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Abstract

The primary goal of this research is to develop and test a multiple neutron scattering correction
factor in Geant4, applied to neutron scattering cross-section measurements from the ELISA setup
at GELINA. Disc-shaped carbon targets of thicknesses of 2 mm and 10 mm are placed in a spin-
unpolarized neutron beam (ranging from 1 to 8 MeV). This work replicates similar experimental
research at the ELISA setup, Joint Research Centre, Geel, Belgium. The ELISA setup geometry
is recreated in Geant4, and various physics lists are compared and analysed. Eight virtual detector
rings replaced the four rows of eight detectors to test neutron detection efficiency improvement.
The multiple scattering percentages are determined over the 1-8 MeV neutron-energy range, for
each of the eight detector rings. Finally, the correction factors are computed and implemented
on experimentally obtained neutron scattering cross section data from the ELISA setup. Overall,
the High Precision neutron model proved to be crucial for obtaining accurate data. A drastic
improvement of 700% on neutron detection efficiency was found subsequent to implementing the
new detector configuration. Also, the correction factor showed to be improving the deviations for
detector angles farther away from 90° and inaccurate for measurements done by detectors placed
close to 90°.
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4 Chapter I INTRODUCTION

1 Introduction

In this study, the aim is to obtain a correction factor that accounts for the multiple scattered neutrons
in the total neutron yield. The number of scattering events that hit a nearby detector depends on the
size of the sample, as deviations were found in experiments with similar sample sizes and incident
neutron energies [1]. This is an important observation, because the understanding of the multiple
scattering interactions between neutrons and nuclei is still not described very accurately in nuclear
models [2]. When a neutron interacts with a sample carbon nucleus, it can cause a wide range of
events, including neutron-capture and more interestingly, within the 1-8 MeV energy range, multiple
scattering of neutrons. In the case of this neutron multiple scattering, the process is analysed by de-
tecting neutrons scattered by carbon using an array of 32 High Purity Germanium (HPGe) detectors
arranged around the sample [1] [3]. This particular study is performed using the Geant4 toolkit which
is made for simulating the passage of particles (such as high energy neutrons) through matter. The
simulations represent the environment at the GELINA (Geel Electron LINear Accelerator) facility in
Geel, Belgium. By reproducing this experimental environment, combined with the necessary physics
toolkits provided by Geant4, a representation of reality can be simulated and analysed. Monte Carlo
methods are critical in this context as they enable statistical modelling of complex physical processes
in situations such as describing and predicting neutron scattering events. Geant4 is a software tool that
uses Monte Carlo simulations. Therefore, with Geant4, a correction factor for various sample sizes
and neutron energy may be calculated. After implementing this correction on experimental neutron
scattering cross section data for 2 mm and 10 mm thick carbon targets, they should yield the same
results, therefore removing the target geometry and thickness influence on the cross sections. The
incompleteness of current nuclear physics models makes neutron-nucleus interactions important to
study experimentally. These models frequently struggle to adequately characterise such phenomena
due to the numerous variables and interactions involved [4]. By improving these models, physicists
can gain a better understanding of (elastic) interactions between nucleons and nuclei. The data anal-
ysis is performed using Python.

The objective of this simulation study is to find a reliable correction factor at a variety of incident neu-
tron energies (1-8 MeV) that successfully removes the impact of target geometry and thickness on the
cross section measurements. Several physics lists are tested and analysed using previous research and
nuclear databases. For eight angles, the multiple scattering correction factor is calculated and applied
to the obtained neutron cross section data. The method that is used for obtaining the correction factor
should work on sample materials other than carbon. It helps to produce more accurate predictions
for neutron-induced scattering events for numerous materials. More precise nucleon-nucleus interac-
tions prediction-capabilities are critical for a variety of applications, one of which is designing and
choosing nuclear reactor materials [5]. Furthermore, by enhancing the accuracy of the predictions
that are being made using the current state-of-the-art nuclear models, this research may be of much
importance.
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2 Theory

2.1 The ELISA setup at GELINA

The ELISA (ELastic and Inelastic Scattering Array) array is used for neutron and gamma ray detection
at the GELINA (Geel Electron LINear Accelerator) facility [6]. In order to create the neutron beam,
an electron beam is accelerated by the GELINA accelerator and directed at a uranium target. Upon
striking the uranium target, the electrons induce bremsstrahlung, which produces high energy photons.
The produced photon collides with a uranium nucleus, exciting it. As a result, the uranium nucleus
emits a neutron. These neutrons are directed towards the carbon scattering target through the use of
collimators, resulting in a spin-unpolarized neutron beam. Subsequent to colliding with the carbon
target, the neutrons may scatter zero, once or multiple times off the target sample nuclei, after which
the neutrons are detected by one of the surrounding detectors.

