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Abstract

ADSRs (Accelerator-Driven Subcritical Reactors) incorporate a spallation technique which is
an efficient way to produce high neutron flux by externally supplying neutrons into the

reactor.

In this thesis, a review of spallation is given explaining the spallation reaction process,
describing spallation reactions in dense metal and analysing the resulting neutron energy
spectra. The thesis also discusses current spallation sources around the world. Studies
involving proton-induced neutron production in spallation target are demonstrated. Spallation
reactions on a lead target have been simulated using a Monte Carlo transport code called
GEANT4, and the benchmarking of these simulations against experimental neutron spectra
produced from a thick lead target bombarded with 0.5 and 1.5 GeV protons is discussed. This
is followed by discussion of the angular distribution of neutrons of different energies in order

to understand the emission of neutrons from a spallation target.

Lead and Lead Bismuth Eutectic (LBE) are both widely utilised to produce neutrons; this is
due to the fact that lead is a high Z, heavy metal element which is relatively cheap to use. This
thesis provides a comparison between lead and LBE in terms of their effect on neutron energy

spectra at various projecting angles.

Given the confidence in the GEANT4 simulation provided by the benchmarking studies, the
thesis goes on to discuss neutron production and behaviour in the environment of thorium-
fuelled ADSRs. With a spallation target composed of LBE, the design of the MYRRHA
reactor developed by SCKCEN has been configured to explore neutron production created
from each layer filled with thorium fuel. This is then followed by a focus on neutrons
escaping from the LBE-composed reflector, and the thesis provides an analysis of the effect of

several different materials used for inner and outer shielding in the reactor core.

By using the latest nuclear data library and numerical techniques provided in the GEANT4
code, the author has been able to simulate the actual usage of thorium in an ADSR reactor set-
up which has not yet been fully demonstrated. The thesis concludes with the idea that thorium
could well be utilised as an actual fuel source in an ADSR for the purpose of transmutation,

and possibly for energy production as well.
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Science is a way of life. Science is a perspective. Science is the process that takes us from
confusion to understanding in a manner that's precise, predictive and reliable - a
transformation, for those lucky enough to experience it, that is empowering and emotional.

Brian Greene



Do not be anxious about anything, but in everything, by prayer and petition,
with thanksgiving, present your requests to God. And the peace of God, which
transcends all understanding, will guard your hearts and your minds in Christ Jesus.

(Philippians 4.:6-7)
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Chapter 1. Introduction

1.1 Introduction

Since the industrial revolution, energy consumption has been growing exponentially due
to the increase in electrical applications and industrial demands; indeed, the global
demand for energy is expected to have increased another 60 % by 2050 [1]. It has been
of great concern to many that power generation through fossil fuel has caused numerous
issues, such as air pollution, global warming and shortage of the fossil fuel itself.
Currently, fossil fuels such as coal, oil and gas are supplying the world’s minimum
energy requirements. However, due to the increasing quantity of greenhouse gases
produced during the energy generation process, there is a trend for many countries to
seek alternative renewable or sustainable energy sources. Various renewable sources
have been proposed, such as wind power, tidal energy generation and geothermal power.
However, energy production through such sources is limited by several conditions, such
as the shortage of suitable locations, limited periods of activity and, most importantly,

the insufficient quantities of energy produced.

Nuclear fission power generation, using enriched uranium as a fuel source, is regarded
as the only nuclear power option that can provide enough energy to support the demand
of the current civilisation without producing greenhouse gases. However, there are some
risks involved with nuclear energy production using fission reactions, such as the
potential proliferation risk and the problem of managing nuclear waste [2]. The most
recognised and dangerous problem is that it produces unwanted and harmful material
during the reaction process, such as radioactive *°Pu. This product could have a huge

impact on mankind for a very long time, since the duration of their half-life is lengthy.

The world has seen the seriousness of incidents in Fukushima and Chernobyl, where
radioactive waste materials have caused the affected areas to become non-living

territories for more than 100 years. Following the events in Fukushima, Germany
8



stopped producing energy through nuclear power and Japan had to re-activate its
nuclear power stations after halting their operation for a long time [3]. Although many
countries are trying to use fewer nuclear power stations, it is acknowledged that they
will face potential problems in supplying sufficient energy to meet society’s demand,

especially during the summer season when energy demand is extremely high.

Nevertheless, nuclear fission provides sufficient amounts of energy. Currently, it uses
uranium as a fuel source. However, thorium has several properties that make it highly
suitable for replacing uranium as a reaction source. Thorium is a fertile material which

can be used to breed fissile fuel and then undergo fission.

Using 2¥Th, it is difficult to achieve weapon grade ***U or 2*°Pu, a factor which
provides comforting protection from the danger of nuclear weapons [4]. Another
advantage is that the thorium produces fewer waste products than the amounts produced
by uranium, which helps to reduce the economic cost of dealing with nuclear waste
[3-5]. However, natural thorium does not contain fissile materials, unlike natural
uranium which contains ~0.7% of 2*°U. This disadvantage can be overcome by using
thorium and thorium based fuel in combination with U or 2*Pu for the conversion of

232Th to fissile 2*U[4].

Since thorium can be turned into fissionable 2**U, producing fewer radioactive materials
as waste products and being more abundant than 2*3U, it is a source that is of great
potential interest for future energy generation. Thorium does not sustain its chain
reaction without the source of neutrons being continuously supplied. The fission
reaction stops by default if it is no longer primed, which makes a runaway chain
reaction accident improbable [6]. Furthermore, a thorium fuel-based fission reactor
could potentially contribute to reducing the world’s current carbon emissions, since no
greenhouse gases are produced during the process. Additionally, a thorium-based fuel
reactor could increase employment within the sector, which would boost any economy

that invested in it.



Awareness of the potential of thorium as a nuclear fuel has raised an interest in using it
in a new type of reactor. Accelerator-Driven Subcritical Reactors (ADSRs), with a
thorium fuel cycle, could provide a way to incinerate heavy actinides safely with low
waste, and this would offer the possibility of a proliferation-resistant nuclear power
technology. The two main envisioned improvements that could be made to the ADSR
are the spallation design and running the reactor with a thorium fuel cycle. The
spallation process plays an important role in Accelerator Driven Systems (ADS), which
is to supply neutrons in which fission reactions take place inside the nuclear fuel. The
ADS is equipped with a sub-critical assembly driven by an accelerator which delivers a
proton beam onto a target to produce neutrons by spallation [7]. It is suggested that the
optimal beam energy in terms of proton energy cost per neutron is about 1 GeV which
the value chosen by the Spallation Neutron Source [8]. It is also known that at least 20
neutrons are produced for each incident 1 GeV proton in a typical spallation target, i.e. 1
neutron per 50 MeV of beam energy [2]. According to [2], each neutron requires
approximately 150 MeV incident energy (i.e. wall-plug energy) considering the fact that
modern accelerator technology having a typical efficiency of 30 % (i.e. approximately
30 % of 150 MeV would be supplied to produce 1 neutron from the spallation target).
Hence, it is very important to increase this efficiency in order to use ADSRs as a
commercially-adaptable source of energy production. Furthermore, beam power losses
during the process must be kept to the lowest level possible. The typical proton loss rate

of 1W/m is relatively high, which raises the concern that this needs to be improved.

