste volume per kilogram of 233U will be higher because other material present in some of

•
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the 233U feed (thorium oxide, cadmium, and gadoliIiium oxides), the additional DU required to

dilute 23SU contained in the 233U material.

4.8.3 U-233 Storage Standards

DOE, in r:esponse to the Defense Nuclear Facility Safety Board (DNFSB Mar. 3, 1997)"

Recommendation 97-1, has developed long-term storage standards for 233U. These standards

include requirements that define (1) allowed chemical forms of the uranium for storage,

(2) characteristics of the containers, and (3) facility capabilities. While the standards are being
" .

developed, the general outlines of such an overall standard are known. The che~cal requirement.is'
, "

for an unreactive material. Acceptable chemi~ storage forms for 233U_bearing ~rials are stated

as InetaIs and oxides:

4.8.4 References for Sect. 4.8

Listed below are the references cited in Sect. 4.8 for the storage requiremen~ of 233U-bearing

material. This is followed by a list of additional sources providing more detailed information on
(

this topic. Appendix A gives a draft of the latest 233U Storage Standard.
.' .'
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ORNL CWG 97A-34
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Fig. 4.8a. Isotopic dilution by the dry-powder blending process.

•



•

•

Depleted·
Uranium

1
Depleted

Uranium Oxide
Preparation

4-71

.
ORNL DWG.97A-35
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•
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Fig.4.8b. Isotopic blending by the dry-melt blending pro.cess.
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Fig. 4.8c. Isotopic dilution by the aqueous nitrate blending process.
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-- Table 4.k Product volume and mass per kilogram or wu" -
I

Vo~ume (Ukg mu) Mass (kg.tkg mu>
ProcessiDg option

<12wt%mu <0.67' wt % mu <12wt%mu <;0.67' wt % mu

Dry-powder blending -0.96 - 21.7 9.5 214

Dry-melt blending 5.0 112.9 19.1
,

429
;

Aqueous nitrate blending
Pellets (UOJ 2.3 52.8 10.1 227
Grout 4.8 - 108.2 20.2 454
In~ denitration (U3<>.) 3.1 :67.5 9.9 : 223

f
"Based on Forsberg et at. Sept. 30, 1998, Strategy for the Future Use and Disposition of

Uranium-233: Disposition Options, ORNUIM-13553, Oak Ridge National Laboratory, Oak Ridge,
Tenn.

'The required isotopic dilution for criticality control is 0.67 wt % mu in pure 23lltJ.-IfDU with
0.2 wt % mu is used, the final concentration ofmu is 0.53 wt %. Some of the nau must be used for
criticality control of the D~ in the DU. \

'. -

.;
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4.9 SAFEGUARDS, SECURITY, AND NUCLEAR MATERIALS ACCOUNTABILITY

Uranium-233 is included in the category ofSNMs, which includes plutonium or fissile

uranium (i.e., 233U, 235U) enriched to a higher than natural assay. Such materials require special

programs for safeguards, security, and accountability. Requirements for the safeguards, security,

and accountability of233U-bearing materials are discussed in this section. First, a discussion ofthe

safeguards and security (S&S) requirements and the methods for managing these materials is

provided. These requirements include those needed for domestic physical security facilities and

systems and for international safeguards. A separate discussion is then provided of the

requirements and methods for maintaining proper materials control and accountability of 233U_

bearing materials.

4.9.1 Safeguards and Security

A domestic (on-site) S&S program is designed to ensure that surplus fissile materials like 233U_

bearing materials meet security-related objectives. The vulnerabilities, designs, technologies, and

operations associated with an S&S program are interrelated in the areas of physical protection,

international safeguards containment and surveillance (C&S), and nuclear materials control and

accountability.

As indicated in DOE Order 470.1, "Safeguards and Security Program" (U.S. DOE

September ·1995) the area of safeguards involves an integrated system ofphysical protection,

material accounting, and material control measures designed to deter, prevent, detect, and respond

to unauthorized possession, use, or sabotage ofnuclear materials such as 233U.

DOE Order 470.1 (U.S. DOE September 1995) describes the area of security as an integrated

'system of activities, other systems, programs, facilities, and policies needed for the protection of

:Classified information, DOE contractor facilities, property, and equipment; nuclear weapons and

weapons components; and other special nuclear materials such as 233U. The security of 233U­

bearing materials includes surveillance and protective actions taken to prevent danger or risk of

theft, diversion, or sabotage ofthese materials from facilities.

An S&S program for 233U-bearing materials protects the environment and public from a wide

range of threats:

• unauthorized access,

• material theft or diversion,

• sabotage (industrial, radiological, or toxicological),

•

•
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• espionage,

• . loss or theft of classified infonnation or property, and ,
.• other acts that may adversely impact national security, the environment, or the health and

safety ofemployees or the public. \ .

Protection of 233U_bearing materials during all ph3Ses ofhandling and operation;requires
!

appropriate protection measures to deter, detect, assess, delay access to material, and respond to

adversary attacks.

. An S&S program helps ensure that 233U_beariIig materials are not diverted, that the amount of

these materials transferred from one loCation to another is accountablydisposed!and are within

acceptable physical measurement par3meters, and that controls and standards of verifiability are
. . . . ~

satisfied. A wlnerability assessment (VA) is used to identify additional S&S needs and

requrrements at a site containing 233U materials (U.S. DOE December 1996). Site VAs identify

appropriate levels ofproteetion for each potential type of adversary and~t (~.g., theft or

sabotage). Uranium-233 materials are protected while undergoing all modes ofhandling

(i.e., proceSsing, storage, transit, and final disposition).

Because of its fissile nature, 233U may be Us~ to produce nuclear weapons. ';11lerefore,
,

safeguards to prevent theft are applied. Currently, DOE requirements are used t?'c1usively for the

nation's 233U inventory (U.S. DOE Sept. 7, 1994). However, the United States is under
. .

international treaty obligations which could place the 233U under International AtOmic Energy .

Agency (IAEA) safeguards as well (U.S. DOE 1992). The requirements ofthest two

organizations are similar. Both organizations use a graded approach to safeguards in which .
. . ~

material that is most effective in making nuclear·weapons is placed wider the~ control.
. . ~

However, the DOE-graded approach (attractiveness levels) is more extensive and provides more

flexibility th3n the IAEA approach. Table 4.90 (Bereolos et al. April 1998) sumikrizeS the

.. different levels of the DOE requirementS. IAEA requirements, which correspond roughly with
DOE Attractiveness Level B, are also given for comparison. The specifics will be discussed in

further detail in the following sections.

4.9.1.1 DOE Requirements

Under DOE Orders, 233U is separated into four categories according to the aJ]wunt of material
. .

present and its attractiveness level. The attractiveness levels correspond to the ease in which the

material can be used to create nuclear weapons. The most attractive materials (I!.evel A) are, .
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assembled weapons and test devices. All quantities of Level A fall into Category I. Pure products •

(e.g., pits, major components, buttons, ingots, recastable metal, and directly convertible materials)

form Level B. These fall into Categories I-IV according to the amount of material. High-grade

material [e.g., carbides, oxides, solutions (~25 gIL), nitrates, fuel elements and assemblies; alloys,

and mixtures] fall into Level C, which is also further separated into four categories according to

the amount ofmaterial. Level D consists oflow-grade materials (e.g., solutions with 1-25 gIL or

process residues that require extensive reprocessing). These materials are classified as only

Category IT. ill, or IV. The lowest level ofattractiveness (Level E) materials (e.g., highly

.. irradiated forms, very low SNM content by weight) is classified only as Category IV..

It should be noted that these categories make no distinction as to the isotopic concentration of

.,233U. This is in sharp contrast to mU, whose safeguards requirements are based on different levels

of concentration. Because 233U was not originally deployed in nuclear weapons or commercial

nuclear power plants, safeguards requirements for this nuclide as a function of isotopic levels have

not been developed.

There are three functions ofmaterial control: access controls, material surveillance, and

material containment. Each ofthese functions also takes a graded approach based on the category.

Access controls are concerned with preventing unauthorized personnel access to materials, data, •

and equipment. The graded approach ranges from simple administrative controls for Category IV

material to extensive, ~plex procedures for Category I material. Access controls are also

designed to prevent Category ill and IV materials of Levels B or C from accumulating into

Category I or II amounts. Finally, there is a performance requirement that tests to detect

unauthorized access to Category I or II material be at least 95% effective.

Material surveillance has as its goal the deterrence and detection ofdiversion, theft, and

"'unauthorized flows ofmaterials out ofthe material containment areas. This goal is accomplished

using sensors, patrols, logs, tamper indication devices (11Os), portal monitoring, waste monitoring,

and other administrative checks. As with material access, the performance requirement for

Category I and II materials is that unauthorized actions must be detected in at least 95% of tests.

Surveillance ensures that Categories I and II materials are used only in the authorized locations

described below. Category ill materials that are outside oflocked storage areas are also required

to be kept under surveillance within authorized areas. The requirements for Category IV materials

are site-specific.

•
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Material containment applies to the security areas and physical'storage faciJities for the

material. The Material Balance Area (MBA) is the geographical area in which nuclear material is
!

used, processed, or stored. In accordance with the graded approach. the Protected Area (PA),
. ,

which is used for Category n materials, has strieter access controls and incr~ surveillance.

Finally, within the PA is the Material Access Area (MAA), in which Category l,material is used,

processed, or stored.

4.9.1.2 Physical Security Facilities and Systems

For 233U-bearing materials, most Safeguards and security requirements are handled by the
I

facility that has custody ofthese materials. Material-handling activities for specific programs are

to be conducted within the following designated secUrity areas or zones depending on the category

quantity ofthe material:

A samp,le site plan noting these areas fora Category I quantity, of materials is provided in

Fig. 4.9a. The following ~cription descpbes a feature that could be used for th~ highest level of

protection required. Processing of a Category I quantity ofma~rials requires th~: highest lev~l of

protection. The site (shown in Fig. 4.9a) has several structures and protection measures which act

as security barriers and provide appropriate levels of adversary delay. Barriers p,rovide concentric.
layers ofgraded protection anddefen.se measures and may be passive or active. ~assive barriers

include fencing, geologic formations, hardened walls, locking systems, and vault ;OOors. Active

barriers include smoke and dispersed foam. Information garnered from the use of various barriers,
. ~

along with conduct of VA performance testing, provides the basis for determining appropriate, .,
delay times. Detection and assessment are detennined through the most cost-eff~ve uSe of

intrusion detection systems, closed-circuit television, lighting, personnel andmarerial sensors, and

protective force personn,el. For a facility with a significant 233U inventory, such detection and

assessment will acconunodate concentric layers ofgraded protection and defense'measures, which

include permanent or temporary Perimeter Intrusion Detection and Assessment Systems (PIDAS)

with dedicated uninterruptible power sources, explosive and metal detectors, inte~or alanns,

•

•

• property protected area (PPA),

• limited area (LA),

• PA, and

• MAA.
, ;

,
"



4-78

multiple complementary sensors, primary and secondary station alann monitoring and •

conununication consoles, protective patrols, and SNM monitors.

Typical features provided for physical protection ofa site Which processes significant

inventories of233U include closed-circuit, remote-viewing systems, communication systems,

fencing, intrusion detection systems, lighting, personal access-exit control systems, and vehicle .

control stations (rail, truck, and passenger vehicles). PIDAS need to be lighted at night and be

protected by intruder-alarm systems and remote surveillance capabilities 24 hid. Staffed entry

portals provide access to the site. Operations involving Category I SNM handling and access are

. performed within a MAA. Each PA normally is secured with a double fence and intruder-detection

systems. The LA may sometimes surround the PA and include a buffer zone.

4.9.1.3 International Safeguards

Facilities storing SNMs like 233U_bearing materials will also satisfy requirements for

international safeguards ifthe facility has been selected for IAEA safeguards. The IAEA is

responsible for independently verifying that significant quantities of SNM like 233U material have

not been diverted by the government for unauthorized uses. The objective ofIAEA safeguards is

the timely detection of the diversion of significant quantities of SNMs to activities that have

military applications. Material accountancy (see Sect. 4.9.2) is used together with containment and

surveillance as complementary safeguards techniques. A specific and primary goal ofthe IAEA is

the detection oftheft or diversion of one "significant quantity" (SQ) ofSNM within a specified

period of time. The IAEA (1987) defines a SQ as "the approximate quantity of nuclear material in

respect ofwhich, taking into account any conversion process involved, the possibility of

-manufacturing a nuclear explosive device cannot be excluded." One SQ of SNM as 233U is defined

_to be a mass of8 kg (lAEA 1987).

All facilities withSNM storage and processing activities are designed to accommodate

international and domestic safeguards, security protection, and transparency requirements. Such

facilities must have an International Inspection Area (llA) for international inspectors to use for

inspection and verification ofany surplus SNM. The IIA also needs to provide equipment to

conduct authorized surveillance without allowing access to classified information. International

inspections may include the review ofdocumentation and recorded information from installed

instrumentation and closed-circuit television cameras. International agreements may require speciaI

systems like uninterruptible power supplies. Other international requirements are found in periodic

•
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IAEA Information Circulars and in the latest documentation of IAEA safeguards criteria (lAEA

November 1990).

To satisfy IAEA safeguard verification requirements, a facility with 233U materials has

acceptable procedures for identifying, reviewing, and evaluating differences in ~ria1

accountability measurements at different points in processing and handling, for taking acceptable

physical measurements of inventories, and for the evaluation ofaccumulations ofunmeasured .

inventory and unmeasured losses. In addition, an acceptable record system sho~s receipts for

changes involving material transfers into andout ofcertain areas known as MBAs (MBAs are

discussed in Sect. 4.9.2). Provisions are made to ensure that rnateriaI accounting procedures·are

•
,'"

being operated correctly.

The first IAEA activity is verificatiOn ofstorage design. For this phase, a storage facility

would complete IAEA's Design Information Questionnaire (OIQ). Typically, there is a two-month

period after selection before the DIQ is due.

The second stage of the process is verification of the stored quantity ofnuclear material.

Verification is accomplished by measuring items via sampling by destructive asSay on a small

selection of random items and nondestructive assay ofa larger fraction of the ite;ms. IAEA then

• places the iteins undCr·containmentJsurveillanee(C/S) using Cameras and T1Ds.;

Future inspection and inventory activities depend on the designation ofthe storage area and the

safeguards approach applied by IAEA. At the worst extreme, future inspectio~ (twice a month)

would verify a random sampling ofTIDs and perfonn gamma spectrometry verification ofa
. .

random sampling of items. During an annual physical inventory, a random sampling of items

would be removed for nondestructive measurements. The option ofopening con~ers and

.removing samples for destructive measurements is reserVed by lAEA. Because Ofthe extreme

gamma radiation hazard of 233U (because ofthe presence of 232U), significant haDd.ling precautions

and expenses would be incurred.

Currently, no 233U is under IAEA safeguards. However, IAEA does make recommendations on

the physical protection 233U (IAEA 1980 and IAEA 1989). These recommendations depend on the

following categorizations according to mass: 2 kg or more ofunirradiated 233U is Category I,

between 500 g and 2 kg is Category fl, and 500 g or less is Category m. Radiologically
. .

insignificant quantities and irradiated 233U are exempted from these classificatio$. (In contrast, as

with DOE Orders, 23SU is categorized not only by mass but also according to thr~ levels of

enrichment: greater than 200/0, 10-20%, and up to 10%.) Similar to DOE Orde~, IAEA
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safeguards do not account for different isotopic levels of 233U. The limited use of233U to date bas •

not warranted development of such safeguards regulations.

1be recommendations ofIAEA for protecting materials have certain concepts which are

generic to all three categories. Materials are stored in areas to which access is controlled. All

personnel working in the facility are trained (a) about the importance ofphysical protection and

(b) in the appropriate responses in cases ofemergency. Alanns and guards detect and respond to

sabotage or unauthorized removals ofmaterial. Finally, a security survey is made whenever a

significant change in a facility or its function takes place. This survey is a critical examination to

.. evaluate, approve, and specify physical protection measures.

As in DOE requirements, storage of Category I and nnuclear materials requires aPA that is

. .' ~under constant surveillance, either by guards or electronically, and that is surrounded by a physical

barrier. Access to this area is kept to the minimum necessary and controlled through a limited

number ofentry points.

Category I materials are isolated further in an inner area within the protected area. (This

corresponds to the MAA of DOE requirements.) This inner area is arranged with a minimum

number of alarmed entrances and exists (ideally, only one). The storage area itself should be

alarmed and locked. Authority as to who bas these keys should be tightly controlled. Electronic •

surveillance is effected using at least two independent transmissions.

4.9.1.4 Elimination ofWeapo"s Potential

The surest way to safeguard 233U from theft or misuse is to reduce its ability to be used for

.. weapons. Studies indicate that 233U can be made unsuitable for military use by diluting it with DU

:to a fissile concentration of 12 wt % (Forsberg et al.March 1998, Dubrin Jan. 23, 1995, and

';_ Benedict et al. 1~81). This level of dilution is equivalent to diluting weapons-grade HEU with 238U
,

to 20 wt % 23SU.

Earlier studies on demilitarization of the large quantities of weapons-grade HEU indicate that

isotopic dilution of 23SU with 238U is the preferred demilitarization option (U.S. DOE 19960). The

U.S. government has issued a Record of Decision (ROD) (U.S. DOE 1996b) making isotopic

dilution the official policy for demilitarization of HEU. Given the relatively low cost, assured.

technical feasibility, and acceptance for demilitarization ofHEU, the same approach may be used

for demilitarization of 233U. It is noted that any 233U inventory that contains sufficient 23SU

(>20 wt % 235U) is classified as HEU; therefore, isotopic dilution is the stated policy for •
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demilitarization of this material. As with safeguards categories, the required levels of isotopic

.dilution to eliminate weapons potential for 233U have not been implemented in DOE Orders or
;

IAEA regulations.

4.9.2 .Nuclear Materials Control and Accountability

As described in DOE Order 470.1 (U.S. DOE September 1995), (nuclear) ~C&A is that part
. I

ofthe safeguards area that detects or deters theft or diversion ofnuclear materials, including
I .

SNMs like 233U, and provides assurance~ such materials are accounted for aPpropriately.

'. The MC&A program for 233U_bearing materials includes a system ofchecks. and balances

sufficient such as to detect and deter unauthorized diversion or removal of any SNM (including

233U) from its authorized location and provide assurance that such material is inils proper location

and is being used for authorized purposes. A facility's MC&A program is consiStent with a graded
. '

materials S&S program and encompass the systems and measurements necessary to track 233U

material inventories, control access, provide detection capability for material loss and diversion,

and assure the integrity ofthe detection and measurement systems that are in plake..

The storage and custody of233U-bearing material comply with existing requfrements for

MC&A, as specified in DOE Order 5633.3B (U.S. DOE April ~998). The MC~A requirements

include periodic auditing and routine assaying ofsuch stored materials for ~tability and

inventory controls.

DOE Order 5633.3B (U.S. DOE April 1998) has established guidelines for determining

various groupings or categories of 233U_bearing materials based on their suitability for use as

weapon materials. Guidelines have been developed to identify and group 233U materials by an
. f

"Attractiveness Level" (A-E, with A being the most Attractive) which correspond to the ease in

which the material can be used to create a nuclear weapon. Each attractiveness level is subdivided

into categories based on quantities. The level of physical protection and the requirement to

implement and the rigor of the different MC&A element is detennined by the ~gory of the

quantity ofmaterial in an item, process, or designated area. There are four safegUards categories

for SNM, Categories I through IV. A Category I quantity requires the highest le,;el of protection

and implementation ofthe most MC&A elements. The quantity ofmaterial desi~ted a certain

category is different for each attractiveness. For example, the amount of Attractiveness Level B

233U must be equal to or greater than 2 kg to be designated a Category I quantity.: In comparison,

the amount of Attractiveness Level C 233U must be equal to or greater than 6 kg to be designated a
"
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. Category I quantity. Also, the value used for safeguards category detennination of233U is the

element weight of the total uranium, not just the 233U isotope weight. This system of attractiveness

levels and safeguards categories is how DOE implements its graded approach to safeguards and

security for SNM. For more detail on category determination, see Chapter I of the Guide for

Implementation ofDOE Order 5633.3A, "Control and Accountability ofNuclear Materials"

(U.S. DOE August 1994).

There are currently some difficulties in the proper attractiveness level for immobilized 233U

material forms. For example, it is not clear whether high-grade 233U materials, which are

immobilized and diluted in an inert matrix. can be identified with a lower level of attractiveness. In

:principle, such a reassignment would significantly lower the 233U material category and, thereby,

reduce the necessary level ofproteetion.

An MC&A system for 233U_bearing materials includes nondestructive assay systems and

inventory tracking systems for material inventory control and accountability. The MC&A system

could include bar-code readers, computers, nondestructive assay equipment, scales, and TIDs.

MC&A systems in a facility should be applied to every process transfer point that involves 233U_

bearing material. An SNM physical inventory of 233U-bearing materials at a facility must be

periodically perfonned.

In practice, taking physical measurements of 233U is difficult because of intense radiation from

the associated 232U isotope and its daughter products. The specific radiological characteristics of

233U and 2nU are discussed in Sect. 2.1.

At a 233U material facility, an integrated site material balance system is established to ensure

SNM balance is accomplished and verifiable. As an integral part ofthe material accounting

activity, measurement systems is provided to detennine all SNMs received, diverted through waste

.~streams, or otherwise disposed. To support domeStic and international safeguards programs, a

system ofaccounting for the control ofall SNMs is established based on a structure ofwhat are

called MBAs. A facility handling SNM like 233U_bearing material is subdivided into MBAs for

inventory control and accounting. The amount of SNM entering a given MBA at a facility is

recorded by shipping or transfer records and may be validated by direct measurement. An

acceptable record system is established to show, for each MBA, receipts for changes involving

material transfers into and out of such areas.

Other activities associated with the custody of 233U materials, such as packaging, should not

interfere with MC&A requirements. Identification markings are required by DOE Order 5633.3B

•

•

•
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(U.S. DOE Sept. 7, 1994) and other MC&A directives for maintaining a material inventory,

database and to facilitate proper accountability and management ofstored 233U_bearing materials.

4.9.3 References for Sect. 4.9

A list of references cited in the previous discussion on the safeguards, secur:ity, and

accountability for 233U-bearing materials is provided below. This is followed bYla list ofother

sources that provide additional information on this topic.

4.9.3.1 References Cited·

Benedict, M., T. H. Pigford, and H. W. Levi. 1981.' Nuclear Chemical Engine,~ring, 2d ed.,
McGraw-Hill, New York. ."

