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Abstract

This work aims to assess the local spallation efficiency in the
MEGAPIE spallation target of the Paul Scherrer Institute in
Switzerland. Such information is a real key to consider a
material and/or geometrical optimization of this target. The
study focused particularly on two physical quantities that reflect
the local neutronic performance of the target. These are the
local production rates of neutrons and secondary protons. The
calculations are performed using the Monte Carlo method
based on the GEANT4 toolkit. The obtained results showed
that the neutron yield of the target presents clear singularities
at same levels and not quite regular in the whole active zone.
These are the real spallation centers which are in fact only two
or three distinct layers. The spallation region is thus very short
compared to the one known today. This localization makes
possible a well focused material and/or geometrical promotion
for a better performing target.

Keywords: Neutron production; Secondary protons; MEGAPIE
target; GEANT4; Spallation reaction

Introduction

The MEGAPIE project has demonstrated the feasibility of a PbBi
liquid metal spallation neutron source able to power an Accelerator
Driven System (ADS) [1-3]. Such a source is a coupling of a PbBi
spallation target with a particle accelerator to maintain criticality in the
sub-critical systems (ADS). The feasibility has been well
demonstration, both theoretically and experimentally, during the
period 2000-2014. Neutron studies conducted before and after the
experimental demonstration were able to characterize the neutronic
behavior and performance of the MEGAPIE target [4,5]. However,
this characterization remains quite global and is not sufficient to
undertake an easy and efficient optimization for this target. That is
why there are almost no optimization studies of this target in the
scientific literature. Currently, the MEGAPIE jargon uses the
spallation zone to refer to the active or neutron producing area of the
target and almost never talks about the effective spallation zone and

especially the spallation sites. In fact, the identification of these
centers is essential to make significant improvements to the target
through limited and localized material and/or geometrical
modifications. In this paper, we propose to evaluate the local neutron
performance of the MEGAPIE target in order to highlight new
information to deepen the understanding of its neutron behavior and
thus make its optimization more accessible and efficient. Here, we are
talking, in particular, about the distribution of the locations of the
highest neutronic productivity, namely the most efficient spallation
sites. For this purpose, we have proceeded with the following
calculations: As a first step, we have evaluated the axial evolution of
the average rate of produced neutrons on cumulative volumes along
the z-axis of the target. Then, we have explored the local distribution
of this rate in the whole active zone. Finally, to confirm some
conclusions, we have also calculated the local rate of secondary
protons. Unlike most neutronic studies of the MEGAPIE target which
are mainly carried out with the MCNPX and FLUKA codes, the
present study is performed using the modern Monte Carlo code
GEANT4 [6-12]. It is based on the new object oriented C++
programming technology and having a toolkit character. This means
that for each simulation task, GEANT4 offers the user a wide variety
of choices to satisfy different modeling needs.

Materials and Methods

The reliability of this code to reproduce the valid results of the
MEGAPIE target has already been demonstrated in our works [13,14].
In the present modeling, we have defined the target geometry (Figure
1) and the profile of the primary proton beam in the same way as in
the two previous references. The principal characteristics of the proton
beam are: Mono-energetic of 575 MeV of energy and 1.74 mA of
intensity. One dimensional according to the target’s axis and having a
planar spatial distribution with a quasi double Gaussian profile (Figure
2). The main modifications made to this simulation compared to the
previous ones are the use of parallel geometry (§ 2.2) and convenient
scorers to extract useful data. The study led to the following results:
The spatial distribution of the average and local neutron production,
the local secondary proton production, the determination of the
spallation reaction centers and the distinction between the spallation
region and the neutron production one. All results are consistent and
lead to the same conclusions.
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Figure 1: The MEGAPIE target geometry modeled with the
GEANT4 code. (a) Overview of the target. (b) Vertical cut of the
upper target. (c) Vertical cut of the bottom part of the lower target.
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Figure 2: Two and three dimensional profiles of the proton beam as
they are defined in this simulation.

