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ABSTRACT
The present work aims to evaluate the behavior of neutron multiplicity in a spallation target using
MCNPX simulations, focusing on its application in the MYRRHA reactor. It was studied the two types of
spallation target proposed for the MYRRHA project, windowless and windows target, in order to compare
them and find saturation boundaries. Some saturation boundaries were found and the windowless target
proved to be as viable as the windows one. Each one produced nearly the same number of neutrons per
incident proton. Using the concept of neutron cost, it was also observed that the optimum conditions on
neutron production occur at about 1GeV, for both target designs.

1.

INTRODUCTION

The accelerator-driven subcritical system (ADS) is an innovative and very promising
reactor, not only for power generation, but also for transmutation of heavy elements
with large half-life, reducing radioactive material0 s inventory. The ADS concept consists
basically of a proton accelerator coupled to a subcritical core by a spallation target.
The MYRRHA reactor [1] is an ADS reactor being built in Belgium and it is expected to
be operational at 2023. In this context, the MYRRHA reactor is extremely important,
as it is an ADS prototype that intends to demonstrate its viability, being so a research
facility. In addition, it will produce radioisotopes for nuclear medicine.
At the MYRRHA project, the spallation target will be made of a molten-metal that
will work at the same time as primary coolant. The material intended to be chosen for
the target is lead-bismuth eutectic (LBE), due to its high production rate of neutrons,
effective heat removal and a very small amount of radiation damage properties.
The neutron multiplicity, which is the rate of produced neutrons by incident proton, is
a crucial point to be studied, as the spallation target must produce the highest neutron
fluxes in the surroundings of the target being as compact as possible. Furthermore, knowing how the spallation target produces neutron is obviously relevant because its production
will impact the entire reactor physics, specially the point kinetics equations [2], which describe the temporal behavior of the neutron density and consequently the criticality in
nuclear reactors.

2.

METHODOLOGY

It was used the MCNPX simulation code [3]. This simulation code has been extensively
tested and compared with experimental data, proving to be very efficient when predicting
the behavior of neutron multiplicity in spallation targets [6, 7].
In MCNPX, the simulation of spallation reaction basically is given by three stages: the
Intra-Nuclear Cascade (INC), on which a pre-equilibrium stage occurs, and de-excitation,
which may be done by evaporation or fission. Each individual stage of the spallation reaction may be described by different models at the MCNPX simulation. In our simulations,
it was used the default options for models, or the so called Bertini-Dresner model. This
choice was made because of its extensively tested efficiency, when applied to spallation
targets, and reduced runtime [4] .
The net neutron production is tallied implicitly in MCNPX. In addition, to evaluate the
running cost of the proton accelerator, it was used the neutron cost concept. It is given
by the number of produced neutrons normalized to incident particle per beam energy.

3.

APPLICATION

It was used a proton beam with a 7.2cm diameter spot size and a parabolic spatial
profile, described in 1. Simulations were made using 350MeV and 600MeV proton beams,
as it is, according to the literature, the operational energy range for MYRRHA [1].
For each simulation, 30,000 source protons were transported. So, a reasonable upper limit
on the relative uncertainty of n/p is given by 30, 000−0.5 ≈ 0.6 percent [3].

Figure 1: Density Probability Function of incident proton per source radius
3.1.

Target Design

Two different design options of spallation target are considered for the MYRRHA reactor: windowless and windows target. As can be seen in the models in 1, the main
difference between these two targets is the interface between the proton beam and the
spallation target material. While at the windowless target, the beam interacts directly
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with the target, at the windows target a metallic semispherical window separates the
accelerator beam line vacuum from the liquid target material.

Figure 2: Basic representation of the two designs of spallation targets
3.2.