This thesis is primarily focused on neutron production involved in the spallation
process, which is a major contributing source of neutrons in the ADSR system. Firstly,
the thesis provides a thorough discussion of the spallation process in Chapter 2, which
also includes an explanation of how spallation technology has evolved. The chapter then
further discusses how the spallation process works from an atomic point of view. After
that, the chapter discusses the relationship between spallation neutron yield and the
heavy metal which has become a popular choice of spallation target material. It

concludes by providing an overview of existing spallation sources around the world.
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In order to provide as detailed an understanding as possible of neutron production
through the spallation process, this research has used a Monte-Carlo transport code to
analyse neutronic behaviour; this code is called GEANT4, which stands for ‘GEometry
ANd Tracking version 4’. Chapter 3 describes the benchmarking of published results
from KEK, Japan, for neutron energy spectra produced from a lead target [9]. This
benchmarking was processed using GEANT4 in order to validate the program’s
capability in terms of predicting neutron production, and to determine whether this
program can be used for further spallation studies. The study was able to confirm the
reliability of the results produced by the GEANT4 program and its capabilities. Hence,
it was determined that GEANT4 could continue to be used throughout the projects

discussed in this thesis.

Neutron yield is very much dependent on proton beam energy and the spallation target
material. Lead is commonly used as spallation material. However, there has been an
interest in the usage of lead bismuth eutectic lately, such as in MYRRHA [10]. Chapter
4 offers a comparison between lead and Lead Bismuth Eutectic (LBE) in terms of
neutron production. Neutron spectra at different angles were compared for both
materials using 0.5 and 1.5 GeV proton beams set up in the same way as described in

Chapter 3. This has enabled the effects of mixing lead with bismuth to be identified.

The remainder of the thesis is primarily focused on research regarding the use of
thorium as a main source of fuel in an ADSR. Thorium is an attractive alternative fuel
source to uranium in nuclear fission power generation [2]. The research was driven by
the consideration that the potential of thorium fuel and the benefits of ADSR could be
combined. Hence, an in-depth discussion of neutron production in a thorium-fuelled
ADSR is provided in Chapter 5, which also describes a series of neutron production
studies using MYRRHA’s core design [11]. The chapter firstly describes the neutron
spectra in each of the regions, which are composed of various materials, in order to
identify which region contributes most significantly to neutron production. Then, having
understood the neutron production contributed by each region, the chapter goes on to

discuss the energy spectra of neutrons escaping from the fuel region and the impact of
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further regions consisting of reflectors and shielding. The idea was to understand and
analyse the changes in energy spectra of neutrons which had escaped from the fuel
region as they passed through different materials. This would enable the reflection and
moderation of those neutrons to be clearly understood. For the reflector, LBE was used,
which is the same material as the spallation target used in MYRRHA [9, 11]. After the
reflector region, there were multiple candidates for inner and outer shielding materials.
For inner shielding, three materials were chosen in order to assess their effects in terms
of neutron blocking. These materials were Y203, ZrO> and Zr>Os. Finally, the chapter
discusses the combined effect of both inner and outer shielding on those neutrons which
have escaped from the central fuel region. This enables the study to suggest the best

combination of materials to sufficiently shield the core vessel.

This thesis contains two appendices, comprising contributions to the proceedings of the

2016 IPAC and ADST conferences, in which the research described here was published.

Thorium has gained much attention around the world as an alternative source of energy
for nuclear power generation. In fact, thorium has been used around the world for many
years. The last two reactors that used thorium were THTR, Germany, and Fort St Vrain,
USA, which used it until 1989 [4]. It was proven that thorium and its fuel cycle could be

operational as a major power source.

Thorium is a fertile material, which means it can convert to **U by capturing one
neutron from 232Th [13]. Thorium can itself be fissionable with sufficiently fast neutrons
[14]. However, the fertile-fissile conversion and subsequent fission of 2**U is preferable
because thorium has a higher cross section of thermal neutron absorption than 23U.
Hence, there is a higher chance of fertile to fissile conversion for 23>Th than for 23%U [4].
According to [4], the number of neutrons produced per neutron absorption(n) is greater
than 2.0 for a wide range of neutron spectra, a feature which neither 2**U nor *’Pu

possesses (see Figure 1.1).
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Figure 1.1 Neutron yield per neutron absorbed (taken from [15] which is sourced from [16])

While the 28U — 2*Pu fuel cycle operates best in fast neutron spectra only, the >*Th —

233U fuel cycle can be operated with fast, epithermal or thermal spectra [3, 14].
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Figure 1.2: Overview of 2*Th to >**U conversion, taken from [18]

As shown in Figure 1.2, >**Th goes through several stages to transmute into fissionable

23U, with a period of 27 days taken for conversion from 2**Pa. In the thorium fuel
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cycle, this step is the most time-consuming stage. Hence, improvements to time-

dependent thorium fuel conversion could be the key to boosting the thorium fuel cycle.

In terms of nuclear waste, the 2*?Th — 233U fuel cycle offers advantages over the 28U —
29Pu fuel cycle. It is noted in [4] that *2Th — ?**U fuel cycle produces a much lower
quantity of plutonium and long-lived minor actinides such as neptunium, americium
and curium compared with the 2*3U — 2*Pu fuel cycle. The 232Th — 2**U fuel cycle has
the potential to mitigate the toxicity and decay heat problems [4]. However, the 2*Th —
233U fuel cycle produces other radionuclides such as 2*'Pa, ??Th and **°U which could
cause long-term radiological impact [4]. In additions, there are also fission products
produced from the fission of 2**U such as '*’I and '*°Cs with half-lives of millions of
years. ’Ni and **Nb have half-lives of tens of thousands of years [4]. There are also
other isotopes such as '**Xe and *Kr which have approximately 9 hours and 10 years
half-lives. In general, the fission products are likely to have shorter half-lives than the

minor actinides.

The ***Th — 23U fuel cycle has better nuclear characteristics than the conventional 2*%U
— 2Py fuel cycle. The capture cross section of thermal neutron for 2**U is much smaller
than that for 2*U and **Pu (i.e. 2°U = 46 barns, 2°U = 101 barns and *°Pu = 271
barns ) [4]. However, the ?**U'is that its fission cross section is only slightly lower than
those for >U and 2*’Pu (fission cross section for >*U = 525 barns while U and >**Pu=
577 and 742 barns respectively) [4]. Hence, the chance that 2**U not giving fission but
absorbing a neutron to become 2**U is less probable compared with the chance that 23°U

to 23U or 2*Puto 2*°Pu [4].
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Figure 1.3: Radiotoxic inventory of the main transuranic isotopes in spent nuclear fuel (3.7% *°U,
42MWd.IgIHM) taken from [19]

The nuclear wastes have different radiotoxicities and half-lives that could have severe
effects for both human beings and the environment. Figure 1.3 shows how individual
elements contribute to the total transuranic waste (TRU) radiotoxicity. It can be seen
from the figure that ! Am dominates the total TRU radiotoxicity during 50 and 2000
years [19]. After that, >*°Pu and ?*°Pu are leading elements for the radiotoxicity. The
minor actinides shown in have a long half-life. For example, >*' Am has a half-life of
430 years whereas, >>’Pu has a half-life of 24100 years. It is therefore, important to
understand process through which the radiotoxicity would be increased such as the
formation of **' Am through beta decay from 2*'Pu. Overall, it is significant that the
elimination of transuranic elements would reduce the long-term radio hazards which

supports the need of transmutation.
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1.2 Overview of Accelerator-Driven Systems

The Accelerator-Driven Subcritical Reactor (ADSR) is a new concept in nuclear reactor
technology which brings much potential. With the energy amplifier developed by Carlo
Rubbia [20], the ADSR offers a new breeding reactor in a closed system [4]. An ADSR
consists of three major parts; an accelerator, a spallation target and a fuel reactor. The
accelerator acts as an external controller of the production of fast neutrons, as it controls
the proton beam which collides with the spallation target and emits the neutrons (see

Figure 1.4 for an overview of the system).