Figure 1: Picture of the ELISA setup. The 32 detectors are placed in four rows of eight detectors
around the carbon target [3]. The coordinate system depicted in the image is used as a reference
throughout the report.

The neutron detector setup of the ELISA experimental setup is composed of 32 liquid organic scintil-
lation detectors, as shown in figure|1. Half of the 32 detectors are the EJ-301 liquid scintillator type,
while the other half are the EJ-315 type [7] [8]. The four rows of detectors are placed at four specific
angles, these azimuthal angles are; -90°, -30°, 30° and 90° (see figure |1 for coordinate system defini-
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tion). At each of those azimuthal angles, there is a row of eight detectors placed at the following polar
angles; 16.2°, 37.2°, 58.3°, 79.2°, 100.6°, 121.7°, 142.8° and 163.8° [3]. The mentioned detector
angles are displayed in Figure 2 below.

79.2° 100.6°
58.3° 121.7°

37.2° 142.8°

o e

Z -
Target

Figure 2: Schematic of the detector setup, consisting of the carbon target in the center with the eight
detectors placed around it. Each of the detectors is placed at a distinct polar angle.

2.2 Time-of-flight

The time-of-flight is defined as the time it takes for the incident neutron to travel from the source to
the target. Deriving the time-of-flight equation requires the energy-mass relation,

E = ymc?, (1)

where E is the total energy of the neutron, m is the neutron mass, c is the speed of light in a vacuum
and v is the Lorentz factor, which is defined as

V= 2)

where v is the relative velocity between the neutron and the laboratory frame. The incident neutron
energy Ey is defined as the difference between the total neutron energy E and the rest energy Ep,
where ¥ =1 as the neutron is stationary, resulting in

N

Ey=mc —-1]. 3)
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From equation|3, the neutron time of flight is obtained,

fof— d , @)

\/1—1/(1+m62)

where d is the distance from the neutron source to the target. Since the neutron energy does not exceed
8 MeV, the highest neutron velocity is 3.91 % 10%mn/s, which results in 7 ~ 1.008. So 7 < 1.008 for
the 1-8 MeV neutron energy range, which indicates that the relativistic effects at this energy range are
negligible. Therefore, the time-of-flight is estimated using

1
E, = Emv& (5)
which results in
t. d 6
of =[5 (©)

2.3 Neutron scattering

When accelerated neutrons interact with a nucleus, a wide range of reactions can take place. In the
fast-neutron energy range (1-20 MeV), the most prominent reaction is neutron scattering. When a fast
neutron interacts with a carbon nucleus, the neutron scatters of the nucleus, see ﬁgureB below.

Before collision | After collision ‘

/}

| — //

Figure 3: Schematic of a neutron scattering event, where an incident neutron scatters off a target
nucleus.

Within this reaction type, two distinguishable variants occur. The first is neutron elastic scattering,
which is the most occurring reaction for carbon in the fast-neutron energy range [9]. When a neutron
scatters elastically from a nucleus, it conserves most of its kinetic energy. Some energy is transferred
from the neutron to the nucleus during an elastic neutron scattering event, but not enough to excite a
nucleus of the target. This relatively small energy exchange is what causes the target nuclei to recoil
shortly after the collision event. For neutron energies above 4.5 MeV, inelastic scattering starts to
occur. During an inelastic neutron scattering event, the neutron transfers a fraction of its energy to the
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nucleus. This results in a decrease in kinetic energy subsequent to colliding with the nucleus. Above
the 4.5 MeV i1nelastic neutron inelastic scattering threshold (within the fast-neutron energy range),
elastic scattering remains the most probable reaction, followed by inelastic neutron scattering [9].

PN -

e

j—

Figure 4: Schematic of a neutron multiple scattering event, showcasing a scenario where the incident
neutron scatters of three target nuclei (indicated by 1,2 and 3).

