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Executive Summary

Accelerator-driven systems for fissile materials production have been proposed and studied
since the early 1950s. Recent advances in beam power levels for small accelerators have raised the
possibility that such use could be feasible for a potential proliferator. The objective of this study is
to review the state of technology development for accelerator-driven spallation neutron sources and
subcritical reactors.* Energy and power requirements were calculated for a proton accelerator-driven
neutron spallation source and subcritical reactors to produce a significant amount of fissile
material—plutonium.

This study determined lower limits on key parameters of the accelerator which affect plutonium
production— namely, particle beam current (or power) and particle energy. Analyses were performed
to determine the plutonium production capability of a proton accelerator as a spallation neutron
source for driving neutron multiplication in a subcritical reactor containing source material. The
study focused on subcritical reactors composed of natural uranium-fueled, thermal neutron lattices
including those typical of both production and commercial power reactors. The technology
associated with natural uranium blankets is in publicly available literature and would be readily
available to proliferators. Two kilograms per year was set as the reference amount for production
of plutonium in the reactor. This was chosen to coincide with the international convention for
physical protection of Category I—High Strategic Significance nuclear material.

The analyses show that, depending principally upon the lattice configuration and the proton
energy, accelerators with proton energies of 1.0 giga electron volts (GeV) and operating at beam
power levels of 50-100 kW can practicably produce 2 kg/year of plutonium. At lower proton
energies (i.e., around 0.15 GeV) where the production of neutrons by spallation falls to
approximately one neutron per proton, the beam power requirement rises to several hundred
kilowatts to produce 2 kg/year of plutonium.

Medium-energy particle accelerators, including cyclotrons, are feasible for producing
plutonium. Several known commercial accelerator design consultants may be capable of designing
suitable systems. These accelerators need to be enhanced by higher levels of blanket multiplication
in order to produce the quantities of plutonium that are of concern to this study. For small blanket
lattices containing 25 metric tons (MT) of natural uranium, which is approximately the same loading

* Note on terminology: The report refers to “subcritical reactor” in describing a device that maintains an
intense neutron flux level when driven by an external neutron source. It has characteristics intermediate
between a conventional reactor able to sustain neutron multiplication without continuing external
neutrons and a subcritical facility unable to sustain the fission process. A subcritical reactor can multiply
neutrons from the external source to attain neutron flux levels and fission power otherwise attainable only
in a nuclear reactor. Other related terms used in this report come from historical usage in reactor physics
and engineering; they include the term “electronuclear breeder,” coined in the 1950s to describe the
accelerator/subcritical reactor concept, and terms describing the building blocks of reactors (e.g., “piles,”
“lattices™).




Minimum beam power for plutonium production of 2 kg/year
assuming no reactivity feedback in the blanket
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as would be expected in a small, low-power, graphite-moderated research reactor, the use of an
optimally configured light-water-moderated blanket lattice produces the minimum value of required
beam power. The estimated minimum beam power, as a function of beam energy, required to
produce 2 kg/year of plutonium using an optimally configured, light-water-moderated lattice loaded
with 25 MT of natural uranium ranges from 60 kW at 1 GeV to 350 kW at 0.15 GeV. No accounting
has been made for small negative reactivity feedbacks that tend to increase the required beam power
to compensate for reduced lattice multiplication. The estimate of minimum beam power depicted in
the figure provides a lower bound for the accelerator required to drive a subcritical production lattice
that would be of a size and uranium mass nearest that of the smallest critical production reactor using
graphite as a moderator.

The authors believe that the calculations presented herein are of sufficient accuracy for the
purposes of the present study. However, other factors to take into account for further refinement of
the calculations are technical aspects of the target design (such as net neutron production from
spallation, multiplication of neutrons in target material, and the target system neutron leakage) and
of the blanket design (such as blanket lattice multiplication; plutonium production efficiency, in the
blanket lattice; and reactivity feedbacks in the blanket, including xenon-135 production and
increased temperatures if the blanket is operated at high power densities).

The analyses suggest that production of significant quantities of plutonium with a proton
accelerator-driven system may be feasible for a proliferant nation, given the estimated beam energy
level and power requirements. Additional aspects to consider in an overall feasibility assessment
include critical equipment and technologies required for such systems and their overall availability,
either through indigenous development or importation, to a proliferant nation.
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1. Introduction

Accelerator applications in basic scientific research and isotope production have led to advances
in the beam power levels attainable in smaller units. An accelerator-driven spallation neutron source
coupled with a subcritical assembly of source material is capable of producing fissile material for
nuclear weapons. Because recent advances in the field of accelerator design have led to smaller,
more capable accelerators, concerns have been raised regarding possible uses of accelerators in
programs of proliferation concern. Large-scale accelerators may potentially be used as the key
component of an electronuclear breeder facility, which is a combination of a subcritical reactor and
a strong neutron source created by an accelerator-driven neutron spallation source; advanced nuclear
nations in Europe and elsewhere are currently evaluating such concepts. The technology for building
subcritical reactors composed of natural uranium—fueled thermal neutron lattices including those
typical of both production and commercial power reactors with natural uranium blankets is in the
public domain and would be readily available to proliferators.

The Nuclear Transfer and Supplier Policy Division of the U.S. Department of Energy is
conducting a study of the proliferation potential of accelerator systems drawing upon technical staff
of Argonne National Laboratory (ANL), Los Alamos National Laboratory (LANL), and Oak Ridge
National Laboratory (ORNL). The team was tasked to provide approximate estimates of the
requirements for an accelerator to produce 2 kg of plutonium-239 (***Pu) per year. Two kilograms
per year was chosen to agree with the amount of plutonium recognized by international convention
for physical protection as Category I—High Strategic Significance material (Annex II,
“Categorization of Nuclear Material,” INFCIRC/274/Rev. 1, May 1980).

The specific thrust of the present effort has been to perform analyses of a number of possible
accelerator systems with and without subcritical reactors. This report presents an overview of the
first phase of the accelerator study. The conclusions thus far are presented after describing the
assumptions and analysis techniques used by ORNL and ANL in their independent work.




2. Historical Perspective on Fertile-to-Fissile Materials Conversion
and Breeding Using Accelerator-Driven Systems

The use of accelerator-driven systems to convert fertile materials into fissile materials or to
breed fissile materials is not a new idea. The first man-made plutonium was produced in 1940 using
a deuteron accelerator and a natural uranium target. The work of E. O. Lawrence and others at
Livermore starting in 1947 led the United States to sponsor an initially classified project directed
toward building an accelerator for the production of weapon-grade fissile material in competition
at the time with proposed new production reactors then planned for Hanford and Savannah River [1].
The MTA (or Materials Testing Accelerator) Project [2] ended in 1954 when it was concluded by
the U.S. Atomic Energy Commission that the technology was not available at that time to build such
a device. The project documentation was declassified in 1957. Starting in the 1950s and into the
1980s, Canada studied the possibility of energy production and breeding in accelerator-driven (or
electronuclear) subcritical fast reactors [3—5]. Russian scientists initiated studies of the feasibility
of electronuclear fuel production in the late 1960s and early 1970s [6, 7]. In the 1970s and 1980s,
similar studies of accelerator-driven fast breeders were conducted by the United States [1] at its
National Laboratories, including Argonne [8], Brookhaven [9, 11], Lawrence Livermore [12], Los
Alamos [13, 14] and Oak Ridge [15-17]. Today, some of the U.S. National Laboratories [18], Russia
[19], Europe [20], Japan [21], and South Korea are studying very similar accelerator-driven fast
neutron target/blanket systems for various other missions, including plutonium disposition and
actinide waste transmutation [22].

