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Abstract

The problem of long-lived radioactive waste has yet to find an acceptable solution, with political opposition to geological
remaining strong. One possible solution which has often been discussed is to use ADSR systems for its incineration.- T
tages of thorium as a fuel in this process are obvious, but few detailed numerical studies have been performed We inve
potential for using a thorium fuelled subcritical reactor for the incineration of long-lived minor actinide radioactive waste, b
the well-developed MYRRHA reactor design, operating in sub-critical mode. We examine the neutron fluxes and spect
reactor, particularly in the In-Pile Section (IPS) regions that would be appropriate for such transmutation, comparing t
from thorium fuel rods with those of the standard uranium/plutonium fuel. From this we present the burn-up rates that
achieved, both initially and in the longer tern?&) is formed.

Keywords: ADSR, MA waste, thorium, transmutation

1. Introduction

The disposal of the long-lived Minor Actinide (MA) elements has yet to find an acceptable solution. Fission p
in nuclear waste have half-lives such that their safe storage is not unthinkable, and U and Pu can be partit
recycled as fuel, but several isotopes of Am (americium) and Cm (curium), in particular, are more problematis
the difficulties, both practical and political, of geologcal disposal, transmutation by further exposure to neutr
reactor is an increasingly attractive possibility. Clearly this requires that the reactor fuel used in this incinerat
not generate more MA waste than it destroys. One way of boosting the net consumption of MA nuclei is th
fast neutrons, as the relative sizes of the (n,ggnmand (n,f) cross sections means that above ~1 MeV a neutr
more likely to cause the MA nucleus to fission, whereas at lower energies it is far more likely to be absorbe!
ond way is the use of thorium rather than uranium as the fertile/fissile fuel component: exact numbers depe
cross sections and decay rates involved, but baskEallly has six fewer nucleons thatU, and the chance of ant
cleus absorbing enough neutrons to get to an isotope4iRen is just much smaller.

Studies of the use of ADS thorium reactors for this have been done, especially by the Rubbia group[1] and "
Jacobs ADTR design [2] though they are primarily concerned with power generation. More details can be fou
book by Nifenecker and colleagues [3] and a comprehensive comparison of ADS and fast critical reactors

done by the OECD [4]. The main reason for performing similar studies with the MYRRHA system [5] is that t
sign has been developed in more detail than any other, and this refinement will continue as the system is co
in contrast to other ADSRs which, unfortunately, exist only on paper. A secondary motivation is the ho
MYRRHA may one day be used with thorium fuel, although this is not part of the current proposed programm

Figure 1. Plan view of the MYRRHA geometry used, with cells of different types denoted by different coleus
plained in the text. Cells measure 10.45 cm between opposite faces.

! Corresponding Author: Roger.Barlow @ hud.ac.uk
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The geometry of MYRRHA used in this study is shown in plan view in Figure 1; it comprises a set of hexagon
with 10.45 cm between opposing faces. The central cell (deep blue) is for the beam and the target, which is
Lead Bismuth Eutectic (LBE). The ring of 6 cells around it (black) are all fuel cells, made out of pins containi
fissile and fertile fuel. In the next ring of 12 cells half are fuel cells and half (turquoise) are In Pile Sections (Il
materials testing. Two further rings of fuel cells, bringing the total to 54, complete the core. The next ring is
just LBE filled cells (brown) although 4 are control rods (yellow-green), in the out position for this configuratior
next ring is similar: LBE except for six cells for radioisotope production: two for Molybdenum (light brown) and
for Actinium (green). Later rings include beryllium-loaded reflectors (light blue) and stainless steel shielding (i
Vertically the rods are divided into three regions, with a central active part 65 cm in length. The geometry
material composition [6] are described in considerable detail, and the file extends to some 2000 lines.

We considered three fuel mixtures

¥ The first, denoted U/Pu, is the standard MYRRHA MOX fuel mixture. It contains the 3 natural uranium isc
234, 239 and?38U, a range of plutonium isotopes, and a small amount of americium.

¥ The second, denoted Th/Pu, has all the uranium replac&dThy representing a possible initial thorium fuel eor
position.

¥ The third, denoted Th/U, also has all the Pu and Am is replacé®yThis is used to illustrate a final thoriun
fuel composition, though for exact calculations one would have to include Pa and other isotopes produce
fertile to fissile conversion.

We use the MCNPX program [7], as it is a particle transport code well-established in nuclear simulations. The

B-VII cross section libraries [8] were used, as being the latest available. This did not let us incorporate cross

at the anticipated running temperatures, and we used the standard 300K values. This is not expected to ca

ences that are significant at the level of this study. The fission cross section for the third fuel mixture is showr

ure 1. For the other two mixtures they are broadly the same, but differ in detail. Samples of 10,000 protons wi

Variation in the results of runs appeared compatible with the statistical errors (noted below as appropriate) <

not believe that unexpected variations arise from the sharpness of these resoances, or any other source

Figure 2. Fission cross sections, as a function of neutron energy, for the Th/U fuel mixture.

