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Weight of 233U + 0.6 weight of 235U
Weight of total uranium

<0.12 . (ES.1)

EXECUTIVE SUMMARY

A definition of low-enriched uranium-233 (LEU-233) is developed herein to provide a technical

basis for changing the safeguards and security requirements for storing, using, and disposing of uranium-

233 (233U) that is isotopically diluted with uranium-238 (238U).  LEU-233 is defined as 233U that contains

sufficient 238U such that the mixture is effectively non-weapons-usable material.

Domestic and international safeguards recognize that high-enriched uranium (HEU) containing A20

wt % uranium-235 (235U) can be used to build nuclear weapons, but that low-enriched uranium (LEU)—a

mixture of 235U and 238U—can not be used practicably to build nuclear weapons.  Because of this

difference, the respective safeguards and security requirements for HEU and LEU are substantially

different.  The different requirements imposed on HEU and LEU have a major impact on the total costs

to process each.

It is widely recognized within the technical community that 233U which has been isotopically diluted

to a sufficient degree with 238U can not be used to build nuclear weapons.  However, because of a set of

historical factors, this knowledge was not incorporated into the regulations covering international and

domestic safeguards and security requirements for fissile materials.  A technical basis is required to

define how much dilution of 233U with 238U is required to convert the 238U to LEU-233, which would not

require the safeguards and security that are currently mandated with direct-use (weapons-usable)

materials.

The definition of LEU-233 developed herein was chosen to be equivalent to the definition of LEU

containing 235U.  However, because 233U has nuclear characteristics different than those of 235U, the

numerical isotopic dilution requirements to make LEU-233 are different from those of LEU.

It is proposed that LEU-233 be defined as a uranium mixture containing <12 wt % 233U and >88 wt %
238U.  In comparison, LEU is defined as a uranium mixture containing <20 wt % 235U.  For mixtures of
233U, 235U, and 238U, effectively non-weapons-usable uranium is defined by the following formula:

This formula is based on a nuclear criticality mixing rule for undermoderated fissile materials which

assumes that each fissile material can be treated independently of each other.  With a mixture containing

no 233U, the equation defines LEU as 235U with a concentration <20 wt % 235U in uranium.  With a

mixture containing no 235U, the equation defines LEU-233 as 233U with a concentration <12 wt % 233U in

uranium.
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1.  INTRODUCTION

1.1  OBJECTIVES

The United States is evaluating its options for managing surplus uranium-233 (233U), which is a

weapons-usable material like weapons-grade plutonium (WGP) and high-enriched uranium (HEU).  The
233U may be disposed of during one of several joint activities with the former Soviet Union (FSU) to

reduce world inventories of weapons-usable materials (Forsberg 1998).  Alternatively, the 233U may be

used to produce bismuth-213 (213Bi) for treatment of certain cancers.  Finally, the 233U may be disposed of

as waste.  In each of these scenarios, it is desirable to convert the 233U into a non-weapons-usable form to

avoid the costs and risks associated with safeguards and security of weapons-usable materials.

 Isotopic dilution is used to convert HEU containing primarily 235U to effectively non-weapons-

usable material.  The material is diluted with depleted, natural, or low-enriched uranium (LEU) until the

fissile concentration is <20 wt % 235U.  After isotopic dilution, it is defined as LEU.  The dividing line

between HEU and LEU is based on technical studies and has been codified into (1) U.S. Department of

Energy (DOE) orders; (2) U.S. Nuclear Regulatory Commission (NRC) regulations (Code of Federal

Regulations 1997a); and (3) International Atomic Energy Agency (IAEA) guidance, conventions, and

agreements (IAEA 1993).

Weapons-usable 233U can also be converted to effectively non-weapons-usable material by

isotopically diluting it with 238U.  Such material is defined herein as low-enriched uranium-233 (LEU-

233).  However, the required isotopic dilution is different than that for HEU because the nuclear

characteristics of 233U are different than those of 235U. Furthermore, the isotopic dilution required to

convert 233U to LEU-233 has not been codified in either U.S. or IAEA regulations.  If the option of

converting weapons-usable 233U to LEU-233 using isotopic dilution is to be considered, there must be

institutional agreement on what is LEU-233.

