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Abstract

The potential of the accelerator driven systems (ADS) is evaluated for enhancing the proliferation
resistance of LWR-MOX fuel. It is considered as a concept to create an inherent radiation barrier in
MOX fuel by the admixture of 232U and followed by a short-term irradiation in a blanket of the ADS
with a solid-state target. ADS with extremely moderate physical parameters of pool-type sub-critical
light-water cooled blanket can be applied to create the inherent radiation barrier in fresh MOX fuel
assemblies at the level of Spent Fuel Standard. It would promote development of proliferation-
resistant nuclear fuel cycles.
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1. Introduction

Actually, we noticed the extension of the fabrication of mixed uranium-plutonium oxide fuel
(MOX-fuel) as a promising direction for utilisation of the reactor-grade plutonium disposed in spent
nuclear fuel. In addition, the Russian Federation and the USA are developing programmes on the
utilisation of the surplus of weapons-grade plutonium in power nuclear reactors as a real way to
nuclear disarmament [1]. In this connection, the protection of the plutonium containing MOX-fuel
against non-peaceful applications becomes a more and more urgent problem.

The solution of this problem might be found in creating protection barrier systems of different
type. Inherent radiation protection barriers are considered among them.

An important aspect of the radiation protection barriers is the duration of their action. In [2] a
possibility has been analysed to create an inherent radiation protection barrier by short-term
irradiation of manufactured fuel assemblies (FAs) in an accelerator driven facility (ADF). The
disadvantage of such an approach is the short action time of the protection barrier because of the rate
of exposure dose (RED) for γ-radiation emitted by fission products is relatively quickly reduced. So,
other combinations are required to be used for creating a long-term protection barrier. The approach
of a pre-supposed admixture of long-lived radionuclides to fuel in process of fuel fabrication may be
considered as a possible option. In this case, it is obvious that the procedures of MOX-fuel
fabrication, fuel rods and FAs manufacturing have to be performed under increased RED of γ-
radiation. Therefore, amounts of radionuclides to be admixed should be chosen in such a way to keep
the conditions of radiation safety protection of the staff.

For modern technologies of MOX-fuel fabrication the radiation safety is ensured by remote
handling with nuclear materials. As it follows from [3] the requirement to permissible RED of
γ-radiation in manufacturing of FAs for MOX-fuelled light-water reactors is about 0.6 rem/h at 1-m
distance from FA.

This extremely stringent requirement really excludes from analysis the radionuclides which are
intense sources of γ-radiation under their decay. In this case, it is interesting to address the use of the
radionuclide 232U as an admixture to MOX-fuel.

The radionuclide 232U is the first isotope of a long chain of decays, and decays of some daughter
radionuclides in final part of the chain are accompanied by high-energy γ-radiation. Therefore,
γ-activity of 232U increases with a certain time delay due to gradual accumulating of emitters of high-
energy γ-radiation. Then, γ-activity of 232U mounts to its peak value, approximately after 10 years, and
exponentially reduces with rather long half-time (about 69 years). Such a time behaviour of 232U
activity (really, activity of 232U decay products) is convenient for creating the inherent radiation
protection barrier which is negligible at the stage of fuel fabrication and FAs manufacturing, then,
increased and slowly reduced after attaining the peak value at stage of FAs storage, transportation and
preparation to use at nuclear power plants. Thus, admixture of 232U to MOX-fuel provides a “window”
of low activity at stage of FAs manufacturing, and this “window” gradually self-closes afterwards.

2. Evaluation of FAs protection with MOX-fuel containing 232U

Modern technologies of reactor fuel fabrication are characterised by the use of high-productivity
equipment, intense flows of nuclear materials and, as a consequence, relative short time of FAs
manufacturing [4].
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By supposing that FA manufacturing takes about 10 days, then, by limiting RED of FA during
manufacturing (0.6 rem/h), it is possible to evaluate permissible amount of 232U admixed to fuel,
which will be about 0.01%.

The functional sequence SAS2H of the computer code SCALE-4.3 [5] was used for determining
the radiation parameters of irradiated fuel. This functional sequence is able to perform numerical
analysis of a fuel composition at every time moment of its irradiation and one-dimensional transport
calculation of the system with use of a two-step procedure. At the first step, the lattice of fuel rods is
analysed while the lattice of fuel assemblies is considered at the second step. Results of transport
calculations for each time step of fuel burn-up are applied for the determination of changes in fuel
nuclide composition during irradiation. Upon completion of fuel burn-up analysis, dose parameters of
irradiated fuel are evaluated.

By using the functional sequence SAS2H, the calculations were carried out for a time behaviour
of RED at 1 m distance from FA with MOX-fuel containing 0.01% 232U (see Figure 1). The
computations were performed with the application of 44-group neutron cross-section library
generated from the evaluated nuclear data file ENDF/B-V. It was found that RED attained 100 rem/h
in 5 years of cooling time and did not reduce below this value for the next 20 years. This level is
considered by the US Nuclear Regulatory Commission and by the IAEA as a sufficient level to
provide self-protection for spent FAs of nuclear reactors [1]. However, RED is lower than this self-
protection level during the initial 5 years after FAs manufacturing and does not exceed 30 rem/h
during the first year.