Bereolos, P. J., et al. April 1998. Strategyfor the Future Use and DispositioniojUranium-233:
Technical Information, ORNUTM-13552, Oak Ridge National Laboratory~ Oak Ridge, Tenn.

Dubrin, J. W. Jan.23, 1995. Lawrence Livennore National Laboratory, Livennore, Calif.,
correspondence to K. E. Plunutter, Oak Ridge NatioOaJ Laboratory, <;lak Ri~e, Tenn., "U-233
'Denatured' Assay Equivalent to"U-235." " "

" l

Forsberg, C. W., et al. March 1998. Definition ojWeapons-usable Uranium-233,
ORNUTM-13517, Oak Ridge National Laboratory, Oak Ridge, Tenn.

International Atomic Energy Agency. 1980. ''The Convention on the Physical P.rotection of "
Nuclear Material," International Atomic Energy Agency Information Circ~lu,
INFCIRC/2741Rev. I, Vienna, Austria. "

International Atomic Energy Agency." 1987. IAEA Safeguards Glossary, IAEAlSGIINF/I,
Rev. I, Vienna, Austria. "

International Atomic Energy Agency. 1989. ''The Physical Protection ofNuclear Material,"
International Atomic Energy Agency Information Circular, INFCIRC/225~v. 2, Vienna, "
Austria.

International Atomic Energy Agency. November 1990. IAEA. Safeguards Criter.ja 1991-1995.
Department of Safeguards, IAEA, Vienna, Austria. '

U.S. Department of Energy. 1992. Safeguards Agreement with the International Atomic Energy
Agency, DOE Order 1270.2B, Washington, D.C.

U.S. Department of Energy. August 1994. Classification Guide jor Safeguards and Security
Information, CG-SS-3, Office ofDeclassification, Washington, D.C. '

U.S. Department of Energy. Sept. 7, 1994. Control and Accountability ofNucl~arMaterials,
DOE Order 5633.3B, Washington, D.C.
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U.S. Department of Energy. September 1995: Sa/eguards and Security Program, DOE
Order"470.1, Washington, D.C.

U.S. Department of Energy. December 1996. Highly Enriched Uranium Working Group on
Environmental. Safety, and Health Vulnerabilities Associated with the. Department's Storage
o/Highly Enriched Uranium, DOfJEH-Q525, Washington, D.C.

U.S. Department of Energy. 19960. Disposition o/Surplus Highly Enriched Uranium Final
. Environmental Impact Statement, DOfJEIS-Q240, Washington, D.C.

U.S. Department of Energy. 1996b. Record o/Decision/or the Disposition o/Surplus Highly
Enriched Uranium Final Environmental Impact Statement, Washington, D.C.

U.S. Department of Energy. April 1998. Guide/or Implementation o/DOE Order 5633.3B,
"Control and Accountability ofNuclear Materials," Washington, D.C.

4.9.3.2 Supplemental Resources

U.S. Department of Energy. July 1994. Manual/or the Protection and Control o/Sa/eguards and
Security Interests, M 5631.1C-l, Washin~D.C. .

U.S. Department of Energy. March 1997. In/ormation Security Program, DOE Order 471.2A,
Washington, D.C.

Wijesinghe, A. M., et aI. Aug. 23, 1996. Alternative Technical Summary Report/or Immobilized
Disposition in Deep Boreholes, UCRL-LR-121736, Lawrence Livennore National
Laboratory, Livennore, Calif.
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Table 4.9& DOE Dudear material safeguards categories-

Category (quantities in kg ofD'U)

Attractiveness level I N
(Highest safegtWds)

n ill
(Lowest safeguards)

A (most attractive) All quantities NAb NA NA

B ~2 ~O.4 to <2 ~O.2 to <0.4 <0.2
(lAEAt (~2) (>0.5 to <2) (:s:O.5) (NA)

C ~6 ~2 to <6 ~O.4 to <2 <0.4

D NA ~16 ~3 to <16 <3

E (least attractive) NA NA NA Reportable quantities

"From Bereolos et a1. April 1998.
~ = not applicable.
"IAEA values are included for comparison.

•

•

•
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4.10 TRANSPORTATION

This section is a discussion ofthe transportation requirements for 233U-bearing materials.

Separate discussions~ provided on the regulations and standards that govern ~e transport of

such materials. These are followed by a discussion ofthe pertinent transport ~kaging,

requirements.

4.10.1 Regulatory Background

As discussed in many sources (including Stewart 1988). the conventionai transportation of

radioactive materials. including that of 233U-bearing materials. must account· for a wide variation

ofseveral major factors. These include:

. ,

fissionable nuclide concentration (and, thus~ nuclear criticality consideratiOnS).

different available modes oftransport (road, rail. air. and water).

agreements for material transfer (domestic and international). and•

•

•

•

•

•

•

•

radioactivity concentration,

intrinsic hazardous toxicities.

physical form,

\

protection ofhumans (both woi'kersand the piJblic). the envirorunent, and of,sensitive cargoes

•

. in transit (e.g.• camera film).

Regulations have evolved which address these facto~ on both thedo~c aP<t international'

level. The IAEA has worked for decades with competent authorities from countri~ throughout the
. .

world and representatives from other international organizations to develop regulatory standards.

These standards serve as models for the domestic regulations used by individual Coun~es and by

international organizations such as the United Nations Committee of Experts, which promulgates
. . . . (

standards for hazardous materials. and modal.organizations such as the International Civil
• • t .

Aviation Organization (lCAO) and the InternationalAir Transport Association ~TA) for air

transport, and the International Maritime Organization (lMO) for sea transport. Domestically

within the United States, the DOT serves as the competent authority. and promul?ates regulations

controlling the packaging and transport ofall hazardous materials. including radioactive material;

and for the more hazardous quantities of radioactive materials. the NRC issues r~gulations

controlling the packaging ofthese ~rials. The U.S. requirements. as they appl~ to 233U. are
. , .

covered in Sects. 4.10.2 and 4.10.3, and the international requirements are addreSsed further in
. !

Sect. 4.10.4.
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The Atomic Energy Act of 1954 gave the U.S. AEC (later NRC and DOE) safety

responsibility for the use of SNM,like 233U, by.its licensees, including the transport of those

materials. The DOT and NRC have a "memorandum of understanding" (U.S. DOT and U.S. NRC

July 2, 1979) to avert duplication ofeffort and conflict. For regulation of intrastate shipments, the

NRC, in tuin, has passed some of its authority to Agreement States, which have written their own

rules to be consistent with DOT regulations. The same regulations for shippers (packaging,

marking, and labeling) and carriers (placarding ofvehicles, loading, stowage, storage in transit,

and monitoring) apply. NRC has authority for approving shipping containers (Type B) for 233U

materials, while DOT is responsible for investigating and documenting unusual events that may

° o;occur during transit (e.g., aCcidents and leakages). NRC iDvestigates unusual events that occur

c:iuring other times.

4.10.2 Standards for the Transport ofwU-Bearing Materials

Issues concerning the transportation of radioactive nuclear materials, including 233U materials,

tend to focus on the DOT and NRC regulations promulgated in the Code ofFederal Regulations

(CFR). A listof the major coded regulations that govern the transportation of 233U materials is

provided in Table 4.1Oa (Doman 1988, Shappert 1998, and Stewart 1988). Federal regulations

promulgated in 10 CFR Part 71.4 (NRC) and 49 CFR Part 173.403 (DOT) define 233U as a fissile

material for the purpose of transport regulations.

Ofthe federal regulations listed in Table 4. lOa, the most significant include those of the NRC

in 10 CFR Part 71 ("Packaging and Transport of Radioactive Material'') and those of DOT in

49 CFR Part 173 ("Shippers-General Requirements for Shipments and Packagings'') and

49 CFR Part 178 ("Specifications for Packagings"). A list ofthe sections of these coded

regulations that significantly unpact 233U_bearing materi3Js is provided in Tables 4.1 Ob, 4.1 Oc, and

4.lOd for 10 CFR Part 71, 49 CFR Part 173, and 49 CFR Part 178, respectively.

Special definitions are associated witli many of these regulations. Some of these include:

• Radioactive materials are defined in the regulations (10 CFR Part 71.4 and 49 CFR

Part 173.403), for the purposes of transport, as those materials having specific activities

(concentrations) greater than 70 Bq/g (0.002 ~Ci/g).

• The regulations provide a graded approach to packaging requirements depending upon the

hazard posed by its contents; the greater the hazard, the more stringent are the packaging

requirements. From the least hazardous contents to the most hazardous contents, and therefore

•

•

•
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from the least robust to the most robust package design requirements, the packages are denoted

as:

activity limits per unit'surface area [ifa nonradioactive object is contaJniDated and can

satisfy all ofthe requirements for asurface-<:ontarninated object (SCO»),:wbere the limits

are denoted in terms BqIcm2 (microcurieslcm2
) (see 10 CFR Part 71.4 arid 49 CFR

I,,
;
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Contents limits are not specified in the regulations for Type B packages [see 49 CFR •

Part 173.431(b)]; rather, the contents limits are established by the package design which must

be approved by the NRC (or the DOE for a DOE-owned package not certified by the NRC)

during the regulatory bodies review of the package Safety Analysis Report for Packaging

(SARP) and documented in the Certificate of Compliance (COC) issued by the NRC or the

DOE for that package design. It is unlikely that the 233U currently stored by DOE facilities

will satisfy the regulatory requirements for transport as either LSA material or SCO. Thus, the

focus from this point onward is on transport of the material in Type B packages.

• For packages containing radioactive material, a 'lransport index" (TI) is assigned. The

method for defining the TI is provided in 49 CFR Part 173.403. This TI serves two functions.

It is used to provide controls on the radiation levels in any location~~uring transport and

storage incident to transport (see 49 CFR Part 173.447). It is also used to ensure criticality

control for fissile materials. The TI is listed on shipping papers and is used to determine the

label to be used on a packaging (i.e., I-White, ll-Yellow, or ill-Yellow). The labeling

requirements are found in 49 CFR Part 172.403.

• The radiation levels on the outside of packages are controlled by 49 CFR Part 173.441.

, Specifically, if a package is carried in nonexclusive use, the radiation levels are limited to •

2 mSvlh (200 mremlh) at the package surface, and to 0.1 mSvlh (10 mremlh) at I m from the

package surface. Ifeither.of these levels are exceeded, then the package must be transported by

surface mode (road, rail, or water), under exclusive use and. subject to other controls, for

example:

the surface radiation level limit is increased to 10 mSvlh (1000 mremlh),

the radiation level at any point on the outer surfaces of the vehicle is limited to 2 mSvlh

(200 mremlh),

the radiation level 2 m from the outer lateral surfaces of the vehicle is limited to 0.1 mSvlh

(10 mremlh), and

the radiation level in any normally occupied space is generally limited to 0.02 mSvlh

(2 mremlh).

This last limit may be avoided if the. carrier is a private carrier and any exposed personnel

under the control of that carrier wears radiation dosimetry devices as part ofa radiation

protection program.

•
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There are different requirements for the transportation ofnuclear materials like 233U. depending
I

upon whether the movement ofmaterials is considered on-si~ (intraSite) or off-site (intersite).

Currently. no federal regulations govern the on-site transport of hazardoussUb~ like 233U_

bearing materials. For DOE facilities. 'on- and off-site"transport requirements a.Ie defined in DOE

Order 460.IA, "Packaging and Transportation Safety" (U.s. DOE Sept. 27. 1995). As defined in
• • I' •

the Order. on-site is any area Within the. boundaries ofa DOE site or facility~ is fenced or

otherwise access-controlled, and off-site is any area within or outside a DOE sith to which the

"public has free uncontrolled access.

For this report, intrasite transportatio~ means the transport of 233U-bearing:material between
. '. .

different areas on a particular site. In most facilities. SNM processing. use. and handling are
" ""

performed in, and confined to. areas ~jacent to "each other. Consequently. intraSite transport of

"233U4>earing materials~ buildings is usually not required.

Intersite transportation. as defined in this report, refers to the transport of~3U-bearing "

material to a facility located outside the boundary ofa given site. Off-site transpOrtation of233U_

bearing materials is subject to federal regulations from two government agenci~: (NRC and

DOn. and to compliance with DOE Orders.. Different regulations may apply to different parts of
I

the material-handling phase. depending upon which agency has authoritative control.

4.10.3 Packa&ing Requirements for Transport

The NRC transpOrtation regulation documented in 10 CFR Part 71. "Packa~ng and

Transportation ofRadioactive Material" (U.S. NRC Jan. 1. 1999). establishes the requirements "

for packaging. preparing for shipment, and transportation of radioactive materi~. including 233U_

"bearing material.

This regulation also defines the procedures and standards for obtaining NRC approval of

shipping packages and shipping procedures for fissile material such as 233U and Type B quantities
. ~

of other radioactive materials. By reference. the 10 CFR Part 71 regulation incorporates the
" " " ,

requirements ofDOT regulation 49 CFR Parts 171-180, "Hazardous Materials:Regulations"

(U.S. DOE Oct. I. 1998). Whenever possible. the DOE transports radioactive ~rials under

DOT and NRC"regulations.

Many 233U materials~ currently stored in DOT-6M and DOT- 2R packaging. whose

specifications are provided in the sections"of49 CFR Part 178 (see Table 4.7d). bOT-6M
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packaging is authorized by the DOT regulations of 49 CFR Part 173 for the shipment ofType B

quantities of radioactive materials, which includes most 233U_bearing materials.

General construction requirements for the DOT-6M packaging may be found in

49 CFR Part 178.354, "Specification 6M; Metal Packaging," and for the DOT-2R inner vessel in

49 CFR Part 178.360, "Specification 2R; Inside Containment Vessel." Examples ofa typical

DOT-6M and DOT-2Rinner containment vessel are provided in Figs. 4.100 and 4. lOb,

respectively (Kelly September 1994).

4.10.4 Intemational Transportation Regulations

Regulations governing the design, testing, certification, and use of Type B and fissile

radioactive material packages originated from the international regulatory structure, which is now

maintained by the IAEA of the United Nations. Further discussion of the background for

international regulation is provided in The Radioactive Materials Packaging Handbook (Shappert

1998). The IAEA has responsibility for the safety of the international transport Of 233U materials. A

documentation ofIAEA transportation standards for all radioactive materials is provided in the

Agency's Safety Series No.6 Report, Regulations for the Sofe Transport ofRadioactive Material

(IAEA 1996). Documentation ofIAEA transportation standards for all radioactive materials is

provided in the IAEA Safety Standards Series No. ST-l, Regulationsfor the Soft Transport of

Radioactive Material, 1996 Edition, Requirements. This document provides the current set of

requirements which are expected to be adopted into U.S. regulations, by the NRC and the DOT, in

the year 2000 or 2001. Currently, the U.S. regulations are based upon the IAEA Regulations for

the Soft Transport ofRadioactive Material, 1985 edition, as amended 1990 (lAEA 1990).

4.10.5 References for Sect. 4.10

A list of cited references documenting the requirements for transporting 233U_bearing materials

is provided below. This is followed by a list of sources that provide additional infonnation on this

topic.

4.10.5.1 References Cited

Doman, D. R. 1988. Design Guides for Radioactive Material Handling Facilities and
Equipment, American Nuclear Society, La Grange Park, III:

•

•

•
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International Atomic Energy Agency. 1990. Regulationsfor the Saft Transpo~ofRadioactive
Material, 1985 ed. (as amended 1990), Safety Series No. 6, Vienna. '

International Atomic Energy Agency. 1996. Regulations for the Saft Transport ofRadioactive
Material, 1996 Edition, Requirements, Safety Series No. ST-l, Vienna.

! .

KeUy, D. L. September 1994. User's Guide for Shipping Type B Quantities ofRadioactive and
Fissile Material, Including Plutonium, in DOT-6MSpecijicationPackag;ng Configurations,
DOE/RL-94-68, DOE Richland Operations Office, Richland, Wash. ;

Shappert, L. B:, ed. 1998. The Radioactive Materials Packaging Handbook-Design,
Operations, andMaintenance, ORNUM-5003, Oak Ridge National Laboratory, Oak Ridge,
Tenn.

Stewart, D. C. 1988. Handling Radioactivity-A Practical Approach for Scientists and
Engineers, Robert E. Krieger Publishing Co., Malabar, Fla.

U.S. Department of Energy. Sept. 27, 1995. DOE Order 460.1A, Packaging and Transportation
Saftty, Washingto~ D.C.

U.S. Department of Transportation and U.S. Nuclear Regulatory Commission. July 2, 1979.
''Transportation ofRadioactive Materials; Memorandum ofUnderstanding:r Federal Register,
44(128), 38690-38692, U.S. Government Printing Office, Washington, D.C.

U.S. Department ofTransportation. Oct. 1, 1998. ''Hazardous Materials Regulations," Code 0/
Federal Regulations, 49 CFR Parts 171-180, U.S. Government Printing Office, Washington,
D.C. .

U.S. Nuclear Regulatory Commission. Jan. 1, 1999.. "Packaging and Transportation of
Radioactive Material;" Code ofFederal Regulations, 10 CFR Part 71, U.S.'Govemment
Printing Office, Washington, D.C. .

4.10.5.2 Supplemental Resources

Martin Marietta Energy Systems, Inc. Nov. 7, 1994. Design Guidefor Packaging and Offsite
Transportation o/Nuclear Components, Special Assemblies, and Radioactive Materials
Associated with the Nuclear Explosives and Weapons Safety Program, Saf~ Guide 100,
Rev. 1, Oak Ridge, Tenn.

Miller, K. L., ed. 1992. CRC Handbook ofManagement ofRadiation Protection Programs, 2d
ed., CRC Press, Ann Arbor, Mich.

Wijesinghe, A. M., et aI. Aug. 23, 1996, Alternative Technical Summary Reportfor Immobilized
Disposition in Deep Boreholes, UCRL-LR-121736, Lawrence Livennore National
Laboratory,'Livennore, Calif.
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Wolff, Theodore A. December 1984. The Transportation ofNuclear Materials, SAND84-0062, •
TIC-0471, Sandia National Laboratories, Albuquerque, N. Mex.
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ORNL DWG 98-4472

DOT Specification 6M Package

(Per '49 CFR 178.354)

•
Head and Gasket

Solid Industrial
Cane Flberboards,
Hardwood or
Plywood

Plates RequIred
for Packages

.Havlng Authorized
Gross Weight In
Excess of 219 kg
(480Ib)

'M_- Bol,t (518 In)

-Vent Holes
(minimum 01 4
requlr8cl - 1.2 cm
(0.5 In) diameter)

Spec.~R
or Eq~lvalent

DOT Spec. 6C
or 17C or
Equivalent

','

•
Fig.4.10a. Typical DOT Specification 6M: a 6M overpack containing a 2R container.

Courtesy of u.s. Department ofEnergy. Richland Operations Office. as reported in Kelly
Sept. 1994. '
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•
ORNL DWG 98-4771

•

Internal
Threaded
Plug

Spacer
Plate

Spacer ----t-n~~~~1Can

External
Threaded
cap

~I

Fig.4.10b. Typical DOT Specification 2R. Courtesy of u.s.
Department ofEnergy, Richland Operations Office, as reported in Kelly
September 1994.

•
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Table 4.10a. . Federal transportation regulations affecting wU-bearing :materials·
,

Government
Code Part No. Title

agency ,

"NRC 10CFR 20 Standards for ~teetionAgainst Radiation

NRC 10CFR 70 Domestic Licensing of Special Nucl$ Material.
, NRC 10CFR 71 Packaging and Transportation of~oactiveMaterial

NRC IOCFR 73 Physical Protection of Plants and Materials
..

:

DOT 49CFR 171 General InfonnatioD, Regulations, and Definitions,

DOT 49CFR 172 Hazardous Materials Table, Special Provisions,
Hazardous Materials CommuniCations, Emergency
Response Information, and Trainirig Requirements

DOT 49CFR 173 Shippers-General Requirements for Shipments and
PackaWngs . . .

DOT 49CFR 174 Carriage by Rail

DOT 49CFR 175 Carriage by Aircraft

DOT 49CFR 176 .Carriage by Vessel

DOT 49CFR· 177 Carriage by Public Highway

DOT ·49 CFR 178 SpecificationS for Packagings
:

DOT .49 CFR· 179 Specifications for Tank Cars ,

DOT 49CFR 180 Continuing Qualification and Maintenance of
Packagings '.

aAdapted from Doman 1988, Shappert 1998, and Stewart 1988.
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Table 4.106. Major sections of 10 enPart 71 (PlICIuIgiag IIIId TrllllSport ofRtuliotu:tive Materilll)
that affect wU-bearing materials

.
Subpart Section Title

A-General 71.4 Definitions
Provisions

C--General 71.18 General License: Fissile Material, Limited Quantity Per Package
Licenses 71.22 General License: Fissile Material, Limited Moderator Per Package

71.24 General License: Fissile Material, Limited Moderator, Controlled Shipment

E-Package 71.53 Fissile Material Exemptions
Approval 71.55 General Requirements for Fissile Material Packages
Standards 71.59 Standards for Arrays of Fissile Material Packages

F-Package, 71.71 Normal Conditions ofTransport
Special 71.73 Hypothetical Accident Conditions

Form,
and LSA-ill
Tests

H-QualitY 71.101- All sections, as appropriate
Assurance· 71.137

•

•

•
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Table 4.1Oc. Major sectiODS or 49 CFR Part 173 (Shipper's-General
Requirementsfor Shipments ad PtlCkilging) . ,

that affect wU-bearing materials i

Subpart Section Title'

I-(:Iass 7 173.403 Definitions
(Radioactive
Materials) 173.413 RequirementS for Type B Packages ,

.'

173.431 Activity Limits for Type A and Type B Packages

I
173.433 Requirements for Determining A.'and A2 ValUes ..

!

173.435 Table of AI and A2 Values for Radionuclides:

173.441 Radiation Level Limits

173:457 Transportation of Fissile Material, Controlled:
Shipments

Table 4.10.d. Major sections or 49 CFR Part 178 (SpeciflClltionsforP~g)
tbat affect wU-beariag materials

Subpart Section Title

K-SpecifiCations 178.350 Specification 7A; General Packaging, Type A
for packagings
for Class 7 178.352 S~cation 6L; Metal Packaging
(Radioactive

Material) 178.354 Specification 6M; Metal Packaging' I

178.360 Specification 2R; Inside Containment Vessel r
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4.11 SAFE PLANT OPERAnONS

This section discusses the requirements for the safe operations ofplants and facilities that

process, handle, and store 233U_bearing materials. Separate discussions are provided on general

plant operational requirements, databases essential for supporting plant operations, and operational

requirements for ensuring nuclear criticality safety.