The objective of this technical report is to define the required isotopic dilution of 233U with depleted,

natural, or LEU in order to convert the mixture to LEU-233.  This definition could provide the basis for

needed institutional agreements on the isotopic dilution levels required for converting 233U to a

nonweapons material.

1.2  HISTORY

There are technical and historical reasons why the current safeguards system does not currently

recognize isotopic dilution as a viable mechanism to convert weapons-usable 233U into non-weapons-

usable materials.
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1.2.1  Production Methods Used to Produce 233U

Three materials can be produced in large quantities to manufacture nuclear weapons:  HEU, WGP,

and 233U.  Natural, mined uranium contains about 0.7 wt % 235U and 99.3 wt % 238U.  Technologies exist

to isotopically separate the 235U from the other uranium isotopes and produce HEU suitable for use in

nuclear weapons.  However, a nuclear weapon can not be made from 238U.  WGP is primarily 239Pu made

by neutron irradiation of 238U.  Plutonium is a man-made material.  Likewise, 233U is made by neutron

irradiation of thorium.  Thorium is a naturally occurring element.  Uranium-233 is a man-made material.

In terms of weapons designs, 233U is similar to WGP.  The IAEA (1993) defines a Category I quantity

of 233U in the context of safeguards as 2 kg.  This is the same amount as is defined for WGP.  In contrast,

a Category I quantity of HEU is 5 kg.

The different production methods for different fissile materials resulted in different approaches to

safeguards.  During the initial development of international safeguards, it was recognized that above a

certain enrichment of uranium it was feasible to produce a weapon and that below that enrichment,

production of a weapon was not feasible.  This recognition resulted in the current safeguards structure in

which only 235U enriched above 20 wt % 235U is considered weapons-usable material.  Enriched uranium

is made by increasing the abundance of 235U in uranium above that contained in natural uranium, which

has an abundance of 0.71 wt % 235U.  Because the cost of enriching 235U is high, there have been strong

economic incentives to use LEU for applications such as commercial nuclear power reactors.  This, in

turn, has provided strong incentives to develop a safeguards system that distinguishes between LEU and

HEU in order to minimize costly safeguards and security requirements for fuel cycle facilities and power

reactors.

Uranium-233 has been historically produced by irradiating thorium with neutrons.  The 233U

produced is then separated from irradiated thorium targets or thorium-containing spent-nuclear fuel

(SNF).  The production system results in the generation of nearly pure, weapons-usable product 233U.  To

produce LEU-233, an additional process step was required:  isotopic dilution of 233U with 238U.  However,

there have been few economic incentives (except reduction in safeguards and security costs) to produce

LEU-233. Furthermore, the cost of producing LEU is less than that of producing LEU-233.  If a non-

weapons-usable material were desired, LEU is the low-cost option.  There are very few incentives to use

isotopically diluted 233U in nuclear reactors.  These production techniques discourage uses for

isotopically diluted 233U; hence, there has been no need to develop standards for converting 233U to LEU-

233 by isotopic dilution.
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1.2.2  Development History

All three fissile materials were investigated as components in nuclear weapons.  Currently, U.S.

nuclear weapons contain WGP or HEU or both.  Uranium-233 was not chosen as a weapons material

(Woods 1966; Smith 1963) for several reasons:  (1) methods and facilities to make WGP and HEU were

developed in the 1940s, 20 years before methods were developed to make 233U; (2) 233U was more

difficult to make than were the other weapons-usable fissile materials with the then available technology;

and (3) radiation levels from 233U with associated impurities from the production process are higher (see

Sect. 3.4) unless special production techniques are used.  The development of such special production

techniques to produce high-purity, lower-cost 233U occurred after major decisions were made about which

weapons materials to use.  Radiation levels in this context refers to radiation levels received by workers

and military personnel in fabricating, moving, handling, and storing a weapon containing 233U.

All three materials were also investigated for use in U.S. power reactors.  Because of low LEU prices

in the United States, 233U is not being investigated as a nuclear power reactor fuel.  As with nuclear

weapons, the investigations of 233U as a reactor fuel were decades later than investigations of LEU and

plutonium for reactor fuels.  Some countries continue to investigate these options.

