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ABSTRACT

Alternative once-through, light water reactor fuel designs are evaluated for capability to reduce the amount and
quality of plutonium produced. Doubling the discharge burnup is quite effective, producing modest reductions in
total plutonium and significant increases in 238Pu whose heat generation and spontaneous neutrons complicate
weapon usability. Reductions in the hydrogen to heavy metal ratio are counterproductive. Increases are helpful,
but only small changes can be accommodated. Use of TI1O2 in a homogeneous mixture with UO2 can reduce
plutonium production to about 50% of that in a typical present day PWR, and in heterogeneous seed-blanket
designs can reduce it to 30 to 45%.
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1-INTRODUCTION

Proliferation is one concern limiting further use of nuclear power [1]. Although its scope includes the entire fuel
cycle, a key concern is the generation of weapons-usable material - especially plutonium - in power reactors. A
typical 1 GWe pressurized water reactor (PWR) for example, now produces about 225 kg of plutonium per year.
Technical fixes alone cannot eliminate this problem: it is impractical to generate nuclear power without leaving
some fissile material behind. Although materials control and accounting practices go a long way toward
preventing diversion of this material, it is nevertheless appropriate to ask whether technical fixes of the fuel itself
can contribute to proliferation resistance. How far can fuel design changes go to alleviate the problem by
reducing the amount or quality of weapons usable material?

This paper therefore discusses how changes in the fuel design of typical PWRs affect the generation of
plutonium and other weapons related actinides. It is understood that each approach requires some modifications
to power reactor plant and operation (fuel storage, safety analyses, tech specs, for example) and to existing fuel
cycle facilities (fabrication plants, UF6 transportation for example). At this time we have not attempted to assess
the cost or safety characteristics of any of these possible changes, but have restricted ourselves solely to an
assessment of proliferation characteristics.

Assuming that reprocessing of spent fuel is not allowed, three techniques are available to control the production
of plutonium in light water reactors:

• Increase discharge burnup. This would imply increasing the initial 235U enrichment (although batch
size also plays some role), and is therefore backfittable into existing reactors.

• Change the neutron spectrum by adjusting the ratio of hydrogen to heavy metal (H/HM). In existing
PWRs, this ratio is about 3.4. Modest, backfittable changes could be accomplished by using a
different rod diameter or annular fuel pellets for example, or by varying temperature and pressure.
Although larger changes would not be backfittable, we have found it useful to extend our survey
over a wide range including both very small and very large H/HM values.

• Change fuel material, in particular use thorium, either as TI1O2 homogeneously mixed with UO2, or
in a heterogeneous seed-blanket configuration with the thorium in the blanket, driven by an all
uranium seed. These can be designed to be backfittable into existing PWRs.

2- PROLIFERATION ISSUES IN FUEL DESIGN

Fuel design can alleviate proliferation concerns by minimizing the production of elements from which weapons
might be constructed. But it can do more than this. In fact, because uranium and plutonium both occur invariably
as mixtures of isotopes, some of which have characteristics that positively impede weapons production, it is
misleading to consider the non-proliferation problem solely in terms of minimizing quantities of fissionable
material.



For example, despite the fact that the critical mass of a bare sphere of 235U alone is less than 50 kg, 235U mixed
with 238U is not considered a practical weapon material if its enrichment is less than 20% due to the large mass
needed for criticality. Forsberg [2] has suggested a corresponding limit of 12% for 233U in 238U. It should be
noted that isotopes of the same element can only be separated (enriched) by some physical means which takes
advantage of the mass difference between them. For elements such as uranium and plutonium with high mass
numbers, these isotopic mass differences are on the order of only one percent. Although modern techniques have
made the job simpler than in the past when gaseous diffusion was the only effective means, nevertheless
separating the isotopes of uranium or plutonium remains a significant problem for all except those with
considerable expertise and equipment. The job is made harder still by the fact that uranium or plutonium from
spent fuel is highly radioactive and may generate significant amounts of heat. Thus isotopic dilution constitutes
an effective, though not an absolute, barrier to proliferation.

With these caveats, Table 1 lists important characteristics of the uranium and plutonium isotopes.
Other higher actinides are potentially usable, but in once-through fuel cycles they are generated in successively
smaller amounts as their atomic number increases, so that it seems appropriate to concentrate initially on these
two.