The results of U.S. studies in the late 1970s determined that an accelerator-driven sodium-
cooled fast breeder blanket of stainless steel—clad uranium oxide pellets would be capable of
producing about 1000 kg/year of plutonium but would require an accelerator producing 1.0-GeV
protons at a current of 300 mA with a total power requirement for the facility of 628 MW (300 MW
in the beam). Currently, both Europe and the United States are designing new 1.0- to 1.3-GeV proton
research accelerators as pulsed neutron sources that are capable of operating with beam powers of
1-5 MW. The United States and France are also both developing high-power accelerators for tritium
production {23, 24]. The initial concept for the U.S. design of a tritium production accelerator was
based on using a 1.0-GeV proton, 200-mA beam capable of operating at a continuous beam power
of 200 MW. That concept is now reportedly being changed to a 1.7-GeV proton, 100-mA beam
capable of operating at a continuous beam power of 170 MW but producing approximately the same
net number of neutrons from primary and secondary spallation due to the higher particle energy.
Although the planned accelerator projects approach the levels of beam power needed for producing
significant quantities of plutonium in fast neutron breeder blankets, it should be noted that scaling
~ up the beam power on an accelerator has many more uncertainties than scaling up the power on a

reactor.

Recently, Russia has proposed using an accelerator as a means to dispose of plutonium. Using
off-the-shelf graphite reactor technology, the Russian proposal would use an accelerator to drive a




subcritical thermal neutron reactor [25, 26]. What has not been addressed in previous studies of
accelerator-driven fast neutron breeders or in the recent Russian proposal for an accelerator-driven
thermal neutron reactor for plutonium disposition is whether an accelerator-driven, thermal
neutron—multiplying converter blanket poses a proliferation risk by bypassing existing export
controls on reactor materials such as nuclear-grade graphite and heavy water. In essence, it must be
determined whether existing or very-near-term technologies for proton, deuteron, or heavy ion
accelerators provide a sufficient neutron source to produce weapon-grade plutonium in a neutron-
multiplying converter blanket of natural uranium metal moderated by non-nuclear-grade graphite

or light water.




3. lon-Accelerator Systems

The principal stages of an ion-accelerator system able to produce materials for nuclear weapons
are (1) the ion source/injector assembly, (2) the various acceleration stages, and (3) the post-
acceleration stage composed of the beam transport system and the target. Power supplies and
computer-based control systems are needed to operate each of these stages. Accelerator systems have
a few key parameters which best describe their capabilities succinctly: the final energy of the
accelerated particle, the ion accelerated (mass and charge), and the useful average beam current. The
beam power is the product of the energy of the accelerated particle and the useful average beam
current. Large-scale accelerators may potentially be used as the key component of an electronuclear
breeder facility, which is a combination of a subcritical reactor and a strong neutron source created
by an accelerator-driven neutron spallation source to drive the reactor to high power. Like a
commercial power reactor, nuclear heat from an electronuclear breeder can be turned into steam and,
subsequently, into electrical power to drive the accelerator (this is known as power regeneration).
In this application, protons (mass 1, charge 1) or deuterons (mass 2, charge 1) are accelerated to an
energy on the order of 1 GeV and impinge upon a suitably designed target material such as lead,
lead-bismuth, mercury, uranium, or thorium. Heavy metals are most typically used as target
materials due to lower nuclear binding energies with increasing atomic mass, leading to an increase
in neutron yield per unit of beam energy invested.

The process of transmuting materials such as lithium into tritium, and uranium into plutonium,
is very energy-intensive. If every accelerated ion were to yield a product atom, about
97,000 coulombs of electrical charge would be required to yield 1 mole of product (e.g., 3 g of
tritium, 239 g of 2>?Pu). A coulomb [the Standard International (SI) unit of charge] is the charge
carried by 1 ampere (A) in 1 second. This amount of charge can be delivered at a current of 1 mA
in 27,000 hours, or 3.08 years. The effective yield depends on the nuclear cross sections of the
processes being used. The nuclear cross sections are, in general, strongly dependent upon the energy
of the accelerated ion, as well as on the choice of ion. The yield of neutrons per spallation event is
roughly linear with the energy of the incident charged particle, above about 0.3 GeV. Optimization
of yield per unit cost is a principal factor in choosing the energy of the output beam. For ion
accelerators considered in this study, the yield of neutrons per spallation increases with
energy—favoring the highest energy achievable. But one can trade off beam current with maximum
beam energy: twice the beam current with half the beam energy will still produce the same yield,
provided that the reduced beam energy is above about 0.3 GeV. However, as the energy of the output
(accelerated) beam increases, the size of the accelerator increases, as does its fabrication and
operating costs. Beam power is the product of beam current and particle energy. Therefore, an
accelerator which provides a 100-MeV, 0.005-A beam, while operating at 25% efficiency, requires
2.0 MW of electrical grid power. In the beam energy range of interest for this study, at a given
energy, an accelerator has a peak current beyond which it is not feasible to operate. Hence, beam
current and accelerated ion energy are closely intertwined by physical design constraints, rather than
being simply parameters. Advances in the state of the art continue to push the design constraints.




4. Summary of the Technical Investigations

Technical investigations were performed independently by Oak Ridge National Laboratory
(ORNL) and Argonne National Laboratory (ANL). The work addressed the feasibility and capability
of existing and near-term accelerators to produce up to 2 kg of weapon-grade plutonium annually.
The ORNL results were aimed at defining maximum possible yields from a few selected subcritical
designs including lattices very similar to those used in previous production reactors. The ANL
results were aimed at determining the performance of a very simple design using light water coolant
with natural uranium oxide rods in a typical light water reactor (LWR) lattice without optimization
(i.e., without designing for the best pin size, the best lattice pitch, and so forth, to maximize
reactivity and subcritical multiplication). Consequently, the ORNL results predicted substantially
less beam power or neutron source strength than was predicted by the ANL results to produce
2 kg/year. The two sets of results are therefore complementary, because the study approaches were
complementary.

4.1 ORNL Technical Investigations

Nuclear physics calculations were performed such that rough estimates could be made of the
accelerator sizes (in terms of power: particle energy times current) required to produce 2 kg of
weapon-grade plutonium annually. Since 2 kg of 23°Pu corresponds to 5 x 10?* atoms, a production
rate of 1.6 x 10!7 atoms/second is required. In an ideal world, that is, one in which no losses of 2°Pu
occur either because of nuclear absorption during production or because of chemical losses during
reprocessing or extraction, the required neutron capture rate in uranium-238 (*33U) would be equal
to the required production rate of 23°Pu. Thus, without any additional neutron production through
multiplication (i.e., fission neutrons), an accelerator and target capable of producing 1.6 x 107
neutrons/second would be required.