Extracted proton beam

Subcritical
ADSR core

High energy,
high current
proton accelerator

fraction of power, |
f (~5%), fed back
to accelerator

Spallation target C

energy extraction

with efficiency n (~40%)

Figure 1.4 Schematic of accelerator-driven subcritical reactor, taken from [13]

For the operation of an ADSR run in subcritical mode, the criticality needs to be
maintained at less than 1. Due to the subcritical operation, neutrons have to be
continually supplied to keep the fission reaction running in the core. Hence, the
spallation target, which is positioned inside the subcritical core, acts as an external
source of neutrons [13]. By putting thorium in the core and breeding it, the fuel cycle
eventually leads to the creation of 2>*U, with the possibility of mixing an additive to the
thorium fuel such as plutonium and other fissionable materials as a fission driver [3,

12]. This makes the ADSR a unique reactor which can burn plutonium by incorporating
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a thorium fuel cycle. As previously mentioned, the thorium fuel cycle gives a low

concentration of nuclear waste, leading to a reduction in radiotoxicity [13].

According to [2], in order to operate an ADSR sufficiently, the proton beam requires

certain conditions, i.e.,

[ = e(1—k)P (1.1)
nfEf

where [ is the beam current; & is the criticality which is maintained at less than 1, P is
the reactor power, n is the number of neutrons produced per incident proton, f is the
fraction of the neutrons produced that give a fission reaction and Ef is the mean energy
release per fission. It is suggested that a typical 1550 MWy, powered reactor requires an
average current of 10 mA with a beam power of 10 MW. This translates into 1 GeV
proton beam energy. Taking into consideration the efficiency factor for thermal
conversion, the ADSR system might be able to generate 600 MW, with the criticality as
low as 0.985 [13].

At this stage, ADSR technology is currently being developed by several institutes and
companies. Examples of these include MYRRHA by SCKCEN [21], a 200 MW.PHWR
ADS system designed by the Indian Atomic Energy Commission [22], and a 600 MWe
ADTR™ designed by the Jacobs Engineering Group Inc. [23].
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Chapter 2. Spallation

2.1 Introduction

Spallation is the process of producing neutrons by causing particles from an accelerator
to impact a heavy metal target [1]. The reaction takes place when light particles (for
example, protons, neutrons or light nuclei) with kinetic energies from several hundreds
of MeV to several GeV interact with a heavy nucleus such as lead,
mercury or uranium and cause the emission of a large number of hadrons, which are
principally neutrons or nuclear fragments. Accelerator-driven spallation neutron sources
are presently used to produce intense neutron beams for the investigation of condensed
matter, but are also of interest as a potential method for transmutation of long-lived

actinides and nuclear waste [2].

Until spallation neutron sources were introduced, intense neutron fluxes were obtained
from nuclear reactors. However, the nuclear non-proliferation treaty prohibits the use of
highly enriched uranium which is necessary for compact cores in research reactors.
Chou [3] notes that, in order to produce high rates of neutron intensity, the reactor-based
neutron source would require 93% of 2*°U, which is the reason why the original
proposal of a uranium-based Advanced Neutron Source at Oak Ridge National

Laboratory in the US was rejected, and subsequently replaced with the SNS project.

The neutron is a subatomic particle which carries no charge and which is stable while
the particle is bound within a nucleus. The neutron remains a free particle for an
approximate mean lifetime of 900 seconds, after which it then decays through weak

interaction into a proton, an electron and an antineutrino [4].

Since the end of the Second World War, many researchers have exploited nuclear

reactors for energy production with high rates of neutron flux [4]. The idea of neutron
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production through controlled nuclear reactions was first introduced by Enrico Fermi in
1942. He showed that neutron production was possible via a controlled chain reaction

from the fission of uranium nuclei.

Currently, there are several research reactors in the world designed to produce high
thermal neutron fluxes for research rather than for energy production; examples of these
are ILL in France and OPAL in Australia. The range of neutron flux is
between 10* to 1015 cm™2s~1. This parameter is recommended by the TAEA for the
essential flux level of research reactors, in which neutron-scattering instruments can be
run successfully for the purpose of material structure studies [5]. However, many
research reactors are nearing the end of their useful lifetime (indeed two were built
between 1950 and 1960), but due to the legal restrictions on building new high flux
reactors employing highly enriched uranium in a compact core, the ageing reactors are

not being replaced and the future of reactor-based intense neutron sources is uncertain.

On the other hand, the development of pulsed spallation sources over the past forty
years has enabled higher peak fluxes to be obtained. With the advancement of both
accelerator and target technologies, several powerful spallation sources have been built
around the world. In 1985, the 160kW ISIS spallation source at the Rutherford Appleton
Laboratory in Oxfordshire commenced operation, and at the turn of this century the
IMW SNS at Oak Ridge in the US and J-PARC at Tokai in Japan were commissioned.
Currently the SMW European Spallation Source, with a projected peak thermal neutron

flux of 2 x 10ncm™2s71, 30 times that of ISIS, is under construction [4].
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Figure 2.1: Evolution of the performance of reactors and pulsed spallation sources, taken from [4]

Figure 2.1 shows the evolution with time of performance measured by peak thermal
neutron flux obtained from reactors and other neutron sources. The most significant
aspect shown in this figure is that the thermal neutron flux for research-based reactors
has levelled off, whereas the level of accelerator-based neutron sources is increasing
and will continue to increase further with ongoing developments in accelerator
technology. Despite the fact that accelerator-based neutron sources are both effective
and allow for significant further development, their performance and reliability are
highly dependent on the performance of increasingly complex and advanced
accelerators, and upon the geometry, material and material properties of the spallation
targets. With respect to the latter, there is consequently a significant need for detailed

simulation studies on the optimisation of spallation targets.

2.2 Evolution of Spallation Research

The phenomenon of spallation for neutron production was first observed in cosmic ray
interactions in the 1930s [6]. Subsequently, the first accelerator-driven spallation
reactions were discovered by Cunningham [7] at Berkeley in 1947. In practical terms,
the idea of exploiting spallation was first conceived as a part of the MTA project in the
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United States[8], which was designed to convert 28U to 2*Pu with intense neutron
fluxes in order to produce weapons-grade plutonium for the US nuclear weapon
programme. This early spallation-induced transmutation programme faltered [9], as it
was found that plutonium production through fast breeding in fission reactors was more
suitable as the technology was already well established. However, the interest in

spallation-based neutron production was kept alive due to the following two reasons [9]:

1. Fission reactors are effectively neutron-poor because relatively few excess
neutrons are available either for fertile-fissile conversion or for nuclear

transmutation for nuclear waste burn-up.

2. As already shown in the previous section, nuclear reactors designed for the
production of high neutron fluxes have almost reached their limits in terms of
the thermal and fast neutron fluxes that can be generated with existing fuel

technology, particularly because of power density problems in the core.