4.11.1 Operational Requirements

For proper processing, storage, and handling of 233U-bearing materials, facility operations

should be conducted 1 to 3 shi~d, 5 dlw~. Typically, most facilities can be expected to fully

function 5 dlweek, 8 hid, and 250 dlyear. Allowing time for routine maintenance and required S&S

and MC&A activities, nonnal facility availability would be considered to be about 200 dlyear.

Because ofthe rapid grow-in ofgamma activity, an operation such as fuel fabrication, with 233U

fuel materials that have been processed to remove the daughter products would be more

appropriately carried out on a 24-b work day, 7~week operation to get as much done as possible

before the activity levels get too high for safe operation. For operations that involve working with

aged material that has already reached secular equilibrium where it is not practical to remove the .

daughter products, a 5~ 8-hld schedule is probably appropriate.

4.11.1.1 Operating Staff Organization and Functions

The responsibility for the safe operation ofa facility containing 233U_beafing materials rests

with the facility operations group, which also operates any hot cells, glove boxes, and other related

processing equipment. 1be facility operations staffalso operates and routinely checks building

service equipment, including all ventilation systems. It is their responsibility to ensure that the

required services are operating nonnally and efficiently for the supporting groups in the

laboratories and other areas of the building (Horton et al. March 1972).

A typical staff organization.ofa 233U material-processing and handling facility is schematically

illustrated in Fig. 4.110. This chart shows the overall organization of the facility relationships

among the various groups that are involved. The core facility staffconsists of a team of engineers

and technicians. A typical facility operation occurs on a 5~ work week; 8-h work day schedule

with a shift organization (as appropriate). Each work-shift organization is typically composed of a .

foreman-technician and several technicians, who are supported by technical and engineering

•

•

•
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groups, including a facility safety officer. Other facility organizations provide support for

maintenance craft and repair, health physics, and safety (Horton et aI. March 1~72).

Major responsibilities ofthe individuals who comprise the organization, as shown in

Fig. 4.110, include:

• Building supervisor. This person is responsible for the operation ofthe en~ facility.

•

•

•

•

•

•

Facility saftty officer. This person is responsible for all facility safety mattc:rs, including
, '.

zoning regulationS, emergency manuals and procedures, and safety training. ,This individual

also reviews and approves all nonroutine maintenance requests and p~ur6 and radioactive

material transfer procedures. .

Chiefofoperations. In addition to supervising the facility work-shift group~, the chiefof
. 1

operations has primary responsibility for administrative control and supervision, with the

assistance ofa maintenance engineer, ofan facility maintenance activities. '.

Shiftsupervisor. The shift supervisor on duty is responsible for all operatio~ in the processing

~ including the determination that any required maintenance can be done ~ely and will not.

interfere with any prOcess operation in progress. This person must be aware ofall equipment
• • I ,.

and service operations that are in progress, and he o~ she has the authority arid respOnsibility to

stop or change any of these operations. .
1

Technical and engineering groups. These people reView and analyze all~ generated in the

process operations and determine process conditions for all runs. ,
, \

Health physics group. These peOple are knowledgeable of the facility's radiological risks and

the impacts ofthese risks on process operations and facility staff.

•

4.11.1.2 Equipment Requirements

To ensure the proper operations ofplants and faCilities that process, handle, and ~re 233U_

bearing materials, requirements in several areas must be met. A detailed set ofd~umented
. .

procedures are used, and sample checklists that are based on these procedures ard provided for

each ofthe operational areas discussed in Sects. 4.11.1.2. l'through 4.11.1.2.3.

4.11.1.2.1 Preoperational System Testing

Preoperational system testing includes functional tests performed on· a compo~ent, or system of

components, to ensure the ac~evement ofdesigned performance: . ;
"

(
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4.11.1.2.2 Equipment Calibration Methods •

Equipment calibration involves establishing a quantitative verification of the accuracy ofa

sensing system.

4.11.1.2.3 Run-Sheet and Check-Sheet Use

Operations at ORNL involved with the processing of 233U-bearing materials have been

conducted with a minimum oftwo operators per 8-h shift and followed detailed operating sheets.

Those operations involving significant quantities (>500 g) of 233U were supervised by technical

personnel.

In addition to standard operating procedures, operating check lists for 233U_bearing facilities

incorporate process limits for nuclear criticality safety as well as general facility safety. Examples

ofoperating check lists are provided in Haws et a1. August 1965.

4.11.1.3 Other Requirements

Other requirements for ensuring safe operations ofa facility containing 233U_bearing materials

include those for lock out and facility sampling procedures and packaging. Lock-out requirements

are described in DOE Order 5480.19, Conduct o/Operations Requirements/or DOE Facilities

(U.S. DOE July 9, 1990). Examples ofsampling procedures are described in various documents

that reference the LWBR fuel fabrication experience (see Sect. 3.7.2). The sampling of 233U

material is difficult because ofthe need to consider both the a1pha-containing material and the beta­

and gamma-shielding issue. However, this kind ofsampling is no more difficult than taking a

sample of irradiated plutonium. It requires that the material be homogenized as much as possible

·to ensure that a representative sample of233U is obtained. The quality of the analysis is only as

.. good as the sample. The actual. operation oftaking the sample will be done inside a hot cell or

shielded glove box to minimize radiation exposure. The liquid samplers could be the recirculating

type where a stream ofthe desired process stream is recycled through a sample bottle until the

solution flowing through the bottle is representative. Other samplers are the evacuated-bottle or

single-needle sampler where the vacuum in the bottle pulls a sample through the needle from the

sample line. Sampling solids is much more difficult because ofcomplications in ensuring that a

homogeneous sample has been obtained 'and because ofthe difficulty of safely handling powders or

particulate material. In addition, there are high contamination risks, and special precautions must

be taken. Analytical techniques must also be carefully chosen to minimize contamination risks and

•

•
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waste disposal problems. The procedures that would be used in these operatio~ are those that

have been used in the DOE complex SNF reprocessing facilities at the Hanford Site, the Jepp, and

the SRS canyons.

4.11.2 Databases Supportin& Plant Operations !

I

For proper control and maintenance ofplant operations, databases should~ developed and. . . . ,

maintained to establish critical process parameters in the tlowsheets for various ,233U separation

methods. Such'process parameters include the distribution and extraction coeffi~ients for critical

process materials, including uranium,'organic extraCtantS, and iOn exchange resins.

4.11.3 Operational Requirements for Criticality Safety

The operational requirements for nuclear criticality safety in a facility containing 233U_bearing
,

materials are based on two sets ofstandards developed by the ANS and accredited by ANSI. One .

ofthe standards, ANSIIANS-8.l-~998 (ANSIIANS 1998), provides a set ofg~raJ guidelines for

nuclear criticality saf~ in operations with fissionable materials outside reactorS,. The other

standard, ANSIIANS-8.19':'1996 (ANSIIANS 1996), establishes administrative 8uidelines for an

• effective nuclear criticality safety program. The specific requirements ofeach o~these standards

are discussed below.

4.11.3.1 General Guidelines

General guidelines for good criticality practices at facilities that process and 'store 233U_bearing
I

materials are provided in the standard ANSIIANS-8.1-1998 (ANSIIANS 1998). )Such criteria have

been developed to ensure the implementation of safe oper3ting practices for pr~on against the

consequences (harmful releases of radiation) ofan inadvertent nuclear chain r~on (criticality
f

accid~t), preferably by prevention ofsuch a reaction. To meet this objective, th~ standard

ANSIIANS-8.1-1998 (ANSIIANS 1998) provides both administrative and tee~cal practices for

achieVing and ensuring nuclear criticality safety.

Required administrative practices for criticality safety are covered in the foll.~wing areas:

• Management responsibilities. These include:

:- Establishing a level ofsupervision responsible for nuclear criticality safeo/. This .

s~pervision must ensure criticality safety training and periodic retraining ~fall facility

•
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operations and maintenance personnel to the extent that each worker is aware that nuclear

criticality safety in his or. her work area is ultimately his or her own responsibility.

- Providing a staff knowledgeable about nuclear criticality data, criticality safety, and facility

operations who can serve as advisors to process supervision.

- Establishing criteria to be satisfied by nuclear criticality safety controls.

- Preparing and approving emergency procedures (see below).

• Process analysis. Before an operation with fissionable 233U materials is either initiated or

changed, it must be established that the entire process will be subcritical under nonnal or

credible abnonnal conditions. Facility conditions for the maximum effective multiplication

. filctor (k~ must be carefully detennined.

•_ Documentedprocedures. Procedures governing nuclear criticality safety operations must be

written, must specify all controlling parameters, be understood by all individuals participating

in these operations, and apply in such a way that no one inadvertent departure from a

procedure could result in a criticality accident.

• Materials control. Movement of fissionable materials must be controlled and properly

identified with appropriate labeling and area posting. Material limits must specify limits on

parameters that are subject to procedural control.

• Operational control. Procedure deviations and unforeseen process alterations that affect

nuclear criticality safety must be reported to management and promptly investigated. Measures

must be taken to prevent recurrence.

• Operational reviews. Facility operations must be annually reviewed to verify that nuclear

criticality safety has not been compromised by either unfollowed operational procedures or

altered process conditions. Persons ~owledgeable in nuclear criticality safety and not

responsible for facility operations must perform this review.

• Emergency procedures. Facility organizations that are expected to respond to nuclear

criticality emergencies must be aware of conditions that might be encountered and should be

assisted in preparing suitable procedures that govern their responses.

Required technical practices for nuclear criticality safety are included in the following areas:

• Controlling/actors. The major controlling factor for achieving nuclear criticality safety ofa

system containing fissionable material (like 233U) is the effective multiplication factor (kqr),

which depends on:

•

•

•
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- the mass and distribution ofall fissionable materialS" and

- the mass, distribution; and nuclear characteristics ofall other materials ~sociated with the

fissionable materials.

Nuclear criticality 'safety is achieved by controlling one or more parameters ,ofa system within

subcriticallimits (for which k-ff<I). AU controlled parameters and their limits for ensuring

subcriticaliiy must be specified. Nuclear criticality control for maintaining subcritical

conditions may be established by:

- administrative procedures (e.g., established posted limits),

- physical constraiDts (e.g., subcritical dimensional limits),

- measurement instrumentation,

-:- chemical means (e.g., preventing conditions that allow precipitation), and

- relying on natural processes., ' '

Double-contingency principle. Facility process designs should incorporate ~ufficient safety
,

factors that req~ at least two unlikely, independent and concUrrent chang~ in process

conditions before a nuclear criticality accident is possible. '

Geometry control. Process equipment designed with limited dimensions should be used where

practicable. AU dimensions and nuclear prOperties on which reliance is placed must be verified

before the initiation of operations.

• Neutron absorbers: Ne!Jtron-absorbing materials (e.g., boron and cadmium) may be used for

criticality cOntrol in process inaterials, equipment, or both.

• Subcriticallimits. As applicable, subcriticallimits based on experimental~ must be

established with adequate allowance for wicertainties in the data.' In the absehce of
l

experimental data, limits may be derived from calculations made by compariSons with

experimental data made in accordance with sed. 4.3 of standard ANSIIANS-8.1-1998

(ANSIIANS 1998).

4.11.3.2 Additional Administrative Practices

The standard ~SIIANS-8.J9-J996 (ANSIIANS 1996) provides additional ~riteria for

administrating a nuclear, criticality safety program for facilities containirig fissile ;(including 233U_

,bearing) materials. These additional criteria include:

•
•

, I

Management responSibilities (in addition to those covered in ANSIIANS-8.1;-1998)

(ANSIIANS J998). These include:



4-106

- Fonnulating nuclear criticality policy and making it known to all facility employees •

involved in operations with fissile (in particular 233U) material.

- Monitoring, auditing, and assessing the facility's nuclear criticality safety program and its

effectiveness.

• Supervisory responsibilities (in addition to those covered in ANSI/ANS-8.l-l998)

(ANSI/ANS 1998). Each supervisor in the facility must be responsible for:
, '

- The safety ofoperations under his or her control.

- Knowing those aspects of nuclear criticality safety that are relevant to the operations under

his or her control.

- Maintaining records of criticality safety training and of verification of personnel

understanding.

- Development and appropriate upgrades of written procedures applicable to the operations

'under his or her control.

--:- Verifying compliance with nuclear criticality safety specifications for new or modified

equipment before its use.

- Requiring conformance with good safety practices, including good housekeeping arid clear

identification of 233U_ and other fissile-bearing materials.

• Nuclear criticality safety staffresponsibilities. This stafIis responsible for:

- Providing technical guidance for the design ofequipment and processes and for the

development ofoperating procedures.

- Maintaining familiarity with current developments in nuclear criticality safety standards,

guides, and codes.

- Maintaining familiarity with all facility operations requiring nuclear criticality safety

controls.

- Assisting supervision, on request, in training personnel.

- Participating in audits ofcriticality safety practices and compliance with procedures as

directed by management.

- Examining reports of procedural violations and other deficiencies in order to recommend

improved safety practices and procedural requirements to management.

• Operating procedures. Facility operations must be reviewed annually to verify that standard

procedures are being followed and that process conditions have not been altered so as to affect

nuclear criticality safety. Nuclear criticality safety staff, not immediately responsible for

•

•
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facility operations, will perfonn these reviews in consultation with operations personnel.

Deviations from operating procedures and unforseen alterations in process ~oditions that

affect nuclear criticality safety must be reported to facility management, prOmptly investigated,,
appropriately corrected, and documented. Documented operating procedureS for ensuring

criticality safety in a facility containing 233U-bearing materials should have the following

features:

---:- Facilitate safe and efficient conduct ofoperations.

-'- Be organiud for convenient and efficient use by operations staff.

- Include significant controls and limi~ for the nuclear criticality safety o~tbe operation and
\

have a characteristic that no single, inadvertent departure from any pr~urecan cause a

criticality accident.

- Be reviewed periodically by supervision and be reviewed· by nuclear criti~ity safety staff .

ifnew or revised.
,.
I

•

•

•

•

- Be supplemented by flowsheets, process limits incorporated in operational check lists, or

automated inventory systems.

- Include deviations from operating procedures and unforeseen alterations in process

conditions that affect nuclear criticality safety.

Process evaluation. Nuclear criticality safety evaluations offacility processes must:

- Establish and document that an entire process will remain subcritical after new or modified

operations with fissile materials (e.g., 233U) have been implemented.

- Determine and identify the controlled parameters and their associated ~ts upon which

nuclear criticality safety depends.

- Be verified by independent assessment before the start ofoperation.

Materials control (in addition to those covered in ANSIIANS-8.1-l998) (ANSIIANS 1998).

The contiol of fissile materials must include the following requirements:

- Access to areas where fissil~, material is handled, processed, or storedm~ be controUCd.
. I

- Documented procedures must specify the control ofthe movements of fissile materials.
. I

- Material labeling and area posting must specify material identification and limits on

parameters subject to procedural criticality control.

- Procedural criticality control must be imposed and maintained on any neutron-absorbing

materials that are incorporated into the process'material or equipment.
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- To assure subcritical conditions, control of spacing, mass, density, and geometry of fissile •

material must be maintained.

4.11.4 References for Sect. 4.11

A list ofcited references on safe plant operations is provided below. This is followed by a list

of additional sources that provide information on this topic.

4.11.4.1 References Cited

American National Standards Institute/American Nuclear Society. 1998. American National
Standardfor Nuclear Criticality Safety in Operations with Fissionable Materials Outside

.,.. Reactors, ANSIIANS-8.1-1998, American Nuclear Society, La Grange Park, ill.

American National Standards Institute/American Nuclear Society. 1996. American National
Standard Administrative Practices for Nuclear Criticality Safety, ANSIIANS-8.19-1996,
American Nuclear Society, La Grange Park, Ill.

Haws, C. C. August 1965. Summary ofthe Kilorod Project-A Semiremote 10-kg/day
Demonstration of2JJUOr Th01 Fuel-Element Fabrication by the ORNL Sol-Gel Vibratory­
Compaction Method, ORNL-3681, Oak Ridge National Laboratory, Oak Ridge, Tenn.

Horton, R. W., et al. March 1972. Safety Analysis: LWBRSupport Program in Building 3019
Pilot Plant, ORNUfM-3567, Oak Ridge National Labonitory, Oak Ridge, Tenn.

U.S. Department of Energy: July 9, 1990. Conduct ofOperations Requirementsfor DOE
Facilities, DOE Order 5480.19, Washington, D.C.

4.11.4.2 Supplemental Resources

Chemical Technology Division. Aug. 24, 1984. Final Operational Safety Requirements for the
Radiochemical Processing Plant (RFP), ORNUCF-81/37, Oak Ridge National Laboratory,
Oak Ridge, Tenn.

Chemical Technology Division. Sept. 14, 1984. Final Safety Analysis Reportfor the Consolidated
Edison Uranium Solidification Program (CEUSP) Facility, ORNUENGIINF-83/2, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

Horton, R. W., D. W. Magnuson, and W. T. McDuffee. March 1972. Criticality Analysis:
LWBR Assistance Program in Building 3019, ORNL-TM-3469, Oak Ridge National
Laboratory, Oak Ridge, Tenn.

Immer, J. R. 1953. Materials Handling, McGraw-Hill Book Company, Inc., New York.
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ORNL DWG 98-8105,

Site Division

I
Building Supervisor .'

Safety Officer Secretary

",

Engineer, Chiefof Operations

Engineer - Operations ;

A-Shift IB-Shift TC-Shift ' "

Foreman Foreman Foreman

X Techniciansc X Techniciansc X Tech'niciansc

Engineer, Maintenance-Engineering

Aide-Relief Foreman ICraft Support (P&E,U ,1&Ch
)

Technical Group, Leader ",

.
Engineer - Data Analysis

Engineer - Quality Control

, Engineer - Accountability

Technician - Accountability

Health Physics Group

•

UP&E =site plant and equipment organization.

bI&C =site instrumentation and controls organization.

CX = number of facility technicians, which is determined by the
amount of material processed and handled. '

•
Fig. 4.110. Typical organization of a 2J3U material processing and

, handling facility.
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4.12 WORKER TRAINING AND CERTIFICATION

This section describes typical 233U worker training program and certification requirements.

The basis for most of the infonnation presented is the RadiochemiCal Technology Section

Training and Qualification Program Plan, Rev. 3 (October 1996), prepared by the Radiochemical

Technology Section (RTS) of the ORNL CTD. Hereafter, this document is referred to as the RTS

Training and Qualification Program Plan (TQPP), or simply TQPP. The TQPP was·prepared

(a) to provide a detailed plan for developing, implementing, and maintaining RTS training

programs and (b) to comply with the requirements of DOE Order 5480.2A, Personnel Selection,

Qualification, and Training Requirements/or DOE Nue/ear Facilities (U.S. DOE Nov; 15,

1994). An outline of a typical 233U worker training program is provided below followed by a

discussion ofworker certification requirements.

4.12.1 Typical Training Prolram

Requirements and methods ofprograms for training workers handling 233U materials are

outlined and described below. Specific details are given in the TQPP. Worker training, as covered

in this section, pertains to the instruction that is required and designed to develop or improve job

performance regarding the safe and proper handling and maintenance of 233U-bearing materials.

The TQPP addresses the following requirements for 233U worker training:

4. Qualification, organiwion, and responsibilities oftraining supervision and staff: including:

a. facility manager,

b. assistant facility manager,

c. facility operations supervisor,

d. training coordinator,

... e. training staff, and .

f. oral board leader;

2. Analysis and design oftraining program;

3. Development oftraining materials;

4. Implementation oftraining (including methods and procedures);

5. Evaluation oftraining program;

6. Administration oftraining program; and

•

•

•



•

•

4-111

7. Miscellaneous record fonns and checklists, including:

a. task-to-training matrix fonn (this references the training required for each task),
\

b. oral board evaluation fonn,

c. training materials instructional review checklist,

d. training monitor sheet,

e. surveillance fonn,

£. student evaluation fonn,

g. record of remediation, and·

h. experience verification sheet.

Specific details ofeach of the previous topics are provided in the TQPP.

Special topics that are covered in 233U worker'training include:

4.12.2 Certifi~tion Requirements

Worker certification, as discussed in this section, pertains to the proCess by which authorized

management provides written endorsement of the satisfactory achievement of the ,qualification of a

worker for a position involved with the handling and maintenance of 233U_bearing materials.

The TQPP addresses ,the certification and recertification requirements for both tdlining staff and

workers handlin~ 233U-bearing materials. A certification proficiency verification list is also

provided in the TQPP to identify personnel who have demonstrated proficiency in a designated

facility. Specific details are provided in the TQPP.
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4.12.3 References for Sect. 4.12

Listed below are the references cited iit Sect. 4.12. This is followed by a list ofadditional

resources that provide more detailed information on worker training and certification requirements

for handling 233U-bearing materials.

4.12.3.1 References Cited

Radiochemical Technology Section Training and Qualification Program Plan, Rev. 3.
October 1996. Radiochemical Technology Section, Chemical Technology Division, Oak
Ridge National Laboratory, Oak Ridge, Tenn.

.U.S. Department of Energy. Nov. 15, 1994. DOE Order 5480.2A, Personnel Selection,
Qualification. and .Training Requirements for DOE Nue/ear Facilities, Washington, D.C.

4.12.3.2 Supplemental Resources

U.S. Department of Energy. August 1994. DOE Handbook-Training Program Handbook: A
Systematic Approach to Training, DOE-HDBK-1078-94, Washington, D.C.
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S. CURRENT AND POTENTIAL U3U MATERIAL APPLIC~TIONS

5.1 INTRODUCTION

5.1.1 Discussion

Most ofthe current DOE inventory of 233U is considered surplus. As discu~sed in Bereolos

et aI. (June 1998), some ofthis material will be disposed ofas waste, but some may be kept for

future use. Several potential uses of 233U are described in this section. The decision as to which

portions of the inventory should be retained for use depends on two considerations: (I) future

needs and (2) eXisting inventory. Specific needs have specific requirements, de~ding upon the

quality of the 233U_bearing material. Not all 233U is suitable for aU uses. This may result in excess

233U with specific characteristics, although the potential future uses of 233U exceed the current
, ;

inventory. From the standpoint of future use, the important characteristics of the inventory are:
,

• mU content. Materials with high concentrations of 232U are characterized by high radiation

levels which impose restrictions on possible future uses and high processing::costs to

accommodate the radiation fields accompanying such materials.