A current state-of-the-art, high-power, high-energy accelerator would be similar to the 1-GeV
proton accelerator currently under consideration for the National Spallation Neutron Source (NSNS).
An accelerator equivalent to the NSNS will be capable of producing approximately 40 neutrons from
each 1-GeV proton incident on a natural uranium target [27]. If each of these neutrons were captured
in 238U, a proton current of 640 pA or an equivalent beam power of 0.64 MW would be required to
produce 2 kg of weapon-grade plutonium annually. On the other hand, a low-energy (but highest
power offered) commercially available 150-MeV proton accelerator producing one neutron per
proton would be required to operate with a proton current of 26 mA and an equivalent beam power
of 3.85 MW. The initial operating power of the NSNS is to be 1 MW. State-of-the-art low-energy
proton accelerators operate with currents on the order of a few milliamperes. Thus, without
additional neutron production or “multiplication,” a high-energy accelerator design approaching
current state of the art or a low-energy accelerator design an order of magnitude beyond currently
available technology would be required to produce 2 kg of weapon-grade plutonium annually even
under perfect conditions.



ORNL Study Assumptions

ORNL technical investigations addressed (1) the neutron physics of relatively low-technology,
multiplying-production blankets using unregulated moderator materials and natural uranium and
(2) existing and near-term accelerators that can produce the neutron source necessary for feasible
production in low-technology blankets. Use of unregulated moderator materials was assumed since
potential proliferators would use accelerators to bypass the regulatory controls on nuclear-grade
graphite and heavy water, which would be the preferred choices for use in production reactors.

The specific thrust of the ORNL effort was to perform a cursory, parametric analysis of a
number of possible blanket or neutron multiplying assemblies subject to several constraints on the
potential proliferator. These constraints are that (1) enriched uranium (at any enrichment level) is
not available or attainable as a fissile material and (2) nuclear-grade graphite and/or heavy water are
not available or attainable as moderating materials. Consistent with current export controls, nuclear-
grade graphite is defined as graphite containing less than 5 ppm by weight of natural boron or the
equivalent in terms of parasitic absorption. Five blanket assemblies were initially analyzed:

»  saturated homogeneous uranyl nitrate in water assembly (actually, fully hydrated uranyl nitrate
was assumed, which is more of a watery crystal than a solution);

» saturated uranyl nitrate in water containing a heterogeneous assembly of unclad natural uranium
fuel pins;

* a water-moderated, water-cooled assembly containing unclad natural uranium fuel pins (in
reality, metal-clad pressure tubes and possibly a restraint grid would be required, but these were
not included in the current scoping study);

* a non-nuclear-grade graphite—moderated, water-cooled assembly containing aluminum-clad
natural uranium fuel pins, where non-nuclear-grade graphite is defined as having a density of
~1.6-1.7 g/cm? with impurities equivalent to 5 ppm natural boron; and

* a non-nuclear-grade graphite—moderated, CO,-cooled assembly containing aluminum-clad
natural uranium fuel pins (in reality, magnesium alloy clad would be used instead of aluminum,
but this should not make a significant neutronic difference for the purposes of this study).

Results from Infinite Cell Calculations

Infinite cell calculations were first performed for each assembly to determine the infinite
multiplication factor, that is, k., and to obtain cell-weighted cross sections for further analysis using
the CSAS1 control module in the SCALE 4.3 code system [28]. All neutronic calculations were
performed at room temperature.

SCALE employs three functional models to perform the infinite cell calculations: BONAMI,
NITAWL-II, and XSDRNPM. BONAMI and NITAWL-II treat resonance self-shielding, and
XSDRNPM performs a one-dimensional discrete ordinates transport calculation to obtain the k_ and
the cell-weighted cross sections. Comparative calculations were carried out for 1-in.-diameter fuel
pins in a small number of different cell pitches using most of the standard cross-section libraries in
SCALE 4.3, and the resulting £,,’s were compared against one another and with k_’s obtained using
the point energy Monte Carlo code MCNP [29]. The immediate outcome of this comparison was that
without going to more than 200 neutron energy groups, only the ANSL-V [30] 39 and 99 energy
group neutron cross-section libraries (containing 29 thermal neutron energy groups) proved adequate




for the present analysis. Since the ANSL-V 99 neutron energy group cross-section library provided
more energy resolution at the higher neutron energies (i.e., above thermal energies) and most of the
calculational effort is expended in the thermal energy range, it was chosen for use in the current
analysis.

The calculated maximum £_’s and the fuel pin diameter and fuel cell pitch yielding the
maximum k,, for the heterogeneous water-moderated and graphite-moderated assemblies are given
in Table 1. Since the k_’s for both the homogeneous and heterogeneous uranyl nitrate assemblies
were much less than 1.0—that is, 0.59 and 0.83, respectively—an extensive search for the
combination of fuel pin diameter and fuel cell pitch that produces the largest &, was not carried out
for the heterogeneous uranyl nitrate assembly. However, estimates of the 2381 neutron capture rates
and therefore the 23Pu production rates in these two types of assemblies were made.

In addition to optimal fuel pin diameter, cell pitch, and k,, the infinite subcritical source
multiplication defined by

M, = 1(1-k)

is also presented in Table 1 for the water-moderated and graphite-moderated assemblies. This is the
subcritical source multiplication that would occur if an external neutron source having the same
energy and spatial distribution as the fundamental mode fission source was introduced into the
infinite cell model.

Table 1. Optimal infinite cell parameters for water-moderated and
graphite-moderated assemblies

Assembly type
Parameter Graphite-moderated,  Graphite-moderated, = Water-moderated,
CO,-cooled water-cooled water-cooled
Pin diameter (in.) 1.375 1.5 0.875
Pitch (in.) 8.1 8.1 1.27
k. 0.99226 0.97859 0.97934
M, 129.2 46.7 48.6
233y capture rate” 0.405 0.407 0.438

“ Normalized to the subcritical fission source with unity integral value and with no
external source.

Scoping Results of Finite Assembly Calculations: Effects of Assembly Size and
Source Neutron Energy

In an actual finite assembly, the effective neutron multiplication factor or eigenvalue, that is,
ks, would be lower than k... However, the subcritical source multiplication factor (or source-driven
effective eigenvalue) given by




kem = 1= 1/Mp,

should be somewhat higher than k¢ since the source would most likely be located in a region of high
neutron importance (i.e., the center of the subcritical multiplying assembly). As the size of the finite
assembly is increased and the value of k. approaches that of £, k., should also approach ¢ This
effect is illustrated in Table 2.