As the target samples consist of enormous numbers of nuclei (exceeding 10?3 nuclei for a 1 cm? target
sample), it is likely that a scattered neutron interacts with more than one target nucleus. This phe-
nomenon is called multiple scattering, as depicted in figure 4. In the next sub-chapter, the percentage
of scattered neutrons that show multiple scattering is explained in further detail.

2.4 Multiple scattering percentage and error analysis

The multiple scattering percentage (MSP) is defined as the percentage of neutrons that have scattered
more than once prior to entering a detector volume over the total number of neutrons that enter a
detector.
MSP = 1 * 100%. (7)
Cr
The corrected neutron scattering cross sections for each separate detector over the entire energy range
are computed using

Geor(E, det) = (1 — MSP/100) Gyearr- (8)

All neutron detection events in the detector volumes are independent of each other, therefore, the
errors in the neutron yield can be described by the Poisson distribution. Therefore, the standard
deviation of the neutron yield Opyigson are described by:

OPoisson = \/Eu (9)
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where C represents the number of counts for each detector. From this distribution, the following
standard deviations can be deduced,

ACs =+/Coi, ACr = vCr, (10)

where C- 1 is the total number of counts (neutrons) in a detector with more than one scattering event
and T is the total number of counts in a detector. As the multiple scattering percentage is dependent
on two stochastic variables, the errors in both counts should be taken into consideration. The absolute
error is derived from the partial derivative error formula given by

ISP \/<8MSP)2(5C>1>2+ (8MSP>2(5CT)2+2(8MSP) (8MSP) Cov(Cor. ),

8C>1 aCT &C> 1 aCT
(11D
resulting in
C2
amsP = 100,/ =1 - St (12)
¢ G
Finally, the relative error of the multiple scattering percentage is described by
AMSP 1 1
= - (13)
|M SP | C.1 Cr

Derivations of the formulas used for the error analysis can be found in the Appendix.
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3 Methods

3.1 Geant4 construction

The first step in this project is to create a virtual model of the ELISA setup . The code is constructed in
such a way that it closely represents the most important facets of the experimental setup at GELINA;
the monochromatic neutron beam, the cylindrical carbon target and the placement and distribution
of the neutron detectors. First, let us describe the software that is used. Geant4 (GEometry ANd
Tracking) is developed as a multi-functional physics tool that is used for simulating the interactions
and passage of radiation through matter [10]. The 32 detectors are placed along eight polar angles
around the neutron beam axis. The angles are listed in table 7.1 in the Appendix. The distance
between the target and each detector is 29.5 cm, as in the experimental setup [3]. centred inside the
virtual box is the cylindrically-shaped carbon target. The average isotopic abundance of carbon in its
natural form on earth is 98.89% 2C and 1.11% 13C, which is therefore the chosen composition of the
carbon target in the simulation [11]. In figures 21/and 22, the cross sections for elastic and inelastic
scattering can be observed for the 1-8 MeV neutron energy range. The radius of the carbon target is
5 cm and the thicknesses of 2 mm and 10 mm are analysed and compared after processing the data.

AT
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(a) Front view of the created ELISA setup in (b) Side view of the ELISA setup in Geant4.
Geant4 for simulation of the scattered neu- The neutron beam enters from the left side.
trons. From this orientation, the neutrons Notice the target in the centre of the spheri-
propagate out of the page. cally arranged detectors.

Figure 5: ELISA setup in Geant4: Front view (a) and Side view (b).

The initial construction of the ELISA setup in Geant4 consisted of 32 detectors, like in the experi-
mental setup. In order to increase efficiency of the setup, the 32 detectors were replaced by 8 detector
rings. This does not affect the distribution of neutrons over the eight detectors, since the differential
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neutron cross section is, for unpolarized neutrons, independent of azimuthal angles. The eight rings
were placed around the same polar angles, found in table 7.1, as the detectors in the setup at GELINA.

