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ABSTRACT

A major concern with nuclear power is nuclear proliferation.  Over the lifetime of a large light-water
reactor (LWR), sufficient plutonium is produced such as to build several hundred weapons.  A
combination of institutional and technical barriers are used today to prevent the use of power reactors as
a source of plutonium for weapons.  This proposal suggests an alternative approach—a reactor and fuel
cycle with no significant inventory of chemically-separable weapons-usable materials. 

An initial assessment indicates that a 233U–thorium fueled, thermal-neutron, high-conversion, molten-salt
reactor—with added 238U to isotopically dilute the 233U to non-weapon-usable fissile material—would
have the lowest inventory of weapons-usable fissile materials of any power reactor. This reactor herein is
called a proliferation-resistant molten-salt reactor (PR-MSR).  Furthermore, there is the potential that the
total quantity of weapons-usable plutonium in the reactor could be reduced to less than the quantity of
plutonium identified by the International Atomic Energy Agency (IAEA) as sufficient such as to build
one nuclear weapon.  The assessment also indicates that the same approach when applied to a LWR
could significantly reduce the inventory of chemically-separable weapons-usable fissile material in an
LWR.

The objective of the proposal is to determine the feasibility of a nuclear power reactor and fuel cycle that 
resolves nuclear proliferation issues by minimizing the existence of weapons-usable fissile materials.  To
met the objective, there are two activities.  First, the proposed work will determine (1) if it is possible to
design a PR-MSR with the desired characteristics, (2) if such a design could be practicable, and (3) the
viability of such a reactor for a Generation IV reactor (passive safety, better waste management, and
lower costs).  Second, the proposed work will examine a proliferation-resistant (PR) LWR that uses the
same approach to minimize chemically-separable weapons-usable material as has been defined for the
PR-MSR.  These two activities bracket the potential for reducing the inventory of chemically-separable
weapons-usable fissile materials in power reactors.

ORNL will lead the program and conduct much of the work on the PR-MSR.  The University of
Tennessee will address chemistry issues associated with the PR-MSR. The Massachusetts Institute of
Technology will examine a PR-LWR.  The Institute of Research and Innovation (Japan) will conduct
complementary work on the PR-MSR using their own sources of funds. 



11

PROJECT DESCRIPTION

1.  INTRODUCTION

The primary objective of this research is to develop a proliferation-resistant power-reactor and fuel-cycle
concept for which the inventory of chemically-separable, weapons-usable materials is very small.  The
goal is that the total quantity of chemically-separable, weapons-usable material in the reactor will be less
than that quantity of material as defined by the International Atomic Energy Agency (IAEA) as sufficient
such as to build one nuclear weapon.  The goal is important from two perspectives.  

• Demonstration that such a concept is possible will encourage further thinking and research on
reactors that do not contain large inventories of chemically-separable, weapons-usable materials. 

• If a practical concept can be developed (competitive costs with other methods of power generation,
better safety, and reduced waste generation), a very different type of nuclear power option would be
provided to the United States—a Generation IV reactor, which would also advance national
nonproliferation goals.    

The historical “belief” has been that any large nuclear power reactor will contain large quantities of
chemically-separable, weapons-usable materials (i.e., production of weapons-usable material is an
intrinsic characteristic of the production of nuclear power).  The chemically-separable inventory of
weapons-usable materials in spent nuclear fuel (SNF) from several decades of operating a large light-
water reactor (LWR) is sufficient to construct several hundred nuclear weapons.  The alternative
approach herein would fundamentally alter this characteristic of nuclear power.

The investigation will proceed along two pathways.  The first pathway involves examination of a reactor
and fuel cycle chosen to minimize the inventory of chemically-separable weapons-usable fissile
materials. As will be described, analysis indicates that a molten-salt, liquid-fueled, high-conversion,
thermal-neutron reactor with a 233U-thorium fuel cycle most likely to meet the goals. We call this reactor
a proliferation-resistant molten salt  reactor (PR-MSR).   The reactor is similar to other molten salt
reactor concepts except (1)  sufficient 238U is in the fuel such as to isotopically dilute the 233U to non-
weapons-usable 233U and (2) the reactor is designed to minimize plutonium production. The second
pathway involves examination of modified LWR—a proliferation-resistant LWR (PR-LWR)—using the
same approach as the PR-MSR to minimize chemically-separable weapons-usable fissile material.  The
two pathways bracket (bound) what is possible with reduction of the inventories of weapons-usable
materials as an approach to a proliferation-resistant reactor.

A secondary objective is to determine the potential of a PR-MSR meeting Generation IV reactor goals:
(1) improved safety [inherent safety to prevent large accidents], (2) improved waste management
[reduced quantities of long-lived radionuclides to be sent to the repository], and (3) improved economics. 
A proliferation-resistant reactor that can not meet the other requirements for a power plant is not of any
value.

Many studies (e.g., Nuclear Technology February 1970, Bettis February 1970, and MacPherson 1985)
were conducted in the 1950s and 1960s on molten salt reactors.  These led in the late 1960s to the Molten
Salt Reactor Experiment (MSRE), an 8-MW(th) reactor, which demonstrated the technology using first a
fuel with 235U fluorides dissolved in molten salts and later a fuel with 233U fluorides dissolved in molten
salts.  The MSRE operated for 13,000 equivalent full-power hours. A conceptual design of a Molten Salt
Breeder Reactor (MSBR) was developed and became the backup for the liquid-metal fast breeder reactor. 
The program was canceled in the early 1970s for non-technical reasons. There have been two major
changes in the three decades since the concept was last seriously examined.
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• Goals. The goals have changed. When the MSBR was being developed, the goal was to create a
breeder reactor. It was thought at that time that uranium resources were very limited and, thus, that 
the economic viability of nuclear power depended upon the efficient use of uranium.  Non-
proliferation, safety, and waste management were not then considered major issues.  The fuel was
weapons-usable 233U.  When the goals change, the preferred technology often changes.

• Technology.  The original molten salt reactor program was a large-scale program.  The technology
was workable, but complex.  Elegant scientific solutions to significantly improve the reactor were
identified but not adopted because the technology did not exist to effectively implement them. 
“New” technologies (developed in the last 3 decades) imply major changes and improvements over
the original reactor concept. 

The proposed research on the PR-MSR would start with the MSBR and modify it (add 238U to convert
weapons-usable 233U into non-weapons usable 233U and suppress plutonium production) to meet
nonproliferation and Generation IV reactor goals.  The proposed research on the LWR would start with a
current design of pressurized water reactor and modify the fuel and fuel cycle to determine how close
such a reactor is to achieving the stated goals.  In both cases, a 1,000-MW(e) reactor size was chosen to
allow (a) easy comparison with existing nuclear reactors and (b) cost-effective use of previous work.

This proposal is organized into six sections.  Section 2 defines the nonproliferation objectives and the
logic that led to selection of the PR-MSR as the most likely candidate to meet stated objectives.  Section
3 describes the PR-MSR and fuel cycle.  Section 4 describes the PR-LWR.  Section 5 describes the
proposed work.  Section 6 describes foreign collaboration.

2.  PROLIFERATION RESISTANCE AND CHOICE OF REACTOR

The primary objective of this proposal is to develop a pre-conceptual design of a proliferation-resistant
reactor and fuel cycle. To achieve that goal, one must first define proliferation-resistance.  The criteria to
judge proliferation-resistance are defined herein.  Using (a) these criteria,(b) nuclear reactor physics
constraints, and (c) engineering constraints, a logic was developed to determine what reactor and fuel
cycle concept would most likely meet the stated criteria. The logic is described herein because it explains
why the PR-MSR should be investigated as a proliferation-resistant reactor versus some other reactor or
fuel cycle concept.  The logic also defines how to improve the proliferation-resistance of other
reactors—such as a PR-LWR.

2.1. PROLIFERATION-RESISTANCE CRITERIA

Three criteria are used herein to define the characteristics of a reactor and associated fuel cycle designed
to minimize the potential connection between nuclear weapons and nuclear power. 

2.1.1 Criterion I:The waste shall not contain significant quantities of chemically separable weapons-
usable fissile materials. 

The primary waste from existing power reactors is spent nuclear fuel (SNF) containing large quantities of
chemically-separable, weapons-usable plutonium.  It has been historically assumed that chemically
separating plutonium from SNF is technically difficult and, therefore, that once-through fuel cycles that
dispose of SNF as a waste are proliferation resistant.  The primary technical difficulty in recovering
plutonium from SNF is the high radiation levels associated with the SNF soon after its discharge from the
reactor.  Unfortunately, the barrier is not as robust as generally assumed for a number of reasons. 
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• Old SNF.  The radiation levels of SNF decrease with time. Within decades, plutonium recovery is
greatly simplified with the ensuing reduction in radiation levels.  SNF repositories become plutonium
mines.  Many nonproliferation studies assumed that this problem would be overcome by the United
States accepting foreign SNF for disposal before the radiation levels decayed to low levels and thus
would remove the SNF from countries where plutonium recovery might be attempted.  However,
domestic political considerations have made it impossible for the United States or any other weapons
state to accept foreign power-reactor SNF.  One must assume that SNF will remain where it is
generated.

• New Technologies.  The primary technical difficulty in recovering plutonium from SNF is the need
for remote-operation equipment to operate plutonium recovery processes within highly radioactive
hazardous environments.  Unfortunately, in terms of non-proliferation, the technology to do this job
is improving rapidly and becoming widely available—partly because of a revolution in offshore oil-
field technology and partly because of other technical advances. 

For example, the historical method for offshore oil production has been the construction of offshore
oil platforms from which to drill oil wells and to recover the oil. In deep water, the construction costs
for a single production platform are several billion dollars.  In the last decade, alternative seabed
production platforms have been developed using remote-operation construction and maintenance
techniques.  Because the total oil-industry cost savings are measured in tens of billions of dollars,
major research and development programs have been conducted in robotics with dramatic
improvements in capabilities.  A recent demonstration of this capability was the recovery of
EgyptAir Flight 990 debris on the seabed off the eastern seaboard of the United States.  Private oil
industry robots designed to work on seabeds were used to allow rapid recovery of electronic black
boxes and other debris in seas so rough that debris recovery by even sophisticated Navy equipment
was not possible.  The technology to aid in the rapid recovery of plutonium from SNF is fast
becoming an item of international commerce available to all.

The most viable long-term proliferation-resistant solution is to avoid waste streams that contain
significant quantities of chemically separable, weapons-usable fissile materials.

2.1.2 Criterion II: The reactor shall not contain significant quantities of chemically separable,
weapons-usable fissile materials. 

The goal for a 1,000-MW(e) plant is to reduce the quantity of chemically-separable, weapons-usable
material to less than that defined by the IAEA as sufficient such as to construct one nuclear weapon
(equivalent to 8 kg 239Pu, 8 kg 233U, or 25 kg 235U).  If the reactor contains large quantities of chemically-
separable, weapons-usable materials, it may become a potential source of weapons-usable materials by a
nation-state.  

2.1.3 Criterion III: The reactor and fuel cycle shall strongly inhibit conversion of the facilities
and organizations for the production of weapons-usable fissile materials.

This criterion assures that if a nation-state chooses to develop nuclear weapons, it will choose to build
special-purpose production facilities rather than to convert or otherwise use the power reactor or fuel
cycle facilities as sources of weapons-usable fissile materials. 

A corollary is the need to avoid uranium enrichment facilities for long-term production of fuel. 
Enrichment facilities can be used to produce (1) fuel or (2) weapons-usable, high-enriched uranium
(HEU). Many nations have the legitimate desire to use nuclear power to assure energy independence. For
such nations, it would be acceptable to import enriched uranium one time to start a reactor.  Enriched
uranium could be supplied from existing facilities.  This would be no different than importing a pressure
vessel or other special reactor component.  However, many nations would be concerned if continued
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importation of enriched uranium was required to maintain reactor operations.  The only way to eliminate
the legitimate energy-independence concern and the corresponding incentive to build uranium
enrichment plants is to eliminate the need for importation of enriched uranium for fuel after initial
reactor startup.

A second corollary is the need to minimize other infrastructure requirements that could be diverted to
support a nuclear weapons program. 

2.2.  SELECTION OF A REACTOR AND FUEL CYCLE TO MEET CRITERIA

Using these criteria, reactor constraints, and engineering constraints, an analysis (Fig. 1) showed that the
PR-MSR was the most likely candidate to meet all criteria.  The analysis is included herein because it
explains why a PR-MSR should be investigated as a proliferation-resistant reactor verus some other
reactor or fuel cycle concept. The logic also defines an approach to minimize the inventory of
chemically-separable weapons-usable fissile materials in other reactors.

2.2.1  Basis For the Selection of a 233U-Thorium Reactor Fuel Cycle

There are three potential nuclear fuels: 239Pu, 235U, and 233U.  Plutonium-239 is made during neutron
irradiation of 238U.  Uranium-235 is found in nature—isotopically mixed with the fertile material 238U. 
Uranium-233 is made by the neutron irradiation of 232Th.  The thorium is found in ore bodies.  An
examination of each fuel, as described below, leads to the conclusion that only a 233U–232Th fuel cycle
could possibly meet stated goals.

2.2.1.1 Plutonium

The key component of most nuclear weapons is plutonium.  If a reactor and fuel cycle are to be
proliferation resistant, plutonium inventories must be minimized (Criteria I and II).  Since plutonium is
produced by the neutron irradiation of 238U in a reactor, the use of 238U in a reactor should be minimized
to minimize plutonium production. 

2.2.1.2 Uranium-235

Uranium-235 can not be manufactured, and there is no natural fertile material that can be irradiated to
produce it.  There is no 235U breeder reactor fuel cycle.  Because 235U is mined, not made, the only way to
fuel a reactor with non-weapons-usable 235U is to add 235U (with associated 238U so that the 235U it remains
nonweapons usable) at intervals to the reactor and remove the SNF with (a) its lower 235U content, (b)
239Pu made from the 238U, and (c) the remaining 238U.  All non-weapons-usable 235U fuel cycles (<20%
235U in 238U) generate significant quantities of plutonium in the SNF because the continued addition of
235U fuel includes the implicit cycling of 238U through the reactor with resultant plutonium production
(Criterion I).

Power reactor fuel cycles that use enriched uranium also require uranium enrichment facilities that
separate 235U from 238U, and these facilities can be converted to produce weapons-usable HEU. The
existence of such facilities creates potential proliferation risks (Criterion III).

2.2.1.3 Uranium-233

Uranium-233 can be used in nuclear weapons in pure form, but it can be converted to non-weapons-
usable 233U by two different approaches.  It can be isotopically diluted with 238U, or the irradiation cycle
can be modified to produce excess 232U.



Logic for Selection of Proliferation-Resistant

Motten-Salt Reactor

Choose Fissile Material

Option Basis for Disqualification

ORNL DWG 99C-6900R

Choose Neutron Spectrum

Choose Reactor Type

Choose Liquid

239Pu
235

233

U

U

Thermal-neutron reactor

Liquid fuel

PR-MSR

Solid-fuel reactor conversion ratio may not
exceed 1: insufficient 233U production

Solid-fuel reactor is easier to convert to
weapons production

No other liquids with successful experience

Avoid weapons-usable fuels

239Pu
235 238 239U with U that converts to Pu

Fast reactors have higher 239Pu production

Higher 239 233

239

Pu/ U ratio

Higher fissile inventory

Excess neutrons to produce Pu

Fast

Thermal

Liquid fuel

Solid fuel

Salt

Other

U isotopically diluted with U

Conversion Ratio >1 to produce U

233 238

233



16

• Isotopic dilution with 238U.  Uranium-233 can be isotopically diluted to <12 wt % 233U in 238U
(neutronically equivalent to <20% 235U in 238U) to convert the 233U to non-weapons-usable uranium
(Forsberg March 1998).  While 233U can be isotopically separated from 238U, experience has shown
that isotopic separation of uranium isotopes is many orders of magnitude more difficult than
chemical separation of different elements.

