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ABSTRACT 
Open fuel cycle requires isolation of spent nuclear fuel from biosphere for over 100 000 

years. Needed isolation could be shortened by removing actinides and long-lived fission prod- 
ucts from the spent fuel and transmuting them to nuclides with shorter half lives. 

In this paper, transmutation of long-lived fission products 99Tc and 129I and minor 
actinides is studied in an accerelator driven system (ADS). The ADS design considered is 
Belgian MYRRHA, which was simulated with Monte Carlo codes FLUKA and Serpent. 

The projected thermal power and multiplication factor of MYRRHA were reproduced 
well by the simulations. The simulations revealed that the incineration of fission products is a 
slow process: 1200 days irradiation transmutes one third of initial loading.  Americium has 
larger absorbtion cross section and, thus, the transmutation rate is higher: after one year 25% 
of initial loading is burned. 

The burnup calculations for MOX fuel containing minor actinides americium and curium 
revealed that while the initial loading of minor actinides is destroyed more is produced in the 
fuel. The overall inventory of minor actinides increased, but when compared with their 
production in uranium fuel the incineration was evident. 

1 INTRODUCTION 

Nuclear energy has been harnessed for electricity production from the 1950s. During the 
past 58 years [1] nuclear power has had both good and bad times: the optimism of early days, 
strong opposition after TMI and Chernobyl, and the nuclear renaissance of today. The use of 
nuclear energy has produced more than 350 000 tons of spent nuclear fuel globally. Almost 
all of this spent fuel is stored and pending for final solution. [2] 

During the first decades of nuclear power the light water reactors (LWR) were seen more 
as an intermediate step on a way towards more sustainable fast breeder reactors (FBR). The 
difficulties encountered in FBR development and the accidents halted the nuclear zeal and 
fast reactors remained scientists’ experiments. 

Currently widely accepted yet unrealised solution for spent nuclear fuel is deep geological 
disposal, but it wastes large amounts of fissile and fissionable materials that could be repro- 
cessed and reused. Reprocessing would reduce the amount of material to be disposed of 
which could be made into an almost insoluble form and the decay time would become 
shorter. Repro- cessing is actually the original idea: utilise uranium and plutonium present in 
spent LWR fuel in fast reactors. 
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Unfortunately FBRs are still years away, despite the Generation IV project that was launched
in 2001 and has selected six revolutionary reactor types forfurther development, four of which
are fast reactors [3]. Another fast reactor option has been subcritical accelerator driven systems
(ADS). The main advantages of ADSs compared to fast reactorsare enhanced safety and sim-
plified control. The ADS core is subcritical (keff = 0.95-0.97) and core power is maintained by
external accelerator, usually protons close to 1 GeV. In ADSsmaller delayed neutron fraction,
even positive temperature feedback and other things impeding fast reactor control have smaller
significance since the reactor can be shut down simply by turning of the proton beam.

The interest for ADSs has risen with the lingering fast reactors, accumulating volume of
spent fuel and amount of weapon-grade plutonium to get rid ofafter START agreement in
1991. IAEA hosted a meeting in 1993 on partitioning and transmutation (P&T) with strong
ADS content [4] and Rubbia et al. [5] presented their own energy amplifier vision with detailed
fuel cycle scenario in 1995.

Currently there are P&T and ADS related activities all around the world [6, 7]. One of the
most prominent ADS systems is MYRRHA (Multi-purpose hYbridResearch Reactor for high-
tech Applications), a device that is to be build in Belgium. It is expected to start operating aroun
2022. MYRRHA is driven by a 600 MeV and 3.5 mA proton beam with lead-bismuth-eutectic
(LBE) as coolant and spallation target material.

In this paper transmutation of long-lived fission products and minor actinides in the MYRRHA
is simulated with two Monte Carlo codes: FLUKA and Serpent. The MYRRHA reactor is de-
scribed in the next Section. The results: transmutation rates and core properties obtained with
FLUKA and Serpent, are presented in Section 3. Finally Section 4 summarises the results and
their meaning and presents topics for further research.

2 MYRRHA GEOMETRY

The MYRRHA core model was constructed with Monte Carlo codesFLUKA [9, 10] and
Serpent [11] with available data found in conference article [6, p. 363] and presentation related
to it [8].

