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of Uranium Fuel for
Research Reactors at
Various Enrichment Levels

Alexander Glaser

Program on Science and Global Security, Princeton University, Princeton, NJ, USA

This article reviews the rationale of selecting an enrichment of just less than 20% (low-
enriched uranium) as the preferred enrichment level for research reactor fuel in order
to minimize overall proliferation risks. The net strategic value of the nuclear material
associated with reactor operation is evaluated for a variety of enrichment levels, ranging
from slightly enriched to weapon-grade fuel. To quantify the proliferation potential, both
the demand of fresh uranium fuel as well as the plutonium buildup in the irradiated fuel
are estimated via cell burnup calculations. The analysis confirms the usefulness of the
current enrichment limit and challenges a recent trend to reconsider fuel enrichment
levels between 20% and 50% for new research reactor projects.

INTRODUCTION

The operation of research reactors is linked to a series of proliferation risks,
which are primarily associated with the fuel required to operate the facil-
ity. From a technical perspective, two complementary pathways have to be
evaluated.!2

e Diversion or Theft of Highly Enriched Uranium
Using highly enriched uranium (HEU) to fuel research reactors directly
leads to a set of inevitable and obvious proliferation risks that are associated
with diversion or theft of the material. For this reason, the conversion of
research reactors to low-enriched fuel has been pursued since the late 1970s.
Uranium used in HEU-fueled research reactors is typically enriched to more
than 90% (weapon-grade uranium, WGU), but any uranium composition

Received 2 June 2005; accepted 27 September 2005.

Address correspondence to Alexander Glaser, Program on Science and Global Security,
Princeton University, 221 Nassau Street, Princeton, NJ 08542, USA. E-mail: aglaser@
princeton.edu



2  Glaser

with a U-235 content of at least 20% is formally classified as direct-use
material.

More generally, pre-enriched uranium, contained in the fresh or recovered
from the spent fuel, could also be used as a feed-stock to produce weapon-
grade HEU if a small enrichment capacity is available to the proliferator.

e Production of Plutonium
The lower the enrichment level of any uranium-based nuclear fuel, the
higher the plutonium buildup via neutron capture in uranium-238. In fact,
plutonium production becomes the leading proliferation concern for reactors
fueled with natural or slightly enriched uranium, while the uranium itself
becomes rather unattractive.

It is intuitively clear that it should be possible to identify an optimum
uranium composition that suppresses plutonium buildup as far as possi-
ble while keeping the initial uranium fuel unattractive for use in a nu-
clear weapon or explosive device.? Historically, this limit has been set at
an enrichment of just less than 20%, but the adequacy of this conversion
goal for research reactors is by no means obvious. Detailed, albeit still
idealized, scenarios for the operation of a generic 30 MW MTR-type re-
search reactor are therefore defined and evaluated below.* Before turning to
this analysis, the definitions of low-enriched and highly enriched uranium
are briefly introduced and some weapon-relevant characteristics of uranium
discussed.

LOW-ENRICHED VERSUS HIGHLY ENRICHED URANIUM

Two major uranium isotopes occur naturally in appreciable concentrations.
These are uranium-238 and uranium-235, with isotopic fractions of 99.29% and
0.71%, respectively.® The enrichment, i.e., the weight fraction of U-235, deter-
mines the main characteristics of any uranium composition both with respect
to its performance as reactor fuel or as fissile material in a nuclear weapon. Be-
low a certain enrichment limit, weapon designers attest that the construction
of a nuclear weapon or explosive device becomes impractical. For this reason,
low-enriched uranium (LEU) and highly enriched uranium (HEU) have been
introduced.

The concept of LEU was first used by some U.S. National Laboratories
and the U.S. Atomic Energy Commission in or prior to 1955. The same conven-
tion was later also adopted by the International Atomic Energy Agency (IAEA),
which defines low-enriched uranium as “enriched uranium containing less than
20% of the isotope 23°U.”" Likewise, the IAEA classifies LEU as a so-called indi-
rect use material, which in turn is defined as a nuclear material that cannot be
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used for “the manufacture of nuclear explosive devices without transmutation
or further enrichment.”®

CHARACTERISTICS OF ENRICHED URANIUM RELEVANT
TO ITS WEAPON-USABILITY

The following discussion summarizes some important characteristics of en-
riched uranium that are relevant in the context of its weapon-usability. Two
main aspects are discussed: these are the critical mass and the neutron emission
rate of uranium of a given composition. These considerations clearly demon-
strate the fundamental difference between highly enriched and low-enriched
uranium.

Critical Mass

The critical mass of a nuclear material is one important property of the
material with respect to its weapon-usability. By definition, a critical mass is
the amount of material in a defined configuration that is required to maintain a
self-sustaining neutron chain reaction. In general, the critical mass represents
a reasonable estimate of the amount of material required to construct a nuclear
weapon or explosive device using material of a given composition.

Figure 1 shows the critical mass of a beryllium-reflected uranium sphere
as a function of uranium-235 enrichment. The reflector thickness is 15 cm
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Figure 1: Critical mass of a beryllium-reflected uranium sphere as a function of the
uranium-235 enrichment. MCNP 4C simulations at 300 K using ENDF/B-VI cross-section
libraries. Reflector thickness is 15 cm. Assumed value of uranium density is 19 g/cm3.
Enrichment is given in weight percent (wt%) for a simple binary mixture of U-235 and U-238.
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Table 1: Critical masses of uranium at various enrichment levels and thicknesses of
the beryllium reflector MCNP 4C calculations at 300 K using ENDF/B-VI
cross-section libraries. Uranium compositions are assumed to be binary mixtures of
U-235 and U-238. Values for reactor-grade, fuel-yrade, and weapon-grade
plutonium are included for reference purposes.® Uranium and plutonium densities
are both fixed at 19.0 g/cc. Note that plutonium may need to be stabilized in the

§-phase, which is characterized by a lower density of the metal.
. _______________________________________________________________________________________________|

