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METHOD OF PROVIDING ANUCLEARFUEL 
AND A FUEL ELEMENT PROVIDED BY 

SUCH A METHOD 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

0001. This application is a divisional of U.S. application 
Ser. No. 10/383,861, filed Mar. 10, 2003, which claimed 
priority to European Application 02075937.7, filed Mar. 11, 
2002, the entire contents of both applications being incorpo 
rated herein by reference 

BACKGROUND OF THE INVENTION 

0002 1. Field of the Invention 
0003. This invention relates to a method for providing a 
nuclear fuel and a fuel element provided with a nuclear fuel 
made by Such a method. 
0004 2. Description of the Related Art 
0005. It is known to produce nuclear fuels containing rela 

tively low densities of highly enriched uranium. Highly 
enriched uranium (HEU) has the disadvantage that for politi 
cal reasons, the use of this material is undesirable, because it 
can not only be deployed for peaceful purposes but can also be 
used for less peaceful applications, as for perpetrating terror 
ist attacks and/or manufacturing atomic bombs. For this rea 
son in recent years the use of low enriched uranium (LEU), 
which has a 235-U content of less than 20%, is strongly 
encouraged. In view of the above-mentioned disadvantage of 
HEU, a nuclear fuel preferably comprises uranium not highly 
enriched in the 235-U isotope. A disadvantage of such a fuel, 
however, is that the total uranium content (the sum of all 
isotopes) in an LEU-containing fuel element must be much 
higher than that in an HEU-containing fuel element, in order 
to obtain a similar reactivity. However, metallic uranium 
inherently has insufficient mechanical stability during irra 
diation to be used in elemental form. 
0006. It is known to impart stability to the uranium by 
using it in a chemical composition with silicon, e.g. U.Si. In 
this composition, however, the density of the uranium still 
cannot always attain the desired higher value to be able to 
provide a reactivity sufficiently high to enhance the utility or 
the economics of the reactor. For this reason a new class of 
nuclear fuels for use in research, test and radioisotope-pro 
duction reactors is being developed based on uranium-mo 
lybdenum alloys. The high uranium density of these alloys 
should make it possible to fuel these reactors using LEU 
instead of HEU, without causing a large decrease of the 
neutron flux in these reactors. These uranium-molybdenum 
alloys offer the further advantage of being able to be repro 
cessed in currently operating reprocessing plants. 
0007 Uranium-molybdenum alloys are currently being 
tested as dispersions of alloy fuel particles in a non-fission 
able matrix material. Such as aluminum, and as a monolithic 
fuel. Both types of fuel are enclosed in a cladding Such as 
aluminum. U.S. Pat. No. 5,978,432 describes one method of 
producing a dispersion fuel using uranium-molybdenum 
alloys. The most common design of a Material Test Reactor 
(MTR) fuel element using U-Mo fuel and U-Mofuel plates is 
as follows. U-Mo particles are dispersed into an aluminum 
matrix. The dispersed particles and the aluminum matrix 
make up a thin fuel layer, which is placed between two thin 
cladding plates of aluminum alloy. Such a cladding is, for 
example, described in the U.S. Pat. 4,963,317. In the present 
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invention, the aluminum matrix is to be understood to com 
prise the aluminum of the fuel only. Therefore, the bulk of the 
aluminum cladding does not form part of the matrix in the 
present invention. 
0008. The thus-obtained fuel plates, each comprising a 
fuel layer enclosed by cladding plates, are either curved or 
flat. Approximately 20 of such plates form a fuel element 
together with structural components. Cooling water that 
flows between the plates cools the fuel plates fuelling a reac 
tor during the operation thereof. 
0009. Although the use of uranium-molybdenum alloys 
makes it possible to increase the uranium density in the 
nuclear fuel for research and test reactors, the use of molyb 
denum carries the penalty of a significant neutron absorption, 
which decreases the effect of the added uranium, resulting in 
a relatively low reactivity. Therefore, the application of 
molybdenum in a nuclear fuel has been unfavourable albeit its 
advantages. 