• m U and 2J8U content. Materials with high concentrations ofuranium isotopes other than 233U

indicate high volumes ofuranium per unit of 233U. Ifthe other uranium isotOpe is 23SU,

additional complications exist in terms of safeguards and nuclear criticality. Ifthe other

uranium isotope is 238U, the material mass is increased, but weapons safeguards issues can be

avoided and nuclear criticality issues Can be reduced if the fissile concentrati,ons are kept
I

sufficiently low.

• Chemical andpackaging characteristics. The 233U inventory is in multiple chemical and

physical forms and packaging systems. Large fractions ofmaterial are cast-in-place oxide

monoliths in welded stainless steel containers, Zircaloy-elad rods of dioxide fuel pellets made

with large amounts of natural thorium, or oxide powders packaged in stainless-steel screw-top. ,
containers, welded aluminum cans, or welded stainless steel plates. A variety of other

chemical forms exist in other, diverse packaging configurations in the invent<;>ry. The diversity

ofchemical and physical material characteristics and packaging systems influences 233U

usefulness and complicates the approach to its use or disposition.

5-1
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Major applications that have been identified thus far for 233U_bearing materials are described in

Sects. 5.2 through 5.6. Additional information on the uses and potential needs for 233U is provided

in ORNL-6952 (Forsberg and Lewis March 1999).

5.1.2 References Cited for Section 5.1

Bereolos, P. J. et al. June 1998. Strategy for Future Use and Disposition ofUranium-233:
. History, Inventories, Storage Facilities, and Potential Future Uses, ORNUfM-13551, Oak

Ridge National Laboratory, Oak Ridge, Tenn.

Forsberg, C. W. and L. C. Lewis. March 1999. Uses and Potential Needsfor Uranium-233,
ORNL-6952, Oak Ridge National Laboratory, Oak Ridge, Term.
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5.2 MEDICAL USES

5.2.1 Discussion

One potential large-scale use for 233U involves one of its decay products, 213Bi. During the past

decade, considerable research bas been conducted in the area of radioimmunotherapy using alpha

receptors. Specifically' of interest is that ofantitumor antibodies radiolabled with an alpha emitter

(Knapp and Mirzadeh 1994; Geerlings 1993). In thismetbod, the isotopes are a;ttaehed to

antibodies which specifically target the cancer cell, where the resulting alpha emissions kill these

cells with high efficiency.

Previous work in this area focused on using 212Bi, produced by the decay ch3in of 232U (or,

228Th). However, the undesirable side effect of 212Bi is the 2.6-MeV gamma radiation emitted

during the decay of2O&:J1. The radiation level from this decay could prove to be a debilitating
"

hazard to the patient and an unacceptable risk to the patient's family members aJ.ld the medical

staff involved in the treatment. Also particular concerns exist about long~tenn dOse levels to

medical personnel who treat multiple patients.

A potential solution to this dilemma is to use 213Bi produced from the decay ~hain of 233U
,

(pippin et a1. 1995). Bismuth-213 bas the unique properties ofbeing primarily 3;0 alpha emitter

(by way of 213po ) and having only a 2% probability of decaying to~, which ~ts a I.S-MeV

gamma ray. This compares to a 36% probability for 21~i to decay to 208TI, which emits a,

2.6-MeV gamma. Still, 213Bi is chemically identical to 212Bi with a similar short ~f-life (about

1 h).

After the first recovery step, the remaining uranium in solution is resolidified, and stored in

standardized packages for future use or disposal. The -entire process may be~ after several

years to allow for ingrowth of 2Z1b and other decay products.

Currently, 2Z1b produced from the decay of 233U is the only source of 213Bi. ,Further,229Jb

could be produced by irradiation of 226Ra in a nuclear reactor. However, the lev~ls ofthe

contaminant, 228Th, produced by irradiation of radium, are much higher than those from decay of

233U_232U in the inventory. The existing capacity for such production is about 100 glyear

(Feinendegen and McClure 1996).

It is likely that isotopic dilution of the 233U to remove weapons usability wou~d have little effect

on this application. The decay chain of 23sU, which would be used as the blend-d~wn material,
I
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does not contain actinium. 1Derefore, the third separation step in the recovery of213Bi would still •

.isolate the desired part of the D3U decay chain.

5.2.2 References Cited for Section 5.2
, .

Feinendegen, L. E., and,]. 1. McClu~, 005. 1996. Workshop Alpha-Emitters for Medical
Therapy, Denver, Colorado, May 30-31. 1996, DOFJNE-ol13, U.S. Department of Energy,
Office ofNuclear Energy, Science and Technology, Germantown, Md.

Geerlings, M. W., et aI. 199~. "The Feasibility of 22SAc as a Source of Alpha-Particles in
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Knapp, Jr., F. F., and S. Mirzadeh. 1994. ''The Continuing Important Role of Radionuclide
Generator Systems for Nuclear Medicine," European Journal ofNue/ear Medicine, 21(10),

. 1151.

Pippin, C. G., et aI. 1995. "Recovery of 2l3Bi from an 22SAc Cow: Application to the
Radiolabeling of Monoclonal Antibodies with the Alpha-Emitter 213Bi," No. 94 in Abstracts of
Papers ofthe 206th American Chemical Society National Meeting, Part 2, August 22-27,
1993. Chicago, 1//., American Chemical Society, Washington, D.C.
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5.3 NUCLEAR REACTOR FUEL

Direct use of 233U to fabricate reactor fuel is possible for both DOE's reseatch reactors and as

part ofa larger program to develop a mixed oxide (MOX) fuel ofplutonium and uranium.

Because of the limited inventory of 233U, the latter option would not be an economic option for
, ,

using 233U by itself, but it could be viable as a part of the plutonium program (Bereolos et al. June

1998).

5.3.1 Deep-Space Missions

Since 233U has a lower minimum critical mass than 23SU or 23~ (for neutron flux in the

thennal regime), it may be desirable to use 233U as a nuclear reactor fuel for ~-space missions

for which a premium is placed on minimizing mass. For this application, high-8rade 233U would be

required to minimize spacecraft launch weight. A space reactor is launched into earth orbit before

the reactor is started. This procedure avoids the need for massive shielding of the reactor before

and during launch operations. High-purity 233U would be required to avoid the .ieed to shield the

reactor before launch.

Uranium-233 may have unique advantages for certain types ofdeep-space reactors

(Howe et al. 1991). There are two potential applications: (1) electric power and (2) propulsion.

For missions to Mars and beyond. nuclear energy sources are the only. available sources ofelectric

power for spacecraft because of the reduction of solar radiation with distance from the sun.
, '

Second, the cost ofdeep-space missions is directly dependent upon the total mass of the spacecraft.

While the cost to put satellites in earth orbitis measured in thousands of dollars j>er kilogram in

orbit, the cost to put a spacecraft beyond Mars may be measured in millions ofdollars per

kilogram. Thus, mass (or weight) controls cost.

The preferred type ofnuclear power source to provide electricity for a deep-space mission

depends upon the power requirements. For power production levels up to several kilowatts, the

minimum-mass nuclear power source is a radioisotope generator. The currently preferred,
radioiso~pe is 238pU. Nuclear reactors provide minimum-mass, steady-state power generation at

higher power levels. For steady-state power levels ofa few kilowatts to several megawatts, nuclear

power reactors fueled with 233U may provide the minimum~s (MacFarlane 1963; Lantz and

Mayo 1912). For each fissile material, a minimum mass ofthat fissile material is required for a
I

nuclear reactor to operate. This minimum mass is substantially smaller for 233U than for 23SU.

Uranium-233 and plutonium have similar nuclear characteriStics; however, the physical properties
i
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of uranium in high-temperature space reactors are substantially better than those of plutonium and •

. there may be fewer launch safety issues (see the following). This difference may make 233U the

preferred material for such applications.

At steady-state power generation levels of several megawatts and above, 233U HEU or

plutonium can each be used with little difference in spacecraft mass. There are two reasons for

this:

• At high power levels, the reactor must have large, internal, heat-transfer surfaces to transfer

heat from the reactOr to the electric generator. To obtain the heat transfer, the reactor fuel

assemblies require a signifi<;ant amount of fissile material. In a large nuclear system, the

:.::. choice of fissile material does not significantly impact weight because the amount of fissile

~.3 material needed for heat transfer far exceeds the rniilimum critical mass needed for a reaCtor.

• At high power levels, there must be significant quantities of fissile materials to proVide the

energy for a long-term mission.·

Uranium-233 may also be used for small nuclear propulsion units to boost spacecraft from

earth orbit to deep space (Ludewig et aI. 1989; Hyland 1970). These units have moderate power

levels for short times «I h). The interest in using 233U is that it minimizes fuel mass in the

spacecraft.

It currently appears unlikely that 233U would be used for near~.missions because of the .

interactions between safety concerns and economics. The primary safety issue associated with

space reactors is a launch failure with loss of the spacecraft. Space reactors are not operated until

they are in earth orbit or beyOOd to minimize launch risks. For reactors fueled with HEU, launch

safety concerns are minimized becauSe a failure of the rocket would result in (a) only HEU dust

over the launch pad or (b) bumup in the atmosphere. The toxicity of HEU is relatively low and

leSs than other components of conventional rockets. Plutonium-238, 233U, and 239pg are alpha

emitters that are much more hazardous than is HEU. Uranium-233 is hazardous, but it is the least

hazardous of these materials. For more hazardous radionuclides, the standard procedure is to

encaSe the fissile material in a special container or containers to withstand launch accidents. This

adds costs and complexities to the reactor. For a near~ spacecraft, the relatively low-launch

cost for earth orbit makes HEU the 'preferred reactor material-it is not worth the complexity of

using 233U or plutonium. For deep-space missions with very high costs to deliver a kilogram of
. .

spacecraft into deep space, more complex systernsare required to (I) make the mission possible

and (2) limit costs.

•

•
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The potential demand for 233U in this application is probably a fraction,of~e total inventory.

The unique advantages of233U are only for small reactors with small quantities of 233U per reactor.

Any 233U for space missions must be ofhigh purity. Uranium-233 with significant quantities 'of

other uranium isotopes bas DO value for this application.

•

-lo..

5.3.2 Reactor Fuel Cycle Research .
The major historical application for 233U has been for research into new nuclear power reactors

, . .
and associated fuel cycles. This is also a potential future application.

There are four incentives for considering a 233U-thorium fuel cycle..

• The global resources of thorium are about four times greater than for.uraniUm. Ifuranium

becomes scarce (perhaps hundreds or thousands ofyears in the future), thorium is a more

abundant fertile material to use in reactors to breed nuclear fuels.

• In thennaJ reactors, such as LWRs or MSRs, thorium fuel cycles breed more fissile material

f33U) than reactors fueled with LEU:

• SNF and other wastes from the thorium-233U fuel cycle, as compared to uranium-plutonium

fuel cycles, contain smaller quantities of long-lived actinides that are a concern in disposal of

wastes in geological repositories.

• Some 233U-thorium fuel cycles may have lower risks ofdiversion ofweapons-usable material

than do conventional uranium-plutonium fuel cycles. In power reactors, the: impurity of 232U

and its daughter products build up to very high levels with correspondingly lligh radiation

levels associated with the separated 233U.

For this application, only relatively pure 233U would be used. For research, high-purity

material with low radiation levels is desired to (I) allow low-eost fabrication of test nuclear fuel

assemblies and other equipment and (2) make possible more nearly accurate meaSurements of

equipment and material performance.

The U.S. inventory of 233U partly reflects the use of 233U for power reactor R:&D. The largest

batch of 233U in the inventory, the CEUSP material at ORNL, is from a power reFtor and has the

high concentrations of 232U. The ZPR 233U is from reactor criticality experimen~. The Idaho

LWBR fuel is a test core of 233U, arid finally, 233U is currently being recovered from the MSRE.

A recent proposal that would involve the use of 233Uas nu~lear fuel is the En~rgy Amplifier

concept of Rubbia (Aldhous Nov. 26, 1992; Carminati et aI. 1993; Rubbia 1995). The idea is to

• use a particle accelerator to supply neutrons to drive a thorium~fueled reactor. ~s setup has the
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advantage from the safety perspective that fission can be sustained only while the accelerator is •

. .running. It is also noted that Japan is 'currently acquiring limited quantities of 233U for tests for

their advanced reactor concepts.

The tota1 domestic inventory of 233U (<2 t) is small when compared to inventories of other

fissile materials (HEU inventories are measured in hundreds ofmetric tons) and small when .

compared to the fissile requirements'to fuel the nation's nuclear power reactors. As such, the tota1

233U inventory is not a significant energy resource from a national perspective nor a significant

energy resource for startup of a 233U fuel cycle. Decisions on keeping such materials for this

application depend upon whether the United States wants to maintain the capability to restart

research on fuel cycles using thorium-233U fuel.

5.3.3 Commercial Reactors

The inventory of 233U is not significant as an energy source. In the United States, current

commercial reactor fuel is based solely on 23SU, so alllicensing and specifications are set up for

this situation. Furthennore, there,is currently an excess of 23SU. The CEUSP material, which has

large ~tities of 23sU, would StilI have to undergo additional processing to remove the soluble

neutron poisons cadmium and gadolinium. •

By contrast, in countries like India, 233U offers a promising future as a fuel in power reactors

whose fuel cycle is based on thorium. The utilization ofboth 233U and thorium in commercial

power reactors on the international scale is discussed and described in many references (notably,

IAEA 1966, U.S. DOFJEIA April 1997, and Bhagwat et aI. August 1993).

5.3.4 ReferenCes Cited for Section 5.3
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5.4 RADIOACTIVE TRACERS

5.4.1 Discussion

In general, tracers are foreign materials that are either mixed with or attached to a given

substance and used to detennine the location or path of that substance. Radioactive tracers are

.often used to follow a series ofprocesses or events commonly found in industrial process streams

or in the metabolic systems ofliving organisms. As a radioactive tracer, 233Uhas been used in

small amounts (-2008) to:

• track radionuclide migration in grOUndwater and other aquifer systems (Laol et aI. June 1985~

Meier et aI. 1992; Meier et aI. 1994; and Zeh, Klotz, and Lazik March 1995) as well as in

geologic media (Shihomatsu 1987; Shihomatsu December 1988),

• 0 determine the concentration and distribution of uranium in minerals (Shihomatsu and

Iyer 1988) and measure the diffusion of radionuclides in sediment rocks (Meier et aI. 1987),

and

• calibrate other radionucli~ tracers, such as 243Am. In such calibrations, 233U enables the

evaporation rate of the test solution to be monitored (Eliot, Louis, and Lucas Sept. 13, 1987).

5.4.2 References Cited for Section 5.4,
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5.5 SPIKE MATERIALS

5.5.1 Discussion

Uranium-233 is used as a spike isotope in the determination ofuranium concentrations and

isotopic compositions in materials containing natural uranium' or uranium enriched in 23SU. In'

these materials, 233U is generally not present or can be found only in very small amounts. A spike

is a measured quantity ofan isotope that is added to an aliquot ofa sample. The isotope used for

spiking must either not be present or pre,sent only at trace levels in the 'original sample. This is the

case when 233U is used with natural or 'enriched uranium samples. After chemical and isotopic

equilibration. the quantities ofthe isotopes in the sampl~ are measured relative to the added

isotope. From the change in the isotopic ratios of the sample caused by the spike, measured by

mass spectrometry, the elemental content ofthe sample may be determined. As a spike, 233U has

been used to:

• accurately measure the half-lives ofother radioactive actinides, most notably 238Pu, 239pu,

240Pu, and 24IPu (Chitambar et ~. Dec.,l3, 1986; A~rnathCy and Marsh October 1981; Jaffey

August 1978);

• ,determine the concentration and isotopic composition ofuranium in environmental air filters

(Russ and Bazan Aug. 26, 1997); and

• determine the concentrations of uranium, plutonium, and their relative isotopic abundances by

an analytical technique known as isotope dilution~ spectrometry (IDMS).

IDMS is an effective method for accurately measuring element or isotopic assays and

concentrations. It is especially useful when onlys~ samples ofan elenient or isotope of interest

are available.IDMS is frequently used to accurately measure concentrations of uraDium and

plutonium in dissolved, irradiated nuclear materials such as those resulting from nuclear fuel

reprocessing. As part ofthe IDMS analysis procedure, a known quantity ofa unique element or

isotope to be measured (referred to as the "sp~e'') is added to a solution containing the analyte.
. ."

The resulting solution is then chemiCally purified and afterwards analyzed by mass spectrometry.

By measuring the magnitude of the response for each isotope (including that for the unique spike)
, '

and then relating these results to the known quantity ofthe spike, the isotopic composition ofthe

nuclear material under investigation Can be accurately determined (Bayne July 1991; Maxwell and

Clark July 1990).

•

•

•
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For safeguards and accountability purposes, concentrations ofuranium and' plutonium in

highly radioactive solutions from dissolved spent reactor fuel elements are detennined by IDMS

using 233U along with other radionuclides as spikes. Such an analysis is also useful for determining

the bumup level of reactor fuel (IAEA May 1989).

Currently, 233U is used as a baseline spike material to calibrate the samples used for uranium
. \

accountability analyses that are performed in the ICPP at INEEL. A precisely ~ured aliquot

(on the order of I mg) ofan isotopically pure 233U compound is added to sample,s to determine the
I

concentration of uranium and of the accountable uranium isotopes present (mairily for the isotope,
23SU) by IDMS. The analyzed sample size that is spiked with 233U typically bas on the order of

I mg ofuranium. Discussions with INEEUICPP personnel involved with such analyses indicate

that only about 20 g of 233
U have been used as a spike in IDMS analyses performed at the ICPP

during the past 20 years (Hand Mar. 5, 1997~ Lewis Mar. 7, 1997).

At the SRS, an automated spike preparation system for IDMS was develo~. To prepare 233U

spikes for this system, 200 JlL containing approximately 140 Jlg of 233
U is dis~ (Maxwell and

Clark 1990).

...
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5.6 MISCELLANEOUS USES

5.6.1 Discussion

Two less common uses for 233U materials have been identified. One involves use as a sensing
l,

material in fission counters for reactor~p applications (prasad and Balagi ~une 1996). In this

application, about 75 mg of 233U are required in a fission counter providing a sensitivity of

0.02 counts per second per nanovolt (cpslnv). Another less conunon applicati~ involves 233U use

as one ofseveral selected reference radionuclides for rrle3Suring the effects and limits of radiation

exposure on embryo and fetal tissue (Matsusaka March 1993). Such analyses ~ve included
'_. J

investigations made of the deposition, distribution, retention, and toxicity ofseveral radionuclides
}

in prenatal and juvenile mammals (Sikov and Park 1987).
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APPENDIX A. UJu STORAGE STANDARD

This appendix provides a reprint ofthe report, DOE Standard-Criteria for Preparing and
Packaging Uranium-233-Bearing Materials for Safe Long-Term Storage (SAFT-0067). This
draft report is an officially published interim standard for the storage of 233U-be3.ring materials.
The document is printed in full from its current web site location, which is

http://www.doe.gov/techstds/tsdraftslsaft0067.pdf
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FOREWORD

This standard establishes the criteria for the safe packaging and storage of Uranium-233( 233U)-bearing
materials and aims to obviate subsequent repackaging during their storage or from their existing storage
facilities until their respective dispositions are identified. Materials conforming to these criteria should
be contained and stored safely for a nominal 50 years (pending disposition). Periodic inspections of 233U
packages shall be conducted in order to confmn the storage lifetime objectives covered by this standard.
The justifications and bases for the criteria are given in Appendix A. This Department of Energy (DOE)
standard is approved for use by all DOE components and their contractors.

The Department of Energy (DOE) was producing special nuclear materials (SNM) in their purest forms
for weapons production and reactor fuel fabrication during the Cold War period. Typically the SNM,
which includes plutonium (Pu), enriched uranium-235 (23~U) or 233U, were either in the forms of metals
or relatively pure oxides. These SNM materials were also the most "attractive" from a safeguards
perspective because they could most readily be used to fabricate nuclear weapons.

•

The DOE mission has been refocused in the past few years to emphasize weapons dismantlement, safe
fissile materials storage and disposition of excess SNM to Departmental needs, while preserving a
reduced stockpile. Aside from weapons dismantlement and production activities, significant quantities of
Departmental flSSile materjals also exist in a variety of chemical forms from fuel cycle programs and
from other nuclear research and development (R&D) projects. These materials shall be safely stored in
the interim until their ultimate dispositions are identified. Coincidentally, safeguards and
nonproliferation concerns should be integrated into these storage criteria. Safe storage of these reactive
materials is the current end-point for the SNM inventories prior to disposition. •

Existing Departmental storage facilities at Oak. Ridge National Laboratory (ORNL) and Idaho National
Enginnering and Environmental Laboratory (lNEEL) will be used for near-term storage of the 233U
materials until such time as new or upgraded storage systems become available, the material is
dispositioned, or transferred for reuse. Building 3019 at ORNL has been the National Repository for
'separated 233U materials since 1962. It has most of the existing separated inventory in a variety of
packages and diverse chemical and physical forms. The Idaho Chemical Processing Plant (ICPP) at
lNEEL has held the major 233U inventory in fabricated forms of unirradiated nuclear, fuel assemblies, rods,
and sintered pellets since the early 1980s.

The major elements for the safe storage of s~parated 233U are preventing criticality, containing radioactive
materials, protecting personnel from penetrating radiation, and safeguarding this special nuclear material.
The storage facility plays a primary role in addressing all of these safety elements except containment.
The facility plays a principal backup role (i.e., defense in depth) in confining radioactive contaminants
during upset conditions. Material stabilization, consolidation, access limitation, lo~ maintenance storage
and reliability in verification of the inventory are the Department's present goals for the 233U_bearing
materials.

The existing materials should not be repackaged if the existing container(s) pose no safety hazards.
However, if repackaging is required, a standardized package, which considers the disposition mode, is the
preferred option, while ensuring overall safety. An integrated approach that considers the packaging in
combination with specified control measures is also acceptable.