Uranium enrichment Reflector thickness
Bare 5 cm 10 cm 15 cm
10 wit% Very large Very large 1435.0 ky 753.0 ky
(@ 52.4 cm) (2 42.3 cm)
15 wit% 1351.0 ky 758.3 ky 426.5 ky 253.8 ky
(2 51.4 cm) (@ 42.4 cm) (2 35.0 cm) (@ 29.4 cm)
19.75 wt% 782.2 ky 402.9 ky 220.7 ky 143.8 ky
(2 42.8 cm) (2 34.3 cm) (2 28.1 cm) (@ 24.4 cm)
30 wi% 367.4 ky 171.2 ky 100.3 ky 68.7 ky
(2 33.3 cm) (2 25.8 cm) (@ 21.6 cm) (2 19.0 cm)
45 wi% 184.7 ky 80.5 ky 49.6 ky 35.6 ky
(@ 26.5 cm) (@ 20.1 cm) (@ 17.1 cm) (@ 15.3 cm)
70 wit% 87.2 ky 36.5 ky 23.7 ky 18.2 ky
(@ 20.6 cm) (@ 15.4 cm) (2 13.4 cm) (@ 12.2 cm)
93 wi% 53.3 ky 22.3 ky 14.9 ky 11.7 ky
(@ 17.5 cm) (2 13.1 cm) (@ 11.4 cm) (2 10.6 cm)
Reactor-grade plutonium 14.6 ky 6.92 ky 5.29 ky 4.58 ky
(@ 11.4 cm) (2 8.86 cm) (2 8.10 cm) (@ 7.72 cm)
Fuel-grade plutonium 13.2 ky 6.24 ky 4,76 kg 4.10 ky
(@ 11.0 cm) (2 8.56 cm) (@ 7.82 cm) (@ 7.44 cm)
Weapon-grade plutonium 11.5 ky 5.53 ky 4.26 kg 3.71 ky

(@ 10.5 cm) (2 8.22 cm) (@ 7.54 cm) (@ 7.20 cm)

and greatly reduces the absolute values compared to the corresponding un-
reflected critical masses. A more comprehensive set of data is listed in Table 1,
where critical mass values of uranium for several enrichment levels and reflec-
tor thicknesses are listed. For reference purposes, data for typical plutonium
compositions are also included.

The critical mass of uranium increases sharply with decreasing enrich-
ment, which is relevant to the weapon-usability of uranium for a variety of
reasons. Most importantly, a low critical mass simplifies the assembly of the fi-
nal supercritical configuration, a process that requires swift acceleration of the
previously subcritical components.!® The isotopic composition and the respec-
tive critical mass simultaneously affect other properties that are relevant to a
material’s weapon-usability. One of these aspects, the total neutron emission
rate, is discussed below.

Neutron Emission Rate

The neutron emission rate in uranium and plutonium is mainly caused
by spontaneous fission events.!! There are at least two basic assembly tech-
niques for a nuclear weapon (gun-type and implosion) and both require a
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Table 2: Properties of the most important uranium and plutonium isotopes. '3

Isotopic power includes contributions from «-, 8-, and y-decay.

Nuclide Half-life Specific activity Isotopic power Spont. fission rate
U-234 2.46E+05 y 2.30E+08 Ba/y 1.79E-04 W/y 3.98E-03 1/(y s)
U-235 7.04E+08 y 8.00E+04 Ba/y 5.99E-08 W/y 5.60E—-06 1/(y s)
U-236 2.34E+07 y 2.39E+06 Ba/y 1.75E-06 W/y 2.30E-03 1/(g s)
U-238 4.47E4+09 y 1.24E+04 Ba/y 8.50E—-09 W/y 6.78E-03 1/(y s)
Pu-238 8.78E+01 y 6.34E+11 Ba/y 5.67E-01 W/y 1.20E4+03 1/(¥ 9)
Pu-239 241E+04 y 2.30E+09 Ba/y 1.93E-03 W/y 7.11E-03 1/(¥ 9
Pu-240 6.57E+03 y 8.39E+09 Ba/y 7.06E-03 W/y 4.78E+02 1/(y s)
Pu-241 1.44E+01 y 3.82E+12 Ba/y 3.28E—03 W/y 9.18E-04 1/(y s)
Pu-242 3.74E+05 y 1.46E+08 By/y 1.17E-04 W/y 8.04E+02 1/(g s)

characteristic assembly-time to reach the final supercritical configuration of
the weapon. These assembly-times are on the order of 1 ms for gun-type and
1 us for implosion, respectively.l?> A spontaneous fission event during the as-
sembly process may lead to a premature initiation of the neutron chain reaction
and ultimately cause a so-called ‘fizzle’ of the device. Table 2 lists the reference
emission rates for the main uranium and plutonium isotopes.!3

During the development of the first nuclear weapons within the U.S. Man-
hattan Project, it became apparent that plutonium could not be used in the
simple gun-type method, in which a subcritical projectile of fissile material
is propelled towards a fissile target. Due to its low spontaneous fission rate,
only highly enriched uranium is an obvious candidate for this assembly tech-
nique. As can be inferred from Table 2, even pure Pu-239 requires an assem-
bly speed that is higher by three orders of magnitude than is required for
U-235. Assembly-times of close to 1 s can only be achieved using special high-
explosives with an implosion-type design, in which a sphere or spherical shell of
material is symmetrically imploded and compressed beyond the normal density
of the metal.

For reduced uranium enrichment levels, neutron emission rates increase
due to the higher fractional and absolute content of uranium-238. At the same
time, total neutron emission goes up with an increased assembly-time, which
is likely to result from the larger amount of nuclear material in the device.'
Eventually, a simple gun-type assembly of a uranium-device might become dif-
ficult or even impossible, assuming that the proliferator is not very experienced
in the design of nuclear weapons.!®

The probability that & events occur in a given time interval A¢ for a stochas-
tic process characterized by a decay constant A is described by the Poisson distri-
bution. In the present context, one is interested in £ = 0, i.e., in the probability
that no spontaneous fission event occurs in At.

(A AR

exp(—AAt)i|, or p(i,0,At)=exp(— A At). @))
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Figure 2: Probability of a spontaneous-fission-free millisecond in one bare critical mass of
uranium of the given enrichment. Numerical values are 1.4% (LEU at 19.75%), 50.2% (HEU at
45%), and 97.5% (WGU at 93%).