SUMMARY OF THE INVENTION 

0010. It is an aspect of the present invention to overcome 
the problems described above of providing a nuclear fuel that 
comprises an uranium-molybdenum alloy, in particular it is 
an aspect of the present invention to increase the reactivity of 
Such a fuel. 

0011 To that end, the present invention provides a nuclear 
fuel including an alloy of metallic uranium and molybdenum, 
the uranium being enriched in the isotope 235-U, while the 
molybdenum is depleted in the isotope 95-Mo. 
0012. The present invention is based on Applicant's dis 
covery that the use of molybdenum depleted in 95-Mo, which 
absorbs less neutrons compared to natural molybdenum, 
results in a higher reactivity of the nuclear fuel. This effect is 
explained below. The higher reactivity can be used to render 
a number of advantages, depending among others on the 
specific design of the fuel element to be used and the manner 
in which the fuel element is used. Possible advantages of 
using molybdenum depleted in 95-Mo are: high reactivity; 
increased flux, achieving a higher concentration of molybde 
num in the fuel in case of 95-Mo-depleted molybdenum, 
while retaining identical flux, which may render an increas 
ingly stable fuel; identical flux, but with a longer cycle, which 
allows for consumption of a smaller quantity of fuel elements; 
and/or smaller quantity of expensive enriched uranium per 
fuel element to retain identical flux. 

DETAILED DESCRIPTION 

0013 The reasons for the effect of the use of molybdenum 
depleted in 95-Mo instead of natural molybdenum, are shown 
in Table 1 below, which includes the thermal neutron absorp 
tion cross section (D) and the resonance integral of various 
molybdenum isotopes. The thermal neutron absorption cross 
section and the resonance integral are measures for the 
amount of thermal neutrons and epi-thermal neutrons 
absorbed by the molybdenum respectively. The thermal neu 
tron cross section data in Table 1 originate from the 81''' 
edition of the Handbook of Chemistry and Physics (2000 
2001), CRC Press, Robert C. Weast et al, page 11-165/166. 
The resonance integral data are a typical example of the 
results of neutronics computations. 
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TABLE 1. 

Effective cross section of molybdenum isotopes for neutrons. 
The values for natural Mo have been computed using 
the weighed averages of the data for the isotopes. 

Molybdenum Resonance 
isotope Abundant atomic 96 D (barns) Integral (barns) 

92-Mo 1484 O.O6 O.8 
94-Mo 9.25 O.O2 O.8 
95-Mo 15.92 13.4 109 
96-Mo 16.68 1.5 17 
97-Mo 9.55 2.2 14 
98-Mo 24.13 O.14 7.2 
1OO-Mo 9.63 O.19 3.6 