Modeling code

GEANT4 (Geometry and Tracking 4) is a simulation environment
for tracking particles in matter. The GEANT4 tool was launched in
1994 as part of the RD44 project in order to overcome the
encumbrance of its precursor "GEANT3". Unlike GEANT3 which had
been written in Fortran, GEANT4 has benefited from the new C+
+/00 programming technology which, thanks to its design marked by
independence between its components, has made it flexible and easy
to be improved and maintained. The GEANT4 initiative was
undertaken by the European Organization for Nuclear Research
(CERN) and the Japanese high energy accelerator research
organization (KEK). The first version GEANT4.1.0 was released in
December 1998. The toolkit character of GEANT4 allows the user to
completely build and customize his own application without being
limited to predefined components of the code. Indeed, the Object
Oriented Programming (OOP) technology allows users to modify the
available implementations and/or add new ones without affecting the
basic architecture of the code. GEANTA4's capabilities have, in fact,
made it a platform for building other more specific codes, including
codes dedicated to medical applications such as GATE [15-17] and
GAMOS and the MCADS model [18-23] for modeling spallation
targets. In this work we have used the GEANT4.10.2.p03 version built
on a scientific Linux v7.4 system together with many other
components to insure a better performance. The required components
are: The class library for high-energy physics CLHEP v2.3.1.1], the
data analysis framework ROOT v6 and the development framework
Qt v5.6.2 [24-28].

The parallel geometry feature

Modeling real experiments, such as the MEGAPIE target, often
involves devices with complicated geometry and material
composition. This complexity is more apparent in some modeling
tasks than in others. Among those affected by this complexity, we
point to the extraction of useful data, the definition of user limits, the
configuration of variance reduction, etc. This is particularly the case
when a modeling operation involves several components at the same
time. To circumvent the problem and overcome the complexity,

GEANT4 offers two types of geometry: Mass geometry and parallel
geometry [29]. The mass geometry is the real geometry of the
simulated device equipped with the real materials. The mass geometry
of the MEGAPIE target. The parallel geometry is a fictitious geometry
to which no materials are assigned. This geometry is defined in the
same way as the mass geometry. It has the particularity of being free
of the restrictions related to volume boundaries. In other words,
overlapping and sharing of surfaces are not prohibited. The only
restriction is that it should not extend beyond the global volume. In
terms of use, a volume in parallel geometry is just like any other
volume in mass geometry, it can serve as: Sensitive detector for
scoring purposes. Region to define user limits. e.g., maximum step,
range cuts, minimum energy to track a particle. Region to define the
biasing. e.g., assigning an artificial weight.

In the present modeling, we have used parallel geometry for two
main purposes: Implementation of the geometric importance based
variance reduction and definition of sensitive detectors that cover
multiple volumes in the mass geometry. It should be noted here that in
the MEGAPIE target, data extraction becomes so delicate if parallel
geometry is not used. Indeed, to extract a given physical quantity, we
must associate to each concerned volume of the mass geometry a
distinct sensitive detector. Whereas with parallel geometry, a single
volume can gather all juxtaposed volumes regardless of their material
composition.

Modeling physics

The physics used in this simulation is designated in GEANT4 by
the nickname "FTFP_INCLXX HP". This is a predefined physics list
provided by the code and known as the most appropriate physics list
for spallation problems [30]. It includes the following physical
models: the Fritiof model (FTF) [31,32], the Pre-compound model (P)
[33], the C++ version of the Liege Intranuclear Cascade model,
(INCLXX) and the High Precision model (HP). to be more adapted to
the studied problem we coupled on the one hand, the INCLXX model
with the ABLA [34] statistical model dedicated to the de-excitation
phase of the spallation reaction and on the other hand, the HP model
with the thermal neutron scattering model "G4 Neutron HP Thermal
Scattering” dedicated to the neutron processes in the energy range
(<4eV).

For more details about the cited models, including the types of
simulated particles, the energy ranges, the way each of them is used,
we refer the reader to our work, where we have described the same
physics more explicitly.