DOE technical standards do not by themselves establish mandatory requirements. However, all or part of
the provisions in a technical standard can become requirements under the following circumstances: •

ii
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(a) they are explicitly stated to be requirements in a DOE requirements document; or

(b) the organization makes a commitment to meet a standard in a contra'ct or in a plan or program
required by a~E requirements document

,
Throughout this standard, the word "shall" is used to denote actions that must be performed if this standard
is to be mel If the provisions in this technical standard are made mandatory through one of the two ways
discussed above, then the "shall" statements become requirements. '

iii
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• 1. INTRODUCTION

•

•

1.1 Purpose and Scope

This standard provides criteria for safeiy packaging and storirig 233U-bearing solid materials for a
nominal SO years without subsequent repackaging. Periodic inspections of 233U packages shall be
conducted to confirm the storage lifetime objectives covered by this standard. This standard does not
apply to packaging {or liquids, wastes, spent fuels, irradiated targets, in-process materials, or small
quantities involved in research and development studies. Furthermore, this standard does Dot apply
to packaging for uranium with isotopic content less than 1 wt % 233U or to packag~ng {or uranium­
bearing materials contanlinated with plutonium in amounts greater than 2 % (on a;weigbt basis
relative to 233U content). .;

\
A majority of the 233U in inventory consists of mixtures of mU and 23\] or mixtures whose properties
are dominated by the 233U and 232U content. These materials have substantially different radioactive
and nuclear characteristics than the other two special nuclear materials (SNMs), ~U and Pu (note
that 232U is not an SNM). For example, the 232U decay chain produces~, which emits a 2.6 MeV
gamma-ray. This highly energetic gamma-ray and the high alpha activity associated with 232U
necessitate facility safety characteristic.s such as shielding in addition to material ahd packagiilg
considerations for safe storage. 'I'herefore, guidance for facility features addressing the unique
properties of 233U and 232U is provided in this standard. ~

Bases for the criteria in this standard are provided in Appendix. A and are organized to correspond,
section-by-section, with the standard. Users of this standard are advised to consul~ and ensure

. adherence with other applicable directives while implementing these criteria. It is:the responsibility
of the organization in custody of the material to provide safe conditions for handling and storing the
material.

1.2 Equivalency

This standard allows using systems, methods, material forms, or devices that are f~nctionally

equivalent or superior in the place of those prescribed herein if demonstrated by technical
documentation. "

2. DEFINITIONS

Terms and acronyms applicable to'this standard and to the criteria bases are listed and defined in
Appendix. B.

3. REFERENCES

Specific DOE and other Federal agency regul~tions and other documents used in developing this
standard and the ~ases for the standard are listed in Appendix. C..

4. MATERIAL AND PACKAGING CRITERIA

The following criteria are established to control potential hazards to workers, the publi~ and the
environment for packaging and safely storing separated 233U_bearing materials. Technical bases for the
criteria are provided in Appendix A. Besides conforming with these safe storage criteria, the reader,
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should review other specific DOE directives which address SNM issues, e.g., OrderS on materials control
and accountability (MC&A), radiation protection controls, criticality and transportation.

Some of the following sections are specific to the material fonn. The table below provides a mapping of
material form to the applicable sections..

Table 1. Roadmap or Sectloas 4 and 5.

Material Form Material Specific Sections
Metals 4.1.1,4.2.1,4.2.2,4.2.3
OXide Powders 4.1.2,4.2.1,4.2.2,4.2.3,4.3.2b
Monoliths 4.1.3,4.2.1,4.2.3,4.2.5, 4.3.2b, 5.2
Ceramics 4.1.4,4.2.6,4.3.2b
All 4.2.4.4.3.1, 4.3.2a 4.4 4.5 4.6.5.1 5.3 5.4

4.1 Material Criteria

Storable 233U_bearing solid forms include metals, alloys, oxide powders, oxide monoliths, and
ceramic oxide pellets.

•

4.1.1 Metals and Alloys. Metal and alloy pieces shall have a specific surface area of less than
50 cm2/g. Particles and metal pieces larger than 8 mesh (2.38 mm) meet this criterion. Metal
pieces with a specific surface area greater .than 50 cm2/g, thin foils, and turnings shall be
thennally stabilized to-oxides for storage. Thermal stabilization shall be at a temperature of at
least 650°C (12()()°F) for at least 6 hours in air.. Loose ox.ide on outer surfaces of metal pieces •
shall be removed prior to paCkaging metals for storage.

4.1.2 Separated Oxide Powders. Stored materials may include oxide powders of 233U and
mixed uranium isoto~. These materials shall be thermally stabilized by heating to a nominal
650°C (12()()°F) or hotter for a nominal 6 hours or longer to remove moisture and. to convert
residual salts to oxides.

4.1.3 Oxide MonOliths. Oxide monoliths are large, brick-like pieces of oxide, typically U 30g,

which have been calcined in a denitration process and baked at a nominal 800 °C (l470°F) or
·hotter for a nominal three hours or longer to remove moisture and convert residual salts to
oxides.

4.1.4 Ceramic Oxides. Ceramic oxide pellets are high-flred ceramic matrices formed by
sintering at greater than 1750°C .(3180°F) in air for at least 12 hours.

4.2 Packaging for Storage Criteria

Packaging provides a principal barrier for isolating stored material from the environment As such,it
should be designed to maintain mechanical integrity, including closure, during anticipated handling
and storage operations. General issues surrounding the package relate to material of construction,
internal package atmosphere, identiflcation and closure. The storage package for metals and
powders shall consist of a minimum of two nested, leaktight containers to isolate the stored materials
from the environment and to prevent the release of contamination. This two-container system is also
acceptable for monoliths and ceramic oxides. However, the storage system for monoliths may
consist of a minimum of one container combined with facility features described in Section 5.2.1.

2 •
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The storage system for ceramics may consist of containers described in Section 4:2.6. Sections
I

4.2.1,4.2.2,4.2.3, and 4.2.5 do not apply to ceramic material. Sections 4.2.2 and!4.2.6 do not apply
to ox.ide monoliths.

4.2.1 General Requirements. Required containers used in packaging:

a. Shall be fabricated of materials that are resistant to corrosion due to contact with the material
and the anticipated storage environment It is recognized that stainless steel, aluminum,
zirconium alloys, and nickel-based alloys are considered resistant to corrosion in most
applications. No plastics are allowed in direct contact with the material. .

b. Shall have permanent (e.g., etched, engraved, or stamped) identification markings.

c. Shall be leaktight as defmed by ANSI NI4.5-1997 at the time of closure for newly
repackaged material or shall meet Section 4.2.3b for existing containers.

d. Shall be designed and constructed to facilitate non-destructive assay (NDA) requirements for
MC&A.

e. Shall have structural properties meeting acceptance criteria that satisfy anticipated package
storage conditions and handling accidents.

4.2.2 Inner Container. The inner container, if required:

a. Shall be sized to fit into an outer container (with clearance for optional welding, if
applicable)..

b. Shall conform to the limits specified in 10 CFR 835 (for ttansuranics) for:removable
contamination of the exterior surface at the time of repackaging.

,4.2.3 Outer Container. The following apply to the outer container:

a. Shall be sized to fit into the storage configuration. A maximum container! height may be
.specified but should be related to physical handling operations and compatibility with
transport casks.

b. Shall conform to the limits specified in 10 CFR 835 (for transuranics) for.removable
contamination of the ex.terior surface.

4.2.4 OptionaIContainerls}. Additional optional containers, sometimes ref~rred to as
"material" or "convenience" containers. may be used. If the optional container is in direct
contact with the material, the requirements of Sections 4.2.1 a shall also be met. Sections 4.2.1 b
and 4.2.1d are considered as good practice for optional containers. Sections 4.2.lc and 4.2.1e
are not required.

4.2.5 Oxide Monoliths. For oxide monolith materials, which are non-dispe~ible and of a non­
respirable size, the primary barrier to confmement shall be provided by a cont8.iner(s) that meets
the provisions of Sections 4.2.1 and 4.2.3. The secondary confinement barriet shall be provided
by a second container or by the facility as described in Section 5.2. .

3
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4.2.6 Ceramic Fuel Materl8Is. For ceramic fuel materials, the primary level of containment is
the robust, high-frred ceramic matrix of the fuel pelleL The secondary containment shall be
provided by a container closed either by a screwed-on lid on a 2R container inside a 6M drum or
a bolted-on lid stored in a storage vaulL The following apply to the storage containers:

a. Shall be fabricated of, or coated with, materials that are resistant to corrosion in the
anticipated storage environmenL .

b. Shall have permanent (e.g. etched, engraved, or stamped) identification markings.

c. Should be designed and constructed to facilitate NDA requirements for MC&A.

d. Should have stnicturalproperties meeting acceptance criteria that satisfy anticipated package
storage conditions and handling accidents.

4.3 Contained Materials

4.3.1. Quantities

a. Criticality limits shall be addressed through nuclear criticality safety evaluations as
specified by DOE 0 420.1. (See Section 5.1)

b. The mass of fissile material per storage container shall not exceed (a) 5.4 kg (11.9 lb.) for
metal and 9.1 kg (20 lb.) for oxides (including powders, monoliths, and ceramics), or (b) the
limits specified in site~specificnuclear criticality safety programs, policies, and procedures.
If Pu is present, this limit must be addressed on a case by case basis.

4.3.2. Internal Atniosphere

a. The package shall contain a non-corrosive atmosphere (e.g~, nitrogen or inert gas for
metals and oxides; oxides also may be packaged in ambient air).

b. The maximum anticipated internal pressure of any required container shall be less than the
maximum allowable working pressure determined by proof tests as described in Section
Vlll-Division I Part VG-lOl of the ASME Boiler & Pressure Vessel Code. The maximum
anticipated internal pressure shall be determined by measurement, data from relevant
ex.periments, or by use of Equation A-I in Appendix. A.

4A Inspection and SumlIlance for Safety. Inspection and surveillance procedures shall be site­
specific and shall identify:

a. Prerequisites;

b. Acceptance criteria;

c. Specific instructions to ensure that items not meeting acceptance criteria are addressed in
accordance with approved procedures and DOE reporting requirements; and

d. ' Frequency for surveillance for safety.

4

•

•

•



•

•

DRAfT
Project SAfT-0067

b. Surveillance frequency, sample population. and package selection should:be established by a
statistical approach;

c. Integrating safety (e.g., ALARA, evaluation of indications of container d¢formation) and
MC&A requirements (DOE 5633.3B). .

4.4.3 Surveillance Parameters. Each sampled package:

a. Shall be inspected for an indication of intemal pressure build-up and evaluated per Section
~~ .

b. Shall be inspected for transferable contamination on the outer container and evaluated per 10
CPR 835 Appendix. D (for transuranics).

c. Shall be inspected (e.g., by radiography, by weight change of metals) for signs of changes in
material form within the container and evaluated versus previous inspections.

d. Shall be inspected for signs of leakage and/or degradation of the container· and evaluated
versus previous inspections.

4.4.4 Evaluation of Surveillance Data

a. Parameters obtained during surveillance inspections shall be compared agwnst previous
measurements to detect changes.

b. If at any time a deleterious change in the material or the container is noted; a safety
evaluation shall be performed. This evaluation shall include. as appropriate. 1) evaluation of
the detected change(s), 2) assessment of the potential consequences, 3) options for
repackaging or overpacking the container, and 4) consideration for inspecting other packages
that are similar. based on factors such as contents. origin, and date of closUre.

4.5 Documentation

4.5.1 Database. An electronic database shall be maintained to serve as a source of relevant
information about the stored materials and packages. Ifdatabase information is classified. the
database shall be subject to the requirements of DOE M 5639.6A-1. To ensure: consistency
between databases. this database should be integrated with the MC&A databas~or electronically
linked and coordinated with the MC&A database. :

s
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4.5.2 Database Requirements. The database should include:

a. Identification ,of the following material characteristics:
l)Chemical composition; ,
2) Physical form (e.g., 233U metal, oxide powder, monolith, or ceramic);
3) Elemental mass;
4) FlSsile isotope fraction (or mass) and mU fraction (in ppm);
5) Source of stored material (facility that prepared the material in its cunent form);
6) Specific processing condition(s);
7) Moisture content; ,
8) Production date; and
9) Oth~r information relevant to the contents (e.g., major impurities, radiation level).

b. Identification of the following package characteristics:
1) Type of rill gas on closing;
2) Package configuration - number of inner containers in package;
3) Initial radiation field [gamma and neutron radiation levels at contact and 30 cm (12
in)];
4) Date of packaging; and
S) Baseline package weight and outer dimensions.

c. Record of the inspections performed, names of individuals performing inspections, and dates
of inspections. Historical records on packages shall be maintained for the life of the

packages.

d. Location(s) of stored materials.

4.6 Ouality AssUrance/Control Requirements '

4.6.1 Personnel participating directly and with key responsibilities in essential processes and
procedures shall be trained and qualified as appropriate to their assigned responsibilities.

4.6.2 Materials used in the fabrication ~d sealing of repackaging containers shall satisfy
specifications necessary to comply with the requirements of this standard.

4.6.3 Procedures and processes that are essential for assuring compliance with these criteria
shall be subject to Quality Assurance (QA) per 10 CFR 830.120 and DOE 0 414.1, and
controlled by Quality Control'(QC) Proc~ure,s.

4.6.4 Essential procedures and processes covered by QA and QC requirements shall include (but
will not be limited to): .

a. Thermal stabilization procedure;, '

b. Sealing (e.g., welding) procedure used in container fabrication and closure;

c. Package surveillance procedure(s);

6
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d. Database recording procedure and characterization parameters addressed in Section 4.5.2;
and

e. Assaying of container contents for MC&A arid criticality safety requirements.

5. STORAGE FACll..ITY FEATURES

A facility used for the storage of 233U should address the unique characteristics of the material and·
include nuclear criticality safety, confinement of radioactive materials, radiation shielaing, and
safeguarding SNM. .

5.1 Nuclear Criticality Safety

Storage and handling of 233U_bearing materials shall conform to the criticality safety requirements of
DOE 0 420.1. Criticality safety evaluations shall document that storage and hanqlingactivities shall
remain subcritical during all normal and credible abnormal events. Criticality safety evaluations
shall be performed for operations (under normal conditions) within any facility containing 233U in
excess of the limits specified in DOE 0 420.1 or as specified in site-specific nucl~ criticality safety
program policies and procedures.

Special care should be exercisedin validating calculation methods supporting criticality safety
evaluations because of the paucity of data in the intermediate energy regime that may be important
for some 233U_bearing matrices under specified operational conditions.

5.2 Confinement or Contamination

The material form, material containers, or containment vessels serve as the principal barrier for
confinement of contaminaiion. Depending on the material storage system, the facility itself may
serve as another confmement barrier. The combination of the material storage system and the
storage facility represents a defense-in-depth safety confmement system.

5.2.1 Facility Confinement. The facility where 233U_bearing material is stored may provide a
physical barrier to the release of contamination if the material is in a non-respirable form. The
integrity of the storage facility shall be maintainable through normal operations, anticipated
operational occurrences, and any design basis accidents (DBAs) the barrier is ~equired to
withstand. The particular DBAs the storage facility is required to withstand sliall be determined
on a case-by-case basis. The DBAs to be considered include external events, including severe
natural phenomena and man-made events, and internal events (e.g., container I

overpressurization). The adequacy of these confinement systems to effectively perform their
required functions shall be demonstrated by the safety analysis. Requirements governing the
safety analysis process include the applicable portions of DOE Orders 420.1, 5480.21,5480.22,
and 5480.23. The need for ventilation systems for confmement purposes shall'be based on the
results of the safety analysis.

5.3 Radiation Shieldinl

. Owing to the presence of 232U in 233U inventories, radiation shielding is required to' attenuate the
2.6 MeV photon emitted by the 232U daughter, -no Depending on the material fOlm and material
storage system used, the facility itself may serve as a radiation shield. The regulations pertaining to
occupational radiation protection as specified in 10 CFR 835, shall be met.

7
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SA SNM SafeguardS' '

Uranium-233 is a weapons-usable material due to its fissile properties and its ability to be produced
in sufficient quantities for manufacturing nuclear weapons. This material shall be protected from
unauthorized access and unauthorized use. Safeguards measures shall meet the requirements of DOE
0470.1, DOE 0 471.2A, DOE 0 472.18, DOE 5632.7A, and DOE 5633.38.

8
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APPENDIX A
TECmNCAL BASES FOR

URANIUM-233 PACKAGING AND STORAGE CRITERIA
,

This Appendix provides the bases for the criteria presented in this document. The section numbers in this
Appendix correspond to the sections in the body of the standard. .

1. INTRODUCTION

1.1 PuQ)Ose and Scope

This standard establishes the criteria for safely packaging and storing 233U_bearing solid materials for
a nominal SO years. The bulk. of this materiill is stored at ORNL and INEEL. Uranium-233-bearing
solid forms include metals, alloys, oxide powders, cermets, ceramic oxide pellets, :and oxide
monoliths. This stand~d does not apply to 233U_bearing liquids, residues, wastes, spent fuels,
iriadiated targets, in-process materials or small quantities involved in R&D studieS since these
materials are either addressed by other storage programs or are not germane to the.' intended storage
activity. .

Much of the material covered by this standard is nearly. isotopically pure 2i3U with. small amounts of
232U; isotopes of uranium that may be present (with their half-lives in parentheses), include
238U(4.5 x 109 y), ~(2.4 x 107 y), mU(7.0 x lOS y), 234U(2.4 x 10' y), 233U(l.6 x 195y), and
232U(69 y). Uranium-233 and its associated isotope 232U are man-made and present much more
severe radiological hazards than any of the naturally occurring uranium isotopes. Therefore, an
isotopic level of I wt % 233U in total uranium represents the lower isotopic threshold since this is the
233U isotopic concentration at which the inhalation hazard posed by 233U (in terms 9f release limits
from 10 CFR 20) exceeds that for uranium highly enriched in the 235U isotope (Beieolos et al. 1998).
Similarly, an upper plutonium contamination level was established at 2 wt % of the 233U content
because this is the concentration at which the inhalation hazard (from Radionuclide Concentration
Guide in 10 CFR 20) posed by an isotopic blend for weapons-grade Pu exceeds thilt for currently
stored 233U with high levels of 232U (-200 ppm). .

1.2 Equivalency

The basis for equivalency shall be a technical justification for any departure from specific provisions
of the standard. This technical justification will be subject to oversight by the authorizing official.

2. DEFINITIONS

The terms and acronyms applicable to this standard are adopted from relevant titles of the Code of .'
Federal Regulations (CFR) and the HandbOok of Acronyms, Abbreviations, Initialisms~ Proper Names
and Alphanumerics Encountered in Nuclear Safety Literature, March 1993.

3. REFERENCES

No Basis Required.

9
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4. MATERIAL AND PACKAGING CRITERIA

4.1 Material Criteria"

4.1.1 Metals and Alloys. Potentially pyrophoric metals are not acceptable storage forms
because this could lead to rues and dispersal of the uranium. Metallic uranium in massive form
presents little rue hazard, but it will bum if exposed to a severe. prolonged rue. By contrast,
rmely divided uranium metal powder is pyrophoric (L. Bretherick., Hazards in the Chemical
Laboratory. 1986), and can ignite spontaneously, if confined in a container without liquid or
without air movemenL The presence of moisture in the gas phase over exposed chips increases
this possibility (J. J. Burke, et ale Physical Metallurgy o/Uranium Alloys, 1976). The
flammability of uranium depends almost entirely on the specific swface area. Finely divided
uranium metal ignites spontaneously upon exposure to air and burns rapidly to the oxide. For
uranium foils and wires, Qle experimentally determined ignition temperatures are somewhat
higher than for powders having the same specific surface area. The recommended upper limit of
specific surface area is SO cm2/g, based on the analysis presented in Section 4.9 of the Draft
Hazard Analysis for Storage ofwU. This is considered a conservative value since the
corresponding ignition temperature of about 2S5 °c is far above temperatures expected to be
achieved during storage. Uranium metal pieces larger than sieve mesh size 8 (2.38 mm) are
assured of having a specific surface of less than 50 cm2/g and may be stored in tube vaults.
Uranium metal of less than sieve mesh size 8, pOwders, thin foils, and turnings of uranium are
more susceptible to ignition at temperatures below 255°C. Therefore, these materials need to be
converted to stabilized oxide prior to storage or stored in a sealed container with'an inert
atmosphere (ANL-6287). '

Some loose removable oxides asSociated with metals may also be pyrophoric. An adherent
oxide layer on stored metal is generally beneficial because it tends to retard further oxidation.
'However, as U02 (the rust oxide produced). this coating may be pyrophoric. Therefore, prior to
repackaging 233U metal. readily removable loose oxide shall be removed from outer metal
surfaces.

4.1.2 Separated Oxide Powders. Water and salts present in the oxide powders can cause
corrosion of the container and reduce its integrity. Corrosion, or oxidation. of metal by water
produces hydrogen gas. which'cOuld lead to pressurization of the container. Liquids are also
subject to radiolysis that woUld result in increased pressure within the container. The complete
radiolysis of one gram of water produ~s 1.87 liters of gas at standard temperature and pressure.
Therefore, only uranium oxides that have been thermally stabilized to remove moisture and to

, convert residual salts are acceptable for storage without further stabilization. Processing of UO 2

at ORNL demonstrated that heating to 650 ± 25°C hydrogen atmosphere zone for 6 ± 05 h is
sufficient to bring the moisture conten,t below 0.5 wt % (Parron et al. 1979).

Materials that could lead to overpressurization of the inner container are not acceptable for
storage and shall be thermally stabilized. Uranium oxide powders can have a high surface area
depending on preparation conditions. All three predominant uranium oxide forms are acceptable
for storage. The most desirable form is U)0. because it can potentially adsorb less moisture per
U atom than other oxides (U02• UO). The potential storage hazard concern associated with
adsorbed moisture is the ultimate pressurization of a sealed oxide container over a prolonged
period through any of several radiolytic and chemical processes. The adsorbed moisture also
could be a potential problem for criticality if the associated moderation is not considered.

10
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4.1.3 Oxide Monoliths. Oxide monoliths are more stable and physically more resistant to
dispersion than oxide powders. Oxide monoliths have been formed at ORNLiby a denitration
technique (McGinnis, et aI. 1986) that excludes enhanced fluidization, which ;would promote
powder formation. These materials were calcined to an oxide and baked out at -800 °C (I47rF)
for -3 hours. Formation of the oxide monoliths under these conditions assurds that there are
essentially no fme particles available for dispersion and respiration upon a hYPothetical container
breach and that there are only minimal amounts of moisture or nitrates present. Elimination of
moisture and undecomposed salts mitigates the formation of gases by radiolysis.

4.1.4 Ceramic Oxides. Ceramic mixed oxide pellets are very stable since the temperature
reached during their formation is high enough (> 175O"C) to ensure that there~is no residual
moisture or salt in the material. Prior processing operations and chemical co~positionsof
ceramic 233U mixed oxide pellets and sintered fuel result in more stable physical forms that
provide inherent self-shielding, criticality constraints, and contamination controls..