Nuclide

Th
U
U
U
U
U
U

Pu
Pu
Pu
Pu
Pu

232
232
233
234
235
236
238
238
239
240
241
242

Spontaneous
neutron source
n/s-kg of isotope

--
1.09E+03
1.23
3.734
0.364
4.74
0.11
2.67E+06
21.8
1.03E+06
49.3
1.73E+06

Heat
source
W/kg of
isotope
2.65E-06
7.18E+02
0.281
0.179
6.00E-05
1.75E-03
8.00E-06
560
2
7
6.4
0.12

Critical
mass in a bare
sphere,
kg of isotope

--
3.5
15.5
143
46.5
—
—
9.65
10.05
37
12.9
87.6

Concentration
limit for
weapons use
w/o in 238U

12

20

Table 1: isotope properties important to proliferation resistance

Their proliferation potential, or proliferation resistance, is determined by the quantity and quality of the fissile
material that could be diverted to military use. Important attributes include:

1. Critical mass: Critical masses of the important isotopes are shown in Table 1, but the isotopic critical
mass values alone are somewhat misleading because each element is produced as a combination of the
various isotopes. Because some isotopes have low and others have high critical masses, these values
have to be considered in conjunction with the attendant difficulty of separating (enriching) selected
isotopes.
2. Spontaneous neutron generation: Spontaneous neutrons can cause pre-initiation of the nuclear
explosion. This possibility complicates the design, degrades the yield, and reduces the reliability of the
device. Table 1 shows that the isotopes with the highest spontaneous rates of neutron generation are
238Pu, 240Pu, and 242Pu. 232U also has a substantial rate.
3. Heat-generation rate: Heat produced by nuclear decay of the material complicates device design by
requiring sufficient heat removal means. A lower heat-generation rate represents a lower barrier than a
higher rate. For plutonium, this is strongly dependent on the concentration of 238Pu.
4. Radiation: The radiation (especially gamma) released by the material itself interferes with the
handling, processing, and design of the nuclear device. A lower radiation level represents a lower barrier
than a higher level. For plutonium, this is dependent on the concentration of 240Pu and 242Pu; for 233U,
dependent on 232U.
5. Degree of isotopic enrichment: Natural and low-enriched uranium can not be used directly for
weapon-making, but they can be converted to weapon-usable material by enrichment or re-enrichment.



Thus, the isotopic barrier is high for uranium enriched to low levels of 235U or 233U, and low for uranium
enriched to high levels.

3- PRESENT SITUATION

Table 2 describes the unit cell (fuel rod and surrounding water) in a typical P WR. This is the starting point of all
analyses in this paper.

Clad outside diameter
Clad material
Clad thickness
Gap width
Fuel pellet radius
Fuel material
Fuel density
Fuel rod pitch
Water density
H/U ratio

0.95
Zr-4
0.057
0.0085
0.4095

uo2-94%
1.26
-0.7 g/cc
-3.4

Table 2 : fuel unit cell description (dimensions in cm)

At present, most PWRs are loading fuel of 3.8 to 4.5 w/o 235U enrichment, and discharging at burnups of 40 to 50
GWD/mtHM. There is some natural variability here because the same initial enrichment can be used to produce
a range of discharge burnups depending on the number of batches in-core at the same time. Table 3 shows the
typical plutonium content of the discharge fuel from present day reactors.

Plutonium isotope

238
239
240
241
242
Total

kg/GWe-yr

6
124
47
34
14

225

Fraction of
Pu (%)

2.5
55
21
15
6

100

4-

Table 3: typicalPWRplutonium content at 50GWDAHM

' SYSTEMS WITH HIGHER DISCHARGE BURNUP

Increasing the discharge burnup would be advantageous in three ways. Most important is a large increase in the
238Pu content, which is only 2 to 3 % at the present discharge burnup. Figure 1 shows that the fraction of 238Pu in
the discharged fuel increases slightly faster than linearly with burnup. This is represented by the intersection of
the heavy line showing discharge burnup, with the marked lines showing 238Pu content for various initial
enrichments. For example doubling the burnup (from 50 MWD/kgU using 4.5 w/o to 100 MWD/kgU using 9.75
w/o assuming three batches) would increase the 238Pu fraction to about 7%. This figure also demonstrates the
importance of using an appropriate initial 235U enrichment when calculating 238Pu content. Note that for a fixed
discharge burnup, (corresponding to a vertical line in Figure 1) increases in the initial 23SU enrichment actually
reduce the 238Pu content at discharge.

Additionally, both the 239Pu and the total Pu content are reduced by increasing the discharge burnup. Total
plutonium is inversely proportional to about the two fifths power of discharge burnup [3]. Thus doubling the
discharge burnup from 50 to 100 GWD/mtHM decreases the plutonium content by about 25 percent. While this
change is in a helpful direction, it does not constitute a major reduction. However the 239Pu fraction in the total
plutonium will also fall making it more difficult to fabricate a weapon
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Figure 1: plutonium 238 fraction vs burnup for several initial U enrichments

5- 235U SYSTEMS WITH VARIOUS H/U RATIOS

A survey of discharge isotopics was performed [3] over a wide range of hydrogen to uranium ratios. In fact the
originally contemplated range, intended to cover backfittable designs, has been expanded to run from steam-
cooled reactors to reactors with a moderator of artificially high density water. The starting point of this analysis
was the current pressurized water reactor, typified by the fuel used in Westinghouse reactors, whose fuel rod
characteristics are summarized in Table 2.