Results and Discussion

One of the main keys for an easy and successful optimization of the
MEGAPIE target is to have detailed information on its neutron
performance. But so far, most of the available quantities, such as:
Fluxes, flux spectra, number of neutrons by primary proton, etc. are all
global quantities or correspond to particular positions in the target.
Such quantities do not allow easy consideration of efficient material
and/or geometric modifications to improve the current design. For this
reason, we have evaluated other physical quantities that show how the
productive potential of the target is distributed throughout the entire
active zone, which allows for a deeper understanding of the neutron
behavior of the target. The quantities we are talking about are simply
the local yield of neutrons and secondary protons. Both quantities are
calculated by volume unite of (1 cm?) in different positions of the
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production area. As a first step, we have assessed the axial evolution
of the average volume rate of produced neutrons by time unite for
different radii. The volumes considered are cylinders centered on the
target axis and having different altitudes z all start from the target
window (z=0 cm). Sampling was performed along the z-axis with a
step size of Az=0.5 cm up to a limit of (z=30 cm). Figure 3 shows the
evolution curves of the neutron rate in these volumes. Analyzing these
curves, we see that after a small fluctuation near the window (0 < z <
0.5 cm), the volume rate of neutron production remains low and
roughly constant until the level of z=~6 cm where it suddenly
undergoes a strong increase until it reaches its maximum. After that, it
slightly decreases or remains roughly constant when the radius
becomes large enough. In addition, the line of maxima in Figure 3
shows that the larger the radius of the volume studied, the greater the
z-altitude required having a maximum neutron rate. Indeed, for a
radius of r=1 cm, the average of neutronic productivity reaches its
maximum at z=~17 c¢cm, while for (r=8.8 cm) that represent the target’s
radius, the maximum is marked at z=~20 cm.
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Figure 3: Average volume rate of neutron production as a function
of z altitude. (The mean statistical error is ~0.096%).

The interpretation of these findings has allowed us to conclude that
specific reactions, in terms of neutron production, start to occur in the
target as soon as the altitude z=6 cm. The reactions that could be
responsible for the changes in neutronic productivity observed above
are generally spallation and/or multiplication reactions (n, xn). But
considering the following semi empirical formula Amfp oc A3 [42],
which gives the relation between the mean free path Amfp of the
spallation reaction induced by protons in a heavy metal and the mass
number A of this metal, we can conclude that the relevant reaction is
most probably spallation. Indeed, the liquid metal PbBi, which
represents the actual spallation target in the MEGAPIE target, is
mainly composed of lead (Pb, A=206, ~45%) and bismuth (Bi,
A=209, ~55%) and the spallation mean free path of such a
composition is actually, according to the previous formula, about Amfp
~ 6 cm. However, spallation reactions cannot occur continuously in all
the active zone of target, but mainly in regions separated by distances
around Amfp. This shows that the neutron production between two
consecutive generations of spallation reactions is mainly ensured by
other reactions as (p, xn), (n, xn) and eventually (n, f) fission
reactions.

The above results reveal that spallation reactions occur remarkably
only after about 6 cm altitude, but how their positions are distributed
in the active zone? Is still not revealed. To answer this question, we
proceeded to a local evaluation of the same neutronic quantity. In
contrast to previous calculations, which were based on cumulative
volumes, here we have estimated the neutron production rate on very
small separate volumes. We have divided the most neutron

contributing area (0 < z < 30 cm and 0 < r < 6 cm) into small
cylindrical strips centered on the target axis, each having 3 mm height
and 2 mm radial thickness. The obtained results are represented in
Figure 4. The most notable observations in this figure are the sharp
peaks at about z=7 cm and the nearly horizontal portions in ~12 cm <
z < ~14 cm. In the remaining interval of z altitude, the neutron
production rate only undergoes a steady decrease. In fact, these
observations are only quite clear in the r < 4 c¢m radius range. For
higher radius, the peaks disappear progressively and the production
rate becomes almost invariant with altitude. The fact that in the
position of the peaks, the neutron production rate suddenly increases
by a factor that can reach 20 or even more, proves that this position is
a real center of spallation reactions. This is because only the spallation
reaction that can reach this multiplication factor. Since the spallation
reaction has the particularity of producing, at the same time, a large
number of neutrons and protons and to verify the previous
conclusions, we have also calculated the local rate of secondary
protons. The obtained results are illustrated in Figure 5. They seem
perfectly similar to those of the neutron production rate and show the
same singularities, which confirms the conclusions made above.
Finally, invoking the power deposition from the results obtained in our
work [13], we can definitely confirm that two main generations of
spallation occur in the active area of the MEGAPIE target: The first at
the region ~6 cm < z < ~7 cm and the second at the region ~12 cm <z
< ~14 cm. Figure 6 shows especially four singularities.
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Figure 4: Local volume rate of neutron production by time unite, as
a function of altitude (z) at different radius (r). (The mean statistical
error is ~0.90%).
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Figure 5: Local volume rate of secondary protons by time unite, as
a function of altitude (z) at different radius (r). (The mean statistical
error is ~0.83%).