For the new mixtures we replaced the old elements by an equal proportion of the new. However this affected
tivity. This can be evaluated by a standard MCNPX calculation:for the original mix it was 0.95, which is a s
level for a subcritical reactor. For mixture 2 it fell to 0.91. This loss of reactivity could be for a number of re
but the fact tha#3®J has a larger (though small) fission cross sectiond¥ah is probably responsible. For mixture
the reactivity rose to 1.17, in line with the superior fissile properti@gdf In order to compare like with like, anc
also to make the reactor subcritical, the proportions of fissile and nonfissile isotopes were adjusted to bring
reactivities close to the same 0.95 level (actually 0.951, 0.940 and 0.959 for the 3 fuels types, all with an error

Table 1.Properties of the spallation+ fission process for the 3 fuels
Statistical errors are at the level of the final digit
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Samples of 10,000 beam protons were used for simulations in this study. Some of the results are shown in Te

The fission heat figures shown are those given by MCNPX. The fuel in the 54 FA cells comprises 128 rods
0.27 cm, 65 cm long, giving volume of 0.1 cubic metres, and a density of 1G5giAimg a total of 1,080 kg o
fuel. For a beam current of 2.5 mA, the numbers in table 1 can be converted into the fission power in MW t
plying by a factor of 1.08 B 2.5 16 =2.7 1G6.

2. Neutron spectra
Figure 3. Neutron spectra at various locations in the reactor (1) averaged over the fuel, (2) in the inner OIP¢

used for irradiation (3) for the outer OMolybdenum productionO cells and (4) for the OActinium productionO «
three different fuel types are indicated by the colour, as described in the legend.

Fuel cell IPS

log flux per sq cm per MeV per proton
log flux per sq cm per MeV per proton

8 6 4 2 0 2 -8 6 4 2 0 2
log Neutron Energy(MeV) log Neutron Energy(MeV)
Mo cell Ac cell

log flux per sq cm per MeV per proton
log flux per sq cm per MeV per proton

Figure 3 shows the neutron flux and spectrum, from simulation of 10000 protons. The first plot is averaged
fuel cells. The three curves are shown for the three fuel mixtures and are broadly similar. Any differences bet
first two must be ascribed to different absorption, as the fissile Pu isotopes are the same in both. (The prese
sence of thé3U made no discernible difference.) The spectrum peaks around 1 MeV but extends all the we
to thermal neutrons (~#MeV). The flux in the six IPS, which are near the centre, is similar to the fuel averac
there are fewer slow/thermal neutrons, as shown in the second plot. By contrast in the outer irradiation cells
in the bottom two plots,the flux is both lower and less energetic, as more neutrons are produced near the ¢
they undergo more collisions in reaching the outer cells.

Figure 4. Neutron spectra in the fuel cells for type 3 fuel: the blue curve show the component due to sourc
than fission. Roughly half are from spallation and half from (n,xn) reactions

Fuel cell

log flux per sq cm per MeV per proton

log Neutron Energy(MeV)
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The spectra in the fuel and IPS displays a large peak with a high energy shoulder above 10 MeV. It is tempt
cribe the peak to the fission neutrons and the shoulder to spallation, but the true picture is more complicate
shown in Figure 4, which displays the fuel cell spectrum for fuel type 3, as before, together with the speci
tained when the simulation is run with no fission processes. This does indeed populate the high energy shc
the low energy peak is still present: the size is smaller but the shape is the same. The similarities in shape
the features are not statistical fluctuations but are due to the structure in the energy dependence of the cross

3. Incineration of Minor Actinides

Table 2.Minor Actinide incineration integrated flux numbers
Statistical errors are at the level of the final digit for the inner figures,
for the outer figures they are larger, of order 10%

The program computes the normalised integrated weighted flux, given by Equation 1,

Emax

F=v [ p(B)oE)dE Eq(1)

for the fission and (n,gamma) absorption cross sections for a number of significant actinide species, for both
cells, using the IPS, and the outer cells, using the cells nominally used for actinium prodution. This was dor
three fuel mixtures describer earlier. The MCNPX calculation makes no allowance for the MA elements in ti
however these effects should be small compared to the levels of precision here. Results are shown in Table Z

From the relative sizes of these results we may draw several conclusions:

¥ Fuel 3 generally shows a higher burn-up rate than fuel 1, but the differences are not large

¥ 239y is generally more likely to fission rather than absorb neutrons. This is true in the outer cells but even
in the inner cells, where the neutron spectrum is haréf@Pu is a special case, and can be regarded as a fuel
than a waste product.

¥ For the other isotopes, the ratio of fission to absorption is respectable in the inner cells, but in the outer
negligible. Exposing such isotopes in the IPS cells will transmute some fraction of them to short-lived fissic
ucts and some other fraction to a higher atomic weight by absorbing a neutron. This daughter product wi
have a chance of fission or absorption, with the added possibilities of beta and alpHa decay.

As to absolute sizes: MCNPX [7] computes the total neutron track length in the cell in cm, weights it by the apy
cross section in barns, and divides by the volume # dhe numbers shown are thus in units of barn cn?/and are
probabilities, multiplied by 13- . Thus, taking the number in the top left as an example, if the@%Ruanucleus anry
where in the IPS, and the fuel is mixture 1, the probability that it will be fissioned as a result of one proton stri
targetis 0.24 x 1#&.

To find the rate one multiplies by the number of protons per second, which for a 2.5 mA beam 261 diGin® a rate
of 3.8 10°s? or 0.12 y*. A conversion lifetime of 8y is promising, but the more interesting isotopes are down ¢
by an order of magnitude.