• High-radiation levels with 232U.  Unless very special production techniques are used, the production
of 233U results in secondary production of 232U, which decays through several decay products to
thallium-208 (208Tl), which then emits a 2.6- MeV gamma ray.  Consequently, the radiation field
associated with 233U increases with time. Within a decade the radiation levels from an 8-kg sphere of
reactor grade  233U will be many 10s of R/h at 1 m and hundreds of R/h at 1 ft.  Eight kilograms is the
IAEA equivalent definition of the quantity of 233U needed to produce a weapon. For highly-irradiated
233U with a high 232U content, these radiation levels become significant barriers against use in nuclear
weapons or purification of 233U by isotopic separation from other uranium isotopes.  Only isotopic
separations can separate the 232U from the 233U and permanently eliminate the radiation hazard.  

Uranium-233 can be used as the basis for a proliferation-resistant fuel cycle if one or both of the previous
mechanisms are used.  Isotopic dilution is preferred because it converts 233U into non-weapons-usable
233U.  Because there is no natural source of 233U, a viable 233U reactor and fuel cycle requires a reactor
with a conversion ratio (CR) equal to or greater than 1.  A CR of  1 implies that the reactor produces one
kg of new 233U from 232Th for every kg of 233U consumed.  If the CR is less than 1, the reactor can not
operate only on 233U; consequently, an alternative source of fissile material must be supplied.  The only
alternative source that is practicable is 235U, but the use of this material and the associated 238U increases
plutonium production in the reactor (See Sect. 2.2.1.2).

2.2.2  Basis for Selection of a Thermal-Neutron Reactor

Nuclear reactors can be built with fast, intermediate, and thermal neutron spectrums. Based on three
considerations, analysis indicates that a thermal-neutron breeder reactor is the only option that may meet
the criteria.

2.2.2.1 Minimize Ratio of 239Pu to 233U Production

For a proliferation-resistant 233U fuel cycle, the 233U should be produced from 232Th and fissioned in the
presence of 238U, while minimizing the production of 239Pu.  Sufficient 238U is required such as to make
the 233U nonweapons usable by isotopic dilution.  Ideally, the 238U would be "invisible" to the reactor. 

In a fast-neutron reactor, all nuclear isotopes have similar nuclear cross sections and thus nuclear reaction
rates—including 238U.  Consequently, in a fast reactor, there is no way to selectively breed 233U fuel from
232Th in the presence of 238U without creating large quantities of 239Pu from 238U.  

In a thermal neutron spectrum, there are orders-of-magnitude differences between isotopes in nuclear
cross sections and, thus, nuclear reaction rates.  In particular, as discussed later in Sect. 3.2, the different
nuclear cross sections can be used to minimize plutonium production in the reactor while maximizing
breeding of 233U in the presence of 238U.  There are three important synergistic nuclear effects.

• In a thermal neutron spectrum, fertile materials, such as 238U and 232Th, have low neutron-capture
cross sections, whereas the fissile materials, such as 233U and 239Pu, have high fission cross sections. 
In a 233U-thorium reactor, there are large quantities of thorium—usually 40 to 60 times as much 232Th
as 233U.  What this implies is that most of the neutrons are absorbed in 233U and 232Th.  The 233U
absorbs many neutrons because of its large cross section.  The 232Th absorbs many neutrons because
there is so much of it.  In contrast, the 238U has a low nuclear cross section, and there is not much of it
in the reactor—only enough for isotopic dilution of the 233U.  The 238U does not absorb many
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neutrons; therefore little plutonium is made.

• The nuclear cross section of 239Pu is significantly larger than that of 233U.  Plutonium-239 is
preferentially destroyed in the reactor.

• In a thermal-neutron spectrum, 242Pu ultimately becomes the primary plutonium isotope (see Sect.
3.2.2).  The critical mass of 242Pu is much larger than 239Pu; consequently,  larger quantities of
plutonium are required to construct a nuclear weapon when 239Pu is a minor plutonium isotope.

2.2.2.1 Minimize Total Fissile Material Inventory

For any particular reactor, there will be a ratio of weapons-usable fissile material to non-weapons-usable
fissile material (plutonium to isotopically diluted 233U).  If the plutonium inventory is to be minimized to
meet the proliferation-resistance objective of this work, the non-weapons-usable fissile inventory must
also be minimized.  Fast reactors typically have ten times the fissile inventory of that of thermal reactors
per unit of power production because of the low absorption cross sections at high neutron energies.  It
would be much more difficult to achieve a proliferation-resistant fast reactor.  For example, a 1,000-
MW(e) LWR with a thermal neutron spectra has about 3 tons of 235U and 239Pu in its reactor core.  An
equivalent fast reactor has 25 to 35 tons of 235U and 239Pu.  A thermal-neutron breeder reactor is
preferred. 

2.2.2.3 Minimize Potential Conversion to Weapons Production

For proliferation resistance, a reactor with an intrinsic CR of 1 is required to produce the necessary
233U—a capability of certain thermal-neutron reactors.  A CR greater than 1 implies more fissile material
is produced than  consumed during operation.  Excess neutrons can be used for production of weapons-
usable materials.  A reactor with a CR significantly above 1 is less proliferation resistant.  A reactor with
a CR near 1 is not useful for weapons production—it takes too long to create weapons-usable fissile
materials (Criterion III). Fast breeder reactors have typical CRs of 1.1 to 1.3.  The thermal reactors with
the best conversion ratios intrinsically have CRs of 1.0X.  Basic nuclear properties prevent thermal-
neutron reactors from having CRs significantly above 1.

2.2.3  Basis for Selection of a Liquid-Fuel Reactor
   
Engineering and cost factors suggest that a liquid-fueled reactor is preferred.  The PR-MSR, liquid-fuel
reactor is shown in Fig. 2.  In a liquid-fueled reactor, the uranium and other fuel materials are dissolved
in
some liquid.  The liquid fuel flows through a wide section of piping (the reactor vessel), where nuclear
criticality occurs and heat is generated.  The hot liquid with dissolved uranium and fission products flows
through a primary heat exchanger, where the heat is transferred to a heat transfer fluid.  The liquid fuel
flows back to the reactor.  In the heat-transfer loop, the heat is transferred by a heat-transfer fluid to a
steam generator, where steam is produced and sent to a turbine generator to produce electricity.  There
are several reasons for selection of a liquid-fuel reactor.

2.2.3.1 Assure Conversion Ratio Exceeds One

A 233U–232Th reactor with a CR > 1 is desired to avoid the need to add 235U to the reactor with its excess
238U and resultant production of 239Pu.  However, unlike fast reactors, the CRs of the best thermal-neutron
reactors are never much above 1.  A thermal-neutron reactor with a CR > 1 can be made using a
233U–232Th fuel cycle.  A thermal-neutron reactor with a CR > 1 can not be made using a 239Pu-238U fuel
cycle—the nuclear physics does not allow this.  Earlier studies (Engel 1978) indicate that after
accounting for loses and the higher actinides, 1.06 neutrons are ultimately produced for every neutron
absorbed in 232Th.  In contrast, only 0.9 neutrons are produced for every neutron absorbed in 238U.  
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Denaturing 233U with 238U reduces the CR.  It is unclear whether a practical solid-fuel, thermal-neutron
reactor with a CR equal to or greater than 1 is possible with this degradation in neutronic performance.
The CR in a liquid-fuel thermal-neutron reactor is better than in a solid fuel reactor for several reasons.

• Continuous fission product removal.  The fission process creates xenon and other fission products
with high neutron cross-sections.  In liquid-fuel reactors, some of the most important parasitic fission
products (xenon isotopes) are rapidly removed (stripped out of the liquid fuel as gases).  Other
fission products can be removed over a period of days. This significantly improves neutron
utilization. 

• Continuous fueling.  In a solid-fuel reactor, sufficient fuel is placed in the reactor to allow operation
for extended time periods.  This implies excess fissile material over what is needed at reactor startup,
the subsequent need for burnable absorbers and control rods, and the resultant parasitic neutron loses.
(There are some solid fuel reactors, such as CANDU reactors, with online refueling that reduce this
penalty.)

2.2.3.2 Assure Difficulty in Conversion to Weapons Production

A liquid-fueled, reactor is more difficult to convert to weapons use than a solid-fuel machine (Criteria
III).  With solid-fuel reactors, the fuel designs can be changed.  This versatility has allowed U.S.
production reactors to produce 239Pu, 233U, and tritium and will allow the planned production of tritium
for weapons purposes from power reactors.  Thus solid fuels enable the conversion of a reactor to
weapons production.  The only way to be sure that this is not being done is to inspect and track all
SNF—a serious challenge.  It is much more difficult to change the characteristics of a liquid-fueled
reactor.  Furthermore, a single monitor that tracks the uranium isotopic concentration in the liquid fuel
would detect any changes in reactor operation.  This is a simpler task.

2.2.4  Basis for Selection of a Molten Salt Reactor System

May types of 233U-thorium, thermal-neutron, liquid-fueled, reactors with CR >1 are possible.  Many
studies (e.g., Nuclear Technology February 1970, Bettis February 1970, and MacPherson 1985) were
conducted in the 1950s and 1960s on alternative concepts with the conclusion that the best power-reactor
candidates were molten salt reactors.  This is the only liquid fuel concept that has been demonstrated on a
significant scale.  The Molten Salt Reactor Experiment, an 8-MW(th) reactor, demonstrated the
technology using first a fuel with 235U fluorides dissolved in molten salts and later 233U fluorides
dissolved in molten salts.  It operated for 13,000 equivalent full-power hours.  The PR-MSR proposed
herein is a variant of the earlier proposed molten salt reactors with the design changed to meet the stated
goals of the proposal. 

3. PROLIFERATION-RESISTANT MOLTEN SALT REACTOR

In the late 1960s, a conceptual design of a 1000 MW(e) MSBR was developed (Robertson 1971).  A
schematic of the reactor (Fig 2) and some design characteristics are shown (Table 1) herein.  The
proposed PR-MSR concept is similar to that reactor except for changes in reactor core design and the
associated fuel-salt processing system to change the proliferation-resistance, safety, and waste
generation characteristics of the reactor. The fuel salt composition, general plant layout, heat transfer
systems, and power generation systems for the proposed PR-MSR are similar. The major changes in
design are:

• Uranium-233.  The MSBR fuel was weapons-usable 233U.  The PR-MSR fuel will be a mixture of
non-weapons usable 233U, 238U, and other uranium isotopes. 
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• Plutonium.  The PR-MSR core design and salt processing systems will be modified to suppress
plutonium production and inventories.

• Other sources of weapons-usable materials. The PR-MSR design will be modified to minimize the
potential for the reactor to be used for production of other weapons-usable materials.

• Safety and waste management. The MSR design will be modified to address modern safety and waste
management concerns.

Table 1.  Characteristics of a large molten salt reactor

Net electric
generation

1000 MW Maximum core flow
velocity

2.6 m/s

Thermal efficiency 44.4 % Total fuel salt 48.7 m3

Core height 3.96 m 233U 1,500 kg

Vessel design
pressure

5.2 105 N/m2

(75 psi)
Thorium 68,100 kg

Average power
density

22.2 kW/L Salt components 7LiF-BeF2-ThF4-UF4

Graphite mass 304,000 kg Salt composition (See
line above)

71.7-16-12-0.3 mol % 

3.1 SYSTEM DESCRIPTION
 
The PR-MSR reactor fuel is a liquid mixture of lithium-7 fluoride, beryllium fluoride, thorium fluoride,
and uranium fluorides.  During operation, various fission product and actinide fluorides also form
fluorides in the liquid.  Nuclear criticality occurs in the reactor vessel containing unclad graphite.  The
liquid-fuel salt flows upward through vertical channels in the graphite.  The graphite slows down fast-
fission neutrons and creates a thermal neutron flux. The heat is primarily generated in the liquid fuel. 
The molten fuel has a high boiling point; thus, the fluid-fuel pressure at the top of the reactor core is at
atmospheric pressure.  The liquid-fuel salt enters the reactor vessel at 565bC (1,050bF) and exits at
705bC (1,300bF).  An inert cover gas is used to prevent unwanted chemical reactions.  

In the molten fuel salt, xenon and other fission product gases are stripped from the salt in the primary-
system circulation pumps.  The reactor has control rods for rapid shutdown; however, during normal
operation, the control rods are in the fully withdrawn position.  The reactor and primary system are
constructed of Hastelloy for corrosion resistance to the molten salt.

The fuel flows to a primary heat exchanger, where the heat is transferred to a heat-transfer fluid.  The
liquid fuel flows back to the reactor core.  The heat-transfer coolant (NaBF4-NaF) provides isolation
between the molten fuel and the steam cycle.  The heat-transfer fluid flows to a steam generator to
produce steam and back to the primary heat exchanger.  A conventional, steam cycle converts the heat to
electricity.  The plant’s electrical efficiency is ~44%.  The high efficiency is a consequence of the high
reactor operating temperatures.  The temperatures are determined by the need to assure low salt viscosity
and a significant margin between the salt melting point and the system operating temperature.  It is a
consequence of the selection of the salt composition.
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3.2 REACTOR PHYSICS

A simplified reactor physics description is provided herein to indicate how the proliferation-resistance
characteristics of the PR-MSR are obtained.  In the 1970s, several limited studies were undertaken to
identify methods to improve the proliferation resistance of the MSBR.  One study (Engel 1978) examined
the possibility of an MSBR that operates with isotopically diluted 233U.  The study indicated that isotopic
dilution of 233U is feasible, but it did not examine how to reduce the resultant plutonium inventory or the
implications of the plutonium isotopics.  However, this study and other studies pointed the directions to
achieve such goals (more thermalized neutron spectrum) and identified some of the potential obstacles. 
Thirty years of technical developments have eliminated many of those obstacles.

3.2.1 Inventory Of Fissile Fuel And Weapons-Usable Materials

Four nuclear reactions are important in the PR-MSR: production of 233U from 232Th, fissioning of 233U,
production of 239Pu from 238U, and the fissioning of 239Pu.  To explain the proliferation-resistance
characteristics of the reactor, the following simplified assumptions are used: (1) all neutrons are at
thermal energies, (2) all fissile materials fission with one neutron, (3) all fertile materials are converted to
fissile materials with one neutron, and (4) the absorption cross sections of structural materials,
moderators, and fission products are small and can be ignored.  The following logic is the basis for the
reactor’s nonproliferation characteristics.  