Natural Mo 2.7 23.8 

0014 Table 1 shows that 95-Mo has both the highest ther 
mal neutron absorption cross section (D) and the highest 
resonance integral. Therefore the presence of the consider 
able fraction 95-Mo in natural molybdenum (about 16%) has 
a significant negative impact on the reactivity of U-Mo fuel 
containing natural Mo. Comparing the computed D-value and 
the computed resonance integral for natural molybdenum 
with those for the isotopes 92-Mo, 94-Mo., 96-Mo, 97-Mo, 
98-Mo and 100-Mo shows that all these isotopes have a lower 
computed D-value and a lower computed resonance integral 
compared to natural molybdenum. This shows that the use of 
all these isotopes will increase the reactivity compared to the 
use of natural molybdenum. The data in Table 1 show that 
92-Mo and 94-Mo have the lowest values for the thermal 
neutron absorption cross section (D) and the resonance inte 
gral of all molybdenum isotopes. The data in Table 1 show 
that 96-Mo and 97-Mo have values for the thermal neutron 
absorption cross section (D) and the resonance integral which 
are only somewhat lower than those for natural molybdenum. 
The data in Table 1 show that 98-Mo and 100-Mo have values 
for the thermal neutron absorption cross section (D) and the 
resonance integral which are intermediate between those of 
92-Mo and 94-Mo on the one hand and 96-Mo and 97-Mo on 
the other hand. The isotopic composition that will be applied 
in practical applications will depend on various parameters, 
such as the costs of enrichment of the molybdenum in 92-Mo 
and 94-Mo compared to the costs of enrichment of the molyb 
denum in 98-Mo and 100-Mo. 
0015 The impact of the use of molybdenum depleted in 
95-Mo in U-Mo fuel in a test reactor can lead to an annual 
savings of 2.5 to 3 fuel elements. This means that fewer fuel 
elements must be purchased at high cost and fewer spent fuel 
elements must be disposed of at even higher cost. 
0016. The production of molybdenum which does not 
contain any 95-Mo is not feasible from a technical point of 
view. Therefore, the 95-Mo-depleted molybdenum will still 
contain some 95-Mo. The 95-Mo concentration that will be 
used for practical application will depend on various param 
eters, such as: the costs of the enrichmentofuranium in 235-U 
and the costs of depletion of molybdenum in 95-Mo; the costs 
for the production of fuel plates and fuel elements; and/or the 
costs of disposing of spent fuel elements. 
0017. According to a further embodiment of the present 
invention, the depleted molybdenum contains less than 15% 
by weight, more particularly approximately 5% by weight, of 
the molybdenum isotope 95-Mo. With these percentages by 
weight of the molybdenum isotope 95-Mo, relatively high 
reactivity values are obtained. 

Jun. 23, 2011 

0018. According to an even further embodiment of the 
present invention, the content of molybdenum in the uranium 
molybdenum alloy is in the range of 2-20% by weight, more 
particularly in the range of 5-10% by weight. When the fuel 
contains such an amount of molybdenum, a relatively high 
concentration ofuranium can be incorporated therein without 
the uranium becoming mechanically unstable during irradia 
tion. In particular, at a content of 5-10% by weight, sufficient 
uranium can be present in the fuel to obtain a neutron yield 
useful for the purposes mentioned earlier. In a preferred 
embodiment, the fuel contains more than 3 grams/cm, more 
particularly more than 4 grams/cm, of uranium. More pref 
erably, the fuel contains more than 5 grams/cm, more par 
ticularly more than 7.5 grams/cm, of uranium. Such densi 
ties of enriched uranium provide relatively high neutron 
yields and high reactivity values. A fuel that comprises ura 
nium in Such relatively high densities can comprise an alu 
minum matrix embedding the alloy of uranium and molyb 
denum, so that a stable fuel meat is formed. 
0019. The present invention further provides a fuel ele 
ment. Such a nuclear fuel element can be made by a method 
according to the invention. Such a fuel element is relatively 
simple to recycle, compared with, for instance, fuel elements 
containing uranium-silicon compounds. Since the fuel ele 
ment is not provided with highly enriched uranium, produc 
tion, transport and use of Such a fuel element is preferable, 
from a non-proliferation point of view, to fuel elements that 
do contain highly enriched uranium. 
0020. The advantages discussed above of using molybde 
num depleted in the isotope 95-Mo result for any level of 
uranium enrichment, although in different degree. Therefore, 
the present invention is applicable to all levels of uranium 
enrichment. The enriched uranium can for example contain 
2-40% by weight, in particular 10-20% by weight, of the 
isotope 235-U. On the other hand, a fuel comprising an alloy 
of a higher enriched uranium, such as HEU, and Mo-95 
depleted molybdenum is also within the scope of the present 
invention. Enrichment of this uranium can be implemented in 
different ways, for example by utilizing ultracentrifuges, by 
gas diffusion, or by a combination of these or other methods. 
Besides, the enricheduranium can be obtained from the mix 
ing of highly enricheduranium with lowly enriched or natural 
uranium. This is also known as HEU downblending. 
0021. Further, the depleted molybdenum can have been 
obtained in different ways, for example by utilizing ultracen 
trifuges. 
0022. The molybdenum can also be enriched in the isotope 
92-Mo, 94-Mo, 96-Mo, 97 Mo, 98-Mo and/or 100-Mo, 
resulting in molybdenum which is effectively depleted in 
95-MO. 