Because of these factors, the inventory of 233U in the United States and elsewhere is limited (about 2 t

in the United States) and is primarily used for research (Bereolos 1997b).  Few incentives have existed

for developing an institutional structure to define what is LEU-233.

1.3  THE NEED TO DEFINE NONWEAPONS 233U

Currently, multiple incentives exist to develop a definition of LEU-233 and to codify that definition

in U.S. and IAEA regulations.

1.3.1  Disposition of Excess Weapons-Usable Fissile Materials

The United States has initiated a program to dispose of excess weapons-usable materials (DOE

June 1996; DOE July 1996) as part of U.S. policies to control the spread and number of nuclear weapons

worldwide.  This program includes several components.

• Reduction in weapons-usable fissile inventories.  A requirement for such a program is agreement
as to what must be done to convert weapons-usable 233U to LEU-233.  For HEU, there is
international agreement that isotopic dilution will convert 235U to LEU.  No such agreement
exists for 233U.
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• Encouragement of the use of non-weapons-usable fissile materials to replace weapons-usable
fissile materials in civil applications.  For some applications, 233U may be isotopically diluted
with 238U to be LEU-233 and remain useful.  Converting weapons-usable fissile materials to non-
weapons-usable fissile material minimizes the risks from diversion of weapons-usable fissile
material.

1.3.2  Medical Applications

Bismuth-213, a decay product of 233U, is currently being investigated in human clinical trials for
curing certain cancers (Feinendegin 1996).  If the trials are successful, a substantial fraction of the 233U
world inventory may be used to provide 213Bi for medical applications.  The 213Bi would be recovered
from the 233U.  The 233U may then be (1) disposed of or (2) placed in storage to allow the buildup and
latter recovery of 213Bi.  Isotopically diluting the 233U with depleted uranium (DU) would increase the
mass of uranium that must be processed and increase processing costs.  However, conversion of 233U to
LEU-233 would also reduce safeguards and security requirements for such production facilities (and
associated costs for “guns, gates, and guards”).  A definition of LEU-233 is required before any
consideration can be given to isotopically diluting the 233U used to produce medical isotopes in order to
minimize safeguards and security costs.

1.3.3  Nuclear Power Applications

Several countries (Russia, India, Japan, etc.) are investigating the use of 233U as a nuclear power
reactor fuel in a 233U thorium fuel cycle.  With the current low prices of natural uranium, fueling nuclear
reactors with LEU is less expensive than fueling reactors using the more complex thorium fuel cycle. 
However, there are several reasons for continued interest in 233U-thorium fuel cycles.

• Thorium is several times more abundant than uranium.  Large reserves of thorium are found in
India and Brazil.  For this reason, India has had an historic interest in thorium fuel cycles and has
recently started a small research reactor fueled with separated 233U.

• Thorium fuel cycles produce smaller quantities of actinides such as plutonium, americium, and
curium.  This may simplify some waste management operations and is the basis for some of the
research and development activities on thorium fuel cycles in Europe.

• Thorium fuel cycles involving reprocessing can be made more diversion and proliferation
resistant than corresponding uranium-plutonium fuel cycles.  This is because of two
characteristics of 233U.  First, it can be converted to a non-weapons-usable material by isotopic
diluting it with 238U.  Second, in some fuel cycles the 233U contains the impurity 232U in
significant concentrations.  This impurity has a decay product that emits a high-energy gamma-
ray that complicates construction of weapons from such materials.

If any consideration is to be given to the use of non-weapons-usable 233U as a nuclear reactor fuel, a
definition of LEU-233 is required.
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1.3.4  Waste Management

Significant quantities of 233U exist in some types of radioactive wastes.  Furthermore, most options to
dispose of excess 233U considered by the United States involve treating it as a waste.  Potential waste
disposal facilities, such as the Waste Isolation Pilot Plant and the proposed high-level waste (HLW)-SNF
repository, are not designed (i.e., with guns, gates, and guards) to manage weapons-usable fissile
materials.  Furthermore, most waste treatment facilities are not designed to handle weapons-usable
materials.  If 233U is to be processed in a waste management facility or disposed of as waste, either (1)
such facilities must be upgraded to provide for guarding weapons-usable fissile materials or (2) the 233U
must be isotopically diluted with DU to make a mixture called LEU-233.  The second option requires
regulatory agreement as to what constitutes LEU-233.