• For every fission of 233U, another 233U will be generated in the PR-MSR by absorption of neutrons by
232Th.  In this system, the conversion ratio equals  ~1 ( 233U production = 233U destruction).  If  σ  is
the nuclear absorption cross section and R232Th is the ratio of thorium atoms to 233U atoms (number
density of 232Th atoms to 233U atoms), then:

R232Th ×  σ232Th = σ233U     (With constant thermal neutron flux)

• In the same neutron flux, for every 233U atom that is created, 0.03 239Pu atoms are created from 238U. 
To ensure that the material is nonweapons usable, there are R238U times as many 238U atoms as 233U
atoms, where R238U equals 7.3 (this equals 12% 233U in 238U—the dividing line between weapons-
usable and non-weapons-usable 233U).  Consequently, the relative production ratio of 239Pu to 233U is:

Production ratio 239Pu:233U = (R238U × σ 238U)/(R232Th × σ232Th)

The thermal cross section of 238U is 2.7 barns. Furthermore, from above we know that R232Th ×  σ232Th
is equal to σ233U.  The thermal cross section of 233U is 578.8 barns. Consequently, the production ratio
is as follows:  

                      Production ratio 239Pu:233U = (7.3 × 2.7)/(578.8) = 0.03

• The thermal cross section of 239Pu (σ 238U  = 1111.3) is much larger than the thermal cross section of
233U (σ233U = 578.8 barns), so the 239Pu is preferentially destroyed, and the equilibrium concentration
of 239Pu is about 0.016 (578.8 × 0.03/1111.3) that of 233U

The IAEA definition of the quantity of plutonium required for building one nuclear weapon is 8 kg.  If
the quantity of 239Pu allowed in the reactor is that needed for one weapon, the allowable 233U in the
reactor is 500 kg (8kg/0.016). 

3.2.2  Fuel Isotopics

The previous 233U inventory calculation does not account for fuel isotopics—this has a major impact on
the allowable 233U inventory in the reactor.  A MSR does not remove uranium or plutonium from the
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reactor—they remain until fissioned or transmuted.  The fissile inventory per megawatt is significantly
lower than that in an LWR and more than an order of magnitude lower than in a fast-breeder reactor. 
The total fissile inventory (Robertson 1971, Bettis February 1970) in a 1,000-MW(e) MSBR system
(reactor core, heat exchangers, processing systems, etc.) is only 1500 kg.  The fissile fuel sees a higher
effective neutron flux.  After one year in a PR-MSR, the uranium and plutonium isotopics of the fuel will
begin to resemble LWR fuel that has been irradiated for several years.   After 5 years of operation, the
PR-MSR isotopes will be different from anything previously seen in any other type of power reactor.

Under these conditions, the concentrations of 234U and 236U in the fuel approach that of 233U.  These
isotopes, like 238U, isotopically dilute the 233U and reduce its usability in a nuclear weapon.  This isotopic
dilution reduces the quantity of 238U required to convert 233U to non-weapons-usable 233U and
consequently reduces the quantities of plutonium that are produced.  The quantities of 238U required to
convert 233U to non-weapons-usable 233U in the presence of these other isotopes are currently undefined. 

Molten salt reactor studies have analyzed plutonium isotopics when the plutonium is in an infinite
recycle loop (Engel 1978, Benedict 1957).  Under such conditions, 242Pu becomes the dominant
plutonium isotope, and 239Pu becomes a minor plutonium isotope in a PR-MSR.  Not all 239Pu fissions. 
After neutron absorption, a small fraction of the 239Pu is converted to 240Pu. Further neutron irradiation
converts the 240Pu to 241Pu.  With neutron irradiation, most of the 241Pu is fissioned, but a small fraction is
converted to 242Pu.  Plutonium-242 has a low neutron absorption cross section and therefore builds up in
the reactor.

The IAEA defines the quantity of plutonium necessary to manufacture one weapon as 8 kg. When this
definition was developed, power reactors produced plutonium that was 80+%  239Pu.  No one was
considering a reactor in which 239Pu is a minor plutonium isotope.  The critical mass of 242Pu is about an
order of magnitude greater than that for 239Pu.  Different nuclear isotopes have different nuclear
properties.  The implication is that for a PR-MSR, the IAEA definition should be modified to account for
plutonium isotopics.  If 8 kg of 239Pu is required to build a weapon, a significantly larger—but currently
undefined—quantity of plutonium would be required if the primary plutonium isotope is 242Pu.

The practical implication of these considerations is that the allowable quantity of 233U for a 1,000-
MW(e) PR-MSR may be some multiple of 500 kg because more than (a) 8 kgs of plutonium and (b)
>12% 233U in 238U in some mixture of other uranium isotopes is allowable while still meeting
nonproliferation goals.  

3.2.3  Other Factors Impacting Proliferation Resistance

3.2.3.1 Reduce 233U inventory

For any reactor core design, there will be some ratio of plutonium to 233U inventory.  The total reactor
plutonium inventory can therefore be minimized by reducing the total fissile inventory.  In this context,
the original 1,000-MW(e) MSBR had an inventory of ~1,500 kg 233U. There are several approaches to
minimize the 233U inventory.  

• Lower fuel-salt inventories in heat exchangers and process equipment.  About half the inventory of
fuel salt (Robertson 1971) is outside the reactor in heat exchangers and process equipment.  Three
decades of progress have improved heat-exchanger and equipment design with the potential to reduce
fuel inventories external to the reactor.

• Smaller reactor-core inventory.  The conceptual design of the MSBR had a reactor core power
density less than half that of a modern PWR.  The low power density and the corresponding higher
fuel inventory were dictated by the limits on graphite.  Graphite dimensions change under neutron
irradiation.  Neutron fluxes were limited in the MSBR to limit graphite change-out to once in every
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four years.  Three decades of research on graphite for gas-cooled reactors have resulted in major
improvements in graphite properties (low dimensional changes) under irradiation.  The potential
exists for higher power densities and corresponding reduced fuel inventories in the reactor core. 

3.2.3.2 Protactinium Management

When 232Th absorbs a neutron, it is converted to 233Pa, which then decays to 233U.  Protactinium-233 has a
27-day half life.  If the 233Pa absorbs a neutron, it will no longer decay to fissile 233U.  If 233Pa losses are
too high, the reactor will no longer be a breeder reactor and not meet non-proliferation goals.  This must
be avoided.  There are two options for such an avoidance:

• Limit reactor-core power density.  As the reactor core power density is lowered, neutron absorption
by 233Pa is reduced with more production of 233U.  However, this reduction in power density implies a
larger reactor core, a larger 233U inventory in the reactor and consequently a larger plutonium
inventory in the reactor.  This requires careful trade-offs in core design to assure a reactor with a CR
> 1 that meets nonproliferation goals.

• Separate 233Pa. The 233Pa can be separated from the fuel salt and allowed to decay to 233U outside the
reactor.  The resultant 233U can then be added back to the reactor. This process avoids any loss of
233Pa by neutron absorption in the reactor core and maximizes 233U production.  It improves fuel
economy and breeder performance.  However, if the 233Pa was completely separated from the
isotopically diluted 233U, its decay would produce  233U that was not isotopically diluted with 238U—a
proliferation risk.  In theory, excess fuel salt with 233Pa, 233U, and 238U could be stored outside the
reactor until the 233Pa decayed; however, the inventory of salt and 233U would be cost  prohibitive.  If
233Pa is to be stored outside the reactor until it is decayed, it must be separated from most of the fuel
salt.  

These considerations require that any on-line chemical processing of the fuel salt not allow for rapid,
efficient separation of 233Pa from the 233U/238U in the fuel salt if isotopic dilution is to be the only method
to assure proliferation resistance.  This is not an issue with offsite processing of the salt because the 233Pa
rapidly decays to 233U in the presence of 238U.  By the time off-site processing could be done, there would
be no significant quantity of 233Pa in the salt—only a mixture of 233U and 238U.  There are many methods
to continuously remove most fission products from the fuel salt that are not capable of separating
protactinium from uranium.  As long as this condition exists, there is no concern about separated 233Pa
and subsequent decay of the 233Pa to 233U. 

There are incentives to separate the 233Pa from the fuel salt to improve the CR of the reactor. The better
neutron economy can be used to modify the reactor core to minimize plutonium production and improve
economics (small reactor core, etc.).  However, if a 233Pa separation system is installed, it must be assured
that it is not a significant proliferation risk..  The choice of 233Pa management strategy (no 233Pa
separation or 233Pa separation) is a major design decision for a PR-MSR and a major research issue. 
There are several enabling characteristics of this system that may make 233Pa separation from the fuel salt
feasible while maintaining high proliferation resistance. 

• Limited possible 233U production.  For the reactor to operate, the 233U from decay of 233Pa must be
recycled.  It is the fuel.  Only limited amounts of 233U (from 233Pa) can be removed before the reactor
shuts down because of a lack of fuel and 233Pa production is stopped.   For the nation state, the choice
is electric power or a small inventory of 233U.

• Hot 233U.  Any chemical separation process for protactinium separates all protactinium isotopes
equally—including 232Pa, which decays to 232U.  Uranium-232 has a decay product that emits a 2.6
MeV gamma-ray.  The choice of uranium-thorium feeds, salt cleanup systems, and reactor design
determines the 232Pa and subsequent 232U concentrations.  It may be feasible to modify the system so
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the secular equilibrium radiation levels from the 232U and decay products exceed the IAEA definition
of SNF—fuel with radiation levels exceeding 100 R/h at 1m.  However, the variable radiation fields
with time, 233Pa recovery efficiencies with time, and other factors complicate quantification of
proliferation resistance.  

• Inefficient 233Pa separation from isotopically diluted 233U.  The quantity of 233Pa in the reactor is very
small compared to the quantity of 238U in the reactor.  If weapons-usable 233U is to be produced by
separation of the 233Pa from the uranium in the fuel salt, the separation process to separate the 233Pa
from the uranium in the fuel salt must be efficient.  If a small fraction of a percent of the 233U/238U
inventory is not separated from the 233Pa, that 233U/238U mixture will isotopically dilute the new 233U
from decay of 233Pa to non-weapons-usable 233U.  The separation must also be done quickly or the
233Pa decays to 233U in the presence of 238U in the fuel salt.  

A proliferation-resistant system that allows separation of 233Pa from the fuel salt is any technology
that, because of thermodynamic equilibrium limits, azeotrope or eutectic formation, or other
mechanisms, can not efficiently separate all of the 233U/238U from the 233Pa.  If some 233U/238U remains
with the 233Pa, the 233U from its decay will be isotopically diluted to non-weapons usable  233U outside
the reactor. There are several possible technologies with these characteristics (See Sect. 4.3).

Protactinium management is secondary to reducing plutonium inventories.  The total 233Pa inventory is a
several tens of kgs dissolved in >100,000 kgs of highly-radioactive molten salt.  Because the 233Pa decays
rapidly to 233U, any nation that wants to separate the 233Pa has to build a chemical separations plant next
to the reactor.  Uranium-233 output will be limited before reactor shutdown because of insufficient fuel
and the separation facility can’t be hidden since it must be close to the reactor.  Any international on-line
monitoring of the fuel salt composition would indicate significant removal of 233Pa from the reactor salt. 
In contrast, plutonium  remains weapons-usable for tens of thousands of years and thus the just-in-time
separations requirements for 233Pa do not exist for plutonium.  Offsite processing of feeds for plutonium
recovery is viable with the option to build a plutonium separations plant and test it before diverting feed
materials and making the facility’s existence known.

Protactinium management is, by default, a necessary area of research for a PR-MSR.  All of the other
potential sources of weapons-usable materials (SNF, large inventories of plutonium in the reactor core,
and enrichment plants) have been eliminated.  As a point of comparison, it is noted that (1) a typical
LWR has a plutonium inventory of ~750 kgs, (2) a typical LWR discharges several hundred kilograms of
plutonium in 30,000 kg of SNF per year, (3) the plutonium does not rapidly decay away, and (4) the
plutonium radiation levels are clearly acceptable for weapons purposes.

3.2.4 Chemical Separations

Fission products accumulate in the fuel salt and must be separated to avoid (1) excessive parasitic
neutron capture and (2) ultimately exceeding their solubility limits in salt and precipitating as solids. The
uranium and actinides remain with the molten salt until fissioned.  The fission product removal systems
are designed to minimize the loss of molten salt, uranium, and actinides.  Molten salt losses must be
minimized because the salt contains expensive, isotopically-separated 7Li.  Uranium and actinide losses
are minimized to maintain a CR equal or greater than 1. Some fission products are removed on a short
time-scale (seconds); other fission products are removed on a time-scale of decades. 

The most important fission product removal step is removal of noble gases  At operating temperatures,
volatile gases (Xe, Kr, I) are stripped from the salt into the off-gas system.  The gases removed from the
reactor are trapped and decay to non-radioactive isotopes.  Special fluid-fuel circulating pumps ensure
the rapid removal of volatile fission products from the molten salt.  The noble gases, particularly certain
xenon isotopes, are strong neutron absorbers.  Without the quick removal of the gases, the neutrons
absorbed by these gases would prevent the reactor from having a CR equal to or exceeding 1.  These
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gases must be efficiently removed.  

The most important fission-product separation processes—including removal of noble gases—were
demonstrated in the MSRE.  Many alternative flowsheets were developed and tested.  The preferred
fission-product removal methods are dependent upon the goals (See Sect. 5.3).

3.2.5 Relationship Between Reactor Neutronics, Fuel Processing, and Materials

The MSBR had a significant intermediate (resonance) and thermal neutron spectrum. If the neutron
spectrum is softened by using more graphite or a better core design (Engel 1978), there is (1) a lower
ratio of 239Pu to 233U production, (2) more selective burnout of 239Pu, and (3) a better 233U conversion
ratio.  These combined effects minimize the plutonium inventory and improve proliferation resistance—a
goal of this proposal.   The viability of PR-MSR (maintaining breeding in the presence of 238U that
degrades the breeding ratio and avoiding the addition of 235U with excess 238U) partly depends upon a
more thermal neutron spectrum. While the reactor physics is somewhat understood, the practicality of
using a more thermalized neutron flux depends upon material properties and the characteristics of the salt
processing system.

• Better graphite. Directional graphite swelling was a major problem in the 1960s that (1) restricted
the size and shape of the graphite stingers and fuel channels and (2) necessitated replacement of the
graphite every 4 years.  Because of worldwide gas-cooled reactor programs, major advances have
occurred in production of low-swelling graphites.  These advances have helped reduce the structural
limitations on the reactor core and have allowed for a more neutronically efficient reactor core (better
coolant channel geometry to reduce epithermal neutron absorption), which in turn can help suppress
plutonium production. The improved graphites also have lower parasitic neutron captures.

• Fission product separations. A more thermal neutron spectrum implies higher parasitic neutron
absorption by the fuel salt, fission products, graphite, and other materials. Newer fission product
removal technologies reduce this penalty.

• Protactinium-233 separation.  Last, if 233Pa can, in a proliferation resistant manner, be partly
separated from the fuel salt and allowed to decay outside the reactor core to 233U, the 233U conversion 
breeding ratio is improved.  This can compensate for added parasitic neutron captures caused by a
more thermalized neutron flux.