3.2 Physics lists and Assessment

Geant4 uses physics lists that are responsible for describing the particle type and the physics processes
associated with each particle type. Depending on the application of the project, the correct physics
lists should be incorporated in the Geant4 simulation. Physics lists are incorporated in Geant4 for
a wide range of particle processes, such as elastic and inelastic neutron interactions. For that, the
models used for calculations in the simulation use a variety of databases and assumptions. In the
following paragraphs, descriptions are given for each of the tested models. The testing method con-
sists of analysing the increase in the percentage of scattered neutrons that scatter more than once
in the carbon target subsequent to entering a detector volume. In Geant4, one has to select a high-
energy physics list (Quark-Gluon String model or Fritiof Parton model) together with a low-energy
physics list (Bertini Cascade model or Binary Cascade model) and, optionally, together with the
High Precision Neutron model. To illustrate, this is how a physics list is Incorporated in Geant4:
G4HadronPhysicsQGSP_BERT_HP (Quark-Gluon String model, Bertini Cascade model and High Pre-
cision Neutron model) or G4HadronPhysicsFTFP_BIC (Fritof Parton model and Binary Cascade
model). For some angles, at a neutron energy of 4.5 MeV, the multiple scattering percentage in-
creases drastically due to inelastic scattering becoming more apparent than elastic scattering [1].

The Fritiof Parton model (FPF) uses a unique method for describing hadronic particles, such as neu-
trons [12]. It assumes that hadrons can be treated as a collection of point-like sub-particles. We can
interpret this as a relativistic addition to the quark model, as quarks appear to form a continuum of
partons at high-energies. As these relativistic effects are relevant only at high energies (> 5 GeV),
this model requires additional modifications for it to function well at lower energies (< 10 MeV). The
next model that is tested is the Quark-Gluon String model (QGS) [13]. This model uses the concept of
string excitation between quarks and gluons. For example, when a high energy neutron collides with a
nucleus, the components of the colliding particles interact in a complex manner. The quarks and glu-
ons inside the colliding neutron and the nucleus’ proton for example, transfer energy upon collision,
effectively creating strings of energy that are interconnected between colliding quarks. Interestingly
enough, when these strings continue to stretch, moments subsequent to collision, the string essentially
breaks into smaller particles. The model is capable of predicting and describing interactions between
these particles with great accuracy. The two models that have been described so far have proven to
be very effective for the particle interactions above 5 GeV and 15 GeV, respectively. Concluding,
the Fritiof Parton and the Quark-Gluon String models handle the initial interaction and production of
secondary particles between hadronic particle collisions, but both only work in an energy range far
outside the 1-8 MeV range used in this research.

The following two models are cascade models, designed to describe the subsequent interactions be-
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tween particles like neutrons and nuclei. Furthermore, these cascade models tend to be more effective
at describing particle interactions below 10 GeV. Therefore, the following two models are used and
tested in combination with the previous two models, as shown later on in the results. The third model
is the Binary Cascade Model (BIC) [14], a model that computes the scattering effects through a binary
process, meaning that each nucleon of the incoming beam interacts individually with the nucleons of
the target particle. Furthermore, it includes probabilistic calculations used to determine the likelihood
of various reactions, such as inelastic neutron scattering. Lastly, it models the behaviour and propa-
gation of the produced particles that were born subsequent to hadronic collisions. The last considered
model is the Bertini Intranuclear Cascade Model (BERT) [15]. The intranuclear model has many
similarities to the previously mentioned binary model, such as considering the geometry of particles,
their cross sections and the modelling of the cascade of produced particles by the reaction. However,
this model has a more probabilistic approach of the individual particles during the collision event,
making it more sophisticated for more detailed but computationally expensive simulations.

The last model is the high-precision model, used for low neutron energies (j20 MeV). This model
uses neutron scattering databases, such as the ENDF-B/VIII data library, for determining the cross
sections and final states for neutron-induced reactions [16]. The data from these databases incor-
porate probabilities of elastic scattering, inelastic scattering, neutron capture and neutron induced
fission. Of these, elastic and inelastic scattering are the main focus points in this research. Excitation
of nuclei due to inelastic scattering are taken into account. The excitation of a nucleus can result in a
wide range of final states, after interacting with the incident neutron. Once the reaction type for the
interaction between the nucleus and the neutron at a specific energy is determined, the model uses
the data from the scattering databases to simulate the particles produced by the reaction. The high-
precision model is expected to be crucial for the energy range in this research, since it is designed for
simulations with neutron energies below 20 MeV.