The decay constant A is given by the specific spontaneous fission rate as listed
in Table 2 multiplied by the corresponding mass of the material. The amount
of uranium required for a simple gun-type device is on the order of one bare
critical mass and corresponding values are taken from Table 1. Given these
assumptions, Figure 2 shows the probability that no spontaneous fission event
occurs in 1 ms as a function of uranium enrichment. The figure clearly illus-
trates that the chances for a spontaneous-fission-free millisecond are very high
(about 97.5%) for weapon-grade uranium; but also that the chances are ex-
tremely low if low-enriched uranium is used instead (about 1.4%), even if one
assumes that the assembly-time does not increase when LEU is used in the
device.

Note also that the characteristics of uranium recovered from irradiated
HEU-fuel are very similar to fresh WGU if strong neutron emitters, namely
some plutonium and curium isotopes, can be successfully removed during
reprocessing.'® For HEU-fuel at 40% U-235 burnup, characterized by a resid-
ual enrichment of 81.0%, the overall probability of a neutron-free millisecond
is still 94.5%.17 In consequence, and recalling also that the uranium used in
the Hiroshima bomb was reportedly enriched to 80% on average, irradiated
HEU-fuel would clearly be usable in a simple gun-type device.

So far, only static or initial properties of the material and the configuration
have been discussed. Additional characteristics of the fissile material deter-
mine the dynamics of the explosive process. As an example, the characteris-
tic time constant «(¢) can be defined for a given material and configuration.
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a(t) determines the evolution of the neutron population n(¢) in the fissile mate-
rial and, hence, the time-scale of the fission chain reaction.

n(t) = npexp (a(t) t) with «at) = kef(t% (2)

Here, ks is the effective multiplication factor of the device and 7., the removal
lifetime for neutrons controlled by absorption and leakage. The neutron popula-
tion grows exponentially as long as @ > 0. Approximating the time-dependency
of «, once the expansion of the nuclear device during the explosion has begun,
is far beyond the scope of this article. Even a simple look at the initial o = «y),
however, reveals further significant differences in the properties of enriched
uranium compositions (Figure 3). Again, the decreasing value of « with lower
enrichment degrades the weapon-usability of the material. The chain-reaction
proceeds more slowly, which ultimately reduces the total number of completed
neutron generations before the expanding device becomes subcritical. The ini-
tial value of o has been used elsewhere as the key variable to estimate the yield
of a nuclear device.!8

The preceding discussion demonstrates that there are important qualita-
tive differences between HEU and LEU other than the critical mass. The neu-
tron emission rate is particularly relevant if one is concerned about the fea-
sibility of crude nuclear weapons or explosive devices based on the gun-type
design, or even of so-called improvised nuclear devices (INDs). LEU is clearly
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Figure 3: Characteristic fime constant o for a supercritical uranium configuration of two
bare critical masses at the standard density of 19.0 g/cc. For enrichment levels of 6% and
below no bare critical mass of uranium exists. Data obtained in MCNP 4C calculations at
300 K.
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not suitable for these scenarios as one can directly infer from the neutron emis-
sion rates combined with the slow assembly process. Very high enrichment
levels are clearly favorable and it is plausible to assume that a proliferator
with access to an advanced nuclear infrastructure will undertake every effort
to enrich available uranium stocks to weapon-grade, i.e., to 90% and beyond.

In the following analysis, uranium compositions of various enrichment lev-
els have to be compared to each other in order to quantify the net proliferation
potential of different research reactor fuels. To this end, usability factors n are
introduced in order to account for the reduced “quality” of uranium with reduced
enrichment levels. Two simple candidate factors emerge from the preceding
discussion: the probability of a neutron-free millisecond, which is relevant to
the feasibility of gun-type devices, and the time constant «y for a more gen-
eral estimate of a material’s weapon-usability applying to both gun-type and
implosion-type designs (Figures 2 and 3, respectively).

EFFECTIVE STRATEGIC VALUE OF NUCLEAR MATERIAL

In order to get representative and reasonably accurate estimates of the spent
fuel compositions required for the proliferation assessment below, extensive
cell burnup calculations have been performed for a typical MTR-type reactor
geometry and various initial uranium enrichments. Results are scaled to a
facility operated at a thermal power level of 30 MW and were obtained using
a computational system, which has been developed specifically for research
reactor analysis. The system is primarily based on the existing neutronics codes
MCNP 4C and ORIGEN 2.2.1° Table 3 summarizes the basic assumptions and
input data used in the calculations, assuming an infinite array of MTR-type
fuel plates.

A variety of different fuel enrichments are studied, ranging from 93% down
to 5%. Below that limit, operation of a typical MTR-type geometry is unrealistic.
The concentration of uranium-235 is held constant for all enrichment levels by
increasing the total uranium density in the fuel matrix correspondingly. With
the uranium-235 density fixed, the various fuels can be considered equivalent,
although, in practice, one would have to increase the effective uranium-235
density for a fixed core geometry somewhat to maintain similar performance or
cycle length of the reactor. The selected value of 0.948 g(U-235)/cc corresponds

Table 3: Input data and assumptions for cell burnup calculations.

Meat thickness 0.60 mm
Cladding thickness 0.38 mm
Coolant channel 2.20 mm
Fixed uranium-235 density 0.948 y/cc
Averaye power density in core 125 kW/I

Thermal power of reactor 30 MW
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Figure 4: Specific plutonium production in MTR-type fuel for various enrichment levels. See

Table 4 to correlate irradiation time with uranium-235 burnup. Results based on cell burnup
calculations.

to today’s standard value of 4.8 g(U)/cc at an enrichment of 19.75%. For HEU-
fuel the total density is close to 1.0 g(U)/cc, which represents a typical fuel
density used until the late 1970s when development of high-density LEU-fuels
began.