. ,
The lack of fine materials in these products precludes them from being dispersible. The ceramic
oxides are highly resistant to oxidation and require no further stabilization to be acceptable for
storage [WAPD-TM-1244(L»).

The 233U inventory at lNEEL includes ceramic mixed oxide pellets, and unirra'diated fuel rods
composed of Zircaloy-clad 233U_bearing ceramic pellets from a former fuel cyble program. The
mixed oxide ceramics consist of an average 97 wt % thorium·and 3 wt % 233U~oxides with less
than 10 ppm 232U.

Pellets were fabricated by high pressure compaction of finely ground 233U oxide with finely
ground thorium oxide powders into cylindrical pellets. These pellets were sintered at
temperatures in excess of 1750°C (3182°F) for at least 12 hours to form pelle~ that resist
chemical 8Qd physical degradation. The densities of these pellets are approxi~ately98% of
theoretical (>10.6 glcm3), effectively self-shielding emitted alpha and gamma radiation,
inhibiting particulate dispersal, and serving as a containment for the incorpora~ 233U oxide.

\

Finished, unirradiated fuel elements (Zircaloy-clad pellets) further enhances the safety and
safeguards character of the 233U_bearing processed material.

4.2 Packaging for Storage CrIteria

4.2.1 General Requirements

a. Materials of construction shall be selected so that their resistance to corrosion ensures
structural integrity for prolonged periods of storage. Corrosion of the con~iner during
storage is a potential problem for two primary reasons: (1) if the corrosion:is significant, it
could result in loss of streligth of the container or permit loss of containment of the packaged
material; and (2) the resulting hydrogen evolution (as a by-product of corr~sion)could cause
container pressurization and pose a fIre or explosion hazard. The facility is responsible for

. ensuring that the selected material of construction is appropriate to the environment.

11
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b. Permanent markings ensure the integrity of identification for material control. (DOE
-5633.3B)

, ,

c. For new packages: the defmition ofleaktight is IxIO·7 ref·cm3/s of air at an upstream
pressure of I atm abs and a downstream pressure of 0.01 atm abs or less. This rate is equal
to 4.09x1O-J2 gram-moles/s of dry air or helium and is equivalent to a helium volumetric
leakage rate, under the same conditions, of approximately 2x10-7 cm3/s (ANSI 1997).

For existing packages: Conforming to limits in 10 CPR 835 for removable contamination on
the exterior surface is a sensitive and non-invasive means of ascertaining the current state of
leaktightoess for containers that have been in storage beyond some initial period (i.e., to
detect infant mortalities). Other techniques include undesirable conditions (e.g., helium

'leakcheck pressurizes the container) or are inconclusive (e.g., radiography provides
insufficient detail to detect features that would more readily appear as a contamination leak).
Umits for 233U are DOt specified in 10 CPR 835. The limits for transuranics are used because
they are the most restrictive and have the most similar characteristics to 233U. .

d. ,EaSe of performing NOA is desirable from an operational point of view. If material is
repackaged, facilitating MC&A requirements shall be considered. Repackaging the material
solely for purposes of enhancing MC&A is DOt mandatory because of ALARA
considerations and prior MC&A survey history. ORNL has heen granted a waiver to the
accounting requirements of DOE 0 5633.3B because of the, hazards involved in handling of
233U packages (DOE ORO 1998).

e. The storage container should be designed to maintain its physical integrity, including its seal,
during anticipated handling and stora$e conditions.

4.2.2 ,Inner Container

a. Two containers are needed to provide adefense-in-depth for 233U metals and powders in
prolonged storage. The inner ,container serves as the primary barrier isolating the stored
dispersible material from the environment Oimensionallimits, based on the outer container
design, are suchtbat positive closure of the inner container is facilitated. The facility
operator is responsible for ensuring compatibility with the outer container. At ORNL, the
inner container should be no greater than 8.6 em (3.375 in.) 1.0. (Primm 1993) and sized to
fit into the outer container.

b. External surfaces of the inner container shall be as free from removable contamination as
practical at the time of repackaging. Exterior surface contamination may be evidence of
potential leakage of radioactive materials (10 CFR 835). The inner container is only
required to meet 10 CFR 835 removable contamination limits at the time of repackaging
because coofrrmation of the inner container Status requires destruction of the outer container
aftersealing. Limits for 2J3U are not specified in 10 CFR 835. The limits for transuranics
~e used because they are the most restrictive and have the most similar characteristics to
233U.

12
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4.2.3 'Outer Container

a. The outer container is sized to fit into tube vaults and current shipping containers.
Consideration of compatibility with transport casks will minimire future prepackaging and
avoid unnecessaiy additional personnel exposure, operational risk and waSte generation.

At ORNL, the dimensional requirements for the outer cylindrical container should be as
follows: .

1. Maximum outside diameter <11.0 cm (4.4 in).
2. Minimum external height> 10.1 cm (4.0 in).

The minimum height ensures that the container will not tumble when placed into the tube
vaulL

b. External surfaces of the outer container shall be as free from removable contamination as
practical. Exterior surface contamiDation may be evidence of potential leakage of radioactive
materials (10 CPR 835). Limits for 233U are not specified in 10 CPR 835. iThe limits for
transuranics are used because they are the most restrictive and,have the mOst similar
characteristics to 233U. '

4.2.4 Optional ContaJner(s). To facilitate material handling, additional packaging layers may
be uSed for convenience.' ' ,

4.2.5 Oxide Monoliths. The resistance of these materials to dispersal of solid particulates and '
, , '

release of radon is considered sufficienL

4.2.6 Ceramic Fuel Materials. The ceramic fuel pellets provide the primaryilevel of
containment for the 233U_Th02 oxide, ceraImc-based light water breeder reactor (LWBR) fuel
materials stored at the INEEL. Additional levels of containment are provided by the physical
packaging. The packaging at the RWMC consists of Zircaloy-clad fuel rods, s~ess steel rods
closed with an O-ring sealed plug, PVC bags of pellets, or polyethylene ~tt1es,ofpellets. These
units are placed inside a steel 2R container that has been coated with a rust res~tantpaint and
closed with a lightly oiled pipe cap. The 2R containers are put into an epoxy-c,oated galvanized
steel 6M drum closed with an epoxy-coated steel lid sealed with an elastomer seal ring. The 2R
container is located in the center of the drum by layers of fiberboard packing. irhe drums are

I

then packed inside a lead/steel shielded overpack which is then stored inside a steel building on a
concrete pad. This combination of physical barriers presents an effective levelof containment
and radiation shielding for the ceramic pellets.

The LWBR fuel.materials stored at the CPP-749 facility are in the fonn of Zircaloy clad fuel
rods and O-ring sealed, stainless steel rods. These rods are stored inside a larger stainless steel

, pipe container that is also sealed with an O-ring. These shipping containers 'are then placed
inside a steel-lined, below-grade storage vault, which has an elastomeric gasket-sealed lid. This
system also provides an effective, level of containment .

Thus, the INEEL matenal utilizes the robust ceramic pellet as its primary level;of containment
and the various layers of physical barriers as the secondary and further levels of containment and
radiation shielding.
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'4.3 Contained Materials

4.3.1 Quantities

. . a. Criticality safety evaluations shall be obtained for the specific 233U_bearing storage
configurations for quantities in excess of the limits listed in ANSIJANS-8.I or the
requirements specified in site specific nuclear criticality safety programs as applicable. The
evaluations shall consider the presence of other fissile isotopes and other materials, such as
low-Z inaterials. plastics. moisture. and geometry as required by ANSIJANS-8.1. .

b. When the mass limits on 233U as listed in ANSIJANS-8.1 are used, it should be noted that
these limits are the most restrictive limits for the prevalent fissile nuclides (i.e., 233U, 23'U,
237Np, and 2A1Am) except for Pli. If Pu is present, further restrictions on the mass limit should
be considered on a case by case basis.

4.3.2 Internal Atmosphere

a. Any non-corrosive atmosphere is acceptable for packaging solid materials. However, an
inert or nitrogen atmosphere is needed for metals to ensure that metal surfaces are not
oxidized-the form ofwhich can be reactive. (J. J. Dawson, et al., 1956)

•

b. Sealed containers storing 233U_bearlDg material must be able to withstand the anticipated
buildup of pressure. The containers are exempt from the ASME Boiler and Pressure Code

.because of their diameter (ASME Section Vill-Division 2 Part AG-121). However, this .
standard is incorporating, as. goOd practice, applicable elements of the Code. Section Vlll- •
Division I Section UG-IOI provides methods for Proof tests to determine the maximum
allowable working pressUre. The maximum allowable working pressure must be greater than
any pressure increases caused by temperature increases, evolved gases, helium from alpha
decay, and radon. .

There are many ways to determine the internal pressure (e.g., lid deflection on a CEUSP
can). In the absence of any measured pressure, the following equation bounds the internal
pressure of a container

P = ( ;.l [Po + A + B + C + D + E] (Eq. A-I)

where P is the pressure, To·is the package temperature at the time of sealing, T is the storage
temperature, and Po is the pressure at the time of sealing. The terms A, B, C, 0, and E are
terms that give the contributions from various sources of pressure described as follows:

A. Radiolysis of water. ReSearch on the radiolysis of water indicates that hydrogen and
oxygen form a steady state pressure between I and 2 atmospheres under intense radiation
fluxes (Allen et al. 1952, Hochanadel1952, Allen 1961, Firestone 1957). Lower levels
of radiation from decaying radioisotopes such as 232U and 233U should produce only'a
fraction of an atmosphere at steady state conditions. However. for a conservative
determination, 2 atmospheres should be used. •
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\
B. Reaction with water. Only unstabilized U02 powder undergoes this reaction.

Furthermore, any water that undergoes reaction will be unavailable f~r radiolysis, thus
- the value of term A could be reduced, or eliminated for the case of cOPIplete reaction.

The maximum pressure generated from hydrogen accumulation, assu~g complete
reaction of all oxygen dissociated from water, is given by

(Eq. ~-2)

where- R is the gas constant, Vc is the volume of the container, m is the mass of U0 2t P is
the density of the material, XH20 is the moisture fraction. and MW H2O is the molecular
weight of water.

c. Radiolysis of plastic. There is evidence that only plastic in direct contact with bulk
material undergoes radiolysis (Shaw and Freestone 1998). However, the conservative
assumption is to assume all plastic decomposes. The maximum pressure generated is
given by

• [~](m,x 1c = Vc -; MW:
(Eq. A-3)

where mp is the mass of any plastic present in the material, XH2,P is the~ mass fraction of
hydrogen in the plastic and MW112 is the molecular weight of H2.: .

D. Helium from alpha decay. The pressure from helium generated by 50 years of alpha
decay. is given by

(Eq.(A-4)

•

where bi is the fraction of the isotope i that is emitted as a helium ion t%ugh alpha
decay over a fifty-year period, and XI is the mass fraction of isotope i, and MWHe is the
molecular weight of helium. .

E. Radon. The longest-lived isotope of radon, 222Rn, has a half-life of 3.8;days. Over a SO­
year period, any Rn intermediate on a decay chain will reach a steady-state concentration
that is insignificant when compared to the helium that is produced by alpha decay of

IS
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other radionuclides in the same decay chain. Thus, the partial pressure contribution of
all isotopes of Rn may~ neglected. .

4A Inspection and Surveillance for Safety. Inspection and surveillance are to be non-intrusive,
.maintaining intact containers.

4A.l Documentation oUnspection and Surveillance Methods. Inspection and surveillance
methods must be documented to ensure consistency. Delineation of responsibilities is needed to
ensure a consistent management approach and awareness of responsibilities.

4A.2 Surveillance Plan. The function of the inspection and surveillance program is to identify
errors and flaws in the initial packaging as well as to detect package degradation and contents
changes that might affect package integrity during storage. Therefore, all packages (repackaged
and previously existing) must be part of the surveillance program.

a. Inspection of every container after repackaging, but prior to emplacement in the storage
configuration, is expected to detect flaws in the initial repackaging. This initial inspection
should also provide baseline information on the leak. rate, package mass, verification of
contents throughNDA measurements, and any other information deemed desirable and
attainable through non-intrusive measurements such as radiography. This inspection may be
part of the quality program for verifying package integrity.

•

b. After the package is placed into the storage configuration, mechanical failures are random.
Uniform changes in the storage package population, such as a gradual pressure generation in •
oxide containers, are also expected to occur during this period. Surveillance during this
period should consist of statistical sampling to monitor the behavior of the population. The
ultimate storage life of the packages is unknown and must be established using surveillance
data.

c. No additional basis required..

d.. No additional basis requ~.

4A.3 Surveillance Parameters. These parameters are indicators of the stability of the container
and its contents.

4.4.4 Evaluation of Surveillance Data. No additional basis required.

4.5 Documentation

4.5.1 Database. An electronic database is specified because a manual database would be overly
cumbersome. The architecture is not specified here so that maximum flexibility to interface with
existing databases'and flies is maintained;

•16
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4.5.2 Database Requirements

a. These .,arameters allow as complete a characterization of the contents as ~s possible without
undertaking additional characterization. It is recognized that some info~ation may be
redundant The apparently redundant items permit better characterization/when some of the
data is missing.

b. Package data can meet a number of needs. For example, if a package exhibits unexpected
behavior, these data can help identify other, similar packages than may require inspection.
These data also facilitate disposition process planning.

c. No additional basis required.

4.6 Quality Assurance

The appropriate QA requirements are given in 10 CFR 830.120 and DOE 0 414.1.

5. STORAGE FACILITY FEATURES

5.1 Nuclear Criticality Safety

A principal safety consideration for the safe storage of 23JU is eliminating the possibility of the
material reaching a configuration that would result in criticality. Criticality avoid~ce is a prime
priority in safety considerations in the design and operation of a 23JU storage facili~y. In addition to
providing an array that is criticality safe, the packages and facility shall be engineered, constructed,
controlled, and monitored to avoid the occurrence of accidental criticality for all credible natural
phenomena events such as flres, flooding, earthquakes, and tornadoes. Because criticality safety is
considered to be the dominant safety concern in the design and operation of a 23JU:storage facility,
the vault area should be designed with consideration of water sources such as fire sprinklers. Co­
ex.isting combustible materials should be minimized or eliminated from the facilitY. in order to
minimize the potential for flees and the need for fare suppression systems. '

A majority of the 23JU in inventory consists of mixtures of 23JU and 2J2U or mixtureis whose properties
are dominated by the 23JU and 2J2U content Uranium-233 has substantially differettt nuclear
criticality properties than the other two SNMs, 23'U and Pu. Therefore, facilities designed for 23'U
and Pu may not be acceptable for .comparable activities involving 2JJU from a nuclear criticality
safety standpoint and shall be evaluated to meet the requirements for criticality safety specifledin
DOE 0 420. I.

5.2 Confinement of Contamination

The matrix. of the material andlor the inner container provide the flest barrier against spread of
contamination; the outer container and the tube vaults provide additional barriers. The packaging
should be designed to maintain mechanical integrity, including its seal, during normal handling.
However, this package is not expected to provide protection against all perils such as major flees and
earthquakes; design of the facility and of the storage array are expected to address these
considerations.

5.2.1 Facility Confinement. No additional basis required.
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5.3 Radiation Shielding

Uranium-233 with its associated sister isotope 232U present much more severe exteinaI radiation
hazards than any of the naturally occurring uranium isotopes. Massive biological shielding is
required, where high concentrations of 232U OCcur, to protect personnel from the 2.6 MeV gamma
emission of mU daughter product -no The occupational radiation exposure should be kept as low
as reasonably achievable (ALARA) and radiation protection be provided as specified in 10 CFR 835,
"Occupational Radiation Protection." Dose rates are dependent on the source (e.g., activity,
geometry, and matrix), shielding, and source-to-deteclOr configuration, so expected dose rates for
actual conditions should be determined on a case-by-case basis.

Except for spontaneous rlSSioD, neutrons are not directly produced during the radioactive decay of
any of the uranium isotopes or the sequential decays. However, alpha-neutron reactions, in which
alpha particles react with low-Z isotopes such as 6Li, 'Li, 9Be, I~, and I~, (and to a lesser extent 27Al
and 2lISi), generate neutrons. Depending on the material storage system used, the facility itself may
serve as a shield. .

SA SNM Safeguards

DOE requirements for safeguards are given in DOE 0 470.1, DOE 0 471.2A, DOE 0 472.1B, DOE
5632.7A, and DOE 5633.3B.

18
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APPENDIXB
GLOSSARY AND ACRONYMS

1. GLOSSARY

Acceptable - Conforming with safety requirements, directives, or regulations:;, .

AccountabWty - That part of Safeguards and Materials Management that encompasses the
management system and records and reports to account for source and special;nuclear material to
minimiu the possibility of diversion and to detect diversion promptly should it occur.
Accountability does nol include physical protection. :

. i

ALARA (as low as reasonably achievable) - The implementation of good radiation-protection
programs and Practices which traditionally have been effective in keeping the average and
individual exposures for monitored workers well below allowable limits.

Alloy - A substance composed of two or more metals united by being fused to8ether and
dissolving in each other when molten.

Approved - Acceptable to the "authority havingJurisdiction."

Autbority Having Jurisdiction - The organization. office, or individual responsible fOr
approving equipment, installation. or procedure. ' "

Barrier - A restraint that provides containment of stored material and protection from the
environment

Calcine, Calcining - The process of heating materials to remove combustible or volatile
materials such as organic matter, salts, and moisture.'

Ceramic - A class of inorganic, nonmetallic solids formed at high temperature (>1000 "C) in
manufacture or use. ;

Cladding - An outer metal jacket or can that surrounds and protects fuel pellets containing'
source and special nuclear material. Typical cladding materials are alloys of a).uminum or
zirconium and stainless steel. .

Combustible - In the form used and under the conditions anticipated, will ign~te, bum, support
combustion, or release flammable vapors when subjected to fue or elevated temperature.

Container - A structurally closed barrier outside of which the concentration of hazardous
materials is normally expected to be lower than allowable limits. A container is designed to
remain closed and intact during all design basis accidents. '

Contamination - The presence of residual radioactivity in excess of levels that are acceptable
for releaSe of a site,a facility, or a package. . ,

Conversion - An operation for changing from one material form, use, or purpose to another.
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Criterion - A quantitative or qualitative measure of what is acceptable or desirable for one or
more factors (e.g., individual dose limit, subcritical mass limit, mechanical strength limit, etc.)
for packaging and safe storage.

Criticality Safety E~ahiation (CSE) - Documents the parameters, limits, and controls required
to ensure that the analyzed conditions are subcritical for normal and credible abnormal
conditions. Reviews of operations to ascertain that limits and controls are being followed and
that process conditions have not been altered such that the applicability of the nuclear criticality
safety evaluation has been compromised. It is acceptable to DOE to follow DOE-STD-3007-93,
Guidelines for Preparing Criticality Safety Evaluations at Department of Energy non-Reactor
Nuclear Facilities, when preparing Criticality Safety Evaluations (420.1).

Database - A large collection of data in a computer, organized so that it can be expanded,
updated, and reviewed rapidly for various uses.

Dilution - In general the addition of inert material or solvent with the result that the
concentration of the material of interest is reduced.

DOT-2R - Containers that meet the specifications of 49 CFR 178.360.

DOT-6M - Drums that hold DOT-2R containers and meet the specifications of 49 CFR 178.354.

•

Effective Neutron MultipUcation Factor (k.) - The ratio of the total number of neutrons
produced during a time interval (excluding neutrons produced by sources whose strengths are not •
a function of fission rate) to the total number of neutrons lost by absorption and leakage.

Enclosure - A physical structure that provides a barrier between the internally contaminated
package and the worker, facility, and environment

Engineered Safety Feature - Systems, components, or structures that prevent and/or mitigate
the consequences of potential accidents including the bounding design basis accidents.

Handling Enclosure - A glove box line or similar equipment that isolates 2J3U_bearing materials
from the worker'senvironmept while allowing the material to be han91ed or processed.

Hot Cell - A heavily shielded enclos~ in which radioactive materials can be handled by
persons using remote manipulators and for viewing the materials through shielded windows or
periscopes.

Inert Gas - A non-reactive gas or combination of gases appropriate to the material being stored
that wiD not support corrosion of the container or oxidation of its contents.

In-Line - Something located inside a material handling enclosure (e.g., glove box or "hot"
storage vault). When material is stored "in-line," the enclosure provides one barrier for storage.

In-Process, In-Use Material· - Material that is integral to the continuing manufacture or recycle
operations of the nuclear weapons complex and may not be considered as excess material for
storage.
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Inventory - The total quantity of radioactive material at a site.

Irradiated Nuclear Material - Nuclear material that has been subject to nuclear irradiation in a
reactor or accelerator and that consequently delivers an external radiation dose requiring special
containment and handling.' '

Leaktight - A degree of package containment that in a practical sense precludes any significant
release of radioactive materials. This degree of containment is achieved by demonstration of a
leakage rate less than or equal to 1 X 10" ref'cm3/s, of air at an upstream press,ure of 1 atm abs
and a downstream pressure of 0.01 atm abs or less.

Low-Z Material· Elements of atomic number 9 or less.

Material Cont8lner - The container that is in contact with the uranium material being stored. If
structurally adequate and sealed, the material container provides one barrier for containment and
environmental protection.

Nondestructive Assay (NDA) - A procedure (e.g., calorimetric or radiometric measurement) for
determining the amount of fissionable uranium in a container without physically sampling the
material. '

Nondestructive Euminatlon (NDE) - A procedure (e.g., radiography) for examining the
contents of a container without opening the container.

Nonprollferation Treaty - A Treaty (to prevent the spread of nuclear weapo~s) presented to the
Eighteen-Nation Disarmament Committee in Geneva by the U. S. and USSR ip identical texts on
January 18, 1968. The Treaty entered into force March 5, 1970. .

Nuclear Criticality Safety - The prevention or termination of inadvertent nuclear criticality and
protection against injury ,or damage due to an accidental nuclear criticality.

Oxide Monolith - A large, brick-like piece of oxide, typically U30'" that has~n calcined in a
denitration process and baked at greater than 800 °C (l47rF) for at least three hours to remove
moisture and convert residual salts to oxides.

Packaging - The assembly of materials and components in compliance with storage/shipment
requirements.

Process - To extract, separate, purify, or fabricate a material by physical, chemical,. or
mechanical means.

Pyrophoric - Capable of igniting spontaneously when exposed to air.

Quality Assurance (QA) - All planned and systematic actions necessary to provide adequate
confldence that a structure, system, or component will perform satisfactorily in service.

