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Abstract

Thorium fueled Accelerator Driven Subcritical Reactors
have been proposed as a more comprehensive alternative
to conventional nuclear reactors for both energy produc-
tion and for burning radioactive waste. Several new classes
have been added by the authors to the GEANT4 simula-
tion code, an extension which alows the state-of-the-art
code to be used for the first time for nuclear reactor criti-
cality calculations. In this paper we investigate the impact
of the subcriticality and injected proton beam energy on
the ADSR performancefor novel ADSR configurationsin-
volving multiple accelerator drivers and associated neutron
spallation targets within the reactor core.

COMPUTATION DETAILS

GEANT4 [1] provides an extensive set of hadronic
physics modelsfor energies up to 10 - 15 GeV, both for the
intra-nuclear cascade region and for modelling of evapora-
tion. There are many different (data based, parametrized
and theory-driven) models using different approximations
and each hasits own applicable energy range. Monte Carlo
codes usually come with their own physics models and the
user is offered default selections. For examplein the MC-
NPX code, the Bertini model is used by default for nucle-
ons and pions, while the ISABEL modél is used for other
particle types[2]. The Bertini model does not take into ac-
count the nuclear structure effects in the inelastic interac-
tions during theintranuclear cascade and thereforethe code
modelling of interactions at energies much below 100 MeV
is questionable [3]. This becomes an important issue when
dealing with thick targets, as although the primary neutrons
are produced by the high energy proton beam, these are
relatively low energy neutrons which can produce further
spallation processes inside the target leading to secondary
neutrons.

Due to the vast range of applications, GEANT4 will not
give the user any default physics models, the user them-
self hasto work out what modelsto use for what processes.
For the GEANT4 simulations, we selected the Liegeintra-
nuclear cascade model together with the independent evap-
oration/fission code ABLA. This model has been added re-
cently to the GEANT4 code, as the INCL/ABLA model,
and has been validated against experimental data for spal-
lation processesin many different heavy elements [4]. This
model is valid for proton, neutron, pion, deuteron and tri-
ton projectiles of energies up to 3 GeV and heavy target
materials (Carbon - Uranium). It models the Woods-Saxon

nuclear potential, Coulomb barrier, non-uniform time-step,
pion and delta decay cross sections, delta decay, Pauli
blocking and utility functions, making it an independent
code. The Liege model islargely free of parametersand is
preferred by validation and, compared to the other theoreti-
cal modelsavailablein GEANT4 (Binary and Bertini being
currently the most widely used), it is more data driven [5].

However, the INCL/ABLA validation results presented
at the IAEA benchmark for spallation reactions [6] show
that, for energies lower than 100 MeV, the results of
the Liege model are not so good as above this energy.
This is because the model does not have pre-equilibrium:
INCL cascade is directly “coupled” to equilibrium de-
excitation handled by ABLA and therefore it does not de-
scribe well enough low energy reactions (where nuclear
structure effects start to play their role). Above 100 MeV,
INCL/ABLA works very nicely, being one of one of the
best models available.

On the other hand, the other two models available in
GEANT4, Bertini and Binary cascade, do incorporate
the pre-equilibrium model. The Binary cascade model
has been recently improved following a validation study
against the TARC experiment data, in order to improve sev-
eral shortcomingsin applying these modelsto processes of
interest in an ADSR [7]. All these recent developments
have been considered and implemented in our code.

In the simulations presented in this paper, the Liege
model was selected to simulate interactions for energies
above 150 MeV, while for lower energies the Binary cas-
cade model was selected. For neutron energies below 20
MeV, the high-precision model swere selected. These mod-
els use the ENDF/B-VI [8], JENDL [9], MENDL-2 [10]
and other datalibraries[11]. The S(«,3) coefficient which
takes into corrected treatment for neutron scattering on
chemically bound elements in the thermal region has aso
been implemented inthe GEANT4 physicslist used for this

study.

GEANT4 CODE DEVELOPMENT

While MCNPX is able to do reactor criticality calcula-
tions, GEANT4 is not. Being a code used for simulating
experimentsin particle and medical physics and space sci-
ences, the particles are not tracked according to their “time
of creation” and each particle will interact with existing
matter (which is made from materials pre-defined in the
simulation code) independently to the other particles that
were created in any given event. This is an issue because
if aspallation target is used to produce neutrons to convert
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the existing 232T'h into 233U, then in the simulation we
must “allow” neutrons produced by each proton to be able
to “act” on isotopes produced by previous proton events.
Therefore the fact that in GEANTA4 particles interact only
with pre — de fined materials was also an issue for us.
GEANT4 provides an abstract base class which the user
can use to create his own filter class:
class G4V SDFilter
{
public:
G4V SDFilter(G4String name);
virtual G4V SDFilter();
public:
virtual G4bool Accept(const G4Step*) const = 0;

and it is the Accept() function which will act as the
corresponding filter.  Using this the user can create
hisher own messenger class to define a /scoreffilter/<
user filter > command in the same way as it is done
in the G4ScoreQuantityM essenger class.