The assessment of the combinations of these physics lists is done by inspecting the simulated an-
gular neutron distribution for energies between 1 and 8 MeV. The obtained data is reviewed for a
drastic increase in the multiple scattering percentage around the inelastic scattering threshold, around
4.5 MeV [16] [17]. The impact of the high-energy models are insignificant, as the energy range of
those models (;5 GeV) exceed the energy range used in this research (1-8 MeV) by a large margin.
Therefore, the low-energy models are only relevant for this research. For this research, the Fritiof
Parton model, together with the Binary Cascade model and the High Precision neutron model are
used. Further results and conclusions regarding testing the individual physics lists combinations are
discussed in Chapter 5.
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3.3 Neutron detection acceptance

The experimental setup ELISA consists of an arrangement of 32 neutron detectors. As these detectors
cover a relatively insignificant area surrounding the carbon target, the 32 detectors are replaced by a
total of eight rings and tested for an increase in neutron yield (see figure 6). Initially, the detectors
are placed at four discrete azimuthal angles, relative to the neutron beam. Each of the four angles
consists of eight detectors placed at discrete polar angles, relative to the neutron beam. The detectors
at the discrete azimuthal angles are removed and replaced by a single detector ring, encompassing the
entire azimuthal angle of 360°. Finally, the new setup in Geant4, composed of eight detector rings,
is tested by summing the total neutron yield of each detector at the 1-8 MeV neutron energy range,
with steps of 1 MeV. This method allows for a simple, yet accurate method for calculating the overall
improvement in the acceptance for detecting neutrons.
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(a) XZ-projection of the replicated setup
of ELISA in Geant4. The neutron beam
enters from the left side. Notice the target
in the centre of the 32 spherically arranged
detectors.

(b) XZ-projection of the to-be tested
setup in Geant4. The neutron beam en-
ters from the left side. Notice the target
in the centre of the eight spherically ar-
ranged ring-shaped detectors.

Figure 6: ELISA setup in Geant4: Initial design (left) and new design (right).

3.4 Multiple scattering correction factor

After determining the most accurate physics list combination, the tests are started for the 1-8 MeV
energy range. These are formatted in .ROQOT files by Geant4 which, subsequent to reformatting, are
used for the data analysis. First, the multiple scattering percentages are calculated using equation
7 and stored in separate arrays. Then, using equation 13, the errors of the multiple scattering per-
centage are calculated and stored in a similar manner as the previously calculated multiple scattering
percentage. These values are then plotted for each of the eight detector rings as a function of en-
ergy. In a similar manner, plots are created for the total experimental neutron scattering cross sections
as a function of energy. The experimental neutron scattering cross sections are corrected using the
calculated multiple scattering correction factor using equation 8. Using this method, the effects that
the thickness of the target sample has on the measured neutron scattering cross sections should be
corrected for. Therefore, after correcting the experimental neutron scattering cross sections for the
2 mm target and the 10 mm target, both should yield the same results. The deviations between the
neutron scattering cross sections are analysed and used for drawing conclusions on the accuracy of
the method. The goal is to obtain a deviation between the 2 mm and 10 mm data smaller that 5%.
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4 Results

In this chapter, all results required to achieve the research goal are presented with brief explanations.
Further results can be found in the Appendix.

4.1 Physics lists

Figure 8/shows the multiple scattering percentage as a function of incident neutron energy for all eight
detectors with a target thickness of 10 mm. Plots of the other physics list combinations (figures 23|24
and 25) are located in the Appendix, as all tested combinations yielded identical results.

100 Multiple Scattering Percentage vs Energy for Different Detector Angles, Material: Carbon, Thickness: 10 mm, #runs: 1.000.000
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Figure 7: Multiple scattering percentage plot for 4-6 MeV, using the Quark-Gluon String model and
the Binary Cascade model.
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0 Multiple Scattering Percentage vs Energy for Different Detector Angles, 10mm target, 1.000.000 runs
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Figure 8: Multiple scattering percentage plot for 4-6 MeV, using the Fritiof Parton, Binary Cascade

and the High Precision neutron models.
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4.2 Neutron detection efficiency

Figures |9 and |10 depict the total neutron yield of all detectors combined per energy interval for the

2 mm and 10 mm thick targets. In this comparison, the Fritiof Parton, Binary Cascade and the High
Precision neutron models are used for simulating the data.

s --s-- 32 Detectors, 2mm target
20000 ‘\‘ --a-- 8 Detectors, 2mm target
\\‘ ,\
» 15000 \
g \.\\ ’/ \\ 1-
= 10000+ o .
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Figure 9: Neutron count for the 2 mm thick target,

ring-shaped detector setup.