On the other hand, there is scope for considerable progress in spallation

neutron production for the following reasons:

® Significantly lower heat is released per neutron (e.g. the 160kW
ISIS is largely equivalent to the S6MW ILL reactor), and the
increased flexibility in target material choices might help to push

time average fluxes to higher values than in fission reactors;

® A spallation source allows significantly greater control over the

time structure, output level and geometry of neutron production;

® There is continuing development of accelerator technology, which
allows significant gains in accelerated particle beam energies and

intensities, which in turn result in increased neutron fluxes.
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Figure 2.2: Principal arrangement of target wheel, moderators and reflector in a spallation neutron
source for ESS, taken from [10]

Developments in spallation neutron sources have been focused on two aspects. The first
aspect is increasing the proton beam energy. This needs to be sufficiently high for
nuclear energy losses to exceed the electronic energy losses. The other aspect is the
target material and geometry configuration in relation to enhancement of the neutron
production process. In the past, the proton beam power of spallation sources was in the
range of 10-200 kW, but with advanced developments in accelerator technology, much
higher proton beam power can be achieved. For example, SNS’s beam power is 1MW,

and ESS is even expected to achieve 5 MW beam power [11].

Figure 2.2 shows a schematic of spallation target station and the entrance of protons into
the target to produce fast neutrons. Moderators are placed into this design in order to
slow down the spalled neutrons from fast (1-10 MeV) to epithermal (0.025-0.4 eV) and
thermal (below 0.025 eV) energies. Reflectors are also placed around the target to
increase the neutronic coupling between the moderator and the target assembly by

reflecting as many neutrons as possible back into the moderator [9].
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2.3 Spallation Process

As described in the previous chapter, a spallation reaction is known to be effective in the
production of a large number of neutrons. It is important to understand the particle

interactions taking place in the target nucleus.

At the moment of interaction between the incident particle and the target nucleus, the
reactions occur in three stages: intra-nuclear cascade, pre-equilibrium stage and

evaporation or fission (refer to Figure 2.3 and Figure 2.4).
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Figure 2.3: Scheme of a spallation reaction, taken from [12]
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Figure 2.4: Scheme of an intra-nuclear cascade generated by a proton in a heavy nucleus with the
impact parameter b. The solid circles represent the positions of collisions; the open circles represent
the positions forbidden by the Pauli Exclusion Principle. The short arrows indicate ‘captured’
nucleons, which contribute to the excitation of the nucleus, taken from [13]

The intra-nuclear cascade is the first stage to take place, in which a series of interactions
between protons and individual nucleons occur inside the nucleus (refer to Figure 2.4)
at a very fast rate (~107%2 seconds). The de Broglie wavelength of the proton A=h/
V2mE for a 1 GeV proton beam is approximately 0.1 fm [12]. This value indicates that

a series of interactions can occur between proton and nucleus because the proton has a
smaller wavelength than the diameter of a heavy nucleus, which explains the nuclear
interaction as a series of collisions with individual nucleons inside the nucleus of the
target [9],[14]. As described in Figure 2.4, the collisions leading the final transition
stage in phase space are forbidden due to the blocking effect by the Pauli Exclusion
Principle [12]. This is also known as Pauli blocking. Pauli blocking occurs when the
final particle states are already occupied. Hence, the incoming particles can no longer
do the transition which makes collision forbidden. The threshold energies for particle
production are affected by the increase of incident proton energy. During the course of
the interaction, pions come up at energies of a few hundred MeV initially, but heavier
hadrons are also produced at energies of around 2 to 10 GeV [15]. These hadrons can

also participate in intra-nuclear cascade or interact between each other, which is known
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as the hadron cascade [12],[14]. The particles created from this stage are emitted with
high energy from the target nucleus and the direction of the particles being emitted is
almost the same as the direction in which the incident protons travel. The energy of the
incident particles is equally distributed among the nucleons in the nucleus, which causes

the nucleus to be in a highly excited state.

The second stage of the spallation reaction is the pre-equilibrium stage, which is also
known as the pre-compound stage. This stage involves an interaction whereby the
incident particles, which are the protons in this case, transfer kinetic energy to the target
nucleons through elastic collisions. After the energy transfer is complete, a cascade of
nucleon-nucleon collision follows, which happens in 1078 seconds [12]. The products
during this stage are mainly high energy particles or fragments. The energies of particles
produced in the pre-equilibrium stage are greater than the energies of particles emitted

during the equilibrium decay stage.

Finally, the equilibrium stage takes place over 10716 seconds. The energies from the
remaining particles are equally distributed to the nucleus, and the nucleus remains in a
highly excited state with a small angular momentum. The evaporation of neutrons is
then followed by a loss of energy in the nucleus. The evaporations of neutrons or light
fragments such as deuteron or alpha-particles carry energies of up to 40 MeV (nuclear

potential well depth) and the trajectories of these emitted particles are isotropic.

In addition, a fission process may occur when the nucleus is de-excited and the fission
products also undergo a further evaporation process. When the nucleus does not have
sufficient energy to emit neutrons (the excitation energy from the nucleus becomes
smaller than the binding energy), the nucleus de-excites through beta and gamma
transitions which cause the nucleus to become beta-radioactive and to undergo decay

until it becomes stable.

In order to achieve high rates of neutron production in the spallation process, the power

deposited on the target needs to be sufficiently high. Proton energies of between 1 and 5
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GeV have proved to be the optimal range for neutron production using the spallation

process.

According to [3], the relationship between beam power P, proton energy, E, proton

intensity N and repetition rate f'can be described by this formula:

P(MW) =1.6 x 1071 X E(GeV) X N x f(Hz) 2.2)

The typical parameters applicable to a modern high power spallation source are:

P~1MWE~1GeV,N~1 x 10 and £~10-60 Hz

In the process of producing neutrons from an accelerator-based spallation neutron
source, the accelerator plays an important part in the facility to achieve the maximum
number of neutrons. There are three types of accelerators that can be applied: a linac,

synchrotron and cyclotron

Goldenbaum [4] explains that a linac-based neutron source has the capability of
producing a high power proton beam from the H™ beam injection, which has pulses of ~
I ms length to energies of up to several GeV. An accumulator is placed in the
accelerator to strip electrons from the H™ particles, leaving protons behind in the ring.
The protons produced from this process are then extracted from the ring in a single turn
onto the target material. However, European Spallation Source (ESS) does not have a

ring before the beam travels to the target.

On the other hand, a cyclotron-based spallation neutron source uses a continuous beam.
Beams with variable currents are delivered onto the target. By allowing the beams to
pass through a thin ‘stripping’ foil, electrons are taken from the ion, which is left as a
positive ion. The ion beam is then extracted and undergoes further processing to meet

the energy density requirements of the target [16].
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The synchrotron-based neutron source works similarly to linac-based sources, using
intense H™ beams. However, a synchrotron-based neutron source uses a linac to
accelerate H™ initially, then these H™ particles are injected into a synchrotron where the
charge exchange process occurs as mentioned above. The injection process takes several
hundreds of turns. The electrons are stripped from the hydrogen on injection to the
synchrotron and the H* beam is then accelerated in the synchrotron to 1 GeV or higher,

then extracted onto a target [4].

It is not possible to determine which type is best. A synchrotron-based source has the
potential advantages of lower cost and the fact that it is easy to replace the stripping foil,
since the linac, which only plays an initial role in supplying the particle, operates at
lower beam energy in the synchrotron source. However, the synchrotron-based source
uses an AC machine, rather than the DC machines used by linac-based accumulators.
AC machines are more difficult to build, due to the large aperture of AC magnets, their
rapid cycling power supply systems, and the need for a high-powered tuneable RF
system, etc. Furthermore, AC machines are also more difficult to operate than DC

machines, which can cause reliability issues during operation [3].

2.4 Characteristics of Spallation Neutrons

In order to achieve the highest rate of neutron production, the target material of the
spallation process has to be composed of an element which has a high atomic number

along with a reasonable thickness.