3.3 FUEL CYCLES

There are several possible fuel cycles. The baseline assumption herein is that the reactor would startup on
low-enriched uranium (LEU).  After startup, the reactor would be fed (1) either natural uranium or
depleted uranium and (2) thorium.  However, the characteristics of this reactor that minimize the
inventory of weapons-usable materials also implies the capability for rapid destruction of plutonium by
(1) rapid burnout of plutonium, (2) a very low rate of plutonium generation compared to other reactors,
and (3) rapid conversion of the remaining plutonium to isotopic compositions that are very undesirable
for constructing a nuclear weapon. The PR-MSR could start up on plutonium or be partly fueled with
plutonium. If it is used in this mode, the inventory of weapons-usable materials in the reactor will be
significant.  There are two sets of plutonium fuel cycle options.

The PR-MSR could be used to destroy excess plutonium by initially fueling the reactor with plutonium
rather than LEU.  Alternatively, PR-MSRs could be overfed with plutonium to produce a 233U-238U
mixture.  With rapid removal of the uranium product, this allows very rapid conversion of weapons-
usable plutonium to non-weapons usable mixtures of 233U and 238U.  Because the uranium is removed,
very little of the 233U is fissioned, and very little 239Pu is produced from 238U; consequently, almost all
fissions involve the fissioning of plutonium.  Excess neutrons are absorbed in 232Th.  The design goal to
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minimize weapons-usable fissile materials implies that the  PR-MSR would more rapidly destroy
plutonium than any other reactor.  The non-weapons-usable 233U-238U mixtures could be used to startup
other PR-MSRs or stored if the growth rate for new reactors did not match 233U-238U production rates.

The PR-MSR could be used to burn SNF. Most of the world’s SNF (including light-water reactor SNF) is
in the chemical form of uranium dioxide.  This oxide mixture (uranium, plutonium, fission products, and
other actinides) can be directly converted to a fluoride salt. The existing technologies provide viable
methods to remove most of the uranium from the salt but do not remove the plutonium—the plutonium
remains with the fission products. This form of processing reduces proliferation risks, as compared to
conventional reprocessing technologies. This capability creates two options.

• Initial fueling.  The PR-MSR could be initially fueled with a plutonium-fission product salt. Some of
the uranium in the initial SNF has to be removed to obtain an acceptable starting fuel.

• Continuous fueling. The PR-MSR requires addition of 238U for proliferation resistance. The fluoride
salt from the direct conversion of SNF can be used to makeup the 238U requirements. 

The decision of whether it is desirable to burn plutonium and SNF is a political decision.  Because the
PR-MSR has a CR >1 and thus needs only thorium and natural uranium after startup, there is not a
significant economic incentive to use plutonium or SNF as a fuel source. The political decision involves
trade-offs between risks of storing plutonium essentially forever in repositories or monitored storage
areas vs placing it into reactors and destroying it.  The PR-MSR would be a fast method to convert
weapons-usable plutonium to non-weapons-usable 233U-238U mixtures.  However, it is a slow method to
burn up SNF.

3.4 RESISTANCE TO SUBNATIONAL MATERIALS THEFT

Theft of nuclear materials by subnational groups is not credible.  The initial fuel for the PR-MSBR is
non-weapons-usable low-enriched uranium or non-weapons-usable 233U mixed with 238U.  There is no
SNF.  The total inventory of potentially usable-weapons materials (assuming instantaneous separation of
233Pa and subsequent decay to 233U) in the reactor is measured in a few tens of kgs of material dissolved
in >100,000 kgs of highly radioactive salt.  Most of the potential weapons-usable inventory is in the form
of 233Pa that rapidly decays to 233U that, in turn, is isotopically diluted by the 238U in the molten salt to
non-weapons-usable 233U.  To recover any weapons-usable 233U, the chemical recovery process for 233Pa
from the salt must be fast and efficient. Building, testing, and operating a separations plant at an
operating reactor is not credible for a subnational group.  The 233U from the decay of 233Pa will be highly
radioactive because it contains 232U and the 232U decay products that emit 2.6 MeV gamma rays that are
easy to detect.  Only small quantities of plutonium are in the reactor core and that plutonium has
isotopics (242Pu) that present serious challenges to any weapons designer.   

3.5.  SAFETY, WASTE MANAGEMENT, AND ECONOMICS

When the MSBR was being developed, the emphasis was on a breeder reactor because it was thought that
uranium resources were extremely limited.  Safety was an issue to be addressed by traditional, active
safety systems.  Waste management was not a major issue.  A description is provided of the major
proposed systems—including the changes to meet non-proliferation and Generation IV reactor goals.

3.5.1.  Safety

The characteristics of molten salt reactors imply major differences in their safety systems as compared to
solid fueled reactors with the potential for (1) safety advantages compared to solid-fuel reactors and (2)
major safety advantages compared to other approaches to proliferation-resistant reactors and fuel cycles. 
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Source term control

The greatest danger in a nuclear reactor accident is the catastrophic release of radionuclides to the
environment.  In solid-fueled reactors, the accident source term is a given.  In a molten salt reactor,
radionuclides are continuously removed from the molten fuel salt and solidified.  This solidification is a
significant safety advantage because the inventory of fission products in a molten salt reactor is
significantly less than in a conventional reactor.  Potential accident consequences are less because the
inventory of fission products is less.

The PR-MSR breaks the historical trade-off between proliferation resistance and safety.  Most proposed
proliferation-resistance fuel cycles use higher-burnup fuels with higher inventories of fission products in
the reactor core to increase proliferation resistance by increasing radiation levels.  Unfortunately this
increases the accident source term and implies greater consequences if an accident occurs. The fission
product inventory of the reactor should be lowered for safety. The PR-MSR uses isotopic dilution, not
radiation, as the primary proliferation barrier.  In the PR-MSR, the need for the CR to be at least 1
dictates what fission products are removed and the rate of removal.  The safety advantages of removing
fission products from the reactor and solidifying them into a stable waste form were recognized but were
never fully investigated. Fortuitously, the fission products that are removed are major contributors to the
accident source term.  In the design of proposed PR-MSR, consideration will be given to removing
radionuclides that are significant contributors to accident risk but whose removal is not dictated by
reactor physics considerations.  The accident source term may be a small fraction of that of a
conventional power reactor. 

Power control

Excess power levels are prevented by two mechanisms: limiting the fissile content of the fuel and thermal
expansion of the fuel salt with temperature.  Emergency shutdown is achieved either by using control
rods (normally fully out of the reactor core) or by dumping the fuel salt to critically safe storage tanks.

Emergency core cooling

If the molten reactor fuel salt overheats, the molten reactor fuel salt is dumped by gravity to multiple,
critically safe storage tanks with passive, decay-heat, cooling systems.  Freeze valves prevent the flow of
fuel to the storage tanks during normal operation.  These valves are sections of the drain lines filled with
frozen fuel salt.  The systems can be designed such that the freeze plug fails if the salt temperatures are
excessive.  The original design used in the MSRE used freeze plugs with passive cooling to keep the salt
frozen and electrical heaters to melt the plug and open the valve.  The reverse strategy is proposed for the
PR-MSR.  Refrigeration (power) for the valve system and control of fuel temperatures is required to
prevent automatic dumping of the fuel to passively cooled storage tanks.  

3.5.2.  Waste Management

The wastes from the 233U-Th fuel cycle have very low actinide concentrations as compared to those of (1)
SNF or (2) conventional reprocessing HLW streams.  The primary fuel is 233U. Most 233U fissions with
only small quantities of 234U produced.  The 234U eventually absorbs neutrons and is converted to 235U.
Most of the 235U is fissioned.  It takes many more neutron absorptions to create an actinide in this fuel
cycle than it does during a 235U or 239Pu fuel cycle. The addition of 238U for isotopic dilution of 233U will
generate some actinides.  However, suppressing plutonium production to meet nonproliferation goals aids
waste management by minimizing actinides in the waste. 

The different waste characteristics have important institutional and repository performance implications. 
The waste has (1) no significant fissile content and thus no repository nuclear criticality or safeguards
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issues and (2) a low actinide content and thus limited concerns about long-lived actinides in the
repository—a particular concern to part of the public.  The long-term (but small) health risks from the
proposed Yucca Mountain Repository (YM) (DOE Nov.13, 1999) and many other proposed repositories
(Nuclear Energy Agency 1999) are from neptunium, which is generated from 235U by multiple neutron
capture.  A 233U fuel cycle minimizes neptunium production.  Furthermore, the neptunium that is
produced is destroyed within the reactor.  This fuel cycle reduces neptunium quantities to the repository
by one or more orders of magnitude, as compared to LWRs, and result in equivalent reductions in
repository risk.

3.5.3 Economics

The early studies indicated that the economics were slightly better than those of LWRs.  These studies
were performed a decade before the Three Mile Island accident and the ensuing changes in safety
requirements.  No recent studies have been done.  There are several factors that indicate the potential for
lower costs than advanced LWRs and other reactors

• Low fuel-cycle cost.  There are no fuel-fabrication or enrichment (after initial core) costs. Since the
CR equals or exceeds 1, there is no long-term concern about uranium prices. 

• Reduced safety-system costs. The costs of safety systems are potentially lower through several
effects: reduced reactor source term with potentially reduced evacuation zone, smaller reactor
containment system because the reactor operates at low pressure with less stored energy, and passive
(no moving parts) emergency core cooling systems (passively cooled liquid fuel storage tanks).

• Reduced balance-of-plant cost.  A higher temperature power cycle similar to that used in the most
efficient and low-cost fossil steam systems may be used with the reactor. The electrical efficiency is
44%—significantly higher than the typical 34% efficiency of LWRs. This reduces the costs of the
power cycle (turbine, condensors, cooling towers, etc.)

4.  PROLIFERATION-RESISTANT LIGHT-WATER REACTOR

The PR-MSR concept previously described includes: (1) a 233U–Th fuel cycle where the 233U is
isotopically diluted with 238U, (2) a reactor core optimized to minimize plutonium production, and (3) a
definition of weapons-usable materials explicitly accounts for the unusual plutonium and uranium
isotopics of this fuel cycle.  This approach to proliferation resistance can be applied to any reactor with a
thermal neutron spectrum—including LWRs. 

In an equilibrium fuel cycle, the PR-LWR would be fueled with a mixture of 233U and 235U.  There would
be sufficient 238U so the uranium was non-weapons-usable.  The primary fertile material would be 232Th. 
The SNF would be processed with recovery and recycle of the 233U-235U-238U mixture. Since the LWR is
not a breeder reactor, low-enriched 235U would have to be added to the recycle uranium mixture to meet
the fuel requirements of the reactor. The reactor core would be designed to minimize plutonium
production.  This type of fuel cycle would be started using LWRs fueled with low-enriched uranium and
thorium.  There are several incentives to determine how good this approach is when applied to an LWR.

• Existing technology.  The LWR is the dominant power reactor worldwide is the LWR.  If this
approach is applicable to LWRs, it is easier to implement than a new reactor concept.

• Incentives for the PR-MSR.  The incentives for a new reactor concept (PR-MSR) to address
proliferation concerns depends upon the gains that are achievable compared to the gains achievable
by applying the same strategy in the existing reactors.  A PR-MSR will not be evaluated and judged
in isolation.  While the PR-LWR is inferior to the PR-MSR in proliferation resistance (more
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plutonium production from added 235U fuel and a requirement for enrichment facilities), it may be
significantly better than an existing LWR.

• Solid fuel reactor.  Solid fuel reactors have very different characteristics than liquid fuel reactors.
Some concerns, such as management of 233Pa, do not exist.

• Waste management.  Some of the potential waste management benefits of the 233U-232Th cycle would
be applicable to either a PR-MSR or a modified LWR.

This particular fuel cycle is also relevant in terms of the PR-MSR fuel cycle. If a PR-MSR was to be
deployed, the SNF from a PR-LWR could be converted into a fluoride salt for feed to a PR-MSR.  This
avoids any chemical separations of fissile materials from the fission products. A thorium-containing
LWR fuel is one possible transition from LWRs to PR-MSRs.    

There is one important historical note about LWR 233U-thorium fuel cycles.  In the early investigations of
233U-thorium fuel cycles, the startup LWR fuels were all mixtures of HEU and thorium. Proliferation
resistance was not considered a major issue.  Currently, several groups are investigating once-through
233U-thorium fuel cycles using low-enriched uranium (LEU).  The one category of LWR 233U-thorium
fuel cycle that has not been fully investigated is a LEU  thorium reactor core with recycle of a 233U-238U
mixture.  The PR-LWR concept herein is in this relatively unexplored category of fuel cycles.

5.  TASKS

The proposed research is divided into five tasks with the objective of determining the viability of
minimizing proliferation concerns associated with nuclear power by minimizing the quantities of
chemically-separable weapons-usable fissile materials.  The responsible organizations for the work are
shown in parenthesis. 

5.1 TASK 1: DEFINITION AND QUANTIFICATION OF PROLIFERATION RESISTANCE
(ORNL, MIT)

A methodology will be developed to judge if the stated proliferation-resistance goals are met.

5.1.1 Definition of Non-weapons Usable Fissile Materials (ORNL)

5.1.1.1 Isotopic Equivalence 

There are two requirements to make fissile materials from a power plant unavailable for use in nuclear
weapons.   First, the quantity of plutonium is to be less than that required to build one weapon.  Second,
the 233U must be isotopically diluted with other uranium isotopes to become non-weapons-usable 233U. 
The PR-MSR has very unusual fissile and fertile isotopics.  Plutonium-242, not 239Pu, is the primary
plutonium isotope.  A PR-LWR, with a similar fuel cycle, will also have unusual plutonium isotopics. A
methodology will be developed to (1) determine the equivalence of complex mixtures of plutonium
isotopics to the IAEA definition of the quantity of plutonium required to build a nuclear weapon and (2)
define nonweapons-usable 233U in the presence of complex mixtures of other uranium isotopes (234U,
235U, 236U, and 238U).

The results of the above analysis will be used to extend the IAEA definitions of waste thresholds for
wastes containing complex mixtures of plutonium and uranium isotopes.  If the concentration of fissile
materials in waste is sufficiently low, the fissile materials are practically irrecoverable and are thus non-
weapons-usable.  The IAEA has defined these “waste-threshold” concentrations for many waste streams. 
The IAEA terminates safeguards on waste streams with fissile concentrations below the defined
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thresholds.  The IAEA definitions do not account for unusual plutonium or uranium isotopic mixtures. 

The definition of non-weapons-usable 235U (<20% 235U in 238U) has existed for several decades. 
However, until 1998, no detailed technical study had been conducted to define non-weapons-usable 233U. 
One of the 
principal investigators (C. W. Forsberg) led the joint ORNL, Lawrence Livermore National Laboratory,
and Los Alamos National Laboratory team (Forsberg March 1998), which developed the technical
definition of non-weapons-usable 233U (<12% 233U in 238U).  Another principle investigator (C. Hopper of
ORNL) conducted the neutronics analysis that formed part of the basis for this definition of non-
weapons-usable 233U.  An equivalency basis for other isotopes will be developed by extension of the
methodology used to define non-weapons-usable 233U

The definition of waste threshold has been defined for 235U and plutonium streams that are primarily
239Pu. However, until 1998, no detailed technical study had been conducted to define waste thresholds for
233U.  One of the principal investigators (C. W. Forsberg) led the joint ORNL and Idaho National
Engineering and Environmental Laboratory team (Forsberg July 1998), which developed the technical
definition of waste threshold for 233U.  An equivalency basis for other isotopes will be developed by
extension of the methodology used for 233U

5.1.1.2 SNF Equivalence 

The production of 233U results in the production of 232U—and its daughter product that emits a 2.6-MeV
gamma ray.  An equivalency basis for this radiation field compared to isotopic dilution will be
developed.  This radiation field creates major barriers to a nation-state from shutting down a power
reactor, removing the 233U/238U fuel, and isotopically separating the 233U for weapons purposes (Criteria
III). 