As noted above, the water-moderated assembly contained unclad fuel pins, whereas the
graphite-moderated assemblies contained aluminum-clad fuel pins. In all of the calculations, the fuel
pin clad thickness and coolant gap thickness were taken to be 0.9 and 1.5 mm, respectively. In
addition, the coolant channels in the graphite-moderated assemblies were lined with 1.6 mm of
aluminum. These thicknesses are characteristic of the corresponding thicknesses in the Hanford
graphite-moderated, water-cooled production reactors. Examination of the M_.’s in Table 1 quickly
reveals that the “optimized” CO,-cooled graphite-moderated assembly produces by a substantial
amount the greatest number of fission neutrons per source neutron.

One-dimensional transport calculations were performed to obtain estimates of the 233U capture
rate and therefore the 23°Pu production rates for finite sizes of each assembly. Spherical one-
dimensional models of each assembly were then constructed by determining the spherical radius
which would yield the same geometric buckling as a cube or pile of size L, that is, r = L/(3)"%. The
cell-weighted cross sections obtained from the infinite cell calculations together with homogenized
nuclide number densities for the fuel, cladding, moderator, and coolant were employed in these
calculations, and all of the calculations were carried out with the XSDRNPM code.

Table 2 illustrates the effect of size of the subcritical multiplying blanket on source
multiplication and 2*3U captures. In Table 2, the 238U capture efficiency (UCE) is defined as the 238U
captures per source neutron divided by the subcritical source multiplication. Table 3 and Figs. 1
through 3 illustrate the effect of the energy of the source neutron from the spallation target on source
multiplication and 238U captures.

The 238U captures per 2.5-MeV source neutron for each type of blanket assembly are presented
in Table 4. The value of 2.5 MeV was chosen as a fixed value of source neutron energy in this set
of scoping calculations because it corresponds to the energy of neutrons emerging from deuterium-
deuterium (D-D) reactions used in light targets. Results are presented for three different sizes of
blanket assemblies or “equivalent piles.” The homogeneous uranyl nitrate assembly was analyzed
only for an equivalent pile size of 8 ft. The heterogeneous uranyl assembly was analyzed for 8-, 10-,
and 12-ft equivalent pile sizes, and the same 233U capture was obtained. If the homogeneous
assembly had been analyzed for a larger equivalent pile size, it is possible that the resulting 233U
capture per source neutron could be up to a factor of two higher. The results for the water-moderated,
water-cooled assembly are given for both the 8- and 40-ft equivalent pile sizes. The results for the
two other blanket assemblies are given for a 40-ft equivalent pile size since this was the largest size
analyzed and approaches a pile of infinite size.




Table 2. Subcritical source neutron multiplication and 232U capture rate in a central-source-driven
Hanford graphite-moderated, water-cooled lattice with 2.4-MeV source neutrons

Subcritical kg, koo, SOUrce-driven

Side length  multiplication subcritical Subcritical source  Number of 28U 238U capture
of cubic factor without multiplication multiplication, captures per efficiency,
pile (ft) source factor M =1/(1~k,,)  source neutron UCE

8 0.8079 0.8766 8.1035 3.0956 0.382
12 0.8937 0.9317 14.6514 5.8953 0.402
16 0.9266 0.9527 21.1519 8.6736 0.410
20 0.9423 0.9626 26.7301 11.0569 0414
24 0.9507 0.9680 31.2481 12.9873 0.416
28 0.9558 0.9681 31.3028 13.0107 0416
32 0.9589 0.9745 39.1589 16.3755 0418
40 0.9624 0.9745 39.1711 16.3811 0418

Table 3. Effect of neutron source energy on 2*U capture rate in an 8-ft (2.44-m) cubic pile with a
central-source-driven Hanford graphite-moderated, water-cooled lattice
(Note: Subcritical k¢ = 0.8079 without source)

kym, source-driven  Subcritical source  Number of 22U

Neutron source multiplication multiplication, captures per 238y capture
energy (MeV) factor Moy = 1/(1 — ko) source neutron efficiency, UCE
20 0.9205 12.5751 4.7717 0.379
10 0.8978 9.7800 3.6755 0.376
24 0.8766 8.1035 3.0956 0.382
0.1 0.8712 7.7666 2.9875 0.385

0.01 0.8739 7.9280 3.0428 0.384
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Fig. 1. Uranium-238 captures per source neutron in a graphite-moderated natural uranium
lattice with 5 ppm natural boron in graphite and a 1.5-mm CQO, gap between 0.9 and 1.6 mm of
aluminum cladding.
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Fig. 2. Uranium-238 captures per source neutron in a graphite-moderated natural uraninm
lattice with 5 ppm natural boron in graphite and a 1.5-mm H,O gap between 0.9 and 1.6 mm of
aluminum cladding.
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Fig. 3. Uranium-238 captures per source neutron in a water-moderated natural uranium lattice.

Table 4. Uranium-238 captures per 2.5-MeV source neutron in different
blanket assemblies ‘

Equivalent  Z*U captures per 2.5-MeV

Blanket assembly type pile size (ft) source neutron
Homogeneous urany! nitrate 8 0.7
Heterogeneous uranyl nitrate | 12 3.0°
Graphite-moderated, CO,-cooled 40 23.0
Graphite-moderated, water-cooled 40 16.0
Water-moderated, water-cooled 8 13.0

40 17.0

“For the heterogeneous uranyl nitrate blanket assembly, two Z*U captures occurred
in the fuel pins per source neutron, and one #**U capture occurred in uranyl nitrate
per source neutron.




As noted above, the 238U captures per source neutron in Table 4 were found only for 2.5-MeV
neutrons. The results reported in Table 3 and Figs.1 through 3 illustrate the effect of the energy of
the source neutron from the spallation target on source multiplication and 238U captures. To
determine the 238U captures per source neutron as a function of source neutron energy for each of
the water-moderated and graphite-moderated blanket assemblies, adjoint one-dimensional spherical
transport calculations were performed using the 2381J macroscopic capture cross section as the adjoint
source. The calculated adjoint scalar flux within each energy group at the location of the neutron
source—that is, at the center of each assembly—is the number of 23U captures per source neutron
produced within that energy group.

Using the adjoint-weighted method, the 23U captures per source neutron for the graphite-
moderated, CO,-cooled; graphite-moderated, water-cooled; and water-moderated, water-cooled
blanket assemblies are illustrated in Figs.1, 2, and 3, respectively, for 8-, 16-, and 40-ft equivalent
pile sizes. For the graphite-moderated assemblies, the results are fairly insensitive to source neutron
energy except for energies above 4 or 5 MeV. Above these energies, the 233U fission cross section
approaches that of uranium-235 (>**U), and neutrons from fast fissions of 2*3U contribute
substantially to the subcritical source multiplication. This in part explains the historical interest in
fast neutron breeding blankets, discussed in Section 3. For the water-moderated assembly illustrated
in Fig. 3, there is a noticeable drop in the 28U captures above 10 to 20 eV. This drop occurs because
source neutrons born at this energy must negotiate the effects of resonance absorption in the 233U,
which actually reduces the net 238U captures because it reduces the thermal fission and subcritical
multiplication in 233U. In the graphite-moderated assemblies, this drop does not occur because the
cell pitch is much greater than the fuel pin diameter and source neutrons entering the system above
10 to 20 eV have a good chance of scattering through the 233U resonance range and causing fissions
and multiplication. This is not the case in the water-moderated, water-cooled assemblies where the
pitch is just slightly greater than the fuel pin diameter. In these assemblies, the neutrons entering the
system have a high probability of entering the fuel and being absorbed in the 233U before they can
contribute through fission to the subcritical source multiplication.