It is widely understood that the reaction between heavy nuclei and highly energised
incident protons can produce a large number of neutrons with a wide spectrum of

neutron energy, which makes this method ideal for transmutation of nuclear wastes.

Furthermore, it is also considered that the neutron yield increases as the mass of the
target nucleus increases. Therefore, uranium, which has a high atomic mass, can be used

as a spallation target material and yields about twice as many neutrons as lead [9].
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However, due to the significant fission fraction of uranium, and the metallurgical

problems of a uranium target, this does not represent a favourable choice for a spallation

source [9].

2.4.1 Neutron angular distribution

When the highly energised protons hit a thick metal target, neutrons are produced at

different energies and at different angles.
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Figure 2.5: Measured angular distribution of neutrons in different energy groups for a 20 cm

diameter lead target bombarded by proton beam of 2 GeV, taken from [9] with original reference
[17]

Figure 2.5 shows the angular distribution of neutrons produced by a proton beam
generated from an accelerator fired into the target. According to Bauer [9], the average
neutron energies at 30°, 90° and 150°, at 2.55 GeV proton beam energy, were found to
be 21.6, 7.31 and 4.38 MeV. This shows that the neutrons produced at higher energies
were projected from the target in the same direction respect to the direction of beam
travelled. It is important to consider this phenomenon in relation to the formation of a

shield surrounding the target if neutrons at high energies need to be moderated before
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they penetrate the outer structure. The neutrons expelled in the angular range between
90° and 150° have less energy than those expelled at 10 to 90 degrees. This effect is

caused by cascade neutrons in a forward hemisphere relative to the proton beam.

2.4.2 Neutron energy spectrum

Figure 2.6 shows the significant differences in energy distribution between spallation
and fission neutrons. Krasa [15] explains that the spallation neutron spectrum can
extend from the proton beam energy, which is 1 GeV in this figure, down to tenths of
keV, with a maximum around 2 MeV. This differs from the fission neutron spectrum,
which reaches energies with a mean of around 2 MeV. This shows that the spallation
spectrum is more advantageous in producing high energy neutrons compared with the
fission spectrum under the same conditions. Spallation neutron production is initiated
by a high-powered proton beam, and the fractions of incident particle beam energies are
transferred to the neutrons produced from the spallation target. Thereby, spallation
neutrons potentially have higher energy than fission neutrons, which are produced from

chain reactions within the particle structure.
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Figure 2.6: Spallation neutron spectrum (MCNPX simulation of neutron production in p+Pb at 1
GeV; an arbitrary normalisation and fission spectrum), taken from [12]
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Figure 2.7 : Energy spectra of neutrons emitted at different angles, following interaction of 1.2 GeV
protons with Pb target [18]. The histogram represents TIERCE simulations [19] using the Bertini
(solid line) or Cugnon (dotted line) cascade model, taken from [20]

According to Nifenecker [20], the SATURNE group studied small angle neutron spectra
before the closure of the Saclay synchrotron SATURNE facility in France. The study
aimed to provide an energy spectrum of neutrons emitted in the experimental set-up.
Figure 2.7 represents the small angle neutron energy spectrum for various target
materials where 1.2 GeV proton beam energy was used in the experiment. The
experimental data were then compared with Bertini INC and Cugnon INC models.
Comparison between the two different cascade models shows that Cugnon INC
describes the experimental data in better detail than Bertini INC. The figure also shows
that the higher angles have lower energies compared with the neutron energies at lower
angles. This phenomenon is likely to be caused by the neutrons produced from the pre-

equilibrium stage, in which the energy of the incident particles is transferred.

2.4.3 Neutron multiplicity

Neutron multiplicity is defined as the number of neutrons per incident particle (n/p).

This parameter is crucial for showing the performance of applications on an accelerator-
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driven neutron source. Neutron multiplicity is a function of beam energy and target
materials, and is linearly dependent on the target mass number (in the range 12 < 4 <
238) and “slow increase with incident proton energy (in the range 0.2 < E < 2 GeV)”

[15].

The average number of neutrons is approximately given by

(n) = (0.0803 + 0.0336nE)A (2.3)

where E is the incident proton energy in GeV and A4 is the target mass number. This

formula provides 10 % accuracy or better for 4> 40 [21].

There are two kinds of process contributing to neutron yield: the cascade and the
evaporation process, both of which are dependent on incident beam energy. Both Figure
2.8 and Figure 2.9 show that the contribution of the evaporation process to neutron
production is roughly more than that of the cascade at energies higher than 1 GeV. The

rate of cascade production increases with the target mass number and proton energy.
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Figure 2.8: Neutron multiplicity per incident proton as a function of beam energy (upper part) and
thin target material (lower part). Results of INCL+Dresner simulation, taken from [20]
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Figure 2.9: Neutron multiplicity as a function of the (thin) target material. Split into cascade (upper
part) and evaporation components (lower part). The symbols refer to the incident energies which
are the same values as in Figure 2.8, taken from [21]
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However, the evaporation components show a strong correlation between neutron
multiplicity and the target mass number and even more for the proton energies.
Therefore, in order to achieve the highest rate of neutron multiplicity, both target mass

and proton energy need to be set taking the optimal output into consideration.

2.5 Spallation Reactions on Thick Metal Targets

As previously mentioned in section 2.3, spallation reactions occur in three stages, INC,
pre-equilibrium and evaporation, and these stages create neutrons with different
energies (refer to section 2.3, Spallation Process). The neutrons created can increase the
rate of neutron production by the interaction of (n,xn) reactions in other nuclei, in an

inter-nuclear cascade [12].

The key figure for measuring neutron production in an experimental observation is the
number of neutrons produced per proton-nucleus reaction, which can also be described

as neutron yield.

Regarding the nuclear physics properties, a number of studies have extensively explored
high-Z targets at an incident proton energy of larger than 800 MeV [22]. In order to
achieve the highest rate of neutron fluxes from thick target materials for applications in
scientific and industrial fields, two types of spallation target materials have been
considered. One type are materials made of solids, among which tantalum (Ta), tungsten
(W), lead (Pb) and uranium (U) are favourable, whilst the other type are liquid-based
materials, among which those made of lead (Pb) or lead-bismuth eutectic (Pb-Bi) and
mercury (Hg) [23] are commonly used. The heavy metal targets provide many neutrons
as the highly energised proton beam impacts on the material; thus, it is important that
the thickness of the metal target is selected carefully. For the purpose of obtaining the
maximum number of neutrons, the most attractive candidate for spallation target
material would be lead bismuth eutectic (45% lead and 55% bismuth). This material

offers not only high rates of neutron yield and a low cross-section for re-absorption of
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thermalized neutrons, but it also has a high rate of heat transfer which makes it ideal as

a coolant [22].
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Figure 2.10: Neutron multiplicity as a function of target thickness and beam energy for Pb, Hg, W
target materials. All targets were 15 cm in diameter, taken from [24]

Figure 2.10 shows the influence of target thickness of heavy metal targets on neutron
multiplicity. All three graphs show that neutron multiplicity depends on the projectile-
target combination [12]. The figure also shows that multiplicity levels off at a maximum
thickness of 30 cm. This result suggests that there is a limitation to the thickness
parameter in each material. Krasa [12] suggests a cylinder target with a typical size of
10 cm in diameter and a thickness of tens of cm. For the tungsten target, the thickness is
about 30 cm, and for the lead target about 55 cm (this finding will be verified in the
author’s simulation in Chapter 4). Heavy metal targets provide many neutrons with a
wide range of neutron energies. However, there are risks involved, such as radiotoxicity
induced in the spallation target, thermal conductivity, receptivity, and melting and
boiling points. Hence, the incident beam energy cannot be increased without
considering these risks, not to mention the capability of generating a high energy beam

in an accelerator.