1.4  ASSUMPTIONS USED IN DEFINING NONWEAPONS 233U

It is assumed in this report that the appropriate definition of LEU-233 should be nominally equivalent
to that chosen for 235U.  That is, the difficulty of building a weapon with 233U isotopically diluted with
DU should be equivalent to or greater than that to construct a nuclear weapon with enriched uranium
with an assay of 20 wt % 235U.  The use of this assumption has two implications.  First, it provides a
definition of weapons-usable 233U that is consistent with that for 235U.  It does not change or alter the
regulatory, legal, or treaty basis of current safeguards.  Also, it simplifies the determination of the
dividing line between weapons-usable and non-weapons-usable 233U (Sect. 3).

Nuclear weapons can be built with 235U of varying enrichments.  If one is building nuclear weapons,
one understands that the lower the enrichment of 235U, the larger the weapon, the more difficult it is to
design, and the more awkward it is to use.  Non-weapons-usable 235U is defined as uranium with a 235U
enrichment level below 20 wt % with the remainder of the uranium being 238U.  A nuclear weapon with
LEU can (in theory) be built by a nation with sufficient knowledge and experience in weapons design
and testing, but such designs would be considered impracticable.  In effect, technical and political
judgements were used to draw the line between non-weapons-usable 235U and weapons-usable 235U
because weapons physics does not create a clear defining line.  The same logic is assumed to be
applicable to 233U.

1.5  REPORT ORGANIZATION

The report provides the basic information necessary to define LEU-233 as effectively non-weapons
usable 233U.  Section 2 defines the structure of such a definition, while Sect. 3 provides the technical
basis for the specific value.  Section 4 provides conclusions.  The appendixes provide supporting backup
information.
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2.  STRUCTURE OF THE DEFINITION OF NON-WEAPONS USABLE 233U

There are different ways to define LEU-233.  It is proposed herein that the definition of LEU-233

parallel that used by the IAEA for LEU.  Table 2.1 shows the definitions of weapons-usable and

effectively non-weapons-usable enriched uranium from the IAEA (IAEA 1993).  Non-weapons-usable

HEU is defined only by isotopic dilution of the HEU with 238U.  No credit is given for the chemical form

of the uranium.  Table 2.2 shows those definitions extended to 233U.  The basis for the specific numerical

values in this table are described in the next section.

There are two reasons to use the IAEA approach.

• International.  The top-level objective for converting 233U to a non-weapons-usable material is to
reduce the potential for additional nations or subnational groups to obtain nuclear weapons.  By
treaty, the IAEA has the responsibility for international safeguards.  Therefore, it is appropriate
to use the structure defined by the IAEA for international safeguards.  This definition provides
the basis for international agreement on what constitutes non-weapons-usable 233U.

• Domestic.  Some DOE facilities, such as the proposed Yucca Mountain geological repository for
SNF and HLW, are regulated by the NRC.  DOE has also made a policy decision to seek
legislation so that in the future its nuclear facilities will be partly or wholly regulated by the
NRC.  Currently, it is unclear whether NRC oversight will include safeguards.  The above
considerations suggest that the NRC approach to definition of weapons-usable materials should
be used.  The NRC uses the same definitions and structures as does the IAEA for defining
weapons-usable and non-weapons-usable uranium.  The safeguards requirements and definitions
are defined in the 10 CFR Part 74, “Material Control and Accounting of Special Nuclear
Material,” (CFR 1997a).  The requirements defined by treaties between the United States and the
IAEA for NRC-licensed facilities are detailed in 10 CFR Part 75, “Safeguards on Nuclear
Materials—Implementation of U.S./IAEA Agreement,” (CFR 1997b).

The IAEA defines three forms of uranium enriched in 235U and requires different levels of safeguards

and security depending upon the quantities of materials.  Uranium-235 enriched to >20 wt % 235U is

considered directly usable for the manufacture of weapons.  Uranium-235 with enrichments between 10

and 20 wt % are not weapons-usable, but could be converted to weapons-usable materials with a

relatively small uranium-enrichment plant.  The complexity of these enrichment plants is such that this

could not be accomplished by a subnational group, but it could be accomplished by many countries.  The

third category is uranium enriched to <10 wt % 235U but above natural enrichment (0.71 wt % 235U).  To

convert this material to weapons-usable material, a substantial uranium-enrichment plant would be

required. Such a plant would involve massive resources and would be very difficult to hide.  The

proposed categories for 233U are parallel to those for 235U.