8200
a

8000
4000
2400

2200

1400

Puissance déposée (w/cm?)

800
Bocg a,
o e’ Bl
son | e TPy sl
oy oo, o
oo, d 3
400 oo, b
T T
200 3
o
o Booooooaa
o 5 10 1s 20 25 30

z(em)

Figure 6: Axial distribution of the power deposition in the
MEGAPIE target for a range cut value of 1000 mm. (The mean
statistical error is ~0.6%).

The first, results from the first contact of the energetic proton beam
with the target. The latest one is the Bragg peak. The two other
singularities are due to spallation reactions as it has been explained. It
is worth noting here that the results of were obtained with a specific
setting of the GEANT4 simulation. In particular, we refer to an
intrinsic parameter of GEANT4, called "secondary production
threshold or range cut". This parameter is set to an unusual value
(1000 mm) in order to study its impact on the power deposition in the
MEGAPIE target. The definition and the impact of the range cut on
the power deposition in the MEGAPIE target is detailed in our paper.

To complete our view of the neutronic performance distribution in
the active zone of the MEGAPIE target, let us now examine the radial
evolution of the local neutron and proton production rate. Figure 7
and 8 illustrate the evolution of these two quantities respectively.
They show that the productivity in neutrons and protons decreases
rather quickly from the center to the surface and from about r=~6 cm,
this productivity becomes quasi uniform. But contrary to the smooth
decrease of neutron production, the production of secondary protons
shows some kind of repeated bumps. This means that the concerned
positions are places of a certain type of (X, xp) reactions. The
abundance of neutrons at the center of the target, leads us to think of
(n, p) reactions, while keeping in mind the possibility of

electromagnetic reactions such as photo-nuclear reactions (y, p). But
whatever the type of interaction, the observed undulations show that
the incident particles that induce the proton production reactions reach
the positions concerned with energies that favor the reaction of a given
isotope, that is, the one that presents a large effective cross section
with respect to this reaction. Nevertheless, the observed undulations
phenomenon still requires further studies to be fully explained.
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Figure 7: Radial evolution of the local volume rate of neutron
production by time unite at different altitudes. (The mean statistical
error is ~ 0.90%).
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Figure 8: Radial evolution of the local volume rate of secondary
protons by time unite at different altitudes. (The mean statistical error
is ~0.83%).

Conclusion

The present work was devoted to the search for new information
that could be the basis of any optimization approach of the current
MEGAPIE target design. The calculations are performed using the
Monte Carlo method based on the GEANT4 toolkit. By evaluating the
local productivity of the target in neutrons and protons, we were able
to redefine the spallation zone and to locate these occurring centers.
The obtained results affirm that the area usually called "spallation
region" contains in fact only two main spallation layers that strongly
contribute in neutron production of the MEGAPIE target. These layers
have a quasi spherical shape and are arranged horizontally in the
following two respective regions: ~6 cm <z <~7 cm and ~12 cm < z
< ~14 cm. Perhaps there is a third or more generation, but certainly
their contribution to neutron production is indistinguishable from other
reaction types such as (n, xn) and (n, f). Thus, the so called spallation
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region 0 <z < ~30 cm is in fact, the region of general production and
not of spallation one. The true spallation region is practically extended
from z=~6 cm to z=~14 cm relative to the target window. Moreover,
the calculations revealed a particular radial behavior concerning the
secondary proton production. But the interpretation of this behavior
led us to conclude that further studies are needed to explain it
completely.

Finally, the results of this study together with those of our previous
study can indeed help to optimize the MEGAPIE target by bringing
much focused material and/or geometrical modifications. The issue is
that the target becomes more efficient, either by producing more
neutrons with the current primary beam or by keeping the same
production with a lower intensity beam, thus preserving the target
structures from irradiation damage and extending its lifetime.
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