Figure 1. RED at 1 m distance from non-irradiated FA with MOX-fuel containing 0.01% 232U
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So, admixture of 232U in amounts permissible for modern technologies of nuclear fuel fabrication
allows to keep protection of MOX-fuel at aforementioned level for rather long period but during the
first several years there is a temporary “window” when fuel protection is substantially less than the
required level.
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This problem can be solved by using a combined approach to protect MOX-fuel, namely:
combination of 232U admixture to fuel with short-term irradiation of manufactured FAs in ADF. Time-
dependent recession of RED from the FA irradiated for 90 days in ADF blanket [2] is shown in
Figure 2. It can be seen that during the first two years the RED of fission products accumulated in
irradiated FA is substantially larger than 100 rem/h while during the next two years the RED remains
at only 50% of this protection level. But, in combination with the RED from 232U decay products, total
RED becomes sufficient to ensure radiation protection of MOX-fuel at a level no less than 100 rem/h
for a 25-year period.

Figure 2. RED at 1 m distance from irradiated FA with MOX-fuel containing 0.01% 232U
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As mentioned above, the level of radiation protection barrier (100 rem/h) is defined by permissible
232U concentration in fabricated fuel and, finally, by capabilities of the technology used for MOX-fuel
fabrication. For example, at MOX-fuel fabrication plant in Sellafield (United Kingdom) a semi-distant
technology is applied. Such a technology allows to fabricate MOX-fuel and to manufacture FAs with
RED at 1-m distance from ready-made FA about 0.6 rem/h.

Of course, if it is necessary, this level of protection barrier may be heightened up to the required
value. However, it leads to proportional upgrade in radiation level at stage of MOX-fuel fabrication
and requires proper application of sophisticated technology. For instance, if the value of 1 000 rem/h
for RED at 1-m distance from ready-made FA was chosen as criterion for reliable radiation
protection, then the 232U content in fuel may be increased up to 0.1%, and RED at the end of FA
manufacturing will be about 6 rem/h. So, the value of RED adopted as protection criterion and RED
from ready-made FA differ approximately by a factor of 170.

Here, it is appropriate to underline once more an advantage of 232U as compared with γ-active
radionuclides (137Cs, for instance). This advantage is related with the delayed nature of γ-radiation
emitted by 232U. Intensity of this radiation, negligible at initial stage, increases along with gradual
accumulation of γ-active isotopes in the decay chain of 232U, attains a peak value and only afterwards
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exponentially reduces with rather long half-time. Quite the contrary, intensity of γ-radiation emitted
by other radionuclides exponentially reduces just from the very beginning, i.e. from the moment of
their introduction into composition of the fuel to be protected. To have RED from the FA containing
137Cs at level 100 rem/h after 25 years, the value of RED at fabrication stage should be about
180 rem/h, i.e. higher by a factor of 300 than that in case of 232U admixture.

However, admixture of 232U requires irradiation of ready-made FAs in ADF blanket to close the
low-radioactivity “window” while application of γ-active radionuclides does not require such an
irradiation.

3. About cooling time of irradiated FAs before transportation to nuclear power plants

After irradiation in ADF blanket, protected MOX FAs must be cooled for some time period until
residual heat generation reduces down to the level acceptable for their transportation in standard
containers. As known [6], the standard containers used for transportation of spent FAs discharged
from power reactors of VVER-1000 type have the following values of acceptable specific heat
generation:

•  If cooling-time is half a year – 23 W per kg of fuel.

•  If cooling-time is one year – 12 W per kg of fuel.

•  If cooling-time is two years – 5.6 W per kg of fuel.

Time-dependent behaviour of specific heat generation in MOX FA after irradiation in ADF
blanket was evaluated by using the empirical formula presented in [7]:

W(t) = 0.07×W(0)×[t-0.2 - (t + tirrad)
-0.2] (1)

where t: time after irradiation, s.
W(t): specific heat generation at time moment t.
W(0): specific heat generation at the end of irradiation.
tirrad: duration of irradiation, s.

Comparative calculations with application of the computer code SCALE-4.3 confirmed that
formula (1) satisfactorily describes residual heat generation in spent FAs of light-water reactors till
t < 107 s (about 4 months).

The evaluations performed with the application of formula (1) demonstrated that MOX FAs
irradiated in ADF blanket [2] for 90 days have specific heat generation at the level of 24 W/kg just in
a day after the end of irradiation, in 5 days, at the level of 13 W/kg. It means that the needed cooling
of FAs irradiated in ADF blanket does not cause real time delay for their transportation to nuclear
power plants in standard containers.