Table 2.1.  Current categorization of nuclear material

Category

Material Form I II IIIc

Plutoniuma Unirradiatedb 2 kg or more <2 kg, but >500 g 500 g or less, but >15 g

Uranium-235 Unirradiatedb

Uranium enriched to 20% 235U or more 5 kg or more <5kg, but >1 kg 1 kg or less, but >15 g

Uranium enriched to 10% 235U, but <20% 10 kg or more <10 kg

Uranium enriched above natural, but <10% 235U 10 kg or more

Uranium-233 Unirradiatedb 2 kg or more <2 kg, but >500 g 500 g or less, but >15 g

aAll plutonium except that with isotopic concentration exceeding 80% in 238Pu.
bMaterial not irradiated in a reactor or material irradiated in a reactor but with a radiation level @100 rads/h at 1 m unshielded.
cQuantities not falling in Category III and natural uranium, DU and thorium should be protected at least in accordance with prudent

management practice.

Source:  IAEA 1993.



Table 2.2.  Proposed categorization of nuclear material including 233U isotopic distinctionsa

Category

Material Form I II IIIc

Plutonium Unirradiated 2 kg or more <2 kg, but >500 g 500 g or less, but >15 g

Uranium-235 Unirradiated

Uranium enriched to 20% 235U or more 5 kg or more <5kg, but >1 kg 1 kg or less, but >15 g

Uranium enriched to 10% 235U, but <20% 10 kg or more <10 kg

Uranium enriched above natural, but <10% 235U 10 kg or more

Uranium-233 Unirradiated

Uranium with 12% 233U or more 2 kg or more <2 kg, but >500 g 500 g or less, but >15 g

Uranium with >6% 233U, but <12% 4 kg or more <4 kg

Uranium with >0.66%, but <6% 233U 4 kg or more

aThe same footnotes and definitions apply to this table as to the IAEA table shown as Table 2.1.
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It is noted that the IAEA definitions use only isotopic abundance to define what is non-weapons-

usable material.  The chemical form of the uranium and radiation levels (as long as they are <100 rad/h at

1 m) are not used to define weapons-usable vs non-weapons-usable uranium.
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Weight of 233U + 0.6 weight of 235U
Weight of total uranium

<0.12 (1)

3.  DEFINITION OF NON-WEAPONS-USABLE 233U

3.1  DEFINITION 

It is proposed that LEU-233 be defined as a uranium mixture containing <12 wt % 233U with the

remainder of the uranium being 238U.  For mixtures of 233U, 235U, and 238U, nonweapons uranium is

defined by the following formula:

This formula is based on a simplistic nuclear criticality mixing rule for undermoderated uranium. 

The rule is that each fissile material can be treated independently of each other and is derived from the

commonly accepted concept that two or more mixtures of subcritical, infinite-media fissile materials may

be homogeneously combined and remain subcritical if the composition of the materials remains

homogeneous [the unity rule in 10 CFR Part 71.24(b)(7) (1997c)].  With a mixture containing no 233U,

the equation defines LEU as 235U with a concentration <20 wt % 235U in uranium.  With a mixture

containing no 235U, the equation defines LEU-233 as 233U with a concentration <12 wt % 233U in uranium.

3.2  BASIS FOR DEFINITION

This definition of non-weapons-usable 233U is based on the following considerations:  historical

factors, neutronics comparisons between 233U and 235U, and the radiological characteristics of 233U

compared to 235U.  The dividing line between weapons-usable and non-weapons-usable material is not a

sharp dividing line; thus, it involves the weighting of different factors.  Each of these factors is described

below.

3.2.1  History

The open literature states that 12 wt % 233U mixed with 238U is equivalent to a mixture of 20 wt %
235U.  The basis for these statements is not defined; however, the 12 wt % number has become accepted

by most within the worldwide technical community.  In fact, this level has been used already by several

countries as a working definition for LEU-233.  Thus, this precedent suggests defining LEU-233 as

uranium mixtures with <12 wt % 233U equivalent.