Many institutes have chosen different materials based on their specifications, and their

spallation neutron sources provide intense neutron beams for scientific research and
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industrial development. Such institutes include SNS at Oak Ridge National Laboratory;
LANSCE at Los Alamos National Laboratory; ISIS at Rutherford Appleton Laboratory;
SINQ at PSI (Switzerland); IPNS at Argonne National Laboratory; and KENS at KEK
(Japan). All these facilities use proton beams impacting onto a target for the production

of spallation neutrons.

The target materials chosen by these facilities are liquid mercury (SNS), tungsten or
tungsten alloy (ISIS, LANSCE), depleted uranium (IPNS), tantalum (KENS) or lead
(SINQ). There are plans to build a European Spallation Source (ESS) in Lund (Sweden)
and according to its design, ESS is expected to become about 30 times more powerful
than facilities in the US and Japan. The spallation target of ESS will be composed of

tungsten with a rotating wheel providing efficient heat distribution.
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2.6 Spallation Sources

2.6.1 Overview of spallation sources

Table 2.1: Specifications of spallation sources (comprised from [25]- [33] and [11])

SINQ
ESS ISIS KEK LANSCE, Los
Alamos National
PSI
Sweden RAL UK Japan ) Laboratory, US
Switzerland
70 MeV linac | 40 MeV linac 72 MeV
Accelerator linac and and cyclotron and linac
synchrotron synchrotron cyclotron
Proton energy

2.5 0.8 0.5 0.590 0.800
(GeV)
Beam

current 50 0.2 14.9 1.3 0.100
(mA)
Beam

power 5000 160 2.3 1000 100
(kW)

T t Tantalum
Hnesten ) Tantalum-clad )
Target mixed tungsten Zircaloy Tungsten
. tungsten target
(rotational) target
1.5 x 10
Peak neutron
4 x 10 6 x 10%° 7% 1013 3x 1015
flux(cm™2s71) 1
(cm™)

! The flux for SINQ, PSI has an integrated flux only with the unit of cm™2
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As stated previously, spallation technique is effective of producing neutrons and the
technique has been used widely for neutron science community such ESS, KEK and
ISIS. Table 2.1 shows the main specifications of existing spallation neutron sources

around the world.

The European Spallation Source (ESS) was set to start construction in 2014, aiming to
become the world’s leading neutron source [25]. The ESS project was conceived 20

years ago, and 17 countries are now signatories to the MOU for its construction [1].

The most unique feature of ESS is that the facility is specially designed to operate for
long pulses. This specific set-up requires the instrument design to be intermediate
between those of continuous flux sources, such as reactor sources, and short-pulsed

spallation sources like those of SNS, ISIS and JPARC [27], [28].

KEK is the Japanese high energy accelerator research organisation which provides a
strong neutron source. KEK’s neutron source facility, which is named KENS, is a pulse-
based neutron facility located at the national laboratory for high energy physics,
Tsukuba, Japan. KENS started operation in 1980 dedicated to condensed matter science
and neutron physics [29], [30]. KENS’ advanced research in neutron physics and other
areas led to the creation of a new facility called the Japan Hadron Facility (JHF) project,
which has contributed hugely to the construction of the Japanese Proton Accelerator

Complex (J-PARC).

ISIS is a spallation neutron source in which a synchrotron is based. The facility is
located at the Rutherford Appleton Laboratory (RAL) in Oxfordshire, UK. This facility
is designed for a short-pulse-based neutron source, because it is capable of handling
some imaging experiments by “freezing the motion of molecules” [31], and it has the
additional advantage of being able to measure and determine the kinetic energy of

individual neutrons using the time-of-flight method [9].
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Los Alamos Neutron Science Center (LANSCE) has been hosting unique equipment to
conduct various science and technology experiments. According to LANSCE’s
operational status paper [26], there are four experiment areas within the LANSCE
facility, and two of those four areas are directly related to neutron production. The
facility involved in neutron production is the Weapons Neutron Research (WNR)
facility, which provides an intense source of high energy neutrons intended for nuclear

neutron science.

2.6.2 MEGAPIE at SINQ - Paul Scherrer Institute, Switzerland

SINQ, the Swiss spallation neutron source, is driven by PSI’s 590 MeV proton
accelerator and has been demonstrated to be one of the most powerful accelerator-
driven facilities in the world. The beam operates at 1MW power and is designed to
apply various ADS transmutation concepts [32]. Its spallation target is also unique in
that the target material is liquefied lead-bismuth metal. The project dedicated to this
target station is named MEGAPIE, which stands for MEGAwatt Pilot Experiment. The
project is under consideration for the application of “various concepts of Accelerator
Driven Systems (ADS) to be used in the transmutation of nuclear waste and other
applications” [11]. The neutron efficiency of this facility has shown an improvement of

about 80% compared with a lead-cannelloni based target station.
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Figure 2.11: Vertical cross-section of the target block and part of the proton beam transport line of
SINQ (taken from [33])

The MEGAPIE target shielding house layer is filled with 1 tonne of liquid lead bismuth
eutectic (LBE) in a steel container. By using LBE as coolant in a spallation target area,
the energy deposition caused by high powered beams can be removed effectively while
keeping the target temperature stable. The experiment shows the outstanding
performance of the target and its dedicated ancillary system. The facility has achieved a
good rate of neutron delivery, producing about 80% more neutrons than the previous

record with a lead-cannelloni target [32].
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Chapter 3. Benchmarking GEANT4
Simulation with Experimental Data

3.1 Introduction

As noted in Chapter 2, the spallation process is a safe, controllable and efficient means
of producing an intense flux of neutrons. Additionally, the spallation technique is a
major method of implementing an ADSR for both energy production and the

transmutation of nuclear waste.

In general, a neutron can undergo different reactions in the spallation target such as
inelastic, elastic, capture and fission reactions. Each material has different cross sections
indicating the most probable reactions in the range of neutron energies. For example,
the isotope 2°’Pb, which is a large constituent of natural lead has following cross

sections.

Table 3.1: the neutron cross-section of 2’Pb taken from [1], [2]

Thermal cross section (barn) | Fast cross section (barn)
Elastic 10.82 4.88
Inelastic 0.002 0.548
Capture 0.699 0.00147

These cross-section values show that both thermal and fast neutrons are likely undergo
elastic scattering reactions. They indicate that there would be a low chance of a neutron
captured by the lead nucleus. This suggests lead as a favourable material for a spallation
target because the material would not be likely to capture neutrons and thus to decrease

the number of neutrons which is crucial for ADSR operation.

In order to facilitate this study, it was necessary to ensure that our chosen simulation
codes accurately reproduce the spallation process and associated neutron production.
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Monte Carlo-based transport simulation codes such as GEANT4 [3] and MCNPX [4]
are commonly used to describe neutron spectra and yields. In this study of spallation
reactions, an attempt was made to benchmark GEANT4 against published experiment
results. The published data [5], contain the measured neutron spectra from spallation
reactions at 0.5 and 1.5 GeV proton beam energies. The experiments were performed at
KEK, Japan, and the authors used MCNP-4A simulation code to compare with the

experiment results.

GEANT4, which is a Monte Carlo-based transport code developed by CERN, provides
an extensive set of hadronic physics models for energies up to 10-15 GeV, both for the
intra-nuclear cascade region and for modelling evaporation [6]. Hence, the GEANT4
simulation code has the capability to describe neutron spectra and spallation

interactions.