Similar to the results given in Table 3, Fig. 4 illustrates the behavior of the UCE, which is the
ratio of 238U captures per source neutron divided by the subcritical source multiplication, for the 8-,
24-, and 40-ft equivalent graphite-moderated, CO,-cooled blanket assemblies as a function of source
neutron energy. Both Table 3 and Fig. 4 show that the UCE is essentially 0.36 at all source neutron
energies for all equivalent pile sizes. The 238U captures per source neutron energy is for all practical
purposes simply a constant (the UCE) times the subcritical source multiplication (M) at the same
source neutron energy, as also evidenced by the behavior of the 238U capture in the water-moderated
blanket assembly.

Results of Finite Assembly Calculations Using the Adjoint-Weighted Neutron Source
from a Proton Accelerator-Driven Uranium Target

To obtain estimates of the actual number of 238U captures that might occur from accelerator-
produced neutrons, calculations for the neutron source spectrum were performed for 150-MeV and
1-GeV protons incident on a natural uranium target. These calculations were carried out using the
high-energy transport code HETC [31] and MCNP. Since HETC only transports neutrons above
20 MeV, MCNP was needed to determine the energy spectra of the neutrons below 20 MeV which
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Fig. 4. Uranium-238 capture rate divided by subcritical source multiplication (5 ppm natural
boron in graphite, 1.5-mm CO, gap between 0.9 and 1.6 mm of aluminum cladding).

leak from the natural uranium target. The resulting neutron source leakage spectra from the target
were then folded into the data in Figs. 1 through 3 to obtain the average number of 28U captures per
source neutron. The results from this folding are presented in Table 5.

The results in Table 5 indicate that the energy of the accelerator (i.e., proton energy) is
unimportant in determining the number of 2¥U captures per source neutron. Using the 2¥U capture
values in Table S for the uranyl nitrate assemblies and the values in Table 5 for the graphite-
moderated and water-moderated assemblies allows the current and equivalent power required for
150-MeV and 1-GeV accelerators to produce 2 kg/year of #°Pu to be estimated assuming ideal
conditions (i.e., a 2**U capture rate of 1.6 x 10'7 captures per second). These requirements are
summarized in Table 6.

The required beam currents and powers in Table 6 indicate that a single high-energy, state-of-'
the-art accelerator could under ideal conditions produce 2 kg/year of 2**Pu with any of the thermal
neutron blanket assemblies analyzed here. However, to produce 2 kg/year of 2°Pu with off-the-shelf,,
low-technology, 150-MeV accelerators, 4 to 18 such units would be required.




Table 5. Average 28U captures per source neutron in three blanket assemblies for
150-MeV and 1-GeV protons incident on a natural uranium target

Blanket assembly type
Graphite-moderated, Graphite-moderated, Water-moderated,
CO,-cooled water-cooled water-cooled
Equivalent pile
size (ft) 150 MeV  1GeV 150 MeV 1 GeV 150 MeV 1 GeV
Uranium-238 captures per source neutron

8 2.80 2.81 2.87 2.88 13.82 13.86

24 15.78 15.77 11.41 11.40 17.73 17.78

40 2238 2237 13.53 13.52 19.13 19.18

Table 6. Minimum estimates of accelerator current and beam power requirements
to produce 2 kg/year of 2°Pu

Blanket assembly type

Homogeneous Heterogeneous Graphite-moderated, Graphite-moderated, Water-moderated,
uranyl nitrate urany! nitrate CO,-cooled water-cooled water-cooled
(8-ft equiv. pile) (12-ft equiv. pile) (40-ft equiv. pile)  (40-ft equiv. pile)  (8-/40-ft equiv. pile)

150 MeV
Current 36.6 mA 8.5mA 1.1 mA 1.9 mA 1.8/1.3 mA
Power 5.49 MW 1.28 MW 0.16 MW 0.29 MW 0.28/0.2 MW
1 GeV
Current 0.91 mA 0.21 mA 14 pA 24 nA 46/33 pA
Power 0.91 MW 0.21 MW 14 kW 24 kW 46/33 kW

For practical considerations of engineering design, the question must be posed as to whether the
larger equivalent piles are realistic. Table 7 presents the masses of natural uranium metal in each size
of equivalent pile considered in the study.

A typical large-sized graphite-moderated, gas-cooled production reactor such as France’s G2
and G3 used a metallic fuel loading of about 120 MT [32]. The rated thermal power level of each
of the G2 and G3 reactors was 200 MW so that the average power density was ~1.7 MW/MT. The
graphite-moderated, water-cooled Hanford N-Reactor held 365 MT of metallic fuel, and the loadings
in the older graphite-moderated, water-cooled Hanford piles ranged from 150 to 200 MT [33]. The
Hanford N-Reactor had a rated thermal power level of 4000 MW so that the average power density
was ~11 MW/MT. The largest modern light water reactors use enriched uranium oxide as fuel but
have an equivalent metallic loading of about 100 MT or less. The results presented in Table 7 would
indicate that a cubic pile with a side length of 8.5-9.8 m (28-32 ft) is about the largest practical size
for the graphite-moderated systems and that a cubic pile with a side length of about 2.44 m (8 ft) is
most likely the largest practical size for the light-water-moderated system.
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Table 7. Mass in metric tons of natural uranium metal fuel required in graphite-
moderated and water-moderated assemblies as a function of pile size

Side length of Graphite-moderated, ~ Graphite-moderated, ~Water-moderated,

cubic pile [m (ft)] CO,-cooled water-cooled water-cooled
2.44(8) 10 11 102
3.66 (12) 21 25 345
4.88 (16) 50 59 817
6.096 (20) 97 115 1,596
7.315 (24) 168 199 2,758
8.534 (28) 266 316 4,380
9.754 (32) 397 473 6,539
12.192 (40) 775 923 12,771

However, for the purpose of producing 2 kg/year of plutonium, a potential proliferator would
weigh the option of building a small critical reactor versus that of building an accelerator-driven
subcritical reactor in which the power density and production capacity would be much lower at least
for the low-power accelerator beam. Table § illustrates the relative core sizes and masses of natural
uranium fuel for several small reactors that have been built, have characteristics similar to larger
production reactors, and would likely serve as analytical benchmarks or engineering prototypes for
a potential proliferator. There are no light-water-moderated natural uranium critical experiments or
reactors because criticality is not possible with light water moderation and natural uranium.

Considering the likely engineering limitations on constructing large thermal piles and the likely
limitations on access to natural uranium, the most realistic estimates of minimum accelerator
currents and beam powers would appear to be based on assuming that the minimum mass of natural
uranium in the pile should be greater than 25 MT so as to be comparable to the smallest-sized reactor
alternative. Results of analyses performed assuming a subcritical pile loaded with 25 MT of natural
uranium are presented in Table 9.