Three new classes have been written and added to
GEANT4: GASDTimeFilter, GASDParticleWithTimeFilter
and G4SDParticlewithVolumeFilter. Another messenger
classwas created to count different particlesand isotopesin
specified geometry volumes and time intervals. This new
version of GEANT4 is now able to count the number of
neutrons and/or isotopes present inside the nuclear fuel for
any input parameters: the proton beam size and energy, the
fuel composition and finally the target size and material.

RESULTS

Soontaneous Fission Neutrons Impact on the
ADSR Performance

Now that GEANT4 isableto count particlesand isotopes
in different time intervals, we can use the code for the first
time to do estimates of the reactor criticality for different
fuel compositions and proton beam characteristics.

The first attempts to implement a homogeneous reac-
tor core geometry into the GEANT4 simulation code were
shown in reference[12]. However areal reactor coreis not
homogeneous and therefore the fuel rods geometry had to
be implemented next. Fig. 1 showsthe GEANT4 simula
tion of an accelerator driven sub-critical reactor, having as
input parameters a 1 GeV proton beam a 60 cm long Pb
target and the reactor fuel rods surrounding the target.

As mentioned before, MCNPX isableto run simulations
to predict the reactor criticality. MCNPX preliminary tests
showed that the criticality should be 0.726 for 1% 233U O,
0.991 for 1.7% 233U 04 and 1.02 for 1.8% 233U Os.

MCNPX attempts to establish the criticality by generat-
ing neutrons with energies characteristic to a conventional
reactor directly into the reactor fuel. The neutrons energy
spectra used by MCNPX was implemented as input data
into the GEANT4 code. Thereactor criticality is defined as
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the ration of the number of neutrons in one neutron gener-
ation to the number of neutronsin the previous generation.
If the ratio is less than 1, i.e. the number of neutronsin-
side the coreis decreasing in time, the reactor is said to be
sub-critical.

A summary of the GEANTA4 criticality results for dif-
ferent concentration of 23300, inside the fuel is shown in
Table 1.

Table 1: Criticality values for different concentrations of
233104 inside the reactor fuel

Concentration  Criticality
0.2% 0.692
0.4% 0.703
0.6% 0.743
1.0% 0.764
1.4% 0.872
1.7% 0.947
1.8% 0.974
1.9% > 1.

For a concentration of 233U 0, greater than 1.9% the
criticality exceeds the value of 1 and the reactor enters a
super-critical regime. The agreement of these two pro-
grams, despite the differences in the models used, gives
confidencein their results.

Spallation Neutrons Impact on the ADSR Perfor-
mance

An Accelerator Driven Subcritical Reactor (ADSR) con-
sists of three parts: the accelerator, spallation neutron target
and sub-critical reactor core. The spallation target is at the
heart of any accelerator driven reactor. Because the ADSR
is operated in a subcritical state, the target system has to
provide the neutrons needed to sustain fission. These are
generated by the spallation process resulting from high en-
ergy protonsimpacting the spallation target installed at the
centre of the core. Thereforethe target materials must have
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high neutron production efficiency. One of the best candi-
datetarget material islead or alead/bismuth eutectic. How-
ever these spallation neutrons have an energy spectrum dif-
ferent from the one of the neutrons present in conventional
reactors.

The energy spectraused by MCNPX to establish thecrit-
icality and the spallation neutrons energy spectraare shown
in Fig. 2, both histograms being normalized to 1000 for di-
rect comparison.
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Figure 2: Energy spectrafor neutronswith energy less than
1 MeV.

An ADSR relies upon these spallation neutrons to sus-
tain fission, and different configurations were simulated,
for different concentrations of 233U 0,, in order to find
out at which level of 233U 0, these spallation neutronswill
start to have an impact on the ADSR performance. The
spontaneous fission processes have to be switched off, so
that the only fission processes that take place are those in-
duced by the spallation neutronsand by the fission neutrons
produced in these processes.

For a homogeneous reactor core, like the one described
in [12], it was found that the reactor becomes critical for
a233U0, concentration of 6%. For the fuel rods geome-
try, the reactor was found to be sub-critical even for 90%
22Th04 and 10% 233U O,.

Fig. 3 shows the time dependence of the number of
neutrons inside the reactor core for the above configura-
tion. Theinitial sudden drop in the number of neutronsis
due to the fact that these neutrons are spallation neutrons
produced by the 1 GeV proton beam. Once the “wrong
energy” neutrons have escaped, the reactor criticality ap-
proaches the value of 0.9927.

When spallation neutrons are used to run the reactor, the
criticality is reached only for 15% 233U 0,. However, as
it has been shown in the previous subsection, the criticality
is aready reached at 1.9% 233U 0, due to the spontaneous
fission processes inside the reactor. Therefore the fact that
at no point should the spallation neutrons cause an ADSR
to become critical is an additional advantage.

CONCLUSION

GEANT4 and MCNPX predict the same reactor critical-
ity values for identical fuel inside a conventional nuclear
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Figure 3: Number of neutrons time dependence.

reactor. Due to the different energy spectra of the spal-
lation neutrons produced by the 1 GeV proton beam, the
accelerator driven reactor remains subcritical even at high
concentrations of 233U 0.
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