The burnup calculations yield the time-dependent concentrations of several
hundred isotopes generated in the fuel. As an example of these results, Figure 4
shows the specific plutonium buildup for selected enrichment levels. Scaled to
a 30 MW reactor, Table 4 summarizes the most important numerical results
obtained in these calculations for U-235 target burnups of 20%, 40%, and 60%.2°

The main difficulty in assessing the proliferation potential or the “strate-
gic value” of the fissile inventory associated with reactor operation is to relate
and compare the corresponding uranium and plutonium inventories in the fuel.
Uranium may be separated from the fresh fuel and possibly further enriched.
In addition, both plutonium and uranium may be separated from the irradi-
ated fuel. The feasibility of these approaches depends upon the skills of the
proliferator and upon the availability of the required nuclear infrastructure.
The following analysis is therefore highly simplified in making inevitable ad-
hoc assumptions in that respect.

Several assessment options are suggested. They are based on the funda-
mental assumption that a one-year’s supply of fresh (unirradiated) fuel re-
quired to operate the reference reactor and a one-year’s amount of spent fuel
at 40% U-235 burnup are available. Different assumptions are made, however,
regarding the ultimate usage of the material in a nuclear device depending
upon the nuclear capability of the proliferator.

9
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Basic Nuclear Capability

For the first scenario, it is assumed that an effort is undertaken to build
a crude nuclear device based on the gun-type method. Only uranium is usable
in such a device and, while the uranium is recovered from the spent fuel, the
respective plutonium inventory is discarded from further use.?! The reference
quantity of fissile material used for this assessment is one bare critical mass
of uranium Mp, which is about the quantity needed for a gun-type device. As
indicated previously, the diminished usability of material with reduced U-235-
content is taken into account by applying a weighting factor n to the material.
The relative probability for a spontaneous-fission-free millisecond n; = p/pury
in the material is used for this purpose (Figure 2). The total strategic value
CM; of the material extracted from the fuel is defined as follows.

SF
3
( )+771(SF)M(SF) 3)

The indices FF and SF of mass m and enrichment level ¢ refer to the uranium
contained in the fresh and the spent fuel, respectively. Based on the results
obtained in the burnup calculations summarized in Table 4, CM}-values are
calculated for a target burnup of 40% U-235 and a variety of enrichment levels.
Results are shown in Figure 5. Table 5 lists numerical data on fissile inventories,
critical masses, and weighting factors.

With decreasing enrichment levels, the estimated strategic value of the fuel
decreases for two reasons: both the critical mass ratio m/Mp and the usability

10
| Assessment A |
0.8 /

CM; = Th(éFF)

%
=
= 06 /
3 P _ E ]
g 04 i
] P é
ﬁ ~ Contribution of fresh fuel I
0.2 it
e
0 [, *—eo— ]
0 20 40 60 80 100

Initial enrichment of fuel [wt%)]

Figure 5: Basic nuclear capability. Strateygic value of fissile materials associated with
research reactor operation, assuming that only uranium is extracted and used from the
fuel. Assumed objective is the construction of a crude gun-type device. The plufonium
inventory in the spent fuel is discarded from further use.
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factor drop simultaneously to low values compared to the WGU-case. For the
reference reactor, the material extracted from the fresh and irradiated fuel
reaches a CM} of 0.86 if the facility is fueled with WGU. The absolute mass of
recoverable uranium is thus close to the amount needed for a crude gun-type
device. About one-third of the total value is associated with the uranium con-
tained in the irradiated fuel. At 45% enrichment, CM} has dropped to 0.21, and
it essentially reaches zero for enrichment levels of 20% and below. As expected,
because the plutonium contained in the spent fuel is discarded in this scenario,
lowest enrichment levels minimize the proliferation potential of the fuel.

Advanced Nuclear Capability

The fundamental assumption of the advanced scenario is that both uranium
and plutonium are extracted and used for weapons purposes. This strategy
would therefore require a successful implementation of the more sophisticated
implosion-type design. As a corollary, however, much less material is needed
to build the device. The reference quantities used in the following are criti-
cal masses of uranium and plutonium enclosed by a thick (15 cm) beryllium
reflector. Values are taken from Table 1.

Two variants of the advanced scenario (B1 and B2) are considered. As in the
low-tech scenario, in the main scenario B1, no attempt is made to enrich such
material to weapon-grade, i.e., to 93%. Similarly, the usability of uranium is
corrected using a weighting factor, but instead of the spontaneus-fission rate,??
the time constant o is used to characterize the material’s weapon-usability.
The weighting factor is defined by 72 = a/aggy. While the reflected critical
masses of uranium (Mp) strongly depend upon the enrichment of the material,
the critical mass values of plutonium are virtually identical (4.0 kg) for all
compositions encountered in research reactor fuel of the specified burnup (see
Table 6). The total strategic value of the fissile material for Assessment B1 is
given by:

SF + mpu
MR(ESF) 4.0 kg'

CMg; = n2(epr) 7 + nz(esr) 4)

M ( F)

The results for Assessment B1 are illustrated in Figure 6 and summarized
in Table 6. Compared to the low-tech scenario, in which the construction of a
gun-type weapon was assumed, the absolute strategic values are now much
higher and reach a CMj, of 3.90 for weapon-grade uranium. The value of CMj;,
falls rapidly for sub-weapon-grade uranium, but plutonium production simulta-
neously becomes more important. As a result, a minimum value of CMj, is now
observed for an enrichment level of 15—-20%, below which plutonium starts to
dominate the proliferation potential of the fuel.23 This result, of course, is con-
sistent with the international efforts to convert research reactors to LEU just
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Figure 6: Advanced nuclear capability, primary scenario. Strategic value of fissile materials
associated with research reactor operation assuming that uranium and plutonium are used
for an implosion-type weapon. Dashed line indicates plutonium contribution to fotal value.

below 20% enrichment. Compared to WGU, the effective proliferation potential
of the fuel is reduced by almost 90% for LEU at 19.75%.