The MYRRHA-FASTEF core consists of 151 hexagonal assembly positions, of which 69
positions contain fuel assembly. The remaining 82 positions are reserved for target, irradiation
rigs, control rods and dummy assemblies acting as radiationshield in the perimeter. There are
127 pins in a fuel assembly. The pitch is 8.36 mm and pin diameter 6.55 mm, the length of a
fuel pin is 1400 mm with an active length of 600 mm. The assemblies have wrapper tubes and
in addition the pins are wire-wrapped. Figure 1 shows the cross section of MYRRHA core.

The black assemblies are actual fuel assemblies: a single fuel pin is not visible due to its
small size. The central empty position is the target assembly, the six empty positions in the
first ring are irradiation positions in the desired high fastflux close to the beam target. The
second ring of empty positions has 2 positions for molybdenum production and 6 control rods
to be used in the critical mode. The outer hemisphere has two rings without fuel which serve
as radiation protection for other components in the reactorvessel and contain additional 18
irradiation positions.

The beam target used in the simulation is cylinder with 7.2 cmdiameter and 25 cm height.
The target lies in the middle of the active section of the core, it starts 20 cm below the top and
ends 15 cm above the bottom of the fuel column. Above the target there is vacuum for the beam
entrance and the volume below the target is filled with coolant (LBE).
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Figure 1: MYRRHA core model used in FLUKA. Grey area is explicitly modelled and green
and white areas are covered by rotation.

3 RESULTS

3.1 FLUKA simulations

The FLUKA code is general high energy particle Monte Carlo code and is not initially
aimed for reactor calculations, and hence its input is long and cumbersome compared to that of
Serpent which is dedicated for reactor calculations. The FLUKA input file was almost 20 000
lines even with the LATTICE option. With the LATTICE option only one third of the core was
explicitly modelled and copied to fill the other two thirds.

More precisely, when a particle exits the explicitly modelled part of the core, i.e., enters
the unmodelled two thirds, its trajectory and position are rotated 120 degrees so that it enters
the modelled part from corresponding position on the opposite side. The colouring in Figure
1 reveals the lattice parts: grey area is explicitly modelled, whereas green and white parts are
rotated LATTICE regions.

The highest heat load in an ADS is not deposited in the fuel like in critical reactors, but in
the beam target. MYRRHA is designed to have LBE target, i.e.,the coolant itself acts as target
material which removes the need for additional cooling. With a solid beam target, e.g., depleted
uranium, sufficient cooling must be provided.

Figure 2 shows energy production in target with different proton energies. The beam current
is 3,5 mA in each case, i.e., 2.18· 1016protons per second and two different beam target mate-
rials were considered, LBE and depleted uranium. Accordingto FLUKA simulations there is a
plateau in energy deposition into LBE target: the proton energy could be increased to 700 MeV
without additional heat load on target. This is most likely due to smaller proton or neutron
cross sections, which lengthens the free path of neutrons and distributes heat to a larger re-
gion. Higher proton energy would increase the number of neutrons per primary and hence core
thermal power.

Figure 3 shows the neutron and proton spectra for LBE and U-238 targets. A surprising
result is that the depleted uranium does not clearly outperform LBE: it provides slightly harder
spectrum, but the difference is only small. The effect of slightly harder spectrum is more visible
in core thermal power.

The thermal power of the core is dependent on the geometry, just like critical ones, and
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Figure 2: Heat deposited in the target by
3.5 mA beam.
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Figure 3: Neutron and proton spectra leaving
the target.

in addition the power depends linearly on beam current. Table 1 gives core thermal power in
various simulated cases with beam current of 3.5 mA. The insert is the nuclide or material put
into the core for transmutation and target means used targetmaterial. Thorium target was a
one-run test and it is not further analysed here.

The desgined thermal power of MYRRHA-FASTEF core configuration is 100 MW, which
seems to be well above simulated values, especially with LBEspallation target. This discrep-
ancy is caused by the two major approximations done in the simulations: the core was not fully
loaded and plutonium was assumed to be pure239Pu. The latter was due to lack of neutron
cross sections available in FLUKA. The outermost fuel assemblies were left out because using
30% of 239Pu in MOX fuel made core supercritical when all fuel elementsmarked in Fig. 1
were inserted and, hence, FLUKA was unable to terminate particle histories even from the first
primary.