Table 8. Parameters for selected small reactors

Cold critical ~ At-power Power (MW)/
Moderator / Core shape / fuel mass fuel mass power density  Fuel and coolant  At-power reactivity
Reactor designation coolant dimensions (ft) (MT) MT) (MW/MT) temperatures (°C) defects, ak
NRX (Chalk River, D,0/H,0 Cylinder / 5.85 925 40/4.32 Max fuel = 668 Total: —0.027
Ontarjo, Canada) D=8.88, T-in= 10
H=1045 T-out = 50
CP-1 (Chicago Pile) Graphite / air  Oblate sphere / 5.63 Not 0.0/0.0 Not applicable Not applicable
D, =129, applicable
D,=10.28
Hanford 305 Test Graphite / air  Elongated cube / 16.38 17.18 3x10 /~0 Not applicable Not applicable
Reactor 12x 12 x 15.5
X-10 Reactor (Oak Graphite /air  Cube / 274 48 3.5/0.073 Max clad =270 Temp: —0.004
Ridge, Tennessee) L=1826 T-in=15 Xe: -0.002
T-out=77
Belgian BR-1 (Mol, Graphite / air  ~Cylinder / 15.2 239 4/0.167 Max fuel =260 Temp: —0.0058
Belgium) D=15.97, T-in=15 Xe, Sm: ~0.0037
H=22.16 T-out =75
BEPO (Harwell, Graphite /air  ~Cylinder / 28.45 40.64 6.5/0.148 Max fuel =250 Temp: -0.003
UK) D =20.29, T-in=~20 Xe, Sm: —0.0033
H=20.29 T-out =95
G1 (Marcoule, Graphite /air  ~Cylinder / 243 100 38/0.38 Max fuel = 400 Temp: —0.0065
France) D=2745, T-in=18 Xe, Sm: -0.0085
H=27.94 T-out =135 Burn-up: negligible
Calder Hall Reactors ~ Graphite / CO, ~Cylinder/ 31 127 180/1.42 Nom clad =418 Temp: -0.014
(Sellafield, UK.) D=31.44, T-in = 140 Xe, Sm: ~0.026
H=21.29 T-out = 340 Pu: +0.021 at 1000
MWdMT

Source: Refs. 32, 34, 35, and 36.
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Table 9. Estimates of minimum accelerator current and beam power requirements
to produce 2 kg/year of 2°Pu in a subcritical pile loaded with 25 metric tons of
natural uranium (no accounting for feedbacks)

Blanket assembly type

Graphite-moderated,  Graphite-moderated, = Water-moderated,
CO,-cooled water-cooled water-cooled
(12.7-ft equiv. pile) (12-ft equiv. pile) (5-ft equiv. pile)

150 MeV
Current 3.7mA 4.44 mA 23 mA
Power 0.56 MW 0.67 MW 0.35 MW
1 GeV
Current 94.1 pA 113.2 pA 58.5 pA
Power 94.1 kW 113.2kW 58.5kW

Comparing the results in Tables 6 and 9 indicates that the effect on the beam requirements due
to limiting the size of the production blanket to that dictated by engineering experience is largest for
the graphite-moderated, CO,-cooled pile (up to a factor of 6.7 between side lengths of 40 ft and
12.7 ft) and least for the water-moderated, water-cooled pile (only a factor of 1.7-1.8 between side
lengths of 40 ft and 5 ft). Most significant is that the water-moderated, water-cooled lattice is both
the smallest and most efficient at a loading of 25 MT of natural uranium. The effects of size
reduction can be explained as follows:

*  Both of the graphite lattices have relatively widely spaced fuel pins (as shown in Table 1) and
large thermal neutron migration areas, so smaller pile sizes tend to increase neutron losses due
to leakage from the pile. The effects are more pronounced in the CO,-cooled lattice where the
larger, voided cooling holes reduce the effective density of the graphite.

»  Water is a more effective neutron moderator, and the fuel pins in the water-moderated lattice
are much more tightly packed (as shown in Table 1). Therefore, neutron leakage from the water-
moderated lattice tends to be much smaller overall than in the graphite-moderated lattices as the
pile sizes decrease. At larger pile sizes, the larger thermal neutron capture cross section of
hydrogen in the water is a more significant effect than that of the 5 ppm of natural boron
simulated in the calculations of the graphite lattices.

The results indicate that unless only a very low power accelerator is obtainable, there is no need for
a potential proliferator to invest in graphite and the efforts that it entails to produce or to risk
exposure while attempting to procure large quantities of an export-controlied material. However,
other significant effects must be addressed, as discussed below.
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Other Effects on Minimum Beam Power Requirements

Four effects that were not treated in the ORNL study reported above may alter the accelerator
beam current and power requirements from those listed in Table 7. The four effects are as follows:

+  Fission product buildup (particularly, equilibrium xenon concentration that produces a near-term
significant negative reactivity effect).

«  Temperature-dependent effects such as change in the graphite thermal neutron scattering with
increased temperature (tends to be a positive reactivity effect), moderator density changes in the
water-moderated lattices (tends to be a negative reactivity effect), and 28U resonance Doppler
broadening in all the lattices due to blanket structural heating (tends to be a negative reactivity
effect).

«  The changes in the heavy metal isotopics due to 233U burn-up (tends to be a negative reactivity
effect) and 23°Pu burn-in (tends to be a positive reactivity effect).

»  The realistic structural requirements for the water-moderated assembly in terms of cladding,
pressure tubes, and grid support provided inherently by the graphite in the other lattices.

The burn-in of 3°Pu tends to increase subcritical source multiplication through fission
contributions. On the other hand, fission product buildup, changes in moderator density, and 238U
resonance Doppler broadening generally tend to reduce subcritical source multiplication. Increasing
graphite temperature increases the average energy of the thermal neutrons and thereby typically
increases subcritical source multiplication by reducing the losses of thermal neutrons to impurities
in the graphite that tend to have neutron absorption properties that vary inversely with neutron
velocity. In an actual production facility, blanket rod change-out would have to be more frequent in
the high power regions to ensure a high enrichment of 2°Pu, and it is not believed that the effect of
23%Pu burn-in would be very great over either a short irradiation period or a low exposure (i.e.,
exposure at a low power density). On the other hand, fission product buildup and 238U resonance
broadening could possibly produce a notable decrease in the 238U captures per source neutron.
Similarly accounting for the actual structural-materials requirements for the water-moderated lattice
can be expected to decrease 23*U captures per source neutron, but this can be mitigated partially by
reoptimization of the lattice design and careful materials selection (such as use of aluminum at lower
temperatures or zirconium alloys at higher temperatures). Although significant additional
calculational effort would be needed to quantify the actual change in the lattices studied above, other
practical considerations can be used to bound some of these effects to a first-order approximation.

It is noted that the rule-of-thumb for thermal neutron reactors is that the production rate of
plutonium is about 0.25 kg per megawatt-year of thermal energy production. This value correlates
to an “effective” 238U capture rate of about 0.26 238U captures per source neutron, which in the case
of a reactor is only fission source neutrons. But, in general, the fission-source-normalized 238U
capture rates and the total-source-normalized UCEs for the lattices considered in the ORNL study
are about 0.4.