0023 To those skilled in the art, it will be clear that various 
modifications are possible within the scope of the present 
invention. 

1-6. (canceled) 
7. A fuel element for use in a nuclear reactor, comprising an 

alloy and a matrix with the alloy dispersed in the matrix, the 
alloy comprising uranium enriched in isotope 235-U and 
processed molybdenum, wherein the processed molybdenum 
is depleted in isotope 95-Mo prior to formation of the fuel 
element such that the processed molybdenum absorbs less 
neutrons compared to natural molybdenum, wherein the fuel 
element has a higher reactivity than that of a comparative fuel 
element having a same composition as that of the fuel element 
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except that unprocessed, natural molybdenum is Substituted 
for the processed molybdenum. 

8. A fuel element according to claim 7, wherein the matrix 
comprises aluminum. 

9. A fuel element according to claim 7, wherein the pro 
cessed molybdenum contains less than 15% by weight of the 
isotope 95-Mo. 

10. A fuel element according to claim 7, wherein the alloy 
contains the processed molybdenum in a range of 2-20% by 
weight. 

11. A fuel element according to claim 7, wherein the ura 
nium contains 2-40% by weight of the isotope 235-U. 

12. A fuel element according to claim 7, wherein the alloy 
contains more than 3 grams/cm of the uranium. 

13. A fuel element comprising uranium and processed 
molybdenum, the fuel element made by a method comprising 
processing molybdenum to deplete isotope 95-Mo and form 
the processed molybdenum, and Subsequently forming an 
alloy of a metallic uranium and the processed molybdenum 
dispersed in a matrix, wherein the uranium is enriched in 
isotope 235-U, wherein the fuel element has a higher concen 
tration of molybdenum isotopes than that in a comparative 
fuel element comprising unprocessed, natural molybdenum 
and having an identical flux as that of the fuel element. 

14. A fuel element according to claim 13, wherein the alloy 
contains more than 3 grams/cm of the uranium. 

15. A fuel element according to claim 13, wherein the 
processed molybdenum contains less than 15% by weight of 
the isotope 95-Mo. 
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16. A fuel element according to claim 13, wherein said 
processing molybdenum comprises enriching molybdenum 
in isotopes 92-Mo., 94-Mo., 96-Mo, 97-Mo, 98-Mo, 100-Mo, 
or any combination thereof. 

17. A fuel element according to claim 13, wherein the alloy 
contains the processed molybdenum in a range of 2-20% by 
weight. 

18. A fuel element according to claim 13, wherein the 
uranium contains 2-40% by weight of the isotope 235-U. 

19. A fuel element according to claim 13, wherein the 
matrix comprises aluminum. 

20. A fuel element according to claim 13, wherein said 
processing molybdenum comprises using an ultracentrifuge. 

21. (canceled) 
22. A fuel element according to claim 7, wherein the pro 

cessed molybdenum contains less than 5% by weight of the 
isotope 95-Mo. 

23. A fuel element according to claim 13, wherein the 
processed molybdenum contains less than 5% by weight of 
the isotope 95-Mo. 

24. A fuel element of claim 7, wherein the fuel element has 
a higher concentration of molybdenum isotopes than that in 
the comparative fuel element, wherein the comparative fuel 
element has an identical flux as that of the fuel element. 

25. A fuel element of claim 13, wherein the fuel element 
has a higher reactivity than that of the comparative fuel ele 
ment, wherein the comparative fuel element has a same com 
position as that of the fuel element except that the unproc 
essed, natural molybdenum is Substituted for the processed 
molybdenum. 