These approximations were not done without comparison withthe other choice, i.e., lower-
ing the plutonium content. For example in a simulation fullyloaded core with 25% MOX the
core power was approximately 120 MW, but this is based on simulation of 100 primary pro-
tons: it took around 1 hour to run one primary. Neutron energydistributions and densities in
the central part of the core were almost similar but the running times with higher fissile content
and smaller core were more reasonable: with approximately 10 seconds per primary proton
satisfactory statistics were achievable.

The transmutation simulations with FLUKA were done simply by inserting the material to
be transmuted into separate pins in the center of the assembly. The materials were99Tc, 129I
and AmO2 with 66% of 241Am and 34% of243Am. Especially the composition of actinides
was limited by the insufficient neutron cross section data available in FLUKA.

Table 2 summarises the transmutation rates of the studied nuclides. One has to keep in mind
that the given values are reaction rates with fresh fuel and transmutation material, since FLUKA
does not calculate burn-up. Figure 4 gives the residual nuclide distribution for AmO2 pin.

Table 1: Core thermal power with beam current of 3.5 mA.

P
P
P
P
P
P
P
P
P

Insert
Target

LBE Uranium Thorium

I-129 46.2 MW 65.9 MW –
Tc-99 27.4 MW 41.5 MW –
Am 33.2 MW 48.3 MW 38.8 MW
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Table 2: Transmutation rates for different nuclides.

rate (%/day) left after 1200 days (%)
99Tc 0.036 65
129I 0.033 67
AmO2 0.098 31†
† 75% already after 300 days.
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Figure 4: Residual nuclide distribution from nuclear reactions in AmO2 pin.

3.2 Serpent

The MYRRHA geometry implemented in Serpent is essentially identical with the FLUKA
model. The dramatic difference comes from the fact that Serpent is a dedicated for reactor neu-
tronics: it does burn-up calculations for desired materialregions and hence takes into account
changing material compositions under irradiation.

Serpent is a reactor code: it transports only neutrons and their energy is limited by the cross
section library, usually 20 MeV. MYRRHA is driven with 600 MeV protons, a problem that was
circumvented by extracting first neutrons below 20 MeV from acollision tape generated with
FLUKA. This means that completely independent results for comparison were not achieved.
Figure 5 depicts the neutron source spectrum and distribution within the core.

Naturally this treatment omits reactions caused by protonsand high energy neutrons, but
their fraction of all neutrons is small. The error is thus considered to be quite small since all
fission neutrons and majority of spallation neutrons have energy below 20 MeV.

The Serpent gives keff of 0.96, which is very well in line with the designed multiplication
factor of MYRRHA-FASTEF core.

While the FLUKA results are very promising considering the transmutation rates, the lim-
itations of FLUKA deceive: especially with americium the results are too good. With Serpent
a full burn-up calculation is possible and table 3 gives the transmutation results of MA-bearing
MOX fuel. That is a slight difference: in FLUKA simulations the americium was considered to
be in separate pins to get reaction rates for americium with standard tallies.

The fuel used in Serpent simulations is MA bearing MOX fuel. The amount and isotopic
composition of neptunium, americium and curium were selected based on the composition of
used LWR fuel.

The Serpent results suggest that with homogeneous composition the incineration of ac-
tinides is limited mainly to plutonium, and also uranium: with burnup of 100 MWd/kg and
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Figure 5: Neutron source generated with FLUKA for Serpent. (b) has 120 000 sample neutrons,
the actual source used had 4.5 million neutrons.