The results of this analysis are shown in Figures 2, 3 and 4 plotted against the hydrogen to heavy metal ratio.
Current PWRs have a ratio of about 3.4, marked with the arrow on the graph. The left hand side of the graph
denotes steam cooled reactors with extremely low water densities and fast neutron spectra, the right side denotes
extremely high water densities with thermal neutron spectra. For fuel backfittable into existing PWRs, values
much below three and much above five are largely unattainable.

Results are shown here for an optimistically high discharge burnup of 100 MWD/kgHM to represent a future fuel
cycle. Figure 2 demonstrates the dictum that drier lattices are good for creating plutonium while wetter lattices
are good for burning it. From the viewpoint of proliferation, use of drier lattices would only exacerbate the
plutonium problem. Wetter lattices would appear to alleviate it, but there is a practical limit to the extent to
which lattices can be made wetter in existing plants. Figure 3 shows the plutonium isotopic vector as a function
of the hydrogen to heavy metal ratio. In these terms, also, reducing the hydrogen to heavy metal ratio decreases
the proliferation resistance. As the H/HM ratio decreases, the weapons quality of the plutonium increases with
the increasing content of fissile 239Pu.
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Figure 2 : plutonium production vs hydrogen to heavy metal ratio
at 100 MWD/kg, 12 w/o initial U enrichment
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Figure 3 : plutonium isotopic vector vs hydrogen to heavy metal ratio
at 100 MWD/kg, 12 w/o initial 235U enrichment

The heat generation per unit mass of plutonium peaks fortuitously in the neighborhood of the present design, as
shown in Figure 4. In contrast to this behavior, the neutron source per mass of plutonium rises monotonically
with H/HM. Since the high values of H/HM are physically unrealizable, the present design point appears near
optimum with regard to neutron and heat barriers to proliferation.
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Figure 4 : spontaneous neutron and heat generation rates vs hydrogen to
heavy metal ratio at 100 MWD/kg, 12 w/o initial 235U enrichment

6- URANIUM-THORIUM SYSTEMS

The use of thorium as a fertile material in nuclear fuel has been of interest since the dawn of nuclear power
technology due to its abundance and to potential neutronic advantages. Early projects include homogeneous
mixtures of thorium and uranium oxides in the BORAX-IV, Indian Point I, and Elk River reactors, as well as
heterogeneous mixtures in Shippingport seed-blanket reactor. However these projects were developed under
considerably different circumstances than prevail at present. They preceded the proscription, for non-
proliferation purposes, of uranium enriched to more than 20 w/o in 235U and in fact generally involved use of
uranium highly enriched in 235U. They were designed when the expected burnup of light water fuel was on the
order of 25 MWD/kgU - about half the present day value - and when it was expected that the spent fuel would
be recycled to recover its fissile content. As might be expected, under these conditions non-proliferation was not
an especially prominent design objective, if it was one at all.

Recent work performed with the expectation of high discharge burnup, no reprocessing, the 20 w/o limit on 235U
enrichment, and with non-proliferation as a primary objective include homogeneous designs, Radkowsky
Thorium Fuel [4], and several other seed blanket designs. All of these designs are intended for once-through
operation. Here we summarize the non-proliferation characteristics of three kinds of thorium uranium fuel
designed for light water reactors under these present-day constraints.

The simplest type of thorium-uranium fuel utilizes a homogeneous mixture of UO2 and ThC>2 within each pellet
in all the fuel rods. To a first approximation there is no change in the fuel rod design, although the presence of
the TI1O2 reduces the pellet density by a few percent.

The second type of thorium-uranium fuel includes typical seed and blanket designs, where each seed and each
blanket comprise a separate assembly or subassembly [4][5] whose size is commensurate with the slowing down
length, as indicated in Figure 5. The seed assemblies contain only uranium, no thorium. Because their power
density is quite high, they may consist of annular UO2 fuel pellets in typical fuel cladding, or of a uranium-
Zircaloy cermet or dispersion fuel. Although the blanket should ideally contain only the fertile thorium, it is
necessary as a practical matter to include some uranium both to provide some power generation in the blanket at
the start of its irradiation, and to denature the 233U which is formed. Therefore the blanket assemblies contain a
mixture of ThC>2 and UO2 in standard fuel rods. Important as these design differences are to the thermal-
hydraulic, economic and safety performance of the fuel, the design details do not significantly influence the
proliferation characteristics.