using the original detector setup and the improved

1200001 --=-- 32 Detectors, 10mm target
N --s-- 8 Detectors, 10mm target
100000 |
£ 80000 . s
LgJ \\\ /’l \\ ,F
=~ 60000
% u . ] /
= 40000
~
20000{ ,
R g - N | .“-‘—_—'l
ol . ‘ ‘ | . ! :
1 2 3 4 5 6 7 8

Neutron energy (MeV)

Figure 10: Neutron count for the 10 mm thick target, using the original detector setup and the im-

proved ring-shaped detector setup.

The new ring-shaped detector setup in Geant4 results in an average increase of 700% in total neutron

count for the 2 mm and 10 mm targets.
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4.3 Multiple scattering percentages

In this section, the multiple scattering percentages calculated using equations 7 are displayed in fig-
ures |11/ and 12/ for the target thicknesses of 2 mm and 10 mm. Notice that the multiple scattering
percentages do not exceed 28.2 £2.6% and 70.1 4= 1.1% at target thicknesses of 2 mm and 10 mm,
respectively.
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Figure 11: Multiple scattering percentages for the 2 mm thick carbon target, calculated using the data
obtained in Geant4.
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Figure 12: Multiple scattering percentages for the 10 mm thick carbon target, calculated using the
data obtained in Geant4.
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4.4 Corrected neutron cross sections

The corrected neutron cross section for all eight detectors for the 2 mm and 10 mm thick targets are
displayed in this section. The average improvement over the entire energy range (1-8 MeV) for each
detector is tabulated in Table 1.

Detector angle Prior to correction Subsequent to correction Improvement
163.8° 16.8% 10.5+3.2% 6.3+2.5%
142.8° 16.6% 8.1£2.8% 8.5+2.4%
121.7° 13.1% 9.4+3.1% 3.7£2.5%
100.6° 9.8% 24.7+5.0% —149+3.2%
79.4° 17.8% 18.6+4.3% —0.9+2.9%
58.3° 8.3% 9.5+3.1% —1.2+2.5%
37.2° 8.2% 6.7+2.6% 1.54+2.3%
16.2° 11.1% 6.3+2.5% 4.8+2.2%

Table 1: Comparison of percentage differences between the 2 mm and 10 mm target prior to and
subsequent to correction at various detector angles.

1.01
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Figure 13: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 16.2°.
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Figure 14: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 37.2°.
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Figure 15: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 58.3°.
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Figure 16: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 79.4°.
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Figure 17: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 100.6°.
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Figure 18: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 121.7°.
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Figure 19: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 142.8°.
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Figure 20: The experimental cross sections for the 2 mm and 10 mm target thicknesses with the
correction factors implemented for the detector placed at 163.8°.
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5 Discussion

This research aims to develop a method that effectively removes the multiple neutron scattering effects
from neutron scattering cross section measurements on a 2 mm and 10 mm thick carbon target. In
this chapter, the methods and obtained results are discussed. Also, this chapter discusses if the aim of
the research is fulfilled and what could be improved in the future.

5.1 Physics lists

The usage of the correct physics lists has shown to be the most crucial aspect for this research. This
becomes apparent when the comparison between the different physics lists are analysed. The Gluon
Quark String model and the Fritiof Parton model have shown to have negligible impact for mod-
elling the multiple scattering behaviour of neutrons in a carbon target. This is in accordance with
the literature presented in the Methods chapter. These physics lists use calculations and databases
for neutron energies exceeding 15 and 5 GeV, respectively. Moreover, for the Binary Cascade model
and the Bertini Intranuclear Cascade model, no clear improvement in modelling the multiple neutron
scattering is obtained. This is to be expected, since the models are similar in modelling and calcu-
lations methodology, both working for neutron energies lower than 10 GeV. After incorporating the
High Precision neutron model to any of the previously mentioned physics lists combination, a mul-
tiple scattering result that can be validated through literature review as correct, was obtained. This
showcases the importance of validating neutron data through comparison between separate physics
lists combinations.