A secondary advanced-technology scenario B2 is based on the assumption
that a limited amount of separative work, say from a laboratory or pilot-scale
enrichment facility, is available to process diverted fuel. The objective would be
to produce a maximum amount of weapon-grade uranium, i.e., HEU at 93%,
using the stock of preenriched uranium recovered from the fresh fuel and po-
tentially also from the spent fuel. In the analysis that follows, values between
10 SWU and 640 SWU are considered. These values are extremely small com-
pared to capacities generated by commercial enrichment plants. However, if
much more enrichment capacity were available to the proliferator, there would
be no need to divert the limited amount of (presumably safeguarded) research
reactor fuel. Instead, undeclared feed-stock of natural uranium could be used to
produce HEU directly. If one assumes, for example, that centrifuge technology
is available to process the feed material, a set of 60 machines could be used to
produce 10 SWU in one month assuming that each centrifuge has an output of
about 2 SWU/yr, a typical value for a first generation machine. In the case of
centrifuges, it is unreasonable to assume that a cascade with many fewer than
50—60 machines could be operated in a meaningful way.?* 10 SWU per month
therefore represent a practical lower limit.

In general, the proliferator has the choice to distribute the available enrich-
ment capacity between the fresh and the spent fuel. Even though SWU’s are
generally more effectively used on the fresh fuel, under specific circumstances,
it may be favorable to process the spent fuel, too. Obviously, if the fresh fuel
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is already weapon-grade, then the entire enrichment capacity could be used to
process the irradiated fuel. To keep the analysis as simple as possible, only three
basic cases are considered below: the proliferator may either spend the avail-
able SWUs on the fresh fuel, expend them on the irradiated fuel, or distribute
them equally between both. The amount of weapon-grade uranium that can
be produced using the uranium feed-stock is determined with special expres-
sions for multicomponent uranium enrichment, which are required to correctly
account for the U-236 content in the irradiated fuel.25

Strategic value [CM*]

SWU = P V(xp)+ T V(xr) — FV(xp), and
0=P H(xp)+ T H(xy) — F H(xp).

where FF = P+ T,

xpF = xpP + x7T, and

yrF = ypP + yrT,

with V(x;, y;) = 2x; — 1+ 4y;)In |:

1w — v
H(x;, y:) = y;.] o ALy
x;

The indices F, P, and T refer to the feed, the product, and the tails, while x and
y denote the isotopic fraction of U-235 and U-236 in the respective streams.

11— -y
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Figure 7: Advanced nuclear capability, secondary scenario. Strategic value assuming that

a specified amount of separative work is available to produce weapon-grade uranium.

Dashed line indicates plutonium contribution to total value.



eov 88'¢C 76'l 6L oc'L 660 90'L NMS 08 @
8/'¢ Q0'¢ eC'L ¢60 8.0 €L0 L60 NMS O @
Lr'e ee'lL €0 850 €50 090 780 NMS 0C @
oL'e 8/°0 Sro 6€0 oro ¢S0 080 NMS 0L @
NS
(WinjuoIN|d UL WINJUDIN) [8h) PaDIPDLI PUD S8l JO SNJDA DIA810IS PaUIqQUIOD
¢00 L00 Lo 610 20 *1740) 9.0 Ol1og] SSON [ODHUD
A% 80'0 A% 820 A% 23S0 A1 /L0 A% /0L A% 08'L A% 2o'e Alojusau) winjuoinid
6¢'L | G6'0 €L'0 750 €e0 810 NMS 08 @
L'l 280 9GS0 L0 0¢'0 yANG! 600 NMS O @
/L0 8y'0 L€0 ¢co GlL'o 600 G0'0 NMS 0C @
o0 QC'0 9L0 LLo 800 G0'0 ¢00 NMS 0L @
S
AY 129l A ee L AYOL'LL A% /G'8 B 7¢'9 AY 78'¢ Y Rl NMS 08 @
A% 0g'eL A% 196 A% 099 A 78 Sy WA A A% €0'C Y LL'L NMS O @
A1 v0'6 A% 9G'G A1 6G'€ A1 /GC A1 18°L A 0’1 A% 9G'0 NMS 0C ©
A1 /€S A1 66'C A1 /8L ey AN A% €6'0 A% €50 A% 820 NMS 0L @
‘ANba NOM
M LLe A% G0e 191G A% 6'08 A1 |LGeL A1 veve A% 0'LSY AlojusAul-n [onpisey|
%018 %V7'SS %C'CE %E'0C %8°CL %E'9 %€ UOol1onI4 GEC-N [PNPIsSe]
anuing Ggz-nN %0y 10 [eny PaloIPOL|
29'¢ 14K 181 og'L €60 S0 0g0 NMS 08 @
c9'¢ 66'L oLt €L0 LS80 8C0 GlLo NMS O @
c9'¢C QC'L 090 6€0 9C'0 GlLo 800 NMS 0C ©
c9'¢C L£0 AN0] 0co eL'o L00 700 NMS 0L @
S
A% 89'6C 10z LT A% 8L'SL A% /8°0L A1 629 A% 0S¢ NMS 08 @
YA A YA A1 8¢l A% /S8 A% 26'S A1 Lee A1 18'L NMS O @
A% 9'0¢ A1 6911 A% 0L auelelvd A% 80'¢ A1 0LL 5% 260 NMS 0C @
A1 1e'8 A% 69'¢ A yee A% /G'L A% 980 A1 /70 NMS Ol @
‘ANba NOM
A% 9'0¢ Az oy A% 919 A L'L6 AY 9'Gel (a) [eRvierd BY 17'Eo pubweg-n [onuuy
|eny ysai
%€6 %0L %S %0¢ %SL 61 %01 %S juswiyouus |sng

('SEZ-N %0V S! [N} BU4 JO dNUING ©OUSISSY

‘leny eyl sse20.id 0] 8|go|IDAD S| ALODADD JUBSWIYDUUS [|OUS D [DY] AUILINSSD 01008l 8yl JO uoliniedo §,108A-euo yim
Pa10I00SSO WINIUOINIA PUD WNIUDIN S|gDJIOAD JO SNJOA DIRSIDIIS) OLDUSDS AIDPUODSS “AllIQOdDD JDS[ONU PEOUDAPY :/ @1qo]L