Comparison with the ANL Study

A brief subsequent study was performed incorporating several of the effects discussed above
in order to provide a basis for comparison to the ANL study reported in the next section. In this latter
brief study, infinite cell calculations were performed for VVER-1000 type fuel elements moderated
in light water. In these calculations, the 4.4% enriched uranium oxide of the VVER-1000 fuel was
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replaced with natural uranium oxide. Key parameters for the blanket assembly are (1) a blanket fuel
pellet radius of 0.386 cm, (2) an outer zirconium clad radius of 0.4582 cm, and (3) a triangular
blanket rod pitch of 1.27 cm. Separate cases by different analysts were run using WIMS and SCALE.
At room temperature (20°C), WIMS predicts a &, of 0.875 (M, = 8.0), whereas SCALE predicts a
k. of 0.879 (M, = 8.26). When compared with the values of k,, and M,, presented in Table 1 for the
cases studied by ORNL, it is evident that the infinite subcritical multiplication of the VVER-1000
lattice is about a factor of five to six lower than that of either the graphite-moderated, water-cooled
assembly or the water-moderated, water-cooled assembly. This ratio would be expected to be
preserved for the largest lattices analyzed by ANL, and this appears to be the case as evidenced by
the difference in estimated minimum beam power requirements between the ORNL and ANL results.

In addition, using the heavy-metal isotopics depletion option in WIMS that includes fission
products, the ORNL WIMS model of the VVER-1000 infinite cell was used to simulate operation
at a power density of 3 MW per metric ton of natural uranium. This is compared to the ORNL
studies where the average power density is inferred to be less than 0.4 MW per metric ton of natural
uranium. At a fuel temperature of 200°C and a moderator coolant temperature of 20°C (i.e.,
assuming conditions closest to the warm fuel case as assumed in the ANL study), the initial &,
before burn-up was predicted to be 0.8619 (M, = 7.24). This result indicates that for a 0.013
incremental decrease in the value of £, the infinite subcritical multiplication decreases about 10%
for the higher fuel temperature conditions assumed for this case. After simulating 30 days of
depletion, k., was calculated to be 0.8572. After 90 days of simulated depletion, &, was predicted
to be 0.8688. Therefore, almost 90 days of exposure is needed for & to exceed its initial value at the
assumed power density. After 360 days of simulated operation without changing the blanket
elements, predicted £, rises to 0.9003 due to plutonium burn-in.

Replacing the VVER-1000 blanket rods after each 30 days at 3 MW per metric ton of natural
uranium results in a predicted plutonium production of 1.31 kg/year per metric ton of natural
uranium with the discharged 23°Pu content at 98.4%. This equates to 0.44 kg of plutonium per
megawatt-year compared to the reactor rule-of-thumb of 0.25 quoted previously. The same case in
WIMS was also executed at a power density of 10 MW per metric ton of natural uranium. Again,
simulating the replacement of the blanket rods every 30 days results in a predicted plutonium
production of 4.28 kg/year per metric ton of natural uranium. This equates to 0.42 kg of plutonium
per megawatt-year compared to the reactor rule-of-thumb of 0.25. Both results imply a UCE of about
0.45, which compares favorably with the values of the infinite lattice, fission-source-normalized 238U
capture rates (0.405 to 0.438) shown in Table 1.

The differences in the ORNL and ANL results are that (1) ANL selected a lattice that is not
optimally moderated (i.e., a factor of five or so lower subcritical source multiplication) and (2) ANL
assumed conditions of powered operation that yield a much larger temperature-dependent reactivity
effect that further contributes to reducing subcritical source multiplication. ANL thus predicts much
higher requirements for beam power to produce 2 kg/year of plutonium.

4.2 ANL Technical investigations

Technical analyses at ANL considered the case where a proliferator acquires a stock of natural
uranium oxide, together with the ability to produce typical pressurized water reactor (PWR) fuel
assemblies in simplified form. Zirconium would be preferred (and was used in the calculation for
worst-case results), but aluminum could be used with little penalty for low-burnup, low-temperature
applications. In fact, using aluminum cladding with metallic uranium fuel would be preferred for
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simplicity of fabrication and reprocessing. Both the United States and Russia used graphite-
moderated reactors with aluminum-clad uranium metal fuel, slightly enriched, for their plutonium
production. A proliferator may decide not to acquire a large mass of graphite or heavy water ifhe
finds that light water can be effective enough. Both of those moderators are export-controlled. Base
calculations considered natural uranium only. Later, the use of slightly enriched uranium and
optimization of the lattice pitch were investigated. To begin, it was assumed that the proliferator was
not interested in a substantial design effort to optimize the neutronic performance of the fuel lattice.
A proliferator simply would copy typical PWR practice (i.e., use of uranium oxide fuel) from the
public domain. Optimization of the simple lattice chosen for this study required minimizing the
lattice pitch in order to maximize the fuel reactivity and neutron multiplication. Since the coolant
volume fraction was then reduced to the geometrical minimum, it was concluded that heat removal
requirements would limit the practical reduction of lattice pitch. It was determined that plutonium
production rates could increase by a factor of about three for fuel discharged at 1000 MWd/MT by
reducing the lattice pitch to the minimum, provided that the heat could be removed.

The codes and methods used were LEOPARD, for neutron cross sections in four groups
(sufficient for typical PWR calculations); and VENTURE, for neutron flux calculations given a fixed
source of neutrons located at core center. In this case, the “core” is not a critical reactor, and it need
not have any control systems. It simply must be cooled commensurate with its power capability
when driven by an intense spallation neutron source. All of the spallation neutrons were assumed
to begin their life in group 1 of the cross section set (between 10 MeV and 0.821 MeV). One could
improve upon and verify this assumption in the future by using the WIMS code to create a cross
section set with more energy groups in this range. Fuel was exposed to less than 1 MWd/kg in order
to limit the buildup of higher isotopes of plutonium (i.e., to keep the product mostly 2**Pu).
VENTURE performed a burnup calculation, using cross sections generated for high-power, high-
temperature conditions. This introduced fission products and nonlinearities in isotopic compositions,
thereby achieving a more realistic plutonium production rate estimate than would be achieved from
projecting zero-burnup reaction rates.

Results for plutonium production rate versus neutron source strength were obtained for three
subcritical core loadings, that is, 1, 10, and 70 MT of natural uranium. It was assumed that the
system operates at 100% capacity factor. The 1.1% enriched core has a & gof about 0.847 for the 1-
MT loading and 0.977 for the 10-MT loading. It goes critical for the 70-MT loading (k.=1.014).
The results appear to be affected little if the cladding is aluminum or if the operating conditions are
not at high temperature and pressure.

No assumptions were made about the nature of the spallation neutron target. It was simply
replaced by a “point” neutron source at core center. For ease of verification, the new results are not
in triangular-z geometry, but in spherical geometry. This is a conservative assumption in that the
neutron leakage is minimized and the multiplication is maximized over that of a more realistically
engineered core in the shape of a cylinder or a hexagon.