5.2 Neutron Detection Acceptance

The first key finding from this research is the significant improvement in neutron detection acceptance
with the newly designed detector setup in Geant4. The ring-shaped detector configuration resulted in
an average improvement of 700% in neutron detection yield compared to the experimental setup, for
the 2 mm and 10 mm thick target. The result is expected, as the effective detector area surrounding
the carbon target is increased. Furthermore, this result suggests that the new configuration is less
computationally expensive, since more neutron scattering data can be obtained using the same amount
of incident neutrons. An increased amount of data increases the overall reliability and accuracy of the
measurements and a drastic decrease in computation times.

5.3 Multiple Scattering Percentages

The calculated multiple scattering percentages show an overall higher value for detector angles close
to 90°, suggesting that neutrons that are captured by a detector close to 90° have scattered off more
carbon nuclei than for detectors placed at other angles. This is in perfect alignment with the expec-
tations, as the carbon target is disc-shaped and the has the most material in between the centre of the
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target and any of the detectors, for detectors placed close to 90°. At 4.3 MeV neutron energy, the
detector angles close to 163.8° show a drastic increase in multiple scattering for the 2 mm and 10 mm
thick targets, which is 0.2 MeV lower than the experimental research suggests. This deviation might
be due to the differences in target composition when comparing the experimental composition to the
one used in this research, since 2C and '3C have different (in)elastic cross sections in the 1-8 MeV
energy range, see the cross section plots for '2C and '*C from the ENDF-V.III database in Chapter

7.2.

5.4 Corrected Neutron Cross Sections

The implementation of the multiple scattering correction factor on the experimental neutron scatter-
ing cross sections resulted in varying results. The detector angles 100.6°, 79.4° and 58.3° resulted in
the cross sections for 2 mm and 10 mm target thickness deviating more from each other subsequent to
correction, compared to before applying the corrections. It is remarkable, since the overall multiple
scattering percentages for these detector angles are higher than for the other detector angles. This in-
dicates that there is a missing component that is not incorporated in the correction factor that becomes
apparent at higher multiple scattering percentages. The reasons for the deviations found in the results
are discussed in the following sub-chapter.

5.5 Limitations and Future Research

In this research, the percentages of '>C and '3C inside the carbon target are based on the natural abun-
dances of the materials on earth. However, the carbon target used in the experimental research might
be different than the one used in this research. This is one of the possible causes of error in the calcu-
lations of the correction factors. For applications of correction factors from models to experimentally
obtained data, as performed in this research, the target material composition and geometry should be
determined with greater precision in order to allow accurate results to be obtained.

Furthermore, the number of data points in the 1-8 MeV neutron energy range was limited to the
exact neutron energy range of the experimentally obtained cross sections, which is composed of 256
data points. The spread of the data points in the experimental data is uneven; towards a neutron energy
of 1.00 MeV, there are more data points than towards a neutron energy 8.00 MeV. For increasing the
accuracy of calculations on the corrected cross sections in further research, the number of data points
on the measured energy spectrum should be increased drastically.

When examining the scintillation detector configuration of the ELISA setup at GELINA, it is found
that the detector casings and other surrounding components are exposed to scattered neutrons prop-
agating towards directions other than the detector itself. As a result, neutrons may scatter off one
of the mentioned components and subsequently be detected by one of the detectors. In Geant4, this
problem is not existing, since the detectors are defined as cylindrical or ring-shaped volumes. Any
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neutron entering one of the volumes results in a neutron count and no surrounding components that
may cause unwanted scattering events are present. For future research, the surrounding components
of the ELISA setup, such as the detector casings should be added to the Geant4 simulation in order to
account for unaccounted effects caused by their presence.

Finally, the beam profile of the neutron beam in Geant4 deviates from the beam profile of the ex-
perimental research. In the simulation, a needle-like beam profile is used for the neutron beam that
collides with the carbon target. The beam profile used at the GELINA facility is wider instead of
needle-like, which may cause deviations between data obtained through simulation and experiment.
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6 Conclusion