17



18 Glaser

As required, these expressions simplify to the standard equations for uranium
enrichment if the third component (U-236) is not present in the feed-material.
The initial fuel inventory F with isotopic fractions xz and yz of uranium-235
and -236, respectively, is processed with a given SWU capacity to produce the
final product P with xp = 0.93. All unknown variables, including the product
mass P, are determined by the set of equations above, which can be solved
numerically. Once the equivalent amount of the product WGU is known, the
final estimate of the total strategic value is assigned via:

MWGU,FF + MWGU,SF 4 mpy
11.7 kg 4.0kg

CMp, = (8

Results for this scenario are illustrated in Figure 7 and numerical values
listed in Table 7. Similar to Assessment B1, there is a minimum of CMj, for
low enrichment capacities (10-40 SWU). The position of this weakly pronounced
minimum is close to an initial fuel enrichment level of 20%, but shifts with in-
creasing SWU-capacity to lower values. As anticipated, for high SWU-values,
virtually the entire amount of U-235 can be extracted from the feed-material.
For instance, 320 SWU are sufficient to collect more than 90% of the maxi-
mum CMg, for initial fuel enrichment levels of as low as 40%. For 640 SWU,
this fraction is obtained for all enrichment levels beyond 20% (see Figure 7).
In these cases, the distinction between LEU and HEU obviously is no longer
relevant.

The results of both advanced assessments (B1 and B2) demonstrate that an
enrichment level close to 20% does indeed minimize the strategic value of the
fissile material involved in operation of a given MTR-type reactor. For enrich-
ment levels of 15% and below, the plutonium component dominates proliferation
concerns associated with research reactor fuel.?® For intermediate enrichments
above 20%, the proliferation potential of the nuclear material strongly depends
on the assessment type, i.e., on the assumptions made regarding the prolif-
erator’s capabilities and available infrastructure. Nevertheless, the absolute
values increase in all scenarios above 20% enrichment. As expected, the use of
weapon-grade uranium to fuel a research reactor clearly maximizes the overall
proliferation potential associated with reactor operation.

CONCLUSION

The quantitative analysis presented above clearly demonstrates the usefulness
of the distinction between LEU and HEU. Uranium fuel below 20% virtually
eliminates the possibility that the material could be directly used for the con-
struction of a nuclear explosive device. Specifically, as some straightforward
considerations show, LEU cannot be used in a simple gun-type device, both be-
cause of its large critical mass and the corresponding neutron emission rate.
Simultaneously and coincidentally, at an enrichment level between 15-20%,
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plutonium production is sufficiently suppressed to minimize the total strategic
value of the material if implosion-type technology is available. For both reasons,
the 20% limit represents a reasonable and even optimum choice as a conversion
goal for research reactors.

The analysis therefore challenges the tendency of some recent research re-
actor projects, in which fuel enrichments beyond the 20% limit are considered
again. Most prominently, the new German research reactor FRM-II, which be-
came operational in 2004 and is currently using 93%-enriched fuel, is required
to be converted to an enrichment not exceeding 50% by December 2010.2” Even
though this enrichment reduction is laudable, current plans of the operator
do contemplate an enrichment of exactly 50% for the converted reactor.?® Simi-
larly, designers of the French Jules Horowitz Reactor (JHR), which was initially
planned for low-enriched fuel, currently consider the use of 30-35%-enriched
uranium as a fall-back option. More recent developments suggest that this op-
tion will indeed be exercised.?? In summary, after a two-decade period of close
compliance with the LEU design-goal, there is an emerging attitude among
designers, operators, and licensing authorities to interpret the conversion goal
for research reactors as something other than a sharp constraint. Based on the
data and the analysis presented above, this trend cannot be justified by techni-
cal arguments as it clearly reduces the proliferation resistance of the nuclear
fuel cycle.

APPENDIX

DEDICATED PLUTONIUM PRODUCTION IN MTR-TYPE REACTORS

Complementary to an assessment of the strategic value of the nuclear material
associated with regular operation of a facility, the effectiveness of a dedicated
plutonium production campaign is briefly discussed for reference purposes.

A plutonium production campaign can take place either in a specially-built
military production reactor or in a research or power reactor that was not ini-
tially designed for plutonium production. In the case of the research reactor,
plutonium production can be carried out covertly or overtly, that is, an attempt
can or cannot be made to conceal this mode of operation from outsiders.3? Pluto-
nium production in an MTR-type reactor can be optimized if the core is loaded
with so-called driver fuel elements to maintain the reactor critical and target
fuel elements to generate the plutonium product. The driver fuel may be highly
enriched, while the target material may contain either natural or depleted
uranium.3!

The development and analysis of detailed production scenarios is beyond
the scope of this study, but a rough estimate is possible based on the neutron
balance in a typical MTR-type reactor alone. The fission and neutron release
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rate per MW(th) can be specified using typical values for the energy and neutron
release per fission event of 200 MeV and v = 2.4, respectively.

1 MW(th) is equivalent to 3.12 x 106 fi/s or 7.50 x 106 n/s. (1A)

Typically 25—-35% of all neutrons released in an MTR-type reactor are not
required to maintain criticality of the reactor and are therefore available for
other purposes. Assuming that all those neutrons are absorbed in the target
material and indeed lead to plutonium buildup, a theoretical upper limit of total
plutonium production can be specified.

£(max) ~ 0.65-0.90 g(Pu)/MWd(th). (2A)

In practice, a production rate close to £(max), which would be equivalent
to a net conversion ratio of 0.55-0.80,%2 is not achievable. Due to the relatively
compact core design of typical MTR-type reactors, a significant fraction of the
neutrons can be expected to leak from the core. In addition, parasitic neutron
absorption in structural and other materials, as well as in the plutonium it-
self, will further reduce the efficiency.?® In making the ad hoc assumption that
these effects decrease efficiency by an additional 30—40%, a practical plutonium
production rate &(eff) can be estimated.

£(eff) ~ 0.4-0.6 g(PuyMWd(th) (3A)

Based on these values and scaled to the previously discussed generic 30 MW
reactor operated 300 days per year, the maximum plutonium production rate
achievable in a dedicated plutonium production campaign is 3.6-5.4 kg(Pu)/yr.