4. Evaluation of ADF productivity and needs in 232U

In steady-state refueling regime the ADF productivity in the creation of inherent radiation
protection barrier in MOX FAs is essentially defined by the number of FAs in ADF blanket and
duration of their irradiation.
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The evaluations obtained in [2] have demonstrated that ADF is able to ensure a sufficient level of
radiation protection for 150 FAs loaded into blanket and irradiated for 90 days. Since a conventional
light-water reactor of 1 GWe power requires about 50 FAs for annual refueling, such ADF is able to
supply with protected FAs the park of light-water reactors with a total capacity of 12 GWe. It means
that about 30 such ADFs are required to support the total nuclear power of the world.

To upgrade the productivity, it is desirable to reduce exposure time of FAs in ADF blanket as
short as possible.

It is obvious that the shortening of irradiation would lead to a proportional extension of the
serviced reactor park with the same reduction in the number of ADFs needed. However, this
shortening should not be accompanied by a decrease in the level of FA radiation protection. One
possible way to solve this problem is the disposition of FAs in ADF blanket with increased gap
between them. There are some reasons to expect that additional softening of neutron spectrum in
peripheral layers of fuel rods will intensify the build-up processes of radionuclides in these fuel rods
which are the major contributors to total radioactivity of irradiated FA.

For 232U content in MOX-fuel at a level of 0.01%, one fresh FA contains about 50 g of 232U.
Evaluations of 232U burn-up in VVERs demonstrated that to the end of a 3-year fuel lifetime, the
content of 232U in discharged FA approximately halved. Since one third part of FAs loaded in the
reactor core (~50 FAs) is replaced during the annual refueling, under gradual transition to usage of
protected MOX-fuel, for the first several years a need in 232U will be about 2.5 kg/(GWe*year). Then,
when 232U recycle will be closed and taking 50% burn-up of 232U into account, only 1.25 kg
232U/(GWe*year) is needed. Extrapolating this value to total capacity of the worldwide nuclear power
(360 GWe at the end of 1998), annual need in 232U will be about 900 kg during the transition period
and then, in established recycle regime, about 450 kg for compensation of 232U burn-up.

5. Some ways for 232U production

The isotope 232U is produced under neutron irradiation of thorium together with accumulation of
well-fissionable nuclide 233U and considered as an undesirable by-product that impedes in high degree
the power utilisation of 233U. The main channel for 232U generation is the following chain of neutron
reactions:

232Th (n,2n) 231Pa (n,γ) 232U (2)

Reaction 232Th(n,2n) is a threshold reaction with high enough energy threshold (~6.5 MeV).
Since the fraction of so high-energy neutrons is relatively low in operating thermal and fast reactors, a
small amount of 232U is generated in these reactors (about 0.1% in ratio to amount of 233U).

Generation of 232U in fusion facilities may be considered as a promising option because in their
neutron spectra the fraction of high-energy component is larger than in power nuclear reactors. The
evaluations presented in [8] have demonstrated that about 0.3 nuclei of 232U per one (D,T)-reaction in
plasma may be produced in thorium-containing blanket of the ITER-type fusion reactor. It means that
about two tonnes of 232U a year may be produced in the ITER fusion reactor under nominal neutron
loading on the first wall (1 MW/m2).
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Thus, 232U generation by only one ITER-type fusion facility is large enough to service all nuclear
power of the world both for transition period and for established regime of 232U feeding. Moreover,
the available reserve of the ITER productivity may be used for 2-fold enhancement of MOX-fuel
protection.

It should be noted that dose parameters of recycled MOX-fuel containing 232U depend on fuel
purification from 228Th.

6. Conclusions

The calculational studies have been performed, and the results obtained allow making the
following conclusions:

•  The ADS with extremely moderate physical parameters of pool-type sub-critical light-water
cooled blanket can be applied to create the inherent radiation barrier in fresh MOX fuel
assemblies at the level of Spent Fuel Standard. It would promote the development of the
proliferation-resistant nuclear fuel cycles.

•  Evaluation of the ADS productivity in creating the protective radiation barrier of fresh MOX
fuel assemblies demonstrates that a fraction of such ADS in park of serviced power reactors
may be rather small. In this case, such ADS operating, for example, at international nuclear
technology centres might be considered as a specialised technological facility with no
electricity production at all. The latter factor allows providing maximal simplicity of the
ADS design and operation safety.

•  A combined approach to create the inherent radiation barrier was analysed. Such an approach
includes admixing of various radionuclides to MOX fuel composition under fabrication stage
followed by short-term irradiation of fabricated fuel assemblies. This combined approach
allows to have a controlled “window” of reduced radiation level at the stage of fuel
fabrication and fuel assembly manufacturing, and, afterwards, the “window” is closed due to
short-term irradiation of these fuel assemblies in the ADS blanket. It was shown in Figure 2
that admixture of 232U to MOX-fuel in amounts permissible for modern technology of fuel
fabrication followed by short-term irradiation in ADS blanket keeps radiation protection at
the level of 100 rem/h during 25 years. It can be noted that the protection level can be
changed depending on permissible γ-background during MOX-fuel fabrication stage.
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