In its reports, the International Nuclear Fuel Cycle Evaluation (INFCE) (1980) Working Group 8 of

the IAEA specifically recognizes 12 wt % 233U as the dividing line between weapons-usable and non-
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weapons-usable 233U.  The INFCE program was an international program to examine proliferation

resistant nuclear fuel cycles.  As such, the dividing line between weapons-usable and non-weapons-

usable 233U was an important consideration.  The Working Group further defines Eq. (1) for mixtures of
233U and 235U.  The technical basis for the number was not provided.

3.2.2  Nuclear Equivalence

Several methods of analysis were performed to determine what mixture of 233U in 238U was equivalent

to 20 wt % 235U in 238U.  Determining the difficulty of building a nuclear weapon with a specific nuclear

material is a complex task that requires highly classified and detailed knowledge of nuclear weapons and

use of complex models.  However, determining what isotopic composition of 233U in 238U is equivalent to

a 20 wt % mixture of 235U in 238U can be achieved with unclassified, standard, nuclear-engineering,

criticality-analysis techniques used for safety analysis of nuclear fuel fabrication plants, nuclear reactors,

SNF shipping casks, and disposal sites.  The validity of this analysis is possible because nuclear

equivalency calculations (the relative nuclear worth of one nuclear material to another) can be solved

assuming steady-state conditions rather than complex nuclear-weapons-detonation, unsteady-state

calculations.

The analyses (Appendixes A–D) are based on the following definitions and assumptions:

• Two uranium isotopes are equivalent in the context of weapons design if their nuclear reactivity
(keff) is equal for an equal mass and volume of total uranium.  The densities of uranium metal of
different isotopes are almost identical; thus, the designs of weapons using different isotopics will
be almost identical if their nuclear reactivity is identical.

• In a nuclear reactor or nuclear weapon, nuclear reactivity (keff) is defined as the number of
neutrons generated from the fission of a fissile atom that are available to fission more fissile
atoms.  For a controlled nuclear chain reaction to occur, this number must equal one (1).  For a
rapid rise in energy output (such as in a nuclear weapon), this number must be significantly
larger than 1.  Nuclear reactivity is dependent on geometry and the isotopic composition of the
material (for uranium:  233U to 238U and 235U to 238U).

• For comparative purposes, the geometry is assumed to be a sphere.

3.2.2.1  Critical Mass Equivalent of a  233U-238U Mixture and 235U-238U Mixture

The critical mass is that quantity of uranium needed to maintain a nuclear chain reaction.  A nuclear

weapons explosion is an uncontrolled, fast, nuclear chain reaction.  The simplest comparison of the

nuclear characteristics of two nuclear materials is to compare the minimum critical mass of each material

in spherical form at room temperature and pressure.  If the critical masses are identical, the two nuclear

materials have the same nuclear reactivity and are equivalent in terms of use in nuclear weapons.  The

details of the analysis are in Appendixes A and B.  Figure 3.1 shows the minimum critical masses of (1)
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mixtures of 233U and 238U as a function of the 233U content and (2) mixtures of 235U and 238U as a function
of the 235U content.  Several conclusions can be drawn from  the figure:

• The minimum critical mass increases rapidly as the concentration of 233U or 235U is reduced.  The
larger the mass of fissile material needed to build a weapon, the more difficult it is to design a
weapon.  At some lower enrichments and excessively large masses of uranium, it becomes
effectively impossible to create a weapon.  At 20 wt % 235U, the critical mass is J750 kg.  This is
far larger than the “significant quantity” of material that is defined as 25 kg of 235U contained in
HEU by the IAEA Standing Advisory Group on Safeguards Implementation (Albright 1997). 
The significant quantity is that quantity of HEU that can be used to build a nuclear weapon.

• With 20 wt % 235U, the quantity of enriched uranium required to build a weapon would be more
than a factor of ten higher than using 235U in weapons-grade HEU that typically contains >90 wt
% 235U. The judgement of the weapons designers, who provided the technical input to the IAEA
for formulation of the definition of non-weapons-usable 235U, was that weapons with such large
minimum critical masses would not be practicable to design.

• The critical mass of a 20 wt % 235U metal sphere is J750 kg.  The critical mass of a 12 wt % 233U
metal sphere is approximately the same.