5.1.2 Measurement of Total Proliferation Resistance (MIT)

The proliferation-resistance of a nuclear power system depends upon (1) the availability of  weapons-
usable materials, (2) availability of facilities such as enrichment plants that can be quickly converted to
produce weapons-usable material, and (3) the required technological and institutional infrastructure that
could be used to support nuclear weapons development and production.  The last factor includes complex
considerations of technology and institutions.

One of the principal investigators (M. Miller of MIT), as a member of a multi-disciplinary team,,
developed a methodology (Papazoglou 1987) for evaluating the proliferation resistance of different
reactor systems. This methodology will be updated and modified to address the unique characteristics of
the PR-MSBR.  This activity has three parts.

• Identify proliferation sensitivities. Potential proliferation concerns with the PR-MSR and a PR-LWR
will be identified to allow consideration of alternative, more proliferation resistance variants.

• Compare with other reactor concepts.  The relative proliferation-risks of different reactors will be
evaluated (PR-MSR, PR-LWR and conventional LWR) to determine the significance of minimizing
the quantities of chemically-separable weapons-usable fissile materials in nuclear reactors and the
associated fuel cycles.

• Assess plutonium and SNF burning.  The PR-MSR is potentially a method to convert the world’s
inventory of weapons-usable fissile materials into non-weapons-usable mixtures of 233U and 238U.  An
initial assessment of this option will be undertaken.
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5.2 TASK 2: DEVELOPMENT OF A PRECONCEPTUAL DESIGN OF A PR-MSR (ORNL, UT)

The starting point for this design will be the existing conceptual design of the 1,000-MW(e) MSBR,
which was developed about 1970.  This task involves includes modification of the reactor core design
and molten-salt processing system to create a PR-MSR.  The remainder of the plant will remain
unchanged. The task includes the following major activities.

• Concept definition.  Alternative options for the reactor core and fuel-salt processing system will be
identified.  One generalize core design will be chosen for further evaluation.  Two fuel salt
processing options will be chosen for further evaluation. One of the salt processing options will
include storage of 233Pa outside of the reactor while it decays to 233U. Any fuel-salt processing option
will include multiple processing steps.  Different salt processes have different efficiencies in
separating specific fission products and actinides from the fuel salt.  The choice of salt processing
option determines the relative rates of removal of different fission products and actinides from the
fuel salt during operations.  This directly impacts the convesion ratio of the reactor and its ability to
suppress plutonium production. 

This activity will explicitly examine “new” technologies (developed in the 30 years since the MSBR
concept was last investigated in depth) for salt processing that could have a major impact on the
viability of a PR-MSR.  A specific example is the use of cold-wall, induction-heated melters to distill
salts and other liquid streams. Earlier MSBR studies (Bauman 1977, Engel 1978) noted that pot
distillation processes for the fuel salt might (1) greatly simplify processing, (2) improve separation of
troublesome fission products from the fuel salt (aid suppression of plutonium production), and (3)
allow 233Pa partial separation from the fuel salt (improve economics and aid suppression of plutonium
production) but with sufficient 233U/238U such as to avoid proliferation concerns.  This set of options
were not pursued because the reliable high-temperature-melter technology did not exist in the 1960s. 
In the last decade, these melters have been developed in France and elsewhere to produce HLW glass
(~1,200+bC) and glass fiber-optic cables (~1,700bC).  Some of these melters have operated in hot
cells for 5 years.  The high operating temperatures and reliable performance may allow distillation of
salt streams to separate salts from wastes.

• Reactor core and process model.  A model of the reactor core physics and the processing operations
will be developed to determine behavior and fissile isotope content of the reactor.  

• Design optimization.  The reactor core design and associated salt processing system will be
optimized to meet proliferation-resistant goals (isotopic dilution of 233U and suppression of
plutonium production). Three areas will receive particular attention.

Reducing weapons-usable fissile material inventory. 

Increasing 232U content.  The 232U creates a large radiation field that would make it very difficult to
(1) fabricate and store a weapon or (2) use an advanced isotopic separation method to separate 233U
from other uranium isotopes.  Methods to increase the 232U content of the fuel will be evaluated.

Chemical and waste management  plant design.  The characteristics of the most promising fuel
processing systems will be evaluated to determine strengths and weaknesses.  This will include
refinement of chemical process flowsheets to assure process feasibility.

5.3. TASK 3: WASTE AND SAFETY SYSTEMS (ORNL, UT)

In the PR-MSR, like the MSBR, there is no conventional SNF.  Instead, fissile materials remain in the
salt until they transmute or fission.  Fission products are selectively removed from the molten salt. 
Whether the intent of Criteria 1 for proliferation resistance (no SNF) is met depends upon the
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concentration of fissile materials in the waste stream. The potential accident consequences depend upon
the source term—the quantity of fission products in the salt.  The waste processing system determines the
fission product concentration in the salt and thus the reactor accident source term.  This coupling of waste
and safety systems is very different than in an LWR. Neither proliferation resistance nor the potential of
the PR-MSR as a potential Generation IV reactor concept can be determined without defining waste and
safety systems.

5.3.1 Waste System

A preconceptual design of the chemical process and waste treatment system for the PR-MSR fuel salt
will be developed and an initial analysis of the performance of the waste form in the proposed Yucca
Mountain Repository will be conducted. A proliferation assessment of the waste system (associated with
Task 1) will also be completed. The waste management system is of importance for several reasons.  

• Proliferation resistance. The waste management approach used may aid or degrade proliferation
resistance.  The only way for fissile materials to leave the reactor is through the fuel processing and
waste systems.  The IAEA has defined the concentrations of weapons-usable materials in waste
streams below which safeguards may be terminated and the fissile material is no-longer considered 
weapons usable (Criterion 1: no significant weapons-usable materials in the waste). The
concentration limits depend upon the waste form.  The limits are higher for insoluble waste forms
and lower for soluble waste forms where recovery of fissile materials would be easier.  Waste form
selection (Criterion 1 in Section 2.1.1) may control total system proliferation resistance.

• Acceptance.  A waste system must be defined if the PR-MSR is to be credible and acceptable.  No
significant work to address waste management issues was conducted in the initial investigations of
the MSBR.  

There are three activities under this task (in addition to proliferation-resistance assessment in Task 1).

• Waste treatment flow sheet for the fuel salt.  A flow sheet to process the fuel salt and produce a
repository acceptable, no-weapons-usable, waste form will be developed.  Flowsheets and waste
forms will be evaluated in terms of proliferation resistance and practicality.  There are several new
technologies that may allow for low-cost production of waste forms that meet these two criteria.  

Glass Material Oxidation and Dissolution System (GMODS).  This process can potentially convert
fluorides directly to borosilicate HLW glass (Forsberg 1996)—the currently preferred HLW form
worldwide.  One of the principal investigators (C. W. Forsberg) is a co-inventor of this process.  

Fluoride Waste Glasses.  There has been significant research [National Academy of Sciences (NAS)
1999] in recent years on methods to convert fluoride wastes into an acceptable fluoride-containing
waste form. The use of  this new technology for PR-MSR waste management will be evaluated  

• Repository performance assessment.  The performance of PR-MSR wastes in the proposed YM
Repository will be determined based on existing published performance assessments.  Existing data
(DOE Nov. 13, 1998) provides estimates of repository performance for (1) different radionuclides
and (2) waste forms.  Consequently, this allows extrapolation of repository performance to PR-MSR
waste forms with their significantly different radionuclide inventories (233U-thorium cycle versus
235U-238U-plutonium cycle).

• Transmutation of selected radionuclides.  In some cases, small changes in process flowsheets allow a
radionuclide to be (1) recycled back to the reactor to be destroyed or (2) send to waste.  Using the
results of the above two activities, an assessment will be made to determine if changes in the process
systems can significantly impact repository behavior.  Repository assessments indicate that typically
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two or three radionuclides control repository performance.  The total impact of all the other
radionuclides on repository performance is orders of magnitude less than these radionuclides.  This
activity will examine destruction of these controlling radionuclides.

5.3.2. Safety systems

An investigation will be conducted to determine the potential to reduce PR-MSR accident consequences
by control of the accident source term.  This is a unique characteristic of molten-fuel reactors. Because
this approach to safety involves separation of fission products from the fuel salt, the system can impact
both reactor safety and proliferation resistance.  This task will include the following activities.

• Source term identification.  The radionuclides in the reactor will be ranked in terms of their
respective contributions to potential accident consequences. As a thorium-fueled reactor, the relative
concentrations of fission products and actinides are different than those of 235U or plutonium fueled
reactors.  This ranking will consider the chemical form of each element since it is the chemical
behavior that determines which elements are mobile in an accident.  Since the 1960s, there have been
major advances in understanding (1) atmospheric fission product transport under accident conditions
and (2) the relative health risks of different radionuclides to man. This “new” knowledge is the basis
for understanding PR-MSR accident consequences.

• Removal from salt.  For those few radionuclides that control accident consequences, an evaluation
will be made of the feasibility to remove these radionuclides from the molten salt to control the
accident source term.  In a PR-MSR, almost all radionuclides are ultimately removed from the salt by
processing systems; however, the lifetime of a particular radionuclide in the reactor may vary from
tens of seconds (e.g., that of xenon) to many years.  Radionuclide removal practicality depends upon
how fast a radionuclide must be removed to significantly reduce the accident source term. It is the
size of the salt processing system that determines the reactor-accident source term size.

• Solidification.  For those radionuclides that (1) are major components of the accident source term and
(2) can be practicably separated from the salt, an evaluation will be made to determine the feasibility
of rapidly solidifying the radionuclides into high-integrity waste forms.  Separating a radionuclide
that controls the consequences of a potential accident and simply storing it in a separate tank does not
necessarily reduce the accident consequences.  It may just change the location of the accident source
term.  The radionuclide chemical form must be changed to a form that can not be easily dispersed in
an accident.

• Comparisons.  The potential for source term reduction will be compared to the initial source term to
determine the significance of source term control as a method of limiting accident consequences.

If the accident consequences can be reduced sufficiently, this reduction may have a major potential on
public acceptance of nuclear power and may allow the reduction of emergency evacuation zones around
reactors.  

5.4 TASK 4: PROLIFERATION-RESISTANT LIGHT-WATER REACTOR (MIT)

Using the same approach (as far as possible) to minimize inventories of chemically-separable weapons-
usable materials as embedded in the PR-MSR, a comparable concept of a PR-LWR will be developed. 
Its proliferation-resistance characteristics will be compared to a conventional LWR and the PR-MSR. 
This will provide a second calibration point (modification of existing technology) to understand the
potential of improving proliferation resistance of nuclear power reactors by minimizing the inventory of
chemically-separable weapons-usable materials. Two SNF recycle options will be considered.
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• Recycle the 233U-235U-238U mixture into LWRs. Unlike conventional reprocessing, the  reactor core is
designed to minimize weapons-usable fissile materials in the SNF.  Different options for plutonium
management will be considered— including immobilization in the HLW glass. The low
concentrations of plutonium in this SNF compared to conventional SNF may imply different
approaches to plutonium.

• Recycle the uranium, thorium, plutonium, and fission products to a PR-MSR. In this case the
processing facility would convert the oxide fuel to a fluoride salt.  There would be no separation of
fissile materials from fission products (see sect. 3.3).  

A study of this parallel LWR system will be completed to determine how far proliferation resistance,
using this approach, can go using the current reactor technology.  This work would be conducted in the
Nuclear Engineering Department of the Massachusetts Institute of Technology (MIT), where other
studies on thorium fuel cycles for LWRs are underway.  The fuel would contain enriched uranium;
thorium; and, potentially, an inert material with the fuel optimized for minimum production of weapons-
usable material.

Historically, the 233U-thorium LWR fuel cycles that were investigated were those that used HEU fuel,
which was then reprocessed and recycled.  Currently, MIT is investigating once-through 233U-thorium
fuel cycles using low-enriched uranium (LEU).  The proposed task herein would investigate the third
possible 233U-thorium LWR fuel cycle: an LEU  thorium reactor core designed to minimize production of
chemically-separable weapons-usable materials and recycle of the fuel.

5.5 TASK 5: ECONOMICS (ORNL) 

A limited economic assessment of the various concepts will be completed. 

5.6 LEVEL OF EFFORT

The budget breakdown by task and organization is shown in Table 1. This provides an indicator of the
relative level of effort associated with each task.

Table 1. Cost breakdown by year and organizationa (thousands of dollars)

                 Task                         Institution         Year 1         Year 2        Year 3       Subtotal       Total
1.  Quantification of 
proliferation resistance

ORNL
MIT    

100
  50

  25
  50   50

  125
  150

   225

2.  PR-MSR pre-
conceptual design

ORNL
UT

200
  50

 175
   50

  75
  25

   450
   125

   575

3. PR-MSR waste and 
safety systems

ORNL
UT

 50  100
   25

150
  25

   300
     50

   350

4. PR-LWR MIT 50   75 100    225    225

5. Economics ORNL    75      75      75

Total 500 500 500 1,500 1,500
aORNL is Oak Ridge National Laboratory, UT is The University of Tennessee, and MIT is the Massachusetts Institute of Technology.
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6. FOREIGN PARTNERS

This activity will be performed in cooperation with the Institute of Research and Innovation (IRI), a
research institute established in 1959 under the auspices of the Ministry of International Trade and
Industry.  It is supported by the government of Japan, electric utilities, and other organizations.  Among
its many activities is the investigation of advanced nuclear fuel cycles and waste management
technologies.  

A formal agreement, with appropriate approvals, will be established that defines the specific scope of
work and responsibilities of the two parties. The budget cycle in Japan is different than that in the United
States. Consequently, the scope of work may change. The activities are expected to initially include (1)
providing information on Japanese activities directly applicable to the PR-MSR [published reports,
appropriate contacts for information, etc.]; (2) provide suggestions and recommendations for directions
of research; and (3) review the results of the research. Planned areas of cooperation include the
following.

• Task 1: Definition and Quantification of Proliferation Resistance.  The IRI is (1)  investigating
methods for removing uranium oxides from LWR SNF clad materials as an initial step in
reprocessing SNF and (2) methods for converting uranium oxides to fluorides and then metal through
a molten-fluoride-salt pyroelectrolysis process.  While this research is being conducted for other
purposes, the two technologies may be used for the direct conversion of LWR SNF into a feed for a
PR-MSR— if burning of SNF is desired. Information in this area will provide input into the technical
and institutional viability of using a PR-MSR for plutonium and SNF burning.

• Task 2: Development of Pre-Conceptual Design of a PR-MSR.  Examples of applicable areas for
cooperation include (1) properties of nuclear graphites and (2) salt properties. In both areas, Japan
has ongoing programs to support various other fission and fusion energy programs.      

• Task 3: Waste Management Systems. The IRI is examining multiple waste treatment options for
various wastes and is a participant in the Japanese Omega program, which is examining waste
partitioning and transmutation. Much of this work is applicable.   

The letter of intent is shown below.
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PROJECT SCHEDULE AND MILESTONES
This is a three-year study.  The progress each year of the study will be reported on in research reports and
an annual report. When appropriate, a research report may be in the form of a journal article or a thesis. 
The schedule below shows the completion dates for research reports.   