The third fuel concept includes so-called "micro-heterogeneous" designs. These can take any of several forms,
consisting of duplex pellets containing separate ThC>2 and UO2 fuel regions, or of fuel rods within which regions
of one or a few ThO2 pellets are alternated axially with regions of one or a few UO2 pellets, or of whole fuel rods



containing ThO2 pellets intermixed with whole fuel rods containing UO2 pellets, as shown in Figure 6. In some
cases, annular fuel pellets are employed in the seed (or driver) zones to reduce fuel peak temperature.

(Seed) (Blanket)

! . " . • Three Basic Concepts

Duplex Axially Heterogeneous

Fig. 5 : Whole Assembly (WASB) concept Figure 6 : micro-heterogeneous thorium-uranium fuel concepts

(Seed)
(Blanket) Fuel concept

Conventional PWR
Homogeneous thorium/uranium
Whole assembly seed blanket
Axially microheterogeneous (seed)
Denatured microheterogeneous
(seed plus blanket)

Total Pu Production
kg/GWe-year
225
110
70
75
110

Table 4 : total plutonium production in thorium uranium fuels (-with 6.8% initial U235 in heavy metal)

Table 4 summarizes the total plutonium generation in these various thorium uranium fuel designs.
It can be seen that use of thorium reduces the total plutonium production by a factor of two or three relative to a
typical PWR. Seed and blanket designs provide the least plutonium generation per unit of electrical output, but
this still amounts to several critical masses per year for every 1000 MW plant. When the fertile thorium blanket
is physically separate from the uranium, the presence of the bred 233U constitutes a further proliferation concern
because, being a different element, it could be chemically separated from the thorium. This can be alleviated by
including in the blanket some low enriched uranium whose 238U effectively denatures the bred 233U. As shown
above, this increases the plutonium produced, which is then on the order of half that from a typical PWR.

A further feature of thorium use is its generation of 232U, whose bismuth and thalium decay products produce
high energy gamma activity which would impede weapon assembly. Recent calculations show higher 232U
concentrations in the discharge fuel than were predicted in the past. As very high energy reactions contribute
significantly to its production, this is a useful area for further investigation using modern methods.
Thus the use of thorium can significantly reduce plutonium production, but it does not eliminate it.

7- METHODS

The primary lattice physics codes used on this project are CASMO-4 [7] and MOCUP [8] . CASMO-4, used here
through the courtesy of Studsvik of America, is a proprietary code package widely used in the industry for light
water reactor calculations. It provides a multigroup, two-dimensional, transport theory, burnup calculation of pin
cells, PWR or BWR assemblies, or four-assembly clusters. MOCUP iterates between the Los Alamos monte-
carlo code MCNP and the Oak Ridge depletion code ORIGEN. MCNP provides the spatial distribution of
reaction rates using continuous energy cross sections, and ORIGEN calculates the depletion and buildup of
nuclides over each time interval, with the resulting concentrations fed back into the next MCNP calculation.
MOCUP was programmed by the Idaho National Engineering and Environmental Laboratory. CASMO has
convenient input and output formats and runs rapidly; MOCUP has complex input and output formats and takes a



much longer time to run, but can produce extremely accurate results because of its utilization of continuous
energy monte-carlo and its ability to deplete complex chains of nuclides.

Several benchmark depletion calculations have been completed comparing CASMO-4, MOCUP and other
depletion codes on the basis of both reactivity and isotopics [9]. These generally indicate agreement to better
than one percent reactivity and to within five or ten percent for individual uranium, neptunium and plutonium
isotope concentrations for burnups up to 70 MWD/kgU. The reactivity agreement provides an integral measure
of the accuracy of the calculation methods used here, and the agreement on actinide concentrations indicates that
these methods are adequate to assess the proliferation characteristics of the various fuel cycles.

8- CONCLUSION

The extent to which the fuel assembly design modifications in light water power reactors can enhance their
proliferation resistance has been investigated insofar as changes in discharge burnup, hydrogen to heavy metal
ratio, or use of thorium are concerned.

Large increases in discharge burnup (say, doubling to 100 MWD/kg) would decrease the total plutonium content
and greatly increase the content of Pu whose heat generation is a significant deterrent to weapon assembly.

Reductions in the hydrogen to heavy metal ratio are not useful. They generally increase the proliferation
potential by increasing both the amount of plutonium discharged and the content of the fissile isotopes. Increases
in the hydrogen to heavy metal ratio can in principle effect a reduction in plutonium, but backfittable designs can
achieve only a modest fraction of these improvements.

Use of thorium has the potential to reduce plutonium production by a factor of two or three. Homogeneous
mixtures can achieve a reduction on the order of 50%. The larger reductions require use of more complex seed
blanket designs whose safety and economic characteristics are now being investigated.
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