In this study, an attempt was made to examine the neutron spectra created by GEANT4
by comparing them with the neutron flux (n/MeV/st/proton) of experimental data from
KEK. If they agree GEANT4 simulations would be suitable for simulating the spallation

processes in a full simulation of a model ADSR.

GEANT4 offers three hadron physics models for simulating secondary particle
production. Initially comparisons were made between the results produced by these
models in order to determine the most suitable physics models for such an application.
Following this further extensive simulations were performed in which the size of the
spallation target utilized in the benchmarking process was varied in order to evaluate the
neutron yield produced by various target sizes to find the optimal conditions for

achieving a maximum rate of neutron production.
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3.2 Experiment setup

The KEK experiment was originally intended to study the discrepancy between
calculate and experimental for the reaction rate for lead and tungsten targets bombarded
with 500 MeV and 1.5 GeV protons. Time-of-flight and unfolding techniques were used
in this experiment to measure the neutron energy. In the KEK study, a 12 GeV proton
synchrotron supplied a stream of protons onto the spallation target after passing through
a bending magnet. This process configured the beams with a unique momentum suitable
for the thick spallation target. The beam supplied to the target had the following

specifications:

NEZ213
NE102A 90° ®12.7cm x12.7cm

120° J1 60°

g——- - Ll
/PDZ P2 Lead Target . Beam Dump
w 15x15x20 cm

Beam Scintillators

Figure 3.1: Illustration of experimental arrangement (taken from [5])

49



Table 3.2: Beam specifications used in the experiment

Proton pulses

Interval times (seconds) 4

Duration times (seconds) 2.5

Intensity of incident particles (particle/pulse)

<10°

Size and shape of the target

15 X 15 X 20 cm?3 rectangular shaped beam (lead target with 99.95 % [5])

Beam dump

Material Carbon block pile
Size 0.5 x 0.5 m? with 1 metre length
Location 8.5 metres from Pb target

3.3 Characteristics of GEANT4 hadronic physics list

GEANT4, which stands for GEometry ANd Tracking, is a Monte-Carlo transport code
program. This program is capable of simulating the interactions of particles and ions in
matter within an energy range between 35 keV and a few TeV. GEANT4 is designed to
build a virtual environment for a complete experiment with all the detectors,

scintillators and other objects required to model particle propagation in a simulation [7].

The program defines the course of particle interaction through the step length for
particle propagation. This value is pre-defined internally by the program by taking into
account the particle energy, the material traversed and the possible particle interactions

that may take place [8].

GEANT4 has many libraries governing interactions of particles with any material. In

studies of spallation and neutron production, the most commonly used libraries are
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G4hlonisation, G4nprocess, G4nlnelastic and G4MultipleScattering. G4hlonisation

creates a simulation of the energy loss of hadrons during any interactions taking place.

The physics encoded inside GEANT4 is compiled into many classes called ‘physics
lists’. A physics list is a complete set of the physics deployed in the simulation of a

particle's path through an experimental setup.

It is noted in [8] that in GEANT4, the energy loss process must be calculated, especially

the continuous and discrete loss of energy in a material.

do(Z,ET) (3.1)
dT

The differential cross-section per atom (atomic number Z) described in the above
equation (3.1) is calculated for the ejection of a secondary particle with kinetic energy T
by an incident particle of total energy £ moving in a material of density p. This equation
then leads into the calculation of mean rate of energy loss. The kinetic energy cut-off is
denoted by T.y,:. This threshold value determines whether the secondary particles
ejected are simulated as continuous energy loss by the incident particle, or as explicit
production of secondary particles such as gamma, electron and positron particles. The

calculation is described in the following equation (3.2):

dE
7 (B Tew) = Mg J,™ - (Z,E, T)TdT (3.2)

where n,; is the number of atoms per volume in the material.
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Due to the wide energy range of particles involved in modelling hadronic interactions,
the physics list is created by combining suitable physics models in order to be able to
describe physical interactions covering an energy range from a few keV to the TeV scale

3, 7].

The following three main cascade models (Bertini, Binary and INCL) explained in this
chapter are used in many applications of GEANT4. These are applicable within the
energy range 20 MeV — 3 GeV [10].

3.3.1 QGSP_BERT_HP

QGSP_BERT HP is a physics list made up of a combination of three different models;
these are the Quark Gluon Secondary Particle (QGSP) model, the Bertini model and the

neutron high precision model.

The Quark Gluon Secondary Particle model is derived from the Quark Gluon String
(QGS) model, which covers particle energies above 20 GeV. The Bertini-style cascade
model (BERT) covers up to 10 GeV, while the energy range between 10 and 20 GeV is
covered by the Low Energy Parameterized (LEP) model [7].

Since the ATLAS, CMS and LHCb experiments use a configured QGSP_BERT physics
list for their detector simulations [7], these models have been frequently validated for
extensive use in many experiments. Hence, each update of the GEANT4 program
contains improvements and bug fixes resulting from such experiments, which causes

significant changes to the models.

The GEANT4 Bertini-style model is a classical intra-nuclear cascade based on the re-
configured INUCL code [11]. The physics list includes a Bertini intra-nuclear cascade
model with excitons, a pre-equilibrium model, a simple nuclear explosion model, a

fission model and an evaporation model. Since the Bertini model includes the Intra-
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Nuclear Cascade model (INC) [12], there is a necessary condition of validity imposed

on this model, which is

A
T KT LAt (3.3)

where Ag is the de-Broglie wavelength of the nucleons, v is the average relative
nucleon-nucleon velocity and At is the time interval between collisions. This means that
the physical foundation is approximate at energies less than about 200 MeV, and this is
where a supplemented pre-equilibrium model needs to be enforced to describe the

particle interaction [13].

28 MeV

7 MeV

400 MeV

Figure 3.2: Schematic representation of the intra-nuclear cascade. A hadron with 400 MeV energy
is forming an INC history. Crosses represent the Pauli exclusion principle in action. The numbers
represent the neutron energy in each step taken (Figure is taken from [13], reproduced from an
original version by Bertini [14])
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As shown in Figure 3.2, if Pauli’s exclusion principle allows and Epgrticie > Ecutorr =
2 MeV, transportation of produced particles is performed based on the path length of
projectile particles. This path length is determined from free particle-particle cross-
sections and region-dependent nucleon densities [13]. After the INC stage, a pre-
equilibrium model is then applied to simulate particle interactions. The pre-equilibrium
model consists of the Griffin exciton model [15], a simple nucleus explosion model and
a fission model [10]. The pre-equilibrium model uses target excitation data and exciton
configurations for neutrons and protons to produce the non-equilibrium evaporation
[13]. In some cases, the Fermi break-up stage is applied when there are light nuclei (A <
12 and 3(A-Z) < Z<6) and if the excitation energy is greater than 3 times the binding
energy. Finally, an evaporation model is used to simulate emission of particles until the
excitation energy falls below 0.1 MeV. As a result of the major updates to GEANT4, the
Bertini model has improved significantly in CPU performance in terms of speed and

memory handling during simulations [7].

On the other hand, the Quark-Gluon String model (QGS) is the first handling model in
the QGSP_BERT HP physics list. QGS governs the calculation of the highest energy
interactions in GEANT4 hadronics. The model simulates hadron-nucleon interactions
which arise from exchanging quarks. The exchange forms strings which become
hadronised. The process is then led into its final stage by the production of multiple
particles. Improvements to the QGS model are regularly updated through comparison

with ATLAS calorimeter data [7].