Quality Control (QC) - The overall system of technical activities that measu~s the attributes
and performance of a process, item, or service against defined standards to vez;jfy that they meet
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the stated requirements established by DOE. QC includes operational techniques and activities
that are used to fu1fl.ll requirements for quality.

Removable Activity - Surface activity that can be readily removed and collected for
.measurement by wiping the surface with mOderate pressure.

Residue - Process-generated uranium-bearing materials not classified as storable metal or
stabilized oxide that contain~ a non-discardable quantity of uranium.

.Safeguards - An integrated system of physical protection. material accounting, and material
control measures designed to deter, prevent, detect, and respond to unauthorized possession, use,
or sabotage of nuclear materials.

Sealed· A container has been closed (e.g., welded) and does not ex.ceed the maximum
permissible limits dermed iJi ANSI N 14.5-1997.

Sealed Source· Any SNM that is encased in a capsule designed to prevent leakage or escape of
theSNM.

Shall, Should and May - "Shall" denotes that something is required. "Should" denoteS that
something is recommended but is not required. "May" denotes that something is permitted but is
neither a requirement nor a recommendation.

•

Significant Quantity or Fissionable Material· The minimum quantity of fissionable material •
for which control is required to maintain subcriticality under all normal and credible abnormal
conditions.' ,

Sinter· To form a homogeneous mass by heating compacted material without melting.

Siie Safeguards and Security Plan • A plan developed at the site level under direction of the
cognizant field element manager that provides a description of site-wide protection programs and
evaluations of risk associated with DOE design basis threat policy and identified facility targets.

Specific Surface Area ~ The ratio.9f the'geometric surface area of a material to its mass in units
ofcm2/g.

Standard Cubic Centimeter or Gas ·'The quantity (moles) of gas in one cubic centimeter of
voluine at 1 atmosphere pressure and 2SDC (298 K).

Storage - Any method for safely maintaining items in a retrievable form for subsequent use or
disposition.

Storage Facillty - The building structure and other confinement'systems that house storage
packages.

Storage Package - A configuration of nested containers including package content
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Survey - A systematic evaluation and documentation of radiological measurements with a
correctly calibrated instrument(s) that meets the sensitivity required by the objective of the
evaluation.

Thermal StabUlzation - A process that exposes a uranium-bearing material iii air to an elevated
temperature for the duration required to convert reactive constituents present to a stable oxide
form and to remove adsorbed moisture and other volatile species.

Tube Vaults - Tubular stonlge devices (steel lined and encased in concrete) uSed for the storage
of packages containing 233U.

Unirradlatecl Materlal- Material that has not been subjected to the bigb-neu~on-f1ux

environment existing near the core of a nuclear reactor, or material irradiated in a reactor but
with a radiation level equal to or less than 100 radIb at I m unshielded or material that has been
irradiated in a reactor but has been separated from fission products to permit reuse. .

Waste - Uranium-233 containing material that meets three requirements: (I) there is no existing, .
planned, or proposed use; (2) the 233U (a) has a concentration of <200 g 233U1S~-gal drum or (b)
the enrichment level is <0.66 wt % 233U in 231U; and (3) the 233U (a) has an approximately
homogeneous concentration of <I kg 233U1m3 (equivalent to <200 g/SS-gal dnim) or (b) the
enrichment level is <12 wt % 233U in mu.

2. Acronyms

ALARA As low as reasonably achievable

ANSI' American National Standards Institute

CFR' COde of Federal Regulations

DOE U. S. Department of Energy

DOT Department of Transportation

ICPP Idaho Chemical Processing Plant

INEEL Idaho National Engineering and Environmental Laboratory

MC&A Material Control and Accountability

NDA Nondestructive Assay

NDE Nondestructive Examination

ORNL Oak Ridge National Laboratory

--~.

•
ppm Parts per million, or grams of designated material per megagram (metric ton) of net

representative sample
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Po Plutonium

Rn Radon

SNM Special nuclear materials

Tb Thorium

Tl Thallium

U Uranium

.U02 Uranium Dioxide

VO" Uranium Trioxide

V,Oi Triuranium Octoxide

•
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APPENDIXC
REFERENCES

Specific DOE and other Federal agency regulations and other documents used in developing this
standard and the bases for the standard are listed below.

1. Federal Regulations. The following Federal Regulations are referenced in this s~dard:

10 CFR 20, Standards for Protection Against Radiation;

10 CFR 830.120, Nuclear Safety Management, Quality Assurance Requirements;

10 CFR 835, Occupational Radiation Protection, Surface Radioactivity Values; I

29 CFR 1910, Occupational Safety and Health Standards;

40 CFR 61 Subpart H, National Emission Standards for Emissions of Radionuclides other than
Radon from Department of Energy Facilities;

49 CFR 173, Shippers - General Requirements for Shipments and Packagings;

49 CFR 178.354, Specification 6M; metal packaging;

49 CFR 178.360, Specification 2R; inside containment vessel.

Copies of Federal Regulations are available from the Government Printing Office (GPO),
Superintendent of Documents, Mail Stop: SSOP Washington, DC 20402-9329

2. Department of Energy Ordent Maoualst ReportSt and Letten. The following DOE Orders,
Manuals and Reports are referenced in this standard:

DOE 0 231.1, Environment, Safety, and Health Reporting, November 7,1996;

DOE M 231.1, Environment, Safety, and Health Reporting Manual, September 30; 1995;

DOE G 414.1-1, Assessment Guide for QA, August 1996;

DOE 0 420.1, Facility Safety, October 13, 1995;·

DOE 0 425.1, Startup and Restart of Nuclear Facilities, October 26, 1995;

DOE 0 430.1, Life Cycle Asset Management, October 26,1995;

DOE 0 470.1, Safeguards and Security ProgJ1Ull. June 21,1996;

DOE b 471.2A,lnformation Security PrOgram. March 27,1997;

DOE 0 472.1B, Personnel Security ActivitieS, March 24,1997;
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DOE 5400.1, Genenl Environmental Protection Program, June 29,1990;

DOE 5480.21, Unreviewed Safety Questions~ December 1991;

DOE 5480.22, Technical Safety Requirements, January 23, 1996;

DOE 5480.23, Nuclear Safety Analysis Reports, March 1994;

DOE 5632.7A, Protective Force Program, February 13, 1995;

DOE 5633.3B, Control and Accountability of Nuclear Materials, September 1994;

DOE M 5639.6A-l, Manual of Security Requirements for the Oassified Automated Information
System Security Program, July 1994;

Department of Energy, Oak: Ridge Operations Office, January 21, 1998. Approval of Exterision of
Waiver of DOE Order 5633.3B Requirements for Physical Inventory in Material Balance Area
(MBA) 070 (Deviation Request No. OSS-OR-95-0(9), letter to Dr. J.H. Swanks, Oak Ridge National
.Laboratory, Oak Ridge, Tennessee. ' .

Copies of DOE Orders and reports are available from:
U.S. Department of Energy, AD-631IFORS, Washington, DC 20585, (202)586-9642

3. Non-Federal Refe~ences. The following non-government documents are referenced in this standard.

Allen, A. O. 1961. The Radiation Che"wtry ofWater and Aqueous Solutions, Van Nostrand Co.,
Inc., Princeton, N. J. .

Allen, A. O. et al. 1952. Decomposition ofWater and Aqueous Solutions under Mixed Fast Neutron
and Gamma Radiation, J. Phys. Chem., 56, 575.

American National Standards Institute/American Nuclear Society, 1983. Nuclear Criticality Safety in
Operations with Fissionable Materials Outside ofReactors, ANSUANS-8.1-1983, La Grange Park,
Illinois.

American National Standards Institute, 1997. LeaJcage Tests on Packagesfor Shipment, ANSI
NI4.5-1997, New York, New York. .

ANL-6287, O1emical Engineering Division, Argonne National Laboratory. Summary Report, March
1961.

Bereolos, PJ.• C.W. Forsberg, D.C. Kocher, and A.M. Krichinsky, Strategy for the Future Use and
Disposition ofUranium-233: Technical Information. ORNLlfM-13552. Oak Ridge National
Laboratory, Oak Ridge, Tennessee,. 1998.

Bereolos. PJ. et al. 1998. Assessment ofUranium-233 Storage Safety Issues at Department of. .

Energy Facilities. ORNUfM-13685, Oak Ridge National Laboratory, Oak Ridge. Tennessee, 1998.

Bretherick, L. Hazards in the Chemical lAboratory, Royal Society of Chemistry, London,1986.

26

•

•

•



•

•

•

DRAFI'
Project SAFf-0067

Burke, J. et aI. Physical Metallurgy ofUranium Alloys, 1976.

Dawson, J.J. et aI., 1956. S017U! Aspects ofthe System Uranium Trioxide - Water. J. Chem. Soc.,
3531·3540.

Firestone, R. F. 1957. The Radiation Chemistry ofWater Vapor. -The Indirect Effect on Deuterium
and the Exchange ofD-Atoms with Water Molecules," J. Phys. Chern., 79, 5593.

Hochanadel, C. J. 1952. Effects ofCobalt Gamma-Radiation on Water and Aqueous Solutions, J.
Phys. Chem., 56, 587.

Parrot, Sr., J.R., McDuffee, W.T., Nicol, R.O., Whitson, W.R., and Krichinsky, A:M. 1979. The .
Preparation ofKilog~amQuantities of2JJUOz/or the Light Water Breeder Reactor Demonstration
Program. ORNUCF-791279, Oak. Ridge National Laboratory, Oak Ridge, TennesSee.

Primm, lll, R.T., Criticality Safety Studies ofBuilding 3019 Cell 4 and In-Line Storage Wells,
ORNUTM-12374 November 1993;

Shaw, SJ. and V. Freestone, V. 1998. Interim Storage ofPlutonium Bearing Materials in Food
Product Containers, NMD011l7105/SJSIl6l98, United Kingdom.

WAPD-TM-1244(L), Th02 and Th02.2:l
3U02 High Density Fuel· Pellet Manufacturer for the Light

Water Breeder Reactor (LWBR Development Program), January 1976; (Rereren~ has limited
distribution)

27



•

•

•

APPENDIX B. INTERNET SITES THAT CONTAIN 13JU INFORMATION

This appendix provides a listing in Table B.l of Internet sites that con~ infonnation on

233U_bearing materials. In general, such sites have poSted documents and other ~onnation sources

on 23JU materials and 233U_Th fuel cycle activities and facilities. These resources,are accessible

through various World Wide Web (WWW) servers. For each Internet site identi?ed in Table B.l,

the Unifonn Resource Locator (URL) is provided.

B-1



Table B.1. Internet sites containing information on wU-bearing materials
•

-In some cases, the URL listed accesses a particular doCument of the type listed in the left-hand
colwnn.

61ncludes the DOE mu Storage Standard (see Appendix A).

Site/description

ANS (Technical Reports)

DNFSB (Technical Reports)

DOE·EIA Documents

DOE Technical Stan<fardsb

DOE Information Bridge Home Page

IAEA (Technical Reports)

Indira Gandhi Centre for Atomic Research

Radkowsky Thorium Power Corporation
(RTPC) Home Page

URL"

http://www.ans.orglpubslcatalog

http://www.dnfsb.gov/teehrptslrechxx.html
(XX' = report number)

http://www.eiadoe.gov/cneafJnuclearluialfeature.html

http://www.doe.gov/rechstdslstandardlstandfrm.html

http://www.doe.gov/bridgeJhome.html

http://www.iaea.orglworldatom/publications

hnp://www.igcar.emetin/igcabouthtml

http://www.rrpc.comlhome.shtml

•
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APPENDIX C. :Wu INVENTORY CHARACTERISTICS

C.I DISCUSSION

This appendix sununarizes the characteristics of current 233U_bearing materl3l inventories at
\

various domestic sites. The infonnation and data reported are based on reports'@ereolos et aI.

lune 1998, Lewis and Wilkinson March 1998, and U.S. DOE-ID and INEEL~ber 1998).

A list ofdomestic sites that have accountable quantities of 233U materials is provided in

Table C.I. Table C.2 sununarizes the current inventories of233U at each domestic site. The
. !

infonnation and data reported in certain columns of this table are based on spec~c code definitions

defined in Tables C.3, C.4, and C.5. Table C.2 lists the following 233U infonnati9n and data:

• material form description (based on the material type and form listed in Table C.3),
. ~.

• packaging types (based on the packaging types and codes listed in Table C.4),

• number ofpackages,

• • material type code (based on the codes listed for 233U and 23SU in Table C.5); and

• accountable mass (by total U, 233U, and 235U).

ORNL currently has the largest site mass inventory of 233U-bearing material~. This inventory
,

resides in the storage vaults of Building 3019. Major characteristics ofthis inv~tory are given in

Table C.6.

C.2 REFERENCES

Bereolos, P. 1. et aI. June 1998. Strategyfor the Future Use and Disposition ofUranium-233:
History, Inventories, Storage Facilities, and Potential Future Uses, ORNUrM-1355 I, Oak
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Lewis, L. C., and D. R. Wilkinson. March 1998. INEEL Initial Site Assessment' Report on the
Storage ofU-233, Idaho National Engineering and Environmental Laboratory, Idaho Falls,
Idaho.

•
U.S. Department of Energy-IdahO and Idaho National Engineering and Environmental Laboratory.

December 1998. Program Execution Planfor the mu Safe Storage Program, Idaho Falls,
Idaho.
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Table C.l. Domestic sites that have accountable quantities ofwV materials

•
Site

DOEsita

Argonne National Laboratory-EaSt
Argonne National Laboratory-West
Bettis Atomic Power Laboratory
Brookhaven National Laboratory
Hanford Site
Idaho National Engineering lind Environmental Laboratory­

Idaho Chemical Processing Plant
Radioactive Waste Manitgement Complex

Knolls Atomic Power Laboratory
Lawrence Berkeley National Laboratory
Lawrence Livermore National Laboratory
Los Alamos National Laboratory .
MO\Dld Plant

. New Bnmswick Laboratory
Oak: Ridge National Laboratory
Pacific Northwest National Laboratory
Rocky Flats Environmental Technology Site
Savannah River Site
Y-12 Plant

NRC-lkmsedsita

Commonwealth Edison: Dresden Reactor-Unit 3
Fort St Vrain Reactor
General Atomics Laboratory, San Diego

Acronym

ANL-E
ANL-W
BAPL
BNL
Hanford

INEEL-ICPP
INEEL-RWMC
KAPL
LBNL
llNL
LANL
Mound
NBL
ORNL
PNNL
RFETS
SRs
Y-12

COME03
FSVR
GA

•

•
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T.ble C.2. Summ...y of domesdc WU m.terl.1 ch.ncterlsdcs .Dd InveDtoriesG

Material fonn Packaging No. of
Material-type code<l·

Total U D'U. D'U'
Site

description6
type~ packages (kg) (kg) (kg)D'lJ D'U

ANL-E MP, ML SN, RS, RU BI, B2, C2, 03, PO, 5 71,72,74 0.028 0.028 0
V5,X2

ANL-W MA. MP, PI. PO, SN, SS, BI, CO, C2, 01, GO, 63 71,72 0.155 0.154 0
SZ GI PO, PI, P3, VI,

V5, V7

BAPL RO,HO,SR C4, DI.! 13 71,72,74 38 0.427 0.405 0.014

BNL g g . 4 g g g 0.002 g

COMED3 0 0 0 0

FSVR' 0 0 0 0

GA SS,SO C2,C4 2 72 38 0.172 0.031 <0.001

Hanford PO, PI. SN BI,CO, WI 3 71 0.597 0.079 0

INEEUICPP PO, RO, RU, SN X2 213 72,73 358.6 351.6 0
'.

KAPL g g 26 g g g <0.010 g

LANL PO, PI. MP, ML MA. BI, B2, CO, CI; C2, 109 72 7.243 7.105 0
UO: SO, SS, CP, NM, C3, C4, F2, GI, PO,
RO,SN,OO PI, UO, Ul, U2, VI,

. . .' . . ~ .' ... ~ ---- ,_ L_'_ V5, V7, W4,.and X2 , ..._. ,- ..... ,-, .. . ' . . . . - .' . ." ••• -._ c "

LBNL g g g g g 0.Q31 g g

LLNL MP, MA. PO, PI. RO CO,C2 50 72 3.321 3.253 0

Mound' g g I g g g <0.005 g

NBL g g 3 g g g 0.005 g

n
I

w



Table C.2 (continued)

Material fonn Packaging No. of Material-type code~' Total U DlU" DSU'
Site description) types< packages DltJ DSU (kg) (kg) (kg)

ORNL MA, UO, 00, MP, PO C3, C4, VI, XI 1,054 71-74 36 1,387.709 427.341 796.334

PNNL MA, PO, PI, SN, SZ CO, CI, C2,G2, PO 15 71,72 0.048 0.047 0

RFETS CP,NO D1 5 72 0.008 0.008 0

SRS . 0 0 0 0

Y-12 MP,PI Xl 5 g 37 42.6 0.8 38.7

Total
-

1,571 1,800.9 790.8 835.0

"Excludes contributions from irradiated SNF.
~aterial-typC and fonn codes listed in Table C.3 of Appendix C.
<Packaging types and codes listed in Table C.4 ofAppendix C.
"Nuclear material-type codes listec,l for DlU and D'U in Table C.5 ofAppendix C. .
'AccoWltable amoWlls only. See nuclear materili1-type codes listed in Table C.5 ofAppendix C.
~ntrained in equipment.
BJnfonnation not available.
~xcludes contributions from irradiated SNF owned by OOE.
'Most 233U material was shipped to ORNL in 1996 and is now iitcluded in the ORNL inventory.

(")

I
~
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• Table C.3. Material-form code definitions

Material type Form Code

Weapon component Parts PA
Pits PT
Canned subassembly (CSA)- CS

Metal Pure MP'
Impure MI
Alloys MA

Oxides Pure PO
Impure PI
Other (specify) 00

Compounds Uranium hexafluoride UF
Other (specify) UO

, Sources and samples Sealed SS
Other (specify) SO

Combustibles Graphite CG

• Paper, plastics, wood. mop heads, etc. CP
Other (specify) CO

Noncombustibles Glass NG
Nonuranium metal NM
Other (specify) NO

Process residues Reduction RR
Incinerator ash IA
Sludge SR
Filters RF
Other (specify) RO

Solutions Nitric acid SN
Basic SC
Organic OS
Other (specify) SZ

Reactor fuel Unirradiated RU
Targets RT
Slightly irradiated RS
Other (specify) RO

Hold-up, Materials in pipes, tanks, duets, HO
equipment, etc.

• a~en seal is broken, canned subassembly is called parts.





Table C.4 (continued)•

•

•

General description

Wooden crates or boxes

Shipping containers and overpacks

"P =bottle.

Packaging code

W

x

C-7

Subcode

o
1
2
3
4
o
1
2
3

,
Packaging details

Metal burial box'
Cardboard
Wooden
Fiberglass
Other (specify)
SA overpack
6M 110-gal
Other (specify)
Birdcage (storage only)
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•
Table C.S. Nuclear material-type codes

Type Type description Reporting Type Type description
Reporting

code unit code unit

UrrmiJmt---depleted in mu. WI % 44 ~IAm g
10 Total kg 45 ~3Am g
II <0.21 kg 46 Curium g
12 0.21-<0.24· kg 47 Berkelium Ilg
Il. 0.24-<0.26 kg 48 Californium Ilg
14 0.26--<:0.28 kg Plutonium

·15" 0.28-<0.31 kg 50 Total g
16 0.31-<0.50 kg ~

17 0.50--<:0.60 kg 51 <4.00 g
18 0.60-<0.711 kg 52 4.00-<7.00 g

Urrmium--enriched in mu. WI % 53 7.00--<10.00 g
20 Total g 54 10.00--<13.00 g
21 >0.711-<0.90 g 55 13.00--<16.00 g
22 0.90-<1.15 g. 56 16.00--<19.00 g
23 1.15-<1.60 g 57 19.00 and above g
24 1.604.00 g Lithium--enriched in 'Li kg
25 2.()()....<2.6O g 60 Total kg
26 2.604.90 g 61 >Normal to <55.00 kg •27 2.90-<3.10 g 62 55.()()..<8().00 kg
28 3.10-<3.40 g 63 80.00 and above kg
29 3.40-<3.90 g Uranium--enriched in mU
30 3.90-<4.10 g 70 Total g
31 4.10-<5.00 g . 71 <5ppmmu g

. 32 5.00--<10.00 g 72 5-<10 ppm mu g
33 1O.()()....<20.oo g 73 10-<50 ppm mu g
34 20.00--<35.00 g 74 50 ppm and above mu g
35 35.()()...<45.oo g 81 Normal uranium (0.711 wt % Z1'U) kg
36 45.00--<80.00 g 82 ZJ1Np g
37 80.00--<92.00 g 83 ZIIJ>u g (I x 10-1)

38-- 92.00--<94.00 g 86 ~ kg (I x 10- 1)

39 94.00 and above g 87 Tritium g (I x IO-~

:lA2pu 88 Thorium kg
.40· Total g 89 Uranium in cascades g
41 20-60 g 90 This series available for local use
42 >60 g

•
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Table C.6. Uranium-233 material currently in tbe storage vaults of ORNL Building 3019" .

No. of
;
, -u UlU

Material form Package usemblt Package cODflgUntioD outer ;
(kg) (ppm)

packages I,

Umetal LANL Unique SST' 2
,

5.89 40I

Savannah River
.'

U oxide powder
SR0-9

Welded AI in welded AI 6 2.98 7

U oxide powder Savannah River LZB Welded AI in welded AI 6 2.94 4.5

Tin-plated steel over
U oxide powder ORNL-RDF samples plastic-bagged sample 10 0.82 6-10

vials

UF.xLiF RCP-04 Welded Ni in AI 2
,

1.06 220

UF.xLiF RCP-04 Screw-too AI in AI 1 1.55. 220

UF.xLiF RCP-04 SST in welded AI I 0.31 220

UJO, monolith CEUSP
Tin-plated steel over

403 I 101.l4 140
welded SST ;

UJO, monolith RCP-06 .
Tin-plated steel over

27 60.27, 20
welded SST

U oxide powder
Savannah River

Welded AI in welded AI 27 10.72 38
alwninwn (RCP-02)

U oxide powder
Savannah River

Welded AI in welded AI 140 61.57 220
alwninwn (RCP-03) "

U oxide powder
Short oxide-product Tin-plated steel over

22 " 15.02 6
can (PZA BPL) plastic-bagged SST

U oxide powder
Short oxide-product Tin-plated steel over

68 54.64 6.5-10
can IJ)lasti~ed SST

.. Tin-plated steel over
U oxide powder . Tall oxide-product can

plasti~edSST
71 33.51 5.6-8.3

U oxide powder MOWld
Glass within SST within

19 3.29 2-16
SST .. )

Welded Ni-plated SST i

Up, powder ANL-ZPR (5 packet) packets within tin-plated 2 0.27 7,
steel \

Welded Ni-plated SST
UJO, powder ANL-ZPR (12 packet) packets within tin-plated 101 \ 32.94 7

steel

Welded Ni-plated SST'
UJO,powder ANL-ZPR (16 packet) packets within tin-plated 27 11.83 7

steel

Welded Ni-plated SST
Umetal ANL-ZPR (metal) packets within tin-plated I 0.56 5

steel
Tin-plated steel over

i

U oxide powder Oxide plastic-bagged, tin-plated . 6 1.48 7-10.8
steel

..