Quite consistently, more detailed analyses of production scenarios conclude
that 3—6 kg of plutonium can be produced annually in a generic MTR-type
reactor rated at 30 MW.34 These numbers can be compared to the regular and
inevitable plutonium buildup in a 30 MW LEU-fueled reactor (19.75%), which
is on the order of 1 kg(Pu)/yr (see Table 4). Note also that plutonium production
in a fictitious MTR-type reactor fueled with slightly enriched uranium (5%)
and operated at relatively low burnup of the fuel (20%) is already close to the
production rate achieved in dedicated campaigns in MTR-type reactors (3.46 kg
with an average Pu-239 content of about 90%, Table 4).

There are a variety of practical implications of dedicated plutonium produc-
tion campaigns that are not further discussed here. For example, significantly
fewer ordinary fuel elements are required to run the reactor than would be ex-
pected based on the thermal power of the facility. This is due to the significant
energy release in the target material. At the same time, a very large number
of target fuel elements, containing a considerable and possibly undeclared ura-
nium inventory, has to be loaded into and discharged from the reactor. This
striking discrepancy between requested fuel (low) and core management activ-
ities (high) makes covert plutonium production in an adequately safeguarded
reactor rather difficult.
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NOTES AND REFERENCES

1. TAEA safeguards are designed to address some of these proliferation risks, i.e., to
detect and deter in a timely way diversion of nuclear material. Safeguards, however,
cannot prevent theft or diversion and are ineffective in a breakout-scenario. For almost
three decades, experts have therefore emphasized the importance of increasing the in-
herent proliferation-resistance of the nuclear fuel cycle, a measure that has also been
acknowledged by the member states of the IAEA during the International Nuclear Fuel
Cycle Evaluation (INFCE, 1978-1980).

2. There are a number of historic precedents that illustrate the practical relevance of
both scenarios. The most prominent examples are Israel and India, which have used un-
safeguarded facilities (Dimona, Cirus, and Dhruva), all formally classified as research
reactors, since the early 1960s to produce plutonium for their respective weapon pro-
grams. Israel destroyed the Iraqi HEU-fueled Osirak reactor, which had been supplied
by France, in June 1981 suspecting the intention for covert plutonium production or
HEU diversion. In 1991, Iraq had planned a “crash program” to divert safeguarded 80%-
enriched fuel from a Soviet-supplied research reactor (IRT-5000) for further enrichment.

3. Dedicated plutonium production in MTR-type reactors, for instance in natural
uranium located in special target fuel elements, is not part of the present analysis. For
reference purposes, this issue is briefly discussed in an appendix to this article.

4. MTR-type reactors represent the most important class of research reactors today
and use enriched uranium in characteristic plate-type fuel elements. The original
Material Testing Reactor was designed and built collaboratively by the Oak Ridge and
Argonne National Laboratories (ORNL and ANL) and operated from 1952—-1970 on the
site of the former Idaho National Engineering Laboratory (INEL).

5. All other uranium isotopes have decayed since their primeval endowment having
half-lives of less than 10® years. As part of the U-238 decay-chain, trace amounts of
U-234 (0.0055%) are however present in natural uranium, whereas U-236 is artificially
produced during irradiation of uranium fuel in nuclear reactors. In the following
discussion, the trace constituents U-234 and U-236 are ignored. Similarly, uranium
compositions containing significant fractions of U-233, which can be produced via
irradiation of thorium-232, are not considered in this article.

6. At the first Atoms for Peace conference held in Geneva in 1955 however, Alvin
Weinberg reported that he had “just received information from my country that sample
UOg-aluminum 20 per cent enriched fuel elements of the type which will be available
to foreign countries have now been tested both in the LITR and in the MTR” (Session
9A, Vol. II, August 12, 1955, p. 430). Although, Weinberg does not use the term LEU
in his paper nor in the discussion explicitly, his statements suggest that a policy was
already in place distinguishing LEU and HEU. Domestic U.S. research reactors were
HEU-fueled at that time. The export of HEU was authorized by the U.S. only in 1958.

7. International Atomic Energy Agency. Safeguards Glossary. 2001 Edition. Interna-
tional Nuclear Verification Series, No. 3. Vienna, 2002, §4.12.

8. ITAEA, op. cit., §4.25 and §4.26.

9. The following isotopic compositions are used: 1.8% Pu-238, 59.0% Pu-239, 23.0%
Pu-240, 12.2% Pu-241, and 4.0% Pu-242 for reactor-grade plutonium; 1.2% Pu-238,
70.9% Pu-239, 15.4% Pu-240, 10.6% Pu-241, and 1.9% Pu-242 for fuel-grade plutonium,;
0.05% Pu-238, 93.6% Pu-239, 6.0% Pu-240, 0.3% Pu-241, and 0.05% Pu-242 for
weapon-grade plutonium.

10. Self-evidently, a low critical mass also reduces the amount of material that has
to be produced, diverted, or otherwise acquired. It also facilitates transportation,
concealment, etc. of the material.
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11. In addition to spontaneous fission, («, n)-reactions are a secondary source of neu-
trons. In this case, a-particles emitted by uranium or plutonium isotopes may interact
with traces of beryllium or oxygen in the nuclear material. Due to the large half-lives of
all relevant uranium isotopes, («, n)-reactions can be neglected in the present context.
They have to be taken into account, however, for estimates of total neutron emission
rates in plutonium. Uranium recovered from spent fuel may contain trace quantities
of certain transuranium isotopes with high spontaneous fission rates. See Note 20 for a
discussion.

12. MCNP simulations for a highly simplified model of a gun-type weapon conceptually
similar to the Hiroshima bomb (cylindrical geometries of projectile and target) predict
that the distance the projectile has to travel with the configuration being supercritical
is greater than 20 cm. This corresponds to about 0.7 ms assuming an assembly speed of
300 m/s. The respective discussion in the Los Alamos Primer quotes muzzle velocities of
up to 1000 m/s, but these require gun weights, which can be considered unrealistically
high. See Robert Serber: The Los Alamos Primer. University of California Press,
Berkeley, 1992, Section 20.