Year 1

• Baseline PR-MSR preconceptual design. This report will describe the basis for the PR-MSR, the
trade-off studies, the pre-conceptual design, and the results of the analysis—how close such a
concept is to achieving stated goals.

 
• Equivalence of plutonium and uranium isotopics. The report will describe the methodology and

results in determining the equivalence of different fissile mixtures in terms of proliferation
resistance.

Year 2

• Alternatives to improve proliferation resistance. The report will define, describe, compare, and
report on the results of examining alternative methods to improve proliferation resistance of the PR-
MSR.

• Preconceptual waste treatment system. Alternative methods to treat PR-MSR wastes will be defined,
described and compared—including options to transmute selected radionuclides

Year 3

• Safety impacts.  The report will define, describe, compare, and report on the impacts on the reactor
accident source term of the continuous removal and solidification of selected radionuclides in the
molten salt.

• Light-water reactor (LWR) variants.  The results of applying the methodology to LWRs will be
reported.

• Economic analysis. A preliminary economic assessment will be completed with comparison of the
PR-MSR, PR-LWR, and an advanced LWR (ALWR).

• Institutional analysis. The results of the comparisons of proliferation resistance will be reported. 
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COLLABORATIVE RESEARCH AND DEVELOPMENT (R&D)
This is a cooperative program between Oak Ridge National Laboratory (ORNL), The University of
Tennessee (UT), the Massachusetts Institute of Technology (MIT), and the Institute of Research and
Innovation (IRI) (Japan). Each organization will investigate specific areas associated with this concept as
described in Section 5 of the project description.

ORNL

ORNL will lead the program and integrate results. It will undertake the studies to define equivalent
quantities of weapons-usable isotopes (Task 1). ORNL will (1) develop the pre-conceptual design of the
PR-MSR (Task 2), develop a pre-conceptual flowsheet for waste treatment and analyze the implications
on repository performance (Task 3), and (3) investigate control of the reactor accident source term by
limiting the fission products in the reactor core (Task 3). In both Task 2 and Task 3, UT will lead those
subtasks that address chemical issues. ORNL will conduct the economic analysis (Task 5).

MIT 

MIT will conduct and be responsible for the institutional non-proliferation analysis (Task 1b)  and be
responsible for all work on PR-LWRs (Task 4).

UT

UT is responsible for PR-MSR chemistry issues associated with (1) the pre-conceptual design (Task 2)
and (2) and waste and safety systems (Task 3).

IRI (Japan)

The Institute of Research and Innovation, using their own funds, will assist in three PR-MSR areas:
quantification of proliferation resistance (Task 1), development of pre-conceptual design (Task 2), and
the waste and safety systems (Task 3).  A formal agreement of cooperation with appropriate approvals
will be developed.
.

ORGANIZATIONS AND QUALIFICATIONS
ORNL, MIT, UT, and IRI are internationally recognized for R&D. Each has unique capabilities to
contribute to this effort.  

ORNL will lead the program (see Collaborative R&D above), integrate results, and be responsible for the
pre-conceptual PR-MSR design. The program manager is Charles Forsberg.  ORNL conducted the
original research on MSBRs and continues to work with 233U.  As a result, many staff members have a
detailed knowledge about 233U and molten-salt reactor concepts.  Furthermore, the ORNL library and
central  records contain both published and unpublished reports—including documentation about
alternative design concepts that were abandoned in the 1960s because of technical limitations at that time
that may no longer exist.  ORNL is the national repository for the long-term storage of 233U.  ORNL
currently (1) processes 233U to recover the medical isotope 213Bi, (2) is responsible for the DOE 233U
disposition program, (3) is developing molten salt chemistry to recover 233U from the MSRE salt and
convert to an oxide for long-term storage, and (4) is conducting several other ongoing research programs
on molten-salt chemistry and properties for other applications.  To support these and other programs,
ORNL has the facilities and technical staff with unique expertise in 233U, molten salt chemistry, and
reactor design.
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MIT will lead proliferation risk assessment (Task 1b) and PR-LWR activities (Task 4). Marvin Miller is
responsible for the proliferation risk studies and Mujid Kazimi is responsible for the PR-LWR activities.
The MIT tasks will be conducted in the MIT Department of Nuclear Engineering (M. Kazimi) and the
MIT Center for International Studies (M. Miller).  The Department of Nuclear Engineering has several
ongoing research programs to investigate various thorium fuel cycles in LWRs and high-temperature, gas
cooled reactors.  Because of this current work, MIT is uniquely qualified to examine the modified 233U-
thorium fuel cycles for a PR-LWR.  The MIT Center for International Studies has conducted multiple
studies on nonproliferation and thus has the technical and institutional experience to extend this work to
a PR-MSR.

The Department of Nuclear Engineering at MIT, established in 1958, is the largest university program in
this area in the US, with 17 professors, 120 graduate students and 30 undergraduates.  Therefore, its
teaching and research activities cover a wide range of disciplines involved in the engineering of reactors
including: reactor physics and fuel management, reactor thermal hydraulics, nuclear materials and
structural engineering, reliability and risk assessment, chemical and waste technology, and economics
and policy analysis.  It has consistently been ranked number one in the field by the US News and World
report.  It was the first department to introduce a formal course on nuclear fuel management in 1972, on
nuclear waste management in 1977, and on proliferation and nuclear technology in 1980.

The University of Tennessee will lead all chemistry studies associated with the PR-MSR (Tasks 2 and 3). 
L. M. Toth is responsible for these activities. The University of Tennessee is a major land-grant public
university and has a national reputation in molten salt chemistry and in related areas. 

IRI, using its own funds, will conduct Japanese studies on the PR-MSR (Tasks 1, 2, and 3) as part of an
international cooperative effort. Dr. Mikio Kumagai is the contact for this activity.  IRI, a research
institute established in 1959 under the auspices of the Ministry of International Trade and Industry, is an
internationally respected think tank that does both analysis and laboratory work on advance technologies
related to energy resources.  It is supported by the government of Japan, electric utilities, and other
organizations.  The Chairman of the IRI Board is the chairman of the Tokyo Electric Power
Company—the largest private utility in the world and operator of many nuclear power plants.  The board
of directors includes the chairman of Japan Atomic Industrial Forum, Inc., the presidents of Hitachi,
Toshiba, and Mitsubishi (reactor vendors), and the president of the Central Research Institute of Electric
Power Industry (Japanese EPRI). The IRI has (1) significant research facilities, (2) unique capabilities to
access sources of information and policymakers in Japan and (2) functions as a think tank on nuclear
issues in Japan.
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CURRICULUM VITAE

CHARLES FORSBERG
OAK RIDGE NATIONAL LABORATORY

Education

University of Minnesota, Minneapolis                                  B.S.—1969, Chemical Engineering
Massachusetts Institute of Technology, Cambridge              M.S.—1971, Nuclear Engineering
Massachusetts Institute of Technology, Cambridge              Sc.D —1974, Nuclear Engineering

Professional Activities and Affiliations

Fellow, American Nuclear Society.
Member, American Association for the Advancement of Science
Member, American Institute of Chemical Engineers
Member, Materials Research Society
Member, U.S. Department of Energy 233U Team
Member, U.S. Department of Energy High-level Waste Technical Advisory Panel
Registered Professional Engineer (State of Tennessee)
Principal holder of eight U.S. patents

Highlights

Dr. Charles Forsberg is a senior staff member of ORNL.  His research areas are advanced reactors and
fuel CYCLES.  His doctorate thesis was on uranium enrichment technologies, and he has done
subsequent research on reprocessing, fuel fabrication, and other fuel-cycle technologies.  He has been the
program manager for several programs, including the developmental LWR program, which examined
inherently and passively safe LWRs.  He holds eight patents in the areas of passive safety systems for
power reactors, reprocessing, and waste treatment.

He is currently responsible for technical studies on disposition options for excess 233U.  As part of these
activities, Dr. Forsberg led the team that developed the technical basis for defining weapons-usable 233U
(>12 wt % 233U in 238U), which is based on isotopic composition.  He also developed the methodology to
define waste thresholds for 233U, that is, the concentration of 233U in waste at which safeguards may be
terminated because the 233U is practicably  unrecoverable. He is currently conducting studies on the
future uses of 233U for reactors and other applications.  Consequently, reviews of worldwide activities in
these areas are being completed.

Selected Publications (Total list is greater than 100 articles and reports)

C. W. Forsberg, “What is Non-Weapons-Usable Material?,” p. 62 in Trans. 1999 Winter American
Nuclear Society Meeting, Long Beach, California, November 14–18, 1999, Vol. 81, Am. Nuc. Soc.,
La Grange Park, Illinois.

C. W. Forsberg and L. C. Lewis, Uses For Uranium-233:  What Should Be Kept for Future Needs?,
ORNL/TM-6952, Oak Ridge National Laboratory, Oak Ridge, Tennessee, September 24, 1999.

C. W. Forsberg, E. C. Beahm, L. R. Dole, A. S. Icenhour, S. N. Storch, L. C. Lewis, and
E. L. Youngblood, Disposition Options for Uranium-233, ORNL/TM-13553, Oak Ridge National
Laboratory, June 1, 1999.
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C. W. Forsberg, “Fissile-Waste Management Constraints:  Safeguards and Criticality,” pp. 91–91 in
Trans. 1998 Winter Am. Nuc. Soc. Meeting, Washington, D.C., November 15–19, 1998, Am. Nuc. Soc.,
La Grange Park, Illinois.

C. W. Forsberg, “Recovery of Fissile Materials From Wastes and Conversion of the Wastes To Glass,” 
Nucl. Techno., 123, 341–349, September 1998.

C. W. Forsberg, “Plutonium Futures,” MIT Nuclear Systems Safety Course, Department of Nuclear
Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, July 23, 1998.

C. W. Forsberg, S. N. Storch, and L. Lewis, Uranium-233 Waste Definition:  Disposal Options,
Safeguards, Criticality Control, and Arms Control, ORNL/TM-13591, Oak Ridge National Laboratory,
Oak Ridge, Tennessee, July 7, 1998.

C. W. Forsberg, C. M. Hopper, J. L. Richter, and H.C. Vantine, Definition of Weapons-Usable
Uranium-233, ORNL/TM-13517, Oak Ridge National Laboratory, Oak Ridge, Tennessee, March 1998.

C. W. Forsberg, G. W. Parker, J. C. Rudolph, I. W. Osborne-Lee, and M. A. Kenton, “COMSORS:  A
Light-Water Reactor Chemical Core Catcher,” pp. 687–694 in Proc. 2nd International Topical Meeting
on Advanced Reactors Safety, Orlando, Florida, June 1–4, 1997, American Nuclear Society,
La Grange Park, Illinois, June 1997.

C. W. Forsberg, “Long-term Criticality Control in Radioactive Waste Disposal Facilities,” Nucl. Saf.
38(1), 60–69, January–March 1997.

C. W. Forsberg, E. C. Beahm, G. W. Parker, and K. R. Elam, “Conversion of Radioactive and Hazardous
Chemical Wastes into Borosilicate Glass Using the Glass Material Oxidation and Dissolution System,”
Waste Management, 16 (7), 615–-623, 1996.

C. W. Forsberg and J. C. Conklin, “Passive Cooling System with Temperature Control for Reactor
Containments,” Nucl. Technol. 116, 55–65, October 1996.

C. W. Forsberg, “Passive and Inherent Safety Technologies Applicable to Light-Water Reactors,”  Proc.
3rd Annual Former Soviet Union Nuclear Society Meeting, St. Petersburg, Russia,
September 14–18, 1992.

C. W. Forsberg, “A Water-Level Initiated Decay Energy Cooling System,” Nucl. Technol. 96, 229–235
(November  1991).

C. W. Forsberg and A. M. Weinberg, “Advanced Reactors, Passive Safety, and the Acceptance of
Nuclear Energy,” Annual Rev. of Energy, 15, 133–152, 1990.

C. W. Forsberg, et al., Proposed and Existing Passive and Inherent Safety-Related Structures, Systems,
and Components (Building Blocks) for Advanced Light-Water Reactors, ORNL-6554, Oak Ridge
National Laboratory, Oak Ridge, Tennessee, December 1989.

C. W. Forsberg, “Passive Emergency Cooling Systems for Boiling Water Reactors (PECOS-BWR),”
Nucl. Technol. 76, 185, January 1987.

C. W. Forsberg, “A Process-Inherent Ultimate Safety Boiling Water Reactor,” Nucl. Technol. 72,
121–134, February 1986.
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CURRICULUM VITAE

MARVIN MILLER
MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Marvin Miller retired in 1996 from the position of Senior Research Scientist in the Department of
Nuclear Engineering at Massachusetts Institute of Technology (MIT) after 20 years of service.  He is
now a research affiliate at both the MIT Center for International Studies, where he is a member of the
Security Studies Program, and the Department of Nuclear Engineering.  Before joining MIT in 1976, he
was a professor at Purdue University, where he conducted research on laser theory and applications.  At
MIT, his research has focused on arms control, particularly the prevention of nuclear nonproliferation,
and the environmental impacts of energy use.  In the nonproliferation area, his major regional interests
are the Middle East and South Asia.  He has also worked on issues such as international safeguards and
export controls on sensitive nuclear technologies, nuclear-powered submarines in non-nuclear weapons
states, the proliferation implications of the education and training of foreign nationals at U.S.
universities, the disposition of plutonium from retired nuclear weapons, and the future of nuclear power. 
From 1984 to 1986, Dr. Miller was a Foster Fellow with the Nuclear Weapons and Control Bureau of the
U.S. Arms Control and Disarmament Agency (ACDA).  Since then, he has been a consultant on nuclear
arms control issues for ACDA; the U.S. Department of State, the U.S. Department of Energy; and the
Argonne, Brookhaven, Los Alamos, and Oak Ridge National laboratories.

Selected Papers on Nuclear Power and Nuclear Arms Control

M. Miller, “The Nuclear Dilemma:  Power, Proliferation, and Development,” Technol. Rev., 81(6),
pp. 18–29, May 1979.

I. Papazoglou, E. Gyftopoulos, M. Miller, N. Rasmussen, and H. Raiffa, A Methodology for the
Assessment of the Proliferation Resistance of Nuclear Power Systems, MIT Energy Laboratory, Report
No. MIT-El 78-021, Cambridge, Massachusetts, September 1978.

J. Lamarsh and M. Miller, “University Training of Foreign Nationals:  A Route to Weapons
Proliferation?”  Bulletin of the Atomic Scientists, pp. 25–30, March 1980.

M. Miller, Heavy Water and Nonproliferation, MIT Energy Laboratory, Report MIT-EL 80-009,
May 1980.

M. Miller, M. Benedict, and G. Rathjens, Proliferation Implications of Advanced Isotope Separation
Methods for Uranium Enrichment, DOE/NE-0036, U.S. Department of Energy, Washington, D.C.,
April 1982.

M. Miller and C. Eberhard, The Potential for Upgrading Safeguards Procedures at Research Reactors
Fueled with Highly Enriched Uranium, U.S. Arms Control and Disarmament Agency, Washington, D.C.,
November 1982.