Table 3: Serpent results for MA bearing fuel.

isotope Initial atomic
density
(1/cm barn)

with
100 MWd/kg
(1/cm barn)

change
(%)

15 a storage change
(%)

Half life
(y)

U-233 – 2.89E-11 – 1.06E-10 267∗ 1.59E5
U-234 6.58E-07 8.52E-7 30 1.74E-5 2542 2.50E5
U-235 1.38E-04 7.39E-5 -47 7.50E-5 -46 7.04E8
U-236 9.99E-05 9.79E-5 -2 1.00E-4 0 2.34E7
U-238 1.52E-02 1.36E-2 -11 1.36E-2 -11 4.47E9
Np-237 5.09E-06 1.24E-5 144 1.92E-5 277 2.14E6
Np-239 – 3.55E-5 – 5.08E-11 -100∗ 2.36 d
Pu-238 2.01E-04 1.32E-4 -35 1.32E-4 -34 87.7
Pu-239 3.36E-03 2.59E-3 -23 1.61E-3 -22 2.41E4
Pu-240 1.59E-03 1.54E-3 -3 1.54E-3 -3 6.56E3
Pu-241 1.00E-03 5.79E-4 -42 2.80E-4 -72 14.4
Pu-242 5.19E-04 4.99E-4 -4 4.98E-4 -4 3.73E5
Am-241 9.08E-05 6.11E-5 -33 3.54E-4 290 432
Am-242 1.05E-12 2.50E-7 2.4E7 2.83E-11 2583 16.0 h
Am-243 1.93E-05 5.80E-5 200 5.81E-5 200 7.37E3
Cm-242 2.39E-10 1.64E-5 6.9E6 5.75E-9 2310 163 d
Cm-243 4.82E-08 7.85E-7 1530 5.55E-7 1052 29.1
Cm-244 4.80E-06 1.65E-5 245 9.29E-6 94 18.1
Cm-245 – 1.44E-6 – 1.44E-6 0∗ 8.50E3
Cm-246 – 7.32E-8 – 7.30E-8 0∗ 4.73E3
Cm-247 – 2.32E-9 – 2.32E-9 0∗ 1.56E7
Cm-248 – 6.60E-11 – 6.60E-11 0∗ 3.40E5

∗ Change to densities after irradiation.
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Table 4: The burned fractions of initial loading – correctedwith uranium fuel MA production.

Isotope Np-237 Am-241 Am-243 Cm-243 Cm-244
Burned 38.2% 41.2% 36.5% 48.0% 28.4%

after 15 years storage the amount of both americium and curium has increased, total amount as
well as each isotope separately.

The increased MA contents are not the whole truth. Because ofinitial MA content in the
fuel, the MAs are burned from the beginning of core lifetime.With pure MOX or uranium
fuel the MAs accumulate slowly from zero towards equilibrium. Hence, they undergo far less
reactions compared to fuel material with initial MA content. When the amount of MA iso-
topes produced in uranium fuel for the same amount of energy is subtracted from end-of-life
concentrations, the burned fraction is around 1/3 for all MAisotopes (Tab. 4).

4 CONCLUSIONS AND FUTURE PROSPECTS

The results show that long-lived radionuclides could be transmuted in an ADS. For fission
products technetium and iodine long irradiation times are obligatory due to the slow incineration
rate: with four year irradiation in MYRRHA around 1/3 of initial loading in separate pins would
be transmuted. Americium has larger absorption cross section and hence the transmutation rate
is higher, already after 300 days irradiation one fourth would be transmuted.

The Serpent gives similar results for transmutation speed of americium, but shows that trans-
muting americium produces also other long lived isotopes. The Serpent simulations were done
only with homogeneous fuel mixture with small MA content, and the overall americium and
curium contents grew during the irradiation. If the change in Am and Cm content is compared
to what is produced in uranium fuel for same energy, the overall effect is negative, i.e., their
relative amount was decreased.

The results presented in this paper are preliminary and the enthusiasm on P&T should not
be damped by them. For example increasing the americium content would increase the inciner-
ation, one just has to make sure it is safe in terms of reactivity and material durability.

In the future the optimal irradiation cycle length will be searched instead of current guess of
100 MWd/kg, and heterogeneous transmutation options studied. Other things to consider is the
fuel cycle options, should there be a fleet of ADSs, are FBRs needed at all or do LWRs have
any role in the future of nuclear power.

The partitioning and transmutation could provide two majorenhancements: shorter storage
time for nuclear waste and vast amounts of energy. These valuable assets should not be easily
abandoned.
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