3.2.2.2  Subcritical Mass Equivalence of a 233U-238U Mixture with 20 wt % 235U Mixtures

An alternative nuclear equivalency approach is to compare the nuclear reactivity of spheres of
uranium metal that contain 233U or 235U that are similar in size to conceptual designs of early nuclear
weapons.  In effect, one holds the mass of the uranium constant and calculates the nuclear reactivity as
defined by keff as a function of the isotopic composition of the uranium.  In this analysis, when keff for 20
wt % 235U equals that for x wt % 233U, the materials are equivalent.  The details of the analysis are shown
in Appendixes C and D. The quantity of uranium chosen is typical of simple theoretical estimates of the
mass of HEU needed to build a nuclear weapon that was developed in the early 1940s and published in
The Los Alamos Primer (Serber 1992).  This document is the first published Los Alamos technical
document (L.A. 1), was declassified in 1965, and published in book form in 1992.

Two independent analyses indicated that J11.5 wt % 233U in 238U is equivalent to 20 wt % 235U in
238U.  The second analysis (Appendix D) was performed using the NRC code package for nuclear
criticality analysis.

A special note is made herein.  The Category I quantity of 233U is 2 kg— 40 % of the Category I
quantity of 235U (5 kg).  These Category I quantities are for pure materials.  The equivalent fissile content
of a 233U-238U mixture vs a 235U-238U blend is not proportional to Category I quantities of the two fissile
isotopes because the addition of 238U creates nonlinear effects on nuclear reactivity.
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3.2.3  Radiological Characteristics of 233U

The handling of 233U is substantially more hazardous (Bereolos 1997a, Till 1976) than the handling
of HEU.  While this fact is not used herein in a quantitative way to define weapons-usable 233U, it
suggests that a mixture of 233U in 238U with approximately the same nuclear reactivity as a mixture of 235U
in 238U is substantially less desirable for manufacture of a weapon.

3.2.3.1  Alpha Radiation Levels

The specific alpha activity of 233U (9.6 × 10-3 Ci/g plus rapid buildup of shortlived alpha-decay
products) is about three orders of magnitude greater than that for 235U (2.2 × 10-6 Ci/g) and the J1 wt %
234U (6.2 × 10-3 Ci/g) that is usually associated with weapons-grade HEU.  The alpha radioactivity is the
primary health hazard for those handling these materials.  This high alpha radioactivity necessitates
glovebox handling for 233U, but not for HEU, if radiation doses to workers by alpha contamination are a
significant consideration to the builders of a nuclear weapon.

3.2.3.2  Gamma Radiation Levels

Uranium-233 contains an impurity:  uranium-232 (232U).  The quantity of this impurity depends upon
the specific production techniques used.  Uranium-232 decay products include thallium-208 (208Tl),
which yields a very-high energy (2.6-MeV) gamma-ray.  If there is significant 232U mixed with the 233U,
the 233U must be shielded to minimize radiation exposures to workers.  If no shielding is used and the
material contains high concentrations (hundreds of parts per million) of 232U, the radiation levels become
sufficiently high such as to cause illness to workers working with and near significant quantities of
materials for several hours.  Figure 3.2 shows the radiation levels of one kilogram 233U containing 100
ppm of 232U impurities and the changes in the radiation levels with time.

The radiation doses from relatively pure 233U (5 to 10 ppm of 233U) do require special handling based
on current international radiation protection standards, but the radiation doses are not lethal.  Ultrapure
233U can be produced using very special, complex techniques (Bereolos 1997a).  The gamma-radiation
levels of such material are very low.  The total known U.S. inventories of such ultrapure materials are
slightly >1 kg.

The gamma radiation levels from 232U can be reduced to low levels for short periods of time by
chemical purification.  The gamma radiation levels are from the decay products of 232U.  When the
uranium is purified, these decay products are removed.  It takes several weeks for the radiation levels to
begin to build up to significant levels.  Again, the actual buildup radiation levels are intimately linked to
the 232U concentrations. Figure 3.2 shows this radiation buildup over time.  The technology for these
chemical separations is well known, but fast fabrication of complex components required for nuclear
weapons would be difficult.
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3.2.4  Heat Generation

The heat generation rate of 233U is greater than that of 235U; thus, for equivalent nuclear reactivity,
233U diluted with 238U is less desirable than 235U diluted with 238U.  Higher internal temperatures result in

more rapid thermal degradation of components such as high explosives.