A method consisting of implementing a correction factor that accounts for the multiple scattering oc-
curring in a carbon target when exposed to a neutron beam of 1-8 MeV is successfully studied in this
research. The method is developed using the Geant4 modelling software and is tested on experimental
data from the ELISA setup at GELINA. Several physics lists, which determine the calculations in the
modelling software, are tested throughout this study. It was found that no significant effects on using
any combination of physics lists were found, except subsequent to incorporating the High Precision
neutron model. Any combination of physics lists, with the addition of the High Precision neutron
model, yielded similar results. The Fritiof Parton and the Binary Cascade models were used through-
out the next steps of the study. Furthermore, an improved detector design for usage in the modelling
software is proposed and tested. This resulted in an average increase in neutron detection yield of
700%. Overall, the multiple scattering percentages calculated at detector angles close to 90° were
found to be higher than for other detector angles. This indicates that neutrons detected at angles close
to 90° underwent more multiple scattering than at other angles. This is in accordance with previous
studies and nuclear databases. Additionally, subsequent to implementation of the correction factor on
the experimentally obtained neutron scattering cross sections, the method shows to negatively impact
the cross sections measured close to detectors placed at 90°. Meaning that the cross sections mea-
sured for the 2 mm and 10 mm target deviated more subsequent to applying the correction than prior
to applying the correction, for these angles close to 90°. For detector angles farther away from 90°,
an improvement was found, ranging from 1.5% to 8.5%. Overall, the goal of achieving a deviation
smaller than 5% is obtained for detectors placed at 121.7° and 37.2°.

Improvements could be made by ensuring closer resemblance of the target material composition (12C
and 13C) for the experimental setup and the setup in Geant4. A similar procedure may be required
for modelling the surrounding materials in Geant4, such as detector casings (with the correct material
compositions and geometry). Also, smaller increments in the energy spectrum should be incorporated
so that there is an increase in data points in the studied energy range. Finally, the needle-like beam
profile for the neutron beam, used in Geant4, deviates from the beam profile from the experiment.
This should be corrected in Geant4 in future experiments as the usage of a wider neutron beam profile
results in different collision trajectories inside the carbon target, which eventually results in alterations
in the correction factors.
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7 Appendix

7.1 Detector angles

Polar angles 16.2° 37.2° 58.3° 79.4° 100.6° 121.7° 142.8° 163.8°
Azimuthal angles | -90° -30°  30°  90°

Table 2: List of azimuthal and polar angles. The 32 detectors are placed at combinations between all
these 12 angles.

7.2 Scattering cross sections ENDF/B-VIIL.0
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Figure 21: Cross sections of elastic scattering (green), inelastic scattering (red) and the total (blue)
for the fast-neutron energy range for '>C. The data is from the ENDF/B-VIIL0 database [9].
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Figure 22: Cross sections of elastic scattering (green), inelastic scattering (red) and the total (blue)
for the fast-neutron energy range for '3C. The data is from the ENDF/B-VIILO database [9].
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7.3 Derivations

7.3.1 Absolute error

Af(a(b),b) = \/ (3—2)2 (8a)* + (%)2 (8b)* 42 (‘;—Z) (3—2) Cov(a,b) (14)

ISP \/(aMSP)2(6C>1)2+ (8MSP)2(6CT)2+2(8MSP) <8MSP) Cov{Cor, Cr)

8C>1 aCT 3C>1 aCT
(15)
OMSP 100
aC..  Cr (16)

OMSP  100C,

7)

oCy Cr
COV(C>1,CT) = Var(C>1) = C>1 (18)
C C?
AMSP =100, 5+ — =1 (19)
c.  c

7.3.2 Relative error
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7.4 Physics lists plots

Multiple Scattering Percentage vs Energy for Different Detector Angles, Material: Carbon, Thickness: 10 mm, #runs: 1.000.000
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Figure 23: Multiple scattering percentage plot for 4-6 MeV, using the Fritiof Parton model and the
Bertini Intranuclear model

100 Multiple Scattering Percentage vs Energy for Different Detector Angles, Material: Carbon, Thickness: 10 mm, #runs: 1.000.000
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Figure 24: Multiple scattering percentage plot for 4-6 MeV, using the Fritiof Parton model and the
Binary Cascade model
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Multiple Scattering Percentage vs Energy for Different Detector Angles, Material: Carbon, Thickness: 10 mm, #runs: 1.000.000
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Figure 25: Multiple scattering percentage plot for 4-6 MeV, using the Quark-Gluon String model and

the Bertini Intranuclear model

Multiple Scattering Percentage vs Energy for Different Detector Angles, Material: Carbon, Thickness: 10 mm, #runs: 1.000.000
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Figure 26: Multiple scattering percentage plot for 4-6 MeV, using the Quark-Gluon String model and

the Binary Cascade model
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