Tin-plated steel over .
U oxide powder Oxide scrap plastic-bagged, tin-plated 7 3.80 6-42

steel

Tin-plated steel over ,
,

Umetal RCP-20(#2 and #3) plastic-bagged, tin-plated 2 : 3.99 5-42
steel i
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, ' , Table C.6 (continued)

No. of wu WU
Material form Package usemblt Package coDfJgUntioD outer

(kg) (ppm)
packages

Tin-plated steel over
, Umetal Metal scrap plastic-bagged. tin-plated 3 0.53 5-42

steel

Ammonium diuranate
Tin-plated steel over

powder
ADUscrap plastic-bagged, tin-plated I 0.00 7

steel
U oxide DOwder Hanford HUA-2 ' SST in welded SST 6 0.35 8-38

Umeta1 LANLAUA-84
Welded SST in welded

3 0.49 8
SST

ORNL-RDF misc.
Plastic-bagged glass in

U oxide inicrospheres
samples ,_

cardboard within tin- 3 0.39 7
plated steel

Ammonium dimanate ,
ADUproduct

Tin-plated steel over
I 0.09 7powder plastic-bagged SST

U02 powder KZA-8
Tin-plated steel over tin-

I 0.19 2.5plated steel

U oxide powder ARF-32
Tin-plated steel over

I 0.07 7
SST

UlO. powder ' FZA-88
Tin-plated steel over

2 0.02 5
unknown

U foil ClA-90
Tin-plated steel over

I 0.57 5
welded SST

Umetal ARF-33 metal
Tin-plated steel over tin-

4 1.43 7
plated steel

U oxides and U foil CZD-G(CZ)
TiD-plated steel over

I 0.09 I
ldass '

U foil CZD-G(CX)
TiD-plated steel over

I 0.01 6
plastic

Umetal SNM-4031
Tin-plated steel over

I 0.03 I
ldass

U metal button and
ClA-93(U-233~)

TiD-plated steel over
I 1.25 5plates 21ass

Oxides and metal
ClA-93(U-233-5)

Welded SST over tiD-
I 1.06 42pieces and foil plated steel

Umetal AUA-84 (jar)
Welded SST over

2 0.46 8
unknown

Umetal ClA-91
TiD-plated steel over

I 0.86 42
welded SST

Umetal KZA-GIB
Welded SST iD welded

3 0.24 5
SST

Umetal
SNM-9514 and TiD-plated steel over

2 0.02 50
LAE-G3 unknown

U metal LAW-40 Tin-plated steel over
I 0.52 4

plastic
U oxide DOwder PlA-126 SST iD welded SST I 0.28 I

U oxide powder ARF-33 oxide SST iD SST 2 1.21 7

U oxide powder
ASA-94 TiD-plated steel over

3 1.43 7
(233-1.2.3-74) IDlastic

•

•

'.



•

•

•

C-11

Table C.6 (continued)

No. of ; WU IJ2U
Material form Package assemblt Package CODraguntioD outer

(kg) (ppm)
packages

U oxide powder . ASA-94 (2334-74)
Tin-plated steel over tin-

I 0.24 7
plated steel \

U02 powder CZA-92
Welded SST in welded

I 2.25 5
SST

U oxide powder lZB-18
Tin-plated steel over

3 1.04 7
welded SST

,

U oxide microspheres MM-4899
Tin-plated steel over

I 0.13 7
Ildass

UF.powder CZD-G(Cy)
Tin-plated steel over

I 0.02 70
lidass

Total 1004 ) 425.85 -
-As ofMay 8, 1998. Does not include material being recovered from MSRE.
6For some of these package assemblies, an identification or label nwnber is also indi~
'SST = stainless steel.



NOMENCLATURE AND NOTATION

• LIST OF CHEMICAL ELEMENTS BY ATOMIC NUMBE~ (Z)

Z Symbol Name Z Symbol J ' Name
1 H hydrogen 46 Pd palladium
2 He helium 47 Ag silver
3 Li lithium 48 Cd cadmium
4 Be beryllium 49 In indium
5 B boron 50 ' Sn tin
6 C carbon 51 Sb antimony
7 N nitrogen 52 Te tellurium
8 0 oxygen 53 I iodine
9 F fluorine 54 Xe xenon

10 Ne neon 55 Cs cesium
11 Na sodium 56 Ba barium
12 Mg magnesium 57 'La lanthanum
13 AI aluminum 58 Ce cerium
14 Si silicon 59 Pr praseodymium
15 P phosphorus 60 Nd neodymium
16 S sulfur 61 Pm promethium
17 CI chlorine 62 Sm samarium
18 Ar argon 63 Eu europium
19 K potassium 64 Gd gadolinium

• 20 Ca calcium 65 10 terbium
21 Sc scandium 66 Dy dysprosium
22 Ti titanium 67 Ho holmium
23 V vanadium 68 Er erbium
24 Cr chromium 69 Tm thulium
25 Mn manganese, . 70 Vb ytterbium
26 Fe Iron 71 Lu lutetium
27 Co cobalt 72 Hf hafuium
28 Ni nickel 73 Ta tantalum
29 Cu copper ' 74 W tungsten
30 Zn zinc 75 Re rhenium
31 Ga gallium 76 Os osmium
32 Ge germanium 77 Ir iridium
33 As arsenic 78 Pt platinum
34 Se selenium 79 Au gold
35 Br bromine 80 Hg mercury
36 Kr krypton 81 T1 thallium
37 Rb rubidium 82 Pb lead
38 Sr strontium 83 Bi bismuth
39 y yttrium 84 Po polonium
40 Zr zirconium 85 At astatine
41 Nb niobium 86 Rn radon
42 Mo molybdenum 87 Fr francium

• 43 Tc technetium 88 Ra radium
44 Ru ruthenium 89 Ac actinium
45 Rh rhodium 90 Th thorium

N-l
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LIST OF CHEMICAL ELEMENTS BY ATOMIC NUMBER (Z) (continued)

Z
91
92
93
94
95
96
97
98
99

100

Symbol
Pa
U
Np
Pu .

Am
Cm
Bk
Cf
Es
Fm

Name
protactinium
uranium
neptunium
plutonium
americium
curium
berkelium
californium
einsteinium
fermium

Z
101
102
103
104
105
106
107
108
109

.Symbol
Md
No
Lr
Rf
Ha
Sg
Ns
Hs
Mt

Name
.mendelevium
nobelium
lawrencium
rutherfordium
hahnium
seaborgium
nielsbohrium
hassium
meitnerium

•

RADIOLOGICAL SYMBOLS

ex

y

n

t'la

Alpha particle (He nucleus)

Beta particle (electron)

Gamma ray

Neutron

Half-life

v

TJ

The average number of neutrons
produced per nuclide undergoing fission

Regeneration factor (the average number
of fission neutrons produced per neutron
.absorbed)

•
UNITS OF MEASURE

A Angstrom " kglm3 Kilogram(s) per cubic meter
at. % Atomic percent , m2 Square meter(s)
amu Atomic mass unit m3 Cubic meter(s)
b Barns mrem/h Millirem(s) per hour
C Coulomb mrem/y Millirem(s) per year
Ci ' Curie(s) nCi Nano (I O-~ curie
Ci % Curie (radioactivity) percent ng Nano (I O-~ gram
cm Centimeter nv Nano (IO-~ volt
cm2 Square centimeter~ ppm Part(s) per million,
cm3 Cubic centimeters pCilg Picocuries(s) per gram '
cps/nv Counts per second per nanovolt R Roentgen
d Day(s) s Second(s)
°C Degree(s) centigrade scfin Standard cubic feet per minute .
OF ' Degree(s) Fahrenheit t Metric ton(s) (1000 kg)
OK Degree(s) Kelvin vol % Volume percent
g . Gram(s) wt% ,Weight (or mass) percent
gUll Grams ofuranium per liter y Year(s)
Gy Gray Jim Micron (10-6 meter)
h· hours JiS Micro (10-6

) second (s) •.' . kg Kilogram(s)
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GLOSSARY OF TERMS

This glossary gives the definitions of terms commonly associated~th 233U _rial properties,
processing, and handling. '

Actinides: Elements with atomic numbers from 89 (actinium) or 90 (thorium) to 103,
(lawrencium) inclusive.

AIIoy: A condensed substance composed of two or more metallic elements formtxt by melting and
intercomponent dissolution when molten.

Alpha decay: Radioactive decay in which an alpha particle (4He nucleus) is emitted.

Alpha recoil: The backscattering of an atomic nucleus as a result of its emission of an alpha
particle. The backscattering of the nucleus is the kinetic energy imparted to it as: a consequence of
the conservation of momentum.

AmscoTM: A commercial high-grade kerosene. '

Antibody: A protein produced by immune system cells that combines with a specific antigen and
normally facilitates the destruction of that antigen.

Antigen: A complex mol~ule, nonnally a protein or polysaccharide, that stimul,ates production of
a specific antibody. '

Atomic mass unit: The ratio of a mass of a neutral atom to one-twelfth the mass ofan atom of
12C.

Barrier: A confinement that prevents the dispersion ofstored material. ,

Beta decay: Radioactive decay in which a beta particle (negative or positive electron) is emitted.

Branching ratio: In branching radioactive decay, the fraction of nuclei that dismtegrates in a
specific way. '(It is usually expressed as apercentage.) "

By-product material: (I) Any radioactive material (except special nuclear material) yielded in, or
made radioactive by, exposure to the radiation incident to the process ofproduculg or utilizing
special nuclear material. For purposes of determining the applicability of the Resource
Conservation and Recovery Act of 1976 to any radioactive waste, the'term "any ladioactive
material" refers only to the actual radionuclides dispersed or suspended in the waSte substance.
The nonradioactive hazardous waste component of the waste substance will be subject to

, GL-l
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regulation Under the Resource COnservation and Recovery Act; (2) the tailing or waste produced
by the extraction or concentration of uranium or thorium from any ore processed primarily for its
source material content. Ore bodies depleted by uranium'solution extraction operations and which
remain underground do not constitute by"'product material.

Cloning: The process ofproducing many identical copies ofa gene; also, the production ofmany
genetic3Ily identical copies of an organism. '

Code of Federal Regulations: A documentation ofthe general rules by the executive departments
ofthe federal government. The code is divided into 50 titles that represent broad areas su~ject to
federal regulation. Each title is divided into chapters that usually bear the name of the issuing
agency. Each chapter is further subdivided into parts covering specific regulatory areas. '

Critical mass: The minimum quantity of fissile material ~able of sustaining a nuclear fission
, reaction chain.

Critical organ: The human organ to which the greatest damage'is done by the radiation dose
delivered by an internal emitter. '

Decay, radioactive: The transition ofa nucleus from one energy state to a lower one, usually ,
involving the emission ofa photon, electron, neutron, or alpha particle.

Decay chain, radioacitve: A series of nuclides in which each member decays to the next member
ofthe chain through radioactive decay until a stable nuclide bas been formed.

Decay product: A nuclide formed by the radioactive decay ofthe parent radionuclide. Formerly
called daughter product.

Decommissioning: Activities taken to reduce the potential health and safety impacts of
commercial and DOE-eontaminated facilities, including ~moving a unit from operation,
decontamination, entombment, dismantlement, or conversion of the site to another use.

,Decontamination: Activities taken to remove unwanted (typically radioactive) material from
facilities, soils, or equipment by washing, chemical action, mechanical cleaning,or other
-(treatment) techniques.

Decontamination factor: The ratio ofthe amount of undesired radioactive material initially
present to the amount remaining after a suitable processing step bas been completed.
Decontamination factors may refer to the reduction of some particular type of radiation, or to the
gross measurable radioactivity.:

Depleted uranium: Uranium,having a weight (mass) percentage of 23SU that is lower than the
0.7 wt % found in natural uranium..

".

•

DOE Order:, A documented set ofinterna1 requirements or directives issued by the U.S.
Department of Energy (DOE) that establish DOE policy and procedures (including mandatory
guidance) for ,compliance with applicable laws and regulations. DOE orders impose requirements •

' upOn DOE personnel and its contractors. '
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Ele~tron capture: Radioactive decay in which an orbital electron is captured by the nucleus of the
radionuclide.

Elute: To remove an adsorbed material from an adsorbent by means ofa solverit.
, .

Environmental Impact Statement: A report that documents the information required to evaluate
the environmental impact ofa project. Such a report informs decision-makers and the public of the
reasonable alternatives which would avoid or minimize'adverse impacts ot e~ce the quality of
the environment.

Extractant: A substance added to a solvent in order to enhance the extraction process.

Fertile nuclide: A nuclide capable of being transformed into a fissile nuclide b~ neutron capture.

Fissile nuclide: A nuclide capable of undergoing nuclear fission with thermal neutrons. '

Fission, nuclear: The division ofa heavy atomic nucleus into two or more isotopes, usually
accompanied by the emission of neutrons and gamma radiation.

Fission products: Nuclides produced either by fission or by the subsequent decay of the nuclides
thus formed.

Fuel assembly: A grouping of nuclear fuel rods that remains integral ,during the; charging and
discharging ofa reactor core. .

Fuel cycle, nuclear: The complete series of steps involved in supplying fuel for nuclear reactors.
It includes mining, refining, UF6 conversion, enrichment, fabrication of fuel elem'ents, use in a
reactor, and management of radioactive Waste. It may also involve chemical processing to recover
the fissionable material remaining in the spent nuclear fuel, reenrichment of the fuel material,
and/or refabrieation of new fuel elements.

Half-life, radioactive or physical: For a single radioactive decay process, the time required for
the activity to decrease to one-halfof its initial value by that process.

Half-life, biological: The time required for the body to eliminate haIfof an administered dose ofa
radioactive substance by the regular (natural) processes of elimination. The biological half-life is
different for different organs ofthe body.

Handlin2 enclosure: A glovebox line or similar equipment that isolates uranium-233-bearing
materials from the worker's environment while allowing the material to be handled or processed.

Highly-enriched uranium (HEU): Uranium with more than 20 wt% ofthe 23SU isotope, used for
making nuclear weapons and also as fuel for some isotope production, research, and power
reactors. Weapons-grade uranium is a subset of this group.

Hot cell: A heavily shielded enclosure in which radioactive materials can be handled by persons
using remote manipulators and viewing the materials through shielded windows or periscopes.
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Hybridoma: A cell produced byfusing an antibody-producing cell with a myeloma (cancerous
tumor) cell; used to produce monoclonal antibodies.

Material container: The container that is in contact with the 233U material being stored. This may
be either the boundary container, or a container that resides inside ofa boundary container. If
structurally adequate and sealed, the material container provides one barrier.

Matm: In waste management, a nonradioactive material used to inunobilize radioactive waste in
a monolithic structure. Examples of matrices include bitumen, cement, various polymers, etc.

Mixed-oxide fuel: A mixture oftwo or more actinide oxides serving as a nuclear reactor fuel.
Examples include (Pu; U)02 and (Th, U)02'

',Monoclonal antibody: An antibody produced by the cloning ofhybridoma ceUs, each clone of
~lls produces a single antibody.

Multiplication factor (k): The ratio ofneutron production rate from neutron-induced fission to
neutron absorption rate in a base, critical finite system.

Nuclear criticality: Acondition that occurs when the number. of neutrons release4 by the
fissioning ofnuclear material is exactly balanced by the number of neutrons being absorbed by
either the material itself or some absorbing medium. (See also critical mass.)

Packaging: The assembly ofmaterials and components in compliance with storage/shipment
requirements .

Parent: A radionuclide that upon decay yields a specified nuclide (the daughter) either directly or
as a later member ofa radioactive decay series. .

Primary containment vessel: The outer-most sealed container intended for safe storage. When
used as the outer-most container for storage, it would also be used for shipping.

Process: To extract, separate, purify, or fabricate a material by physical, chemical, or mechanical
means.

Progeny: Radioactive decay products that comprise a particular decay chain.

Purex process: A solvent extraction process that may be used in the reprocessing of spent nuclear
fuel for the separation ofuranium and plutonium from fission products.

Pyrophoric: Capable of igniting spontaneously when exposed to air.

Quality Assurance (QA): All planned andsystematic actions necessary to provide adequate
confidence that a structure, system, or component will perform satisfactorily in service..

Quality Control (QC): Those quality assurance activities that provide a means to control and
measure the characteristics ofa structure, system, or component to established requirements.

:,.
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Reactor, breeder: A reactor that produces more fissionable fuel than it consumes. The new
fissionable material is created by a process (breeding) in which fission neutrons are captured in
fertile materials.

Reactor, fast flllI: A reactor in which fission is induced predominantly by fast'neutrons.

. !

Reactor, high-temperature, gas-cooled: A nuclear reactor that uses an inert gas (helium) as the
primary coolant and graphite as the moderator.

Reactor, light-water: A nuclear reactor that uses light water (H20) as the prinlary coolant and
moderator and slightly enriched uranium as the fuel. There are two types of commercial Iight­
water reactors: boiling-water and pressurized-water.

Reactor, pressurized-water: A light-water reactor in which heat is transferred·from the core to a
heat exchanger via water kept under high pressure, so that high temperatures can be maintained in
the primary coolant system without boiling the water. Stearn is generated in a s~ndary circuit.

Reactor, production: A reactor ~ose primary purpose is to produce fissile orother materials or
to perfonn irradiations on an industrial scale. Unless otherwise specified. the tenn usually refers to
either a tritium- or plutonium-production facility used to produce materials for Q,uclear weapons. ,

Reactor, research: A reactor whose nuclear radiations are used primarily as a tool for basic or
applied research. Typically, it has a thermal power of 10 MW(t) or less and may include ,facilities
for testing reactor materials.

. . I

Reactor, test: A reactor associated.with an engirieering-scale test program conducted to develop
basic design information or demonstrate safety characteristics of nuclear reactor'systems.

Reprocessing, fuel: The chemical/mechanical processing of irradiated nuclear reactor fuel to
remove fission products and recover fissile and fertile material.

Salting agent: A salt [e.g., AI(NO))] or an acid [e.g., H(NO)] the anion (-) of which is the same
as that of solutes. .

Sealed: Sealed means that a container has been closed (e.g., welded) and certified to be leak-tight
in accordance with ANSI NI4.5-1987 standard.

Separation factor: A dimensionless quantity that measures the degree of physical separation ofa
material from other materials in an environment or medium.

Solvent extraction: The separation ofmaterials of different chemical types by ~ploiting the
re1ativechelating ability of different chemicals which preferentially dissolve in orie of the two
phases.. In spent nuclear fuel reprocessing, liquid-liquid contact oftwo immiscible solvents (one
aqueous, one organic) permits recovery and separation ofuranium and plutonium in one phase and
fission products in the other phase.
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Source material: (1) Material containing any combination of uranium or thorium in any physical
or chemical form, or (2) ores containing 0.05 wt% or more of uranium, thorium, or both. Source
materials excludes special nuclear material (see below).

Sparge: To agitate a liquid by means of compressed air or gas.

Special nuclear material: Plutonium or fissile uranium (i.e., 233U, 235U) enriched toa higher-than­
natural assay.

Spent nuclear fuel: Nuclear fuel that has been pennanently discharged from a reactor after it has
been irradiated. Typically, spent nuclear fuel is measured in tenns of either the number of
discharged fuel assemblies or the quantity ofdischarged fuel mass. The latter is measured either in
metric tons ofheavy metal (i.e., only tJ:te heavy-metal content of the spent nuclear fuel is
~nsidered) or in metric tons of initial heavy metal (essentially, the initial heavy-metal mass of the
fuel before irradiation). The difference between these two quantities is the weight of the fission
products produced during irradiation..

Storage: Any method for safely maintaining items in a retrievable form for subsequent use or
disposition.

Storage facility: The building struetureand other confinement systems that house the storage'
containers.

Storage package: A configuration ofnested containers including package content.

TBP: Tributyl phosphate, also called tri-n-butyl phosphate or phosphoric acid tributyl ester
[(CAO)3PO). This is an extractant used in liquid-liquid extraction processes to effectively
separate Th from U and fission products.

Thermal power: A measure ofthe rate of heat-energy emission that results from the radioactive
decay ofa material. A unit of thermal power commonly used is the watt (W).

Thorex process: A solvent extraction process developed to reprocess thorium-based nuclear fuels
in which uranium and thorium are separated from fission products. .

Transuranic waste: As defined and used by the U.S. Department of Energy (DOE
Order 5820.2A), radioactive waste that, at the time ofassay, contains more than 100 nCi/g of
a1pha-emitting isotopes with atomic numbers greater than 92 and half-lives greater than 20 years.

Transu-:-anic waste acceptance criteria: A set of requirements/criteria that must be satisfied prior
to transport to and emplacement in the Waste Isolation Pilot Plant for disposal.

Transuranic waste certification: The process for verifying that waste meets the applicable
requirements/criteria for transport to and emplacement in a repository for disposal.

Transuranic waste, contact-handled: Transuranic waste with a surface dose rate of less than
200 rnrem/h.

•\
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Transuranic waste, remote-handled: Transuranic waste with a surface dose rate ofgreater than
200 mremlh.

TRISO: A three-layer coating consisting of two layers ofpyrolytic graphite separated by a
mechanically strong, combustion-resistant layer of silicon carbide. r

Ultrasene™: A refined kerosene product used to provide a solvent solution for tnbutyl phosphate
(fBP) in the extraction ofTh from V and fission products. Ultrasene is comprised ofa mixture of
normal, iso-, and cycloparaffins with a very low content ofolefins and aromatics.

Waste Isolation Pilot Plant: A facility, located near Carlsbad, New Mexico, to be used for
demonstrating the safe disposal oftransuranicwastes from DOE defense-related:activities.

Yellowcake: A uranium oxide concentrate that results from milling (concentrating) uranium ore.
It typically contains 80 to 90wt % VO). .