M. Miller, Safeguards Approach:  Heavy Water Production, Program for Technical Assistance to IAEA
Safeguards, Brookhaven National Laboratory, Upton, New York, ISPO-208, August 1984.
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M. Miller, “Nuclear-Powered Attack Submarines and the Proliferation of Nuclear Weapons,” pp.
153–164  in Averting a Latin American Nuclear Arms Race, eds. P. Leventhal and S. Tanzer, Macmillan,
Washington, D.C., 1991.

A. Cohen and M. Miller, “Nuclear Shadows in the Middle East:  Prospects for Arms Control in the Wake
of the Gulf Crisis,” Security Studies, (1) 1, pp. 54–77, Autumn 1991.

M. Miller, Are IAEA Safeguards on Plutonium Bulk-Handling Facilities Effective?,  The Nuclear Control
Institute, Washington, D.C., August 1990.

M. Miller, “Nuclear Power and Nuclear Proliferation,” pp. 445–460 in Proc. Conference on
Technologies for a Greenhouse-Constrained Society, Oak Ridge, Tennessee, June 11–13, 1991, eds., M.
A. Kuliasha, A. Zucker, and K. J. Ballew, Lewis Publishers, Ann Arbor, Michigan, 1992.

M. Miller and J. Ruina, “Going Nuclear in a Nuclear-Weapon-Free World:  The Breakout Problem,”
pp. 83–102 in A Nuclear-Weapon-Free World, A Pugwash Monograph, eds., J. Rotblat, J. Steinberger,
and B. Udgaonker, Westview Press, Boulder, Colorado, 1993.

F. von Hippel, M. Miller, H. Feiveson, A. Diakov, and F. Berkhout, “Eliminating Nuclear Warheads,”
Scientific American, 269 (2), pp. 44–51, August 1993.

M. Miller, “Weapons of Mass Destruction and Advanced Delivery Systems in the Middle East,” in
Powderkeg in the Middle East:  The Struggle for Gulf Security, eds. Geoffry Kemp and Janice Gross
Stein, Rowman, and Littlefield Publishers, Inc., Linham, Maryland, 1995.

M. Miller, “Technical Fixes and Public Acceptance of Nuclear Power:  The Disposal of Radioactive
Waste,” Breakthroughs, 6, pp. 20–24, Spring 1997.

L. Lidsky and M. Miller, “Nuclear Power and Energy Security:  A Revised Strategy for Japan,” Science
and Global Security, (in press).

M. Miller, “Acquisition of Weapons of Mass Destruction:  The Role of Scientists,” in Conference on
New Directions in Nonproliferation and Counterproliferation, Naval Postgraduate School,
Monterey, California, August 18–19, 1999, Nonproliferation Review, (in press).
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MUJID S. KAZIMI

ADDRESS

Department of Nuclear Engineering             Telephone No.       617/253-4206
Massachusetts Institute of Technology         Facsimile No.        617/258-8863
Room 24-205, Cambridge, MA 02139         Email:                   kazimi@mit.edu

PRINCIPAL FIELDS OF INTEREST

Engineering and safety analysis of nuclear power reactors, radioactive waste facilities, and fusion
technology.

EDUCATION

Massachusetts Institute of Technology       Ph.D.,    Nuclear Engineering   1973
Massachusetts Institute of Technology       M.S.,     Nuclear Engineering   1971
Alexandria University, Egypt                     B.Eng.,  Nuclear Engineering   1969

EMPLOYMENT

Massachusetts Institute of Technology, Cambridge, Massachusetts 1976–Present
Massachusetts Institute of Technology, Cambridge, Massachusetts 1976–Present

Professor of Nuclear Engineering 1986-present
Head, Department of Nuclear Engineering 1989-1997
Chair, MIT Reactor Safeguards Committee 1997-present
Co-Leader, MIT Summer Reactor Safety Course 1990-present
Leader:  Nuclear Fuel Cycle Economics and Environmental Mgt. Prog. 1996-present
Supervisor of 24 Ph.D. theses, 3 Engineer theses, and 37 S.M. theses
Teaching courses on Engineering of Nuclear Reactors and Nuclear Fuel Cycle

Brookhaven National Laboratory, Upton, New York 1974-1976
Westinghouse Electric Corporation, Madison, Pennsylvania 1973-1974

RECENT PROFESSIONAL ACTIVITIES EXTERNAL to MIT

Chairman, Severe Accident Working Group, Heavy Water Reactor NPR, U.S. DOE, 1990–1991.
Member, Committee to Review Severe Accident Experiments (Joint NRC, DOE and EPRI), 1992–1994.
Member, Technical Oversight Board for U.S. DOE/EM Independent Engineering Review of Major
   Projects, 1991–1993.
Member, Panel on Separations Technology and Transmutation Systems (STATS), National Research
   Council, 1991-1994.
Chairman, High-Level Waste Tank Advisory Panel, U.S. DOE 1990–1995 and  DOE-Richland,
   1998–present.
Chairman:  Review Panel of the Accelerator Transmutation of Waste (ATW) project, LANL, 1998.
Member of International Expert Review Group, ATW Roadmapping, DOE, 1999.
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Member, University Working Group as Advisory to Office of Nuclear Energy Science and Technology,
   DOE, 1997–1998.
Member, Technical Review Committee of the Fission Energy and Systems Safety Program, Lawrence
   Livermore National Laboratory, 1998.

PROFESSIONAL MEMBERSHIPS

Fellow American Nuclear Society.  Board of Directors of Northeast Chapter, 1978 and 1980.
American Society of Mechanical Engineers.
American Institute of Chemical Engineers.  Chairman of the Nuclear Heat Transfer Com., 1980–1983.
American Society for Engineering Education.
American Association for the Advancement of Science.

PUBLICATIONS

Author or co-author of over one hundred and fifty publications in technical journals and conference
proceedings and co-author of the textbook:  Nuclear Systems:  Volume I - Thermal Hydraulic
Fundamentals and Volume II - Elements of Thermal Hydraulic Design, Taylor and Francis, 1990.
Selected references listed below.

Garel, K. C. and M. J. Driscoll, “Fuel Cycle Optimization of Thorium and Uranium Fueled PWR
Systems,” MIT-EL-108, MITNE-204, October 1977.

A. Kamal, M. J. Driscoll, and D. D. Lanning, “The Selective Use of Thorium in PWRs in the
Once-Through Fuel Cycle,” Trans. Am Nucl. Soc. Vol. 39, November 1981.

M. J. Driscoll, “A Review of Thorium Fuel Cycle Work at MIT,” invited paper, Proc. US-Japan, Seminar
on the Thorium Fuel Cycle, Nar a, Japan, October 1982.

C. W. Kang and M. S. Kazimi, “Transuranic Inventory Reduction in Repository by Partitioning and
Transmutation,” Trans ANS, 69, 525–527, 1993.

C. S. Handwerk, M. J. Driscoll, N. E. Todreas, and M. V. MacMahon, “Economic Analysis of Extended
Operating Cycles in Existing LWRs,” MIT-NFC-TR-009, January 1998.

C. A. Bollman, X. Zhou, M. J. Driscoll, and M. S. Kazimi , “Analytical Determination of DUPIC Cycle
Fuel Utilization,” ICONE-6, San Diego, California, May 1998.

X. Zhao, M. Driscoll, M. S. Kazimi, “Rationale for Reconsideration of the Thorium Cycle in Light-Water
Reactors,” ANS Transactions, pp. 43–44, June 1999.

M. S. Kazimi and N. E. Todreas, “Nuclear Power Economic Performance:  Challenges and
Opportunities,” Annual Review Energy Environment, 24, 139–171, 1999.

M. S. Kazimi, K. R. Czerwinski, M. J. Driscoll, P. Hejzlar, and J. E. Meyer, “On the Use Of Thorium in
Light-Water Reactors,” MIT-NFC-TR-016, MIT Nuclear Engineering Dept., April 1999.

M. S. Kazimi, M. J. Driscoll, R. G. Ballinger, K. T. Clarno, K. R. Czerwinski, P. Hejzlar, P. J. LaFond,
Y. Long, J. E. Meyer, M. P. Reynard, S. P. Schultz, X. Zhao, “Proliferation Resistant, Low Cost,
Thoria-Urania Fuel for Light-Water Reactors,” MIT-NFC-TR-018, MIT Nuclear Eng. Dept., July 1999.
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CURRICULUM VITAE

LOUIS M. (Mac) TOTH
OAK RIDGE NATIONAL LABORATORY

Education

Louisiana State University, Baton Rouge B.S., 1963 Physics and Chemistry
University of California, Berkeley Ph.D., 1967 Chemistry

Louis M. (“Mac”) Toth is currently a consultant in actinide chemistry related to the nuclear fuel cycle,
specializing in both aqueous and molten salt chemistry.  The promotion of molten salt technology in
nuclear applications has been his goal in recent years, seeing applications in fission, fusion, accelerator-
driven and fuel processing technologies.  He was formerly a group leader in the Chemical Technology
Division at the Oak Ridge National Laboratory and now serves as adjunct professor in the Chemistry
Department, The University of Tennessee, Knoxville, where he directs graduate research and participates
in various consulting activities.  He has published over 100 scientific papers and holds one patent.

Selected Publications

L. M. Toth, J. P. Young, and G. P. Smith, “Diamond Windowed Cell for Spectroscopy of Molten
Fluoride Salts,” Anal. Chem. 41, 683, 1969.

L. M. Toth, “Coordination Effects on the Spectrum of Uranium(IV) in Molten Fluorides,” J. Phys. Chem.
75, 631 1971.

L. M. Toth, J. B. Bates, and J. E. Boyd, “Raman Spectra of Be2F7
3- and Higher Polymers of Beryllium

Fluorides in the Crystalline and Molten State,” J. Phys. Chem., 77, 216, 1973.

L. M. Toth, A. S. Quist, and G. E. Boyd, “Raman Spectra of Zirconium(IV) Fluoride Complex Ions in
Fluoride Melts and Polycrystalline Solids,” J. Phys. Chem. 77, 1384, 1973.

L. M. Toth and L. O. Gilpatrick, “The Hydrogen Reduction of UF4 in Molten Fluoride Solutions,”
J. Inorg. Nucl. Chem. 39, 1817, 1977.

L. M. Toth and B. F. Hitch, “Telluride Ion Chemistry in Molten Salts,” Inorg. Chem. 17, 2207, 1978.

L. M. Toth, L. K. Felker, R. D. Hunt, and R. R. Brunson, “Absorption Spectrum of UOCl2 in Molten
Chloride Salts,” Separation Sci. Technol. 28(1–3), 781, 1993.

L. M. Toth, “Aqueous and Pyrochemical Reprocessing for Actinide Fuels,” JOM, 35–39, February 1993.

L. M. Toth, M. Petek, D. G. Brown, G. E. Michaels, and B. C. Chakoumakos, “High Level Waste Form
Development for Molten Salt Waste Streams,” ORNL/TM-12515, Oak Ridge National Laboratory,
Oak Ridge, Tennessee.
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L. M. Toth, M. Petek, G. Michaels, and D. Brown, “Fluoride Removal from Molten Salt Solutions by
SiCl4 Sparging,” Sep. Sci. Techol. 1993.

L. M. Toth, G. D. Del Cul, S. Dai, and D. H. Metcalf, “Molten Fluoride Fuel Salt Chemistry,” Proc.
International
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CURRICULUM VITAE

LESTER PETRIE
OAK RIDGE NATIONAL LABORATORY

Education

Georgia Institute of Technology, Atlanta B.ChE., 1959 Chemical Engineering
Massachusetts Institute of Technology, Cambridge M.S., 1962 Nuclear Engineering
Massachusetts Institute of Technology, Cambridge Sc.D., 1965 Nuclear Engineering

Professional Activities and Affiliations

Member, American Nuclear Society
Member, Association for Computing Machinery
Affiliate Member, Institute of Electrical and Electronics Engineers

Highlights

Dr. Lester Petrie has been the group leader of the Criticality Safety Group of the Nuclear Engineering
Applications Section, Computational Physics and Engineering Division of ORNL for the past 25 years. 
He has specialized in neutral particle transport and the physics of criticality safety.  He has been in
charge of the development of the KENO series of Monte Carlo codes for determining criticality over this
time period. He has helped guide and implement the SCALE computer code system, which was
developed for the U.S. Nuclear Regulatory Commission to aid in license evaluations.

He served on the U.S. Department of Energy (DOE) Language Working Group from 1978 to 1984.  This
group developed extensions for DOE to the Fortran 77 language standard, most of which were later
adopted as part of the Fortran 90 standard.  He was a member of the Organization for Economic Co-
operation and Development (OECD) Criticality Calculations Working Group from 1986 to 1990.  Studies
of this group demonstrated the limitations in the SCALE system at that time, and eventually led to the
development of CENTRM computer code for resonance self-shielding.  He is currently a member of the
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(R&D) regarding the nuclear reactors, fuel cycles, and safety for over 40 years.  His doctorate thesis was
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of Reactor Safety, 1965 to 1981; Central Comm. on Evaluation of Environmental Radiation, 1975 to
1999; etc.  He received a prize for his contributions to nuclear safety administration from the minister of
Science and Technology Agency.
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Dr. Yasuo Hirose started his nuclear career by conducting research on UO2 pellet fabrication in the
Hitachi Research Laboratory, after five years of research on carbonization-graphitization at the
Resources Research Institute.  He was a visiting scientist at Oak Ridge National Laboratory between
1964 and 1965 at which time he studied thorium utilization and the spent fuel evaluation technology.  His
endeavor for studying in the vibratory compacted ceramic fuel culminated in his Ph.D. thesis.  His
interest in the in-pile behavior of LWR fuel drove him for organizing a project constructing and operating
a hot laboratory big enough to accept a full LWR fuel bundle for post irradiation examination.  His
expanded experience in the hot experimental work brought him success as the project manager in remote
repairing work for the damaged spent fuel dissolvers in Tokai reprocessing plant of PNC.  When Hitachi,
Ltd., was assigned to supply HALW evaporators to the Japanese commercial reprocessing plant, he
organized research project to establish corrosion control technology, he was particularly interested in the
behavior of fission products.  Waste reduction by using waste as resources symbolizes his recent activity. 
He intended to use electrochemical means for radioactive waste treatment as far as possible.  He retired
from Hitachi, Ltd., after 40 years service in April 1999 and joined with the Institute of Research and
Innovation as a research advisor.  He holds at least 20 Japanese patents and 5 U.S. patents.
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FACILITIES AND RESOURCES

ORNL, MIT, and UT have the facilities and resources to complete all necessary work associated with
this proposal (See ORGANIZATION AND QUALIFICATIONS).  

ORNL is the national repository for the long-term storage of 233U.  ORNL  currently (1) processes 233U to
recover the medical isotope 213Bi, (2) is responsible for the DOE 233U disposition program, (3) is
developing molten salt chemistry to recover 233U from the MSRE salt and convert to an oxide for long-
term storage, and (4) is conducting several other ongoing research programs on molten-salt chemistry and
properties for other applications.  Consequently, the facilities and resources are available.