13. Data taken from J. Magill: Nuclides.net—An Integrated Environment for Compu-
tations on Radionuclides and their Radiation. Springer-Verlag, Berlin, 2003.

14. For a spherical configuration, the distance to be traveled by the projectile with the
configuration being supercritical roughly increases with </M. Using the critical mass
values for HEU and LEU from Figure 1, this would correspond to a 2.3-fold increase of
the assembly-time.

15. The assumption that the proliferator is relatively unexperienced is plausible
because, otherwise, the construction of an implosion-type device would clearly be a
preferable option.

16. See Note 21.

17. The isotopics of the irradiated uranium have been determined in cell burnup
calculations, which are discussed further below: 81.0% U-235, 9.3% U-236, and 9.7%
U-238. The bare critical mass of this composition is 65 kg (compared to 53 kg for
WGU).

18. See Serber, op. cit., or J. Carson Mark, “Explosive Properties of Reactor-Grade
Plutonium,” Science & Global Security, 4 (1993): 111-128.

19. A. Glaser: Neutronics Calculations Relevant to the Conversion of Research Reactors
to Low-Enriched Fuel. Ph.D. Thesis, Department of Physics, Darmstadt University of
Technology, 2005. For details on the fundamental neutronics codes, see J. F. Briesmeister
(ed.): MCNP — A General Monte Carlo N-Particle Transport Code. Version 4C. LA-
13709-M, Los Alamos National Laboratory, December 2000; A. G. Croff: A User’s Manual
for the ORIGENZ2 Computer Code. ORNL/TM7175, Oak Ridge National Laboratory, July
1980; and S. Ludwig: “Revision to ORIGEN2—Version 2.2.” Transmittal Memo, May 23,
2002.

20. U-235 burnup corresponds to the total fractional consumption of U-235 including
fission, capture, and other processes. Note that the irradiation time is not directly pro-
portional to the burnup of the fuel due to the plutonium buildup and subsequent fission,
an effect particularly pronounced for lower enrichment levels. As a consequence, the
U-235 consumption per MWd(th) decreases for lower enrichment and higher average
burnup of the fuel.

21. If the uranium recovered from the spent fuel is to be used in a gun-type device,
strong neutron emitters have to be successfully removed in the purification process.
An analysis of typical spent fuel compositions of MTR-type fuel indicate that about
99.99% of the critical isotopes Pu-238, Pu-240, and Cm-244 have to be eliminated from
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the uranium stream. This is, for instance, equivalent to a final plutonium-uranium
ratio of 107%. Benedict el al. confirm that ratios of less than 102 can be achieved with
the PUREX-process, if an additional cleanup step is added (p. 487). It is questionable
whether a low-tech proliferator could achieve such purification levels. If not, only the
fresh fuel would be candidate-material for a crude nuclear device. For a discussion of
the PUREX process, see: M. Benedict, T. H. Pigford, and H. W. Levi, Nuclear Chemical
Engineering, Second Edition, McGraw-Hill, New York, 1981, pp. 466-514.

22. The spontaneous fission rate is not a meaningful quantity to approximate the
weapon-usability of uranium if used with the rapid implosion-type method, which was
first invented to circumvent the preinitiation-problem. In general, rates are extremely
low compared to those of typical plutonium compositions.

23. It is remarkable that the uranium contribution is the leading proliferation
concern for enrichment levels as low as 30%, even though its usability is still strongly
suppressed by the weighting factor used in the present analysis.

24. In the previously mentioned 1991 crash program, Iraq had planned to divert safe-
guarded 80%—enriched research reactor fuel for further enrichment with a small cascade
of centrifuges (49 machines), a strategy equivalent to the present scenario. For such a low
number of separating units however, the operation of the enrichment cascade would in-
evitably be suboptimal and significant mixing losses can be expected. These losses would
lead to a moderate increase of the time required to enrich the feed-stock to weapon-grade
uranium. For a description of the Iraqi crash program, see D. Albright, F. Berkhout, and
W. Walker, Plutonium and Highly Enriched Uranium 1996. World Inventories, Capabil-
ities, and Policies. Stockholm International Peace Research Institute (SIPRI), Oxford
University Press, 1997, pp. 344—-349.

25. A. de la Garza, G. A. Garrett, and J. E. Murphy, “Multicomponent Isotope
Separation in Cascades,” Chemical Engineering Science, 15, 1961: 188—209.

26. Independently from the fact that plutonium production increases significantly
for very low enrichment levels, such a fuel would be an inferior candidate for modern
research reactors. For a specified U-235 inventory, very low-enriched fuel would
require a larger core size, which reduces maximum neutron fluxes available for
experiments.

27. Federal Ministry of Education and Research (BMBF). Vereinbarung tiber FRM I1
vorgestellt. Press release No. 169/2001, October 25, 2001.

28. More recent analyses have shown that an enrichment of about 30% would be
feasible with monolithic fuel and with only minor modifications of the core geometry
(Glaser, op. cit.). If some additional design constraints could be relaxed, such as the outer
diameter of the fuel element or the power level of the reactor, a conversion to LEU seems
feasible without performance loss of the reactor.
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30. The following discussion does not assess the feasibility of successfully hiding plu-
tonium production in a safeguarded research reactor. The effectiveness of safeguards to
detect covert plutonium production has been addressed, for instance, in M. M. Miller and
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31. Both target materials are virtually identical in terms of plutonium buildup, but
energy release in natural uranium may be a significant fraction of the total thermal
power of the reactor.
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32. The conversion ratio is defined as the number of plutonium atoms produced per
U-235 atoms consumed. As listed in Table 4, typical reference values are 1.1-1.2 g(U-
235)/MWd(th).

33. Inthe case of a large graphite-moderated natural-uranium-fueled reactor, leakage
would be much smaller. This reactor-type achieves conversion ratios of up to 0.8. Scaled
to a 30 MW reactor operated for 300 days per year, this corresponds to an annual
plutonium production of more than 8 kg.

34. Miller and Eberhard (op. cit.) consider a generic MTR-type reactor rated at 50 MW
and estimate an annual plutonium production of 5-10 kg.