The internal heat-generation rate of 235U is 6.0 × 10-8 W/g.  The internal heat generation rate of 234U

(an impurity in HEU at concentrations <1 %) is 1.8 × 10-4 W/g.  The internal heat generation rate of 233U

is 2.8 × 10-4 W/g.  The internal heat generation rate of 239Pu is 2.0 × 10-3 W/g.  When 233U is diluted with
238U, substantially more 233U will be required for a weapon than when pure 233U is used.  The higher heat

loads (relative to 235U per unit mass) combined with the greater dimensions of such a weapon (with

greater resistance to heat transfer to the outside casing of the weapon) will require additional

considerations during the removal of normal decay heat during storage of such weapons.

3.3  OTHER FORM AND CATEGORY DEFINITIONS FOR 233U

The proposed definition of form for intermediate-assay 233U, as shown in Table 2.2, directly follows

from the definition of weapons-usable 233U.  The intermediate enrichment form of 235U, as defined by the

IAEA, is material with enrichments from half the enrichment of weapons-usable 235U (10 wt % 235U) to

weapons-usable 235U (20 wt % 235U).  In a similar manner, the intermediate form of 233U is defined as

from half the concentration level of weapons-usable 233U (6 wt % 233U) to weapons-usable 233U (12 wt %
233U).  The larger mass difference between the 233U and the 238U may make it somewhat easier industrially

to separate these two isotopes as compared to separating 235U from 238U; however, the separation is made

more difficult because of the much higher levels of radioactivity.

The proposed definition of form for low-assay 233U is based on technical safety and waste-

management considerations.  For 235U, the definition of low-enriched 235U is uranium with enrichments

from natural uranium (0.71 wt % 235U) to the definition of intermediate-enriched uranium (10 wt % 235U). 

Minimal safeguards controls exist for natural uranium.  A cutoff limit is important for 233U to avoid

unnecessary safeguards for disposal facilities and sites.  However, 233U is a man-made material; thus,

there is no natural enrichment level for 233U and no simply defined level for cutoff of safeguards based on

isotopic content.  It is therefore proposed to use a technical basis for this definition.  The value chosen

here is equivalent to 1 wt % 235U.  The 1 wt % 235U value is the homogeneous criticality concentration

limit for 235U.  The 0.66 wt % 233U is the equivalent homogeneous criticality concentration limit for 233U.
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The homogeneous criticality limit for any mixture of uranium isotopes is important in several

contexts. Below this enrichment it requires specially engineered systems to create a nuclear reactor. 

Procedures for nuclear criticality safety can be relaxed below this 233U isotopic concentration because the

potential for accidental nuclear criticality is very small.  Last, in waste management operations, this is the

enrichment for which there is reasonable assurance that nuclear criticality would not occur in the natural

environment (Elam 1997, NRC 1997).  It is the isotopic concentration at which the unique properties of

fissile materials (nuclear criticality) cease to exist in a practical context.

The quantities of 233U that define the different IAEA safeguards categories for different forms of 233U

follow the IAEA structure used to define safeguards categories for enriched uranium.  Category II

quantities of intermediate-enriched 235U (A10 kg) are defined as twice the mass of Category I weapons-

usable 235U (A5 kg).  Similarly, Category II quantities of intermediate-assay 233U (A4kg) are defined as

twice the mass of Category I weapons-usable 233U (A2 kg).  The definitions of Category III quantities of

low-enriched 235U and low-assay 233U follow in a parallel manner from the definitions of Category II

quantities of materials. 
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4.  CONCLUSIONS

A technical basis for defining LEU-233 (effectively non-weapons-usable 233U by isotopic dilution

with 238U) has been defined.  Uranium mixtures with <12 wt % 233U with the remainder being 238U are

defined as LEU-233.  This is equivalent to uranium mixtures with <20 wt % 235U being defined as LEU.
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Appendix B:
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Appendix C:

THE DEPENDENCE OF 233U REACTIVITY ON 233U ISOTOPIC CONCENTRATION
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Appendix D:
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