Engineering considerations about local power peaking near the target and about heat removal
from the target must be dealt with to operate subcritical cores at high power. One could expect to
reduce power peaking effects near the central target (which is preferred, because the neutrons have
less chance to leak from the system) by having multiple targets, either beam-switched or from
multiple smaller accelerators.

The target neutron source strength needed for an annual production rate of 2 kg at 100%
capacity factor is shown in Table 10. If the natural uranium fuel is enriched to 1.1%, the source
strength is reduced by more than 40%, to 5.0 x 106 neutrons/second. Similarly, the 10-MT loading
when enriched to 1.1% cuts the source by almost a factor of 10, to 5.5 x 1015 neutrons/second.
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Table 10. Target neutron source strength

Natural uranium loading ~ Source strength for 2 kg Pu/year

(metric tons) (neutrons/second)
1 9.0 x 106
10 5.0 x 106
70 4.5 x 106

Proton Accelerator Power and Accelerator Facilities

ANL calculated the power of a proton accelerator required to produce 2 kg/year of plutonium.
The calculations used the revised neutronics results for the effect of a spallation neutron source on
typical LWR natural uranium fuel in a subcritical assembly. ANL considered 1-, 10-, and 70-MT
uranium loadings with the corresponding neutron yields of 8.6 x 1016, 5.2 x 106, and 4.5 x 1016,
necessary for the annual 2 kg of plutonium production. Los Alamos LAHET-MCNP neutron
production calculations were used to compute the proton current required to achieve these threshold
yields for two types of targets: solid uranium and liquid lead. ANL’s results are shown graphically
in Fig. 5.

Table 11 shows selected data for the points in Fig. 5. It gives the number of neutrons per
spallation proton of usable leakage (the Los Alamos calculations using the LAHET-MCNP code)
and the corresponding accelerator power as a function of proton energy.

Tables 12 and 13 were obtained under three different assumptions for the operating conditions,
as follows:

*  hot: fuel pellets at 530°C, coolant at 285°C (545°F) and 124 bars (1800 psi) (normal at-power
PWR conditions);

«  warm: fuel pellets at 300°C, coolant at 150°C and 6.9 bars (100 psi); and

*  cold: fuel pellets at 20°C, coolant at 20°C and 1.4 bar (very low power operation).
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Fig. 5. Spallation neutron accelerator power vs energy.

Table 11. Accelerator power as a function of proton energy

Proton accelerator power (kW) at a uranium loading of

Neutrons per

Proton proton 1 metric ton 10 metric tons 70 metric tons
energy

(MCV) 207Pb 238U 207Pb 238U 207Pb 238U 207Pb 238U

100 0.4 0.6 3445 2297 2083 1389 1803 1202
200 1.8 3.0 1531 919 926 555 801 481
300 3.9 5.7 1060 725 641 439 555 379
400 6.2 9.0 889 612 370 465 320
500 . 689 526 318 361 275
600 641 472 286 335 247
700 567 434 263 297 227

800 . 518 405 245 271 212

900 . 475 >410 >250 249 >215




Table 12. Spherical subcriticals: kg for various
loadings of uranium

Loading (metric tons)
Temperature
1 10 70
Hot 0.73923 0.82870 0.86069
Warm 0.74970 0.83770 0.86974
Cold 0.76328 0.85035 0.88259

Table 13. Spherical subcriticals: multiplication
(M) for various loadings of uranium

Loading (metric tons)
Temperature 1 10 70
Hot 3.84 5.84 7.18
Warm 4.00 6.16 7.68

Cold 422 6.68 8.52
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5. Conclusions

The key parameters of the accelerator which affect plutonium production are particle beam
current and particle energy. The production rate of plutonium is strongly dependent on system
design. The conclusions of this study show that the production rate is proportional to beam power
(the product of beam current times the energy of the incident particle) over a fairly wide energy
range (0.3 GeV to at least 10 GeV). Below about 0.15 GeV, the spallation neutron production rate
declines rapidly, making such designs quite ineffective. Therefore, our concern is concentrated on
a particular class of accelerators at high energies. High-energy particle accelerators do not require
high-technology blankets to produce sufficient quantities of plutonium to be of concern. Medium-
energy particle accelerators, including cyclotrons, are also a feasible means of producing plutonium,
but these need to be enhanced by high levels of blanket multiplication to produce quantities of
plutonium sufficient to be of concern.

The ORNL calculations demonstrate that the use of metal fuel in optimized blanket lattices
allows the use of high-energy proton accelerators with beam powers as low as a few tens of kilowatts
to produce 2 kg/year of plutonium. The ANL calculations show that high-energy proton accelerators
capable of producing above 250 kW of beam power can be used without subcritical pile optimization
for producing 2 kg/year of plutonium from natural uranium oxide cooled by light water. Very high
multiplication (>50) in the blanket lattice may not be desirable because the system then approaches
a critical reactor and may not be sufficiently safe from a criticality standpoint after plutonium builds
up.

Heat removal requirements for high power density have yet to be fully examined but may not
be a significant concern since the blankets would be operating at low power densities. Other factors
to take into account are technical aspects of the target design (such as net neutron production from
spallation and multiplication in target material and the target system neutron leakage) and of the
blanket design (such as blanket lattice multiplication; plutonium production efficiency in the blanket
lattice; and reactivity feedbacks in the blanket, including xenon poison production and increased
temperatures if the blanket is operated at high power densities).

Given the results of the calculations by ANL and ORNL, there are a number of accelerator
facilities in the world which meet the requirements of accelerator power and beam energy and would
be theoretically capable of producing quantities of plutonium that would be of proliferation concern
within 1 year. Medium-energy particle accelerators, including cyclotrons, are a feasible and
commercially available means of producing plutonium. Several known commercial accelerator
design consultants may be capable of designing suitable systems. These accelerators need to be
enhanced by high levels of blanket multiplication to produce quantities of plutonium sufficient to
be of concern. Set up this way, the blanket acts as a subcritical reactor.
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6. Recommendations for Further Study

The major focus of future work should be to identify equipment and technologies that are most
critical to the design, fabrication, construction, and operation of accelerator-driven systems that can
be used for the production of fissile material. However, additional analyses are needed to better
examine the capabilities of a few selected blanket designs that are the most likely candidates for
consideration by a potential proliferator. The work would benefit greatly from quantifying the effects
of thermal-hydraulic and structural-mechanical aspects of target design on plutonium production.
For lower-energy particle accelerators using high-multiplication blankets, additional studies are
needed to quantify precisely the effects of blanket feedbacks, including the effects of xenon and
temperature, on production levels. The effect of blanket structures and structural materials must be
quantified for the water-moderated, water-cooled blanket optimized for maximum subcritical
multiplication. Finally, some effort is needed to quantify the proliferation potential, if any, of heavy-
ion accelerators and ion-implantation devices that would operate at lower energies and might
potentially take advantage of specific nuclear interaction thresholds that may exist for very heavy
metal atom targets and heavy ions.
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