MIT is conducting multiple reactor and proliferation studies and has the facilities and resources to
examine a PR-LWR.  In the seventies, the department was involved in the ERDA/DOE programs
evaluating the utilization of uranium and thorium in light water reactors which were part of the NASAP
and INFCE activities. A dozen or so graduate students, working with professors Driscoll, Lanning and
Rose, carried out a variety of investigations including: bench marking the reactor physics methods
against critical assembly data, evaluation of core and fuel cycle design alternatives in LWRs and
innovative reactor and fuel cycle concepts.  In particular, optimization of fuel management in once
through fuel cycles was studied, including variation of the fuel to moderator ratio and the use of different
mixtures of uranium and thorium. The work also involved analysis of the effects of thorium use on parts
of the fuel cycle outside the reactor core.  However, these studies were performed for the fuel burnup
conditions of 30 MWD/kg tolerated by the LWR fuel at the time.

In 1996 the department established the Nuclear Fuel Cycle Economics and Environmental Management
Program under the direction of Professor Kazimi with the participation of several other Professors.  The
program involves studies of four fuel cycle options: (1) The ultra long fuel cycle, (2) the dry recycling of
LWR fuel, (3) the thorium-uranium fuel cycle and (4) transmutation by reactors.  This is a multi-year
research effort which has produced more than a fifteen theses already. The department is  investigating
multiple thorium fuels for LWRs including aspects of the Radkowsky fuel concept in collaboration with
BNL.  This recent work provides the foundation for studies on a PR-LWR as proposed herein.

The University of Tennessee has historically had a strong program in molten salt chemistry.  It has the
appropriate laboratories, computers, library resources, and staff in this area of science. 
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BUDGET

The budget summary is shown below with the detailed tables on the following pages. The section
numbers in the table refer to the tasks described in Section 5 of the Program Description. The
organization responsible for each activity is also shown. The total work will require 3 years with the 
budget below is shown for each year from the time the monies are initially received.

Cost breakdown by year and organization ($1000)

                Task                         Institution         Year 1          Year 2        Year 3      Subtotal      Total

1. Quantification of
proliferation resistance

ORNL
MIT

100
  50

  25
  50   50

  125
  150

  225

2. PR-MSR pre-
conceptual design

ORNL
UT

200
  50

175
 50

  75
  25

  450
  125

  575

3. PR-MSR waste and
safety systems

ORNL
UT

  50 100
  25

150
  25

  300
    50

  350

4. PR-LWR MIT   50  75 100   225   225

5. Economics ORNL   75     75     75

Total 500 500 500   1500 1500
aORNL is Oak Ridge National Laboratory, UT is The University of Tennessee, and MIT is the Massachusetts Institute of Technology.

The budgets for (1) Oak Ridge National Laboratory, (2) the Massachusetts Institute of Technology, and
(3) the University of Tennessee are shown on the following  DOE F.4620.1 forms.  For each institution,
the costs for each year (three sheets) and the total costs (one sheet) are shown. There are also tables of
explanation of various expenditures.  

As required in the RFP, the funds would be sent to ORNL and ORNL would then subcontract to MIT and
UT.  The ORNL cost sheets therefor include these subcontract costs.  Consequently, ORNL costs and
total program costs are identical.    

No cost information is provided for the Institute of Research and Innovation (Japan).  This work is
supported by IRI funds, not DOE funds.  With IRI as a partner, there are funds for ORNL foreign travel
in the ORNL cost sheets to support program coordination and information transfer.  Actual travel will
depend upon the final agreement between ORNL and IRI and concurrence by DOE.  
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G. OTHER DIRECT COSTS

1. MATERIALS AND SUPPLIES $7,000
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER (ADPE) SERVICES

5. SUBCONTRACTS $151,000
6. OTHER $129,000

TOTAL OTHER DIRECT COSTS $287,000
H. TOTAL DIRECT COSTS  (A THROUGH G) $421,000
I. INDIRECT COSTS  (SPECIFY RATE AND BASE)

TOTAL INDIRECT COSTS $79,000
J. TOTAL DIRECT AND INDIRECT COSTS  (H+I) $500,000
K. AMOUNT OF ANY REQUIRED COST SHARING FROM NON-FEDERAL SOURCES

L. TOTAL COST OF PROJECT  (J+K) $500,000
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Oak Ridge National Laboratory
PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR Requested Duration: 12 (Months)

Charles W. Forsberg Year 2

A. SENIOR PERSONNEL: PI/PD, Co-PI's, Faculty and Other Senior Associates DOE Funded

     (List each separately with title; A.6. show number in brackets) Person-mos. Funds Requested Funds Granted

CAL ACAD SUMR by Applpicant by DOE

1. Forsberg 2.50 $17,000
2. Williams 2.50 $20,000
3. Hopper/Petrie 7.20 $44,000
4.

5.

6. ( )  OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE)

7. ( )  TOTAL SENIOR PERSONNEL  (1-6) 12.20 $81,000
B.  OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS)

1. ( )  POST DOCTORAL ASSOCIATES

2. ( )  OTHER PROFESSIONAL (TECHNICIAN, PROGRAMMER, ETC.)

3. ( )  GRADUATE STUDENTS

4. ( )  UNDERGRADUATE STUDENTS

5. ( )  SECRETARIAL - CLERICAL

6. ( X )  OTHER (Labor Burden) $3,000
TOTAL SALARIES AND WAGES (A+B) $84,000

C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) $35,000
TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A+B+C) $119,000

D. PERMANENT EQUIPMENT  (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM.) 

TOTAL PERMANENT EQUIPMENT

E. TRAVEL  1.  DOMESTIC  (INCL. CANADA AND U.S. POSSESSIONS) $5,000
2.  FOREIGN $10,000

TOTAL TRAVEL $15,000
F. TRAINEE/PARTICIPANT COSTS

1. STIPENDS  (Itemize levels, types + totals on budget justification page)

2. TUITION & FEES

3. TRAINEE TRAVEL

4. OTHER  (fully explain on justification page)

TOTAL PARTICIPANTS                                     ( ) TOTAL COST

G. OTHER DIRECT COSTS

1. MATERIALS AND SUPPLIES $16,000
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER (ADPE) SERVICES

5. SUBCONTRACTS $201,000
6. OTHER $71,000

TOTAL OTHER DIRECT COSTS $288,000
H. TOTAL DIRECT COSTS  (A THROUGH G) $422,000
I. INDIRECT COSTS  (SPECIFY RATE AND BASE)

TOTAL INDIRECT COSTS $78,000
J. TOTAL DIRECT AND INDIRECT COSTS  (H+I) $500,000
K. AMOUNT OF ANY REQUIRED COST SHARING FROM NON-FEDERAL SOURCES

L. TOTAL COST OF PROJECT  (J+K) $500,000
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Oak Ridge National Laboratory
PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR Requested Duration: 12 (Months)

Charles W. Forsberg Year 3

A. SENIOR PERSONNEL: PI/PD, Co-PI's, Faculty and Other Senior Associates DOE Funded

     (List each separately with title; A.6. show number in brackets) Person-mos. Funds Requested Funds Granted

CAL ACAD SUMR by Applpicant by DOE

1. Forsberg 2.70 $18,000
2. Williams 2.70 $21,000
3. Hopper/Petrie 7.50 $48,000
4.

5.

6. ( )  OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE)

7. ( )  TOTAL SENIOR PERSONNEL  (1-6) 12.90 $87,000
B.  OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS)

1. ( )  POST DOCTORAL ASSOCIATES

2. ( )  OTHER PROFESSIONAL (TECHNICIAN, PROGRAMMER, ETC.)

3. ( )  GRADUATE STUDENTS

4. ( )  UNDERGRADUATE STUDENTS

5. ( )  SECRETARIAL - CLERICAL

6. ( X )  OTHER (Labor Burden) $3,000
TOTAL SALARIES AND WAGES (A+B) $90,000

C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) $38,000
TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A+B+C) $128,000

D. PERMANENT EQUIPMENT  (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM.) 

TOTAL PERMANENT EQUIPMENT

E. TRAVEL  1.  DOMESTIC  (INCL. CANADA AND U.S. POSSESSIONS) $5,000
2.  FOREIGN $10,000

TOTAL TRAVEL $15,000
F. TRAINEE/PARTICIPANT COSTS

1. STIPENDS  (Itemize levels, types + totals on budget justification page)

2. TUITION & FEES

3. TRAINEE TRAVEL

4. OTHER  (fully explain on justification page)

TOTAL PARTICIPANTS                                     ( ) TOTAL COST

G. OTHER DIRECT COSTS

1. MATERIALS AND SUPPLIES $6,000
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER (ADPE) SERVICES

5. SUBCONTRACTS $201,000
6. OTHER $67,000

TOTAL OTHER DIRECT COSTS $274,000
H. TOTAL DIRECT COSTS  (A THROUGH G) $417,000
I. INDIRECT COSTS  (SPECIFY RATE AND BASE)

TOTAL INDIRECT COSTS $83,000
J. TOTAL DIRECT AND INDIRECT COSTS  (H+I) $500,000
K. AMOUNT OF ANY REQUIRED COST SHARING FROM NON-FEDERAL SOURCES

L. TOTAL COST OF PROJECT  (J+K) $500,000
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Oak Ridge National Laboratory
PRINCIPAL INVESTIGATOR/PROJECT DIRECTOR Requested Duration: 36 (Months)

Charles W. Forsberg Summary

A. SENIOR PERSONNEL: PI/PD, Co-PI's, Faculty and Other Senior Associates DOE Funded

     (List each separately with title; A.6. show number in brackets) Person-mos. Funds Requested Funds Granted

CAL ACAD SUMR by Applpicant by DOE

1. Forsberg 7.9 $52,000
2. Williams 7.9 $61,000
3. Hopper/Petrie 22.2 $136,000
4.

5.

6. ( )  OTHERS (LIST INDIVIDUALLY ON BUDGET EXPLANATION PAGE)

7. ( )  TOTAL SENIOR PERSONNEL  (1-6) 38.00 $249,000
B.  OTHER PERSONNEL (SHOW NUMBERS IN BRACKETS)

1. ( )  POST DOCTORAL ASSOCIATES

2. ( )  OTHER PROFESSIONAL (TECHNICIAN, PROGRAMMER, ETC.)

3. ( )  GRADUATE STUDENTS

4. ( )  UNDERGRADUATE STUDENTS

5. ( )  SECRETARIAL - CLERICAL

6. ( X )  OTHER (Labor Burden) $9,000
TOTAL SALARIES AND WAGES (A+B) $258,000

C. FRINGE BENEFITS (IF CHARGED AS DIRECT COSTS) $108,000
TOTAL SALARIES, WAGES AND FRINGE BENEFITS (A+B+C) $366,000

D. PERMANENT EQUIPMENT  (LIST ITEM AND DOLLAR AMOUNT FOR EACH ITEM.) 

TOTAL PERMANENT EQUIPMENT

E. TRAVEL  1.  DOMESTIC  (INCL. CANADA AND U.S. POSSESSIONS) $15,000
2.  FOREIGN $30,000

TOTAL TRAVEL $45,000
F. TRAINEE/PARTICIPANT COSTS

1. STIPENDS  (Itemize levels, types + totals on budget justification page)

2. TUITION & FEES

3. TRAINEE TRAVEL

4. OTHER  (fully explain on justification page)

TOTAL PARTICIPANTS                                     ( ) TOTAL COST

G. OTHER DIRECT COSTS

1. MATERIALS AND SUPPLIES $29,000
2. PUBLICATION COSTS/DOCUMENTATION/DISSEMINATION

3. CONSULTANT SERVICES

4. COMPUTER (ADPE) SERVICES

5. SUBCONTRACTS $553,000
6. OTHER $267,000

TOTAL OTHER DIRECT COSTS $849,000
H. TOTAL DIRECT COSTS  (A THROUGH G) $1,260,000
I. INDIRECT COSTS  (SPECIFY RATE AND BASE)

TOTAL INDIRECT COSTS $240,000
J. TOTAL DIRECT AND INDIRECT COSTS  (H+I) $1,500,000
K. AMOUNT OF ANY REQUIRED COST SHARING FROM NON-FEDERAL SOURCES

L. TOTAL COST OF PROJECT  (J+K) $1,500,000
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Justification and Explanation for ORNL Budget

Cost estimates presented in this proposal have been reclassified in order to be comparable to other
research institution’s proposals.  At Oak Ridge National Laboratory (ORNL), actual costs will be
collected and reported in accordance with the DOE-approved cost accounting system.  Total costs
presented in this proposal and actual cost totals will be equivalent as will the subtotal of direct and
indirect costs.

A.  Senior Personnel

Charles W. Forsberg will lead the project, develop the basis for quantifying proliferation
resistance for different mixtures of plutonium and uranium isotopes (Task 1), and develop the
basis for the waste and safety systems (Task 3).

Dave Williams will develop the basic salt processing flowsheets (Task 2)

Calvin Hopper and Lester Petrie will jointly conduct the neutronics analysis associated with
defining the proliferation resistance of different mixtures of plutonium and uranium isotopes 
(Task 1) and optimization of the reactor core to minimize quantities of weapons-usable materials
(Task 2)

B.  Other Personnel

6. Other: Labor Burden of 2.9% is applied on labor cost in years 1-3

C.  Fringe Benefits

Fringe benefits of 44.9% is applied on labor cost in years 1-3.

E.  Travel

Domestic travel includes one conference ($2,500), one coordination and information exchange
meeting with MIT ($1,900) and one meeting with the sponsor ($600) per year. MIT is a partner
in the proposal.

Foreign travel includes 2 person-trips per year to the Institute of Research and Innovation in
Japan.  This is to coordinate activities (IRI provides its own funding) and exchange information. 
The number of trips is subject to the final agreement between ORNL and IRI, the level of
cooperation and DOE concurrence.

G.  Other Direct Costs

1. Materials & Supplies.  Miscellaneous materials. In year 2, several small proof of principle
experiments on flowsheets are planned. The materials are for these experiments.  The materials
& supplies cost includes a material handling fee of 12.16% for all three years
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5.  Subcontracts.  The RFP requires that NERI funds be sent to ORNL and ORNL distribute the
funds to the proposal partners. The subcontracts are to the University of Tennessee and the
Massachusetts Institute of Technology for work as defined in this proposal. 

Year 1 
UT (50K)
MIT (100K)

Year 2
UT (75K)
MIT (125)

Year 3 
UT (50K)
MIT (150K)

In addition to the base cost, all subcontract cost has an ORNL subcontract administration fee of .63%
for all three years.

6.  Other

Use of cost collection centers  in ORNL R&D divisions is the approved method for collection
and distribution of costs related to direct effort.  These accounts are established to collect costs
associated with personnel engaged in a single operation or several closely related operations. 
The objective is to establish uniformity and compatibility in recording, distribution, and
reporting direct effort for all ORNL R&D divisions.  The types of cost which can be charged to
cost collection centers are division administration, and general materials/services costs, including
but not limited to, telecommunications, word processing, and copying, which are not directly
attributable or chargeable to R&D projects.  Division administration costs include managerial,
technical, and administrative oversight and support activities provided for the general benefit of a
division.  

The labor and fringe components have been estimated and reported in items A-C.  The
organization and administrative burden components have been estimated and are being reported
in item G.6.  Inclusion of these costs is necessary to provide a full accounting of estimated cost
for the proposed project period.  All costs will be collected and reported in ORNL’s cost
accounting system, as approved by DOE.

In addition, the forward-financing and commitment requirements are also reported in item G.6.

I.  Indirect Costs

Indirect costs include ORNL Common Site Support and General and Administrative Support and is
applied on a value-added base.


