Target Design

The major drawback of the windows design is the possibility of windows rupture due to the
high energetic proton beam colliding. So, the beam window must be easily replaceable.
On the other hand, the windowless target requires a more complex technology, as the
beam line and the target zone share a common vacuum. Although that, the windowless
target is expected to be chosen for MYRRHA project.
For the beam window material, it was adopted the 9Cr-2WVTa due to its well-known
behavior at the operating temperature of MYRRHA and its corrosion resistance with
LBE [5].
The target simulated has a cylindrical geometry and its geometric parameters, radius and
length, as well as the proton beam energy and the target thickness, were varied in order
to find saturation boundaries.
To verify the preference of LBE for target0 s material, it was also varied the target material,
using others metals that are liquid at the operating temperature of MYRRHA and that
had already been used as a nuclear reactor coolant, such as NaK eutectic and Hg.
3.3.

Results

When varying the target0 s material, it was observed that the bigger rates occur for Hg,
Pb, LBE and Bi. As the mercury has several disadvantages, including high toxicity and
relatively low thermal conductivity, choosing the LBE as the target material really is the
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best option [1]. Neutron production for different target’s materials for a windowless target
that has a diameter of 10cm and a length of 40 cm is compared in 3.

Figure 3: Neutron multiplicity for diferent target0 s materials
4 shows the neutron yield for a windows target with a 2mm-thick window and a 350MeV
proton beam, when varying the target length (l) and diameter. 5 shows the neutron yield
for a windowless target and the same variations. As can be seen at these two figures,
the neutron yield at these target types majorly differ at targets with small lengths, up
to 20cm length. For bigger lengths, the neutron yields are nearly the same, with the
windowless target being slightly more productive (less than 0.05 n/p of difference). In
addition, the difference between them decays as the target diameter increases. Figure 4
and 5 also show that the neutron multiplicity stabilizes at a target length of about 40cm.
It can be also seen that there’s a saturation boundary at the target diameter at about
40 cm, showing that it isn’t profitable to adopt larger diameters or larger lengths than
40cm, as no relevant increase is observed.
In addition, considering a 600MeV proton beam, the same behaviour is observed, as shown
in 6 and 7. The largest differences again happen at targets with small lengths, up to 20cm
length. It can be also seen the same saturations boundaries at about 40cm, when studying
the target diameter and the target length.
When varying the incident proton energy, it was observed that for both target designs
the neutron multiplicity varies almost linearly, not showing, so, any saturation boundaries. Neutron production as a function of the incident proton energy for a windows and
windowless target that has a diameter of 10cm and a length of 40cm is shown in 8 and 9,
respectively.
A maximum at the neutron cost was observed at around 1.1 GeV, for both the spallation
designs, as it is shown in 10 and 11. Fitting a 5-degree-polynomial at the simulation
graphs and calculating its derivative, it was concluded that the maximum for the window
target is at 1088.90 MeV and at 1125.16 MeV for the windowless target. These energies
define the optimum conditions, regarding the economy.
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Figure 4: Windows target for a 350MeV proton beam

Figure 5: Windowless target for a 350MeV proton beam
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Figure 6: Windows target for a 600MeV proton beam

Figure 7: Windowless target for a 600MeV proton beam

Figure 8: Neutron yield as a function of the incident proton energy for a
windows target
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Figure 9: Neutron yield as a function of the incident proton energy for a
windowless target

Figure 10: Neutron cost for a windows target

Figure 11: Neutron cost for a windowless target
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4.

CONCLUSIONS

Simulations on MCNPX were made in order to find saturation boundaries and compare
the behavior of neutron multiplicity in two different designs of spallation target: windows
and windowless target. Finally, it could be concluded that there are saturation boundaries
in the neutron multiplicity when varying the target0 s length and radius. On the other
hand, no saturation boundaries were found when varying the incident proton energy. In
addition, it could be concluded that, regarding the neutron multiplicity, the windows
target is as viable as the windowless one. It shows that, although the windowless target
is suggested to be the chosen one for MYRRHA, because of the possibility of window
rupture, the windows target may be used in future projects.
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7. F. Křı́žek et al, ”The study of spallation reactions, neutron production, and transport
in a thick lead target and a uranium blanket during 1.5 GeV proton irradiation”,
Czechoslovak Journal of Physics, Volume 56, Issue 3, pp. 243-252, (2006).

INAC 2013, Recife, PE, Brazil.