3.3.2 QGSP_BIC_HP

The QGSP_BIC HP physics list couples the above QGS model with the neutron HP
cascade. However, while these models are essential components within this physics list,
the GEANT4 Binary Intranuclear Cascade (BIC) is the main physics model contributing
to the calculation of neutron production. The BIC model is a time-dependent model of
the intra-nuclear cascade and has the ability to re-scatter hadrons using either the QGS

or the Fritiof Fragmentation (FTF) high energy models [7]. Hence, there is a more
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physical path for combining the cascade and string models than the random sampling
used in other cascades. The binary cascade model is a theory-driven model that is an
alternative to the Bertini cascade model. This model has the capability of producing

results for an energy range up to 2 GeV [7].

3.3.3 QGSP_INCLXX_HP

QGSP_INCLXX HP is a recently developed physics list that includes the INCL/ABLA
cascade model. The Liege Intranuclear Cascade model (INCL), is a ‘parameter-free
time-like’ Monte-Carlo cascade model [16]. The model can be applied to nucleon-,
pion- and light ion-induced reactions in a kinetic energy range of up to 3 GeV per
nucleon. This model is still experimental but significant improvements have recently
been made, such as the modelling of de-excitation, amendments to the underlying
physics and improved interpretation of pre-equilibrium emission of light particles (up to
A = 8) using “a dynamical phase-space coalescence algorithm and the transition to the

fusion model for covering lower energy range of ~ 100 MeV” [9].

3.4 GEANT4 simulation setup for the benchmarking
study

As a part of our benchmarking procedure we have compared the experimental results
from KEK with the results produced by our own GEANT4 simulations ensuring that the
simulation geometry reproduces as closely as possible the configurations used in the
experiment. The spallation target in the simulation was placed at the centre of a
simulated space. The target was composed of natural lead which is automatically
constructed by GEANT4 simulation as the default [3]. Geant4 simulation defines the
natural composition derived from the NIST database of elements and isotope
compositions [1]. Detectors were placed at 15, 30, 60, 90, 120 and 150 degrees with
respect to the target; in most cases these were at a distance of 1 metre, though the

detector at 15 degrees was placed at 1.5 metres due to the higher neutron energy (see
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Figure 3.3). In order to achieve an accurate prediction using GEANT4, three physics
models were chosen to compare with the experimental data. These models were
QGSP_Bertini_ HP, QGSP_BIC HP and QGSP_INCLXX HP. All three physics models
were coupled with a high precision (HP) neutron model which uses evaluated neutron
data libraries for neutron cross-sections below 20 MeV [17]. These physics models were
chosen due to the fact that they are capable of predicting neutron production with a
precise range of neutron energies, and because they are the recommended physics

models for secondary particle production.

The detecting media placed in the simulation were composed of vacuum. This enabled
the media to avoid any interaction with the neutrons. The code used to design these
media was also configured to count neutrons at the moment when the neutrons were in
contact with the surface of the detectors. The area of the detecting media was 12.7 X
12.7 cm. This is the same as the NE213 scintillator used in the KEK experiment. In the
simulation, a proton beam was set to travel from the left-hand side of the target towards
the right. The proton beam energy was set for 0.5 GeV and 1.5 GeV, as in the
experiments, whilst the number of protons impacting on the target was set for 108

particles in order to establish a statistically reliable result.

90°
i} 60°

150° 30°

® * =

120°

Beam c=r>> [l

Figure 3.3: Configuration of detectors and target in the simulation (target is coloured blue and
detectors are coloured green, except the 15 detector, which is coloured red)
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3.5 Validation results

The simulations run by GEANT4 were successful, and several analyses were performed

upon the neutron spectra for both experimental and simulation-based results. Figure 3.4

and Figure 3.5 represents the results of neutron flux measured in KEK along with the

MCNP-4A simulation results by the author of [5].
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Figure 3.4: Neutron flux at 0.5 GeV proton beam energy using MCNP-4A, with the experimental

results shown as dots (taken from [5])
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Figure 3.5: Neutron flux at 1.5 GeV proton beam energy using MCNP-4A, with the experimental
results shown as dots (taken from [5])
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Neutron energy distribution of spallation at 0.50 GeV for various angles
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Figure 3.6: Neutron flux at 0.5 GeV proton beam energy using GEANT4, with the experimental

data [5] shown as dots
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Figure 3.7: Neutron flux at 1.5 GeV proton beam energy using GEANT4, with the experimental
results [5] shown as dots

As shown in the figures, it was clear from visual inspection that GEANT4 produced a
very convincing outcome in describing the actual experiment results. Furthermore,
whilst the spectra created by GEANT4 are similar in form to those created by the
MCNP-4A code, GEANT4 more closely reproduces the experimental results than does
MCNP-4A, especially at higher neutron energies and higher angles. In terms of the
accuracy of the physics models, the QGSP_INCLXX HP physics model produced the
closest outcome to the experimental results, followed by the Bertini model. The BIC

model proved to be the least accurate physics model in predicting the experimental
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results. When examined more closely, the results from INCL at 0.5 GeV proton beam
energy almost matched the experimental results at every angle. The Bertini model also
produced fairly accurate results at between 0 and 10 MeV of neutron energy, but with
increases in neutron energy gave a wider prediction than the experimental results. At 1.5
GeV, INCL also produced the most accurate outcome in relation to the experimental
results at neutron energy ranges between 0-10 MeV and 100-1000 MeV. However, the
Bertini model produced better predictions than the INCL model at the range between
10-100 MeV, which was unexpected. Nevertheless, the overall performance of
GEANT4 at 1.5 GeV did give as accurate an estimation as MCNP-4A’s prediction. It
was significant that the INCL model was the most accurate in predicting neutron spectra
close to those of the experimental results. The INCL model is a newly-developed
physics model and is designed for an energy range of 0-3 GeV. The INCL model is
combined with a precise calculation of cascade and nuclear de-excitation to enhance the

description of spallation interactions [7].

The data collected from all GEANT4 simulations detailed in this thesis involve some
degree of uncertainty. This uncertainty can be expressed by using standard Poisson

statistics for a random counting process as described below [18]:

AN = VN G4)

where N in this context is the neutron count.

In most cases, the error bars were so small as to be invisible, and so graphical
representation of any errors in the results has been omitted. For the experimental results
at high energy, however, either the error bar was not visible due to the low resolution of
the original graph or the size of the error bars was so large that they merged with the
author’s simulation results. Hence, it was necessary to extract the data based on the

actual points represented in the graphs.
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In order to confirm the visual inspection of the results plotted on the graph, a chi
squared analysis was performed. Chi squared statistics uses a comparison between the
observed value and expected value to show a numerical indication of the closeness

between two sets of data [19].

2 _ (obs—exp)* (3.5
X 2 (Eexp)2+(Eobs)2

Chi squared formula (taken from [20])

where obs in this context is observed value, exp as expected value, Eey is error of

expected value and E,»s is the error of observed value.

As shown in Table 3.3 and Table 3.4, the INCL model showed the lowest values, which
meant that INCL created the closest outcome to the experimental results. This was
usually followed by the Bertini and BIC models in that order. These values support the
earlier statement that INCL produced the most accurate predictions. They also support
the observation that the Bertini model produced a reasonable level of prediction. In the
case of BIC, the values are higher than the other two models, which suggest that the
BIC prediction was not sufficiently accurate in describing the neutron energy spectra in

this case.

In order to calculate the probability that these predictions are accurate, the results were
further evaluated through the calculation of p-value. The p-value is the probability that a
chi squared this large could arise if the model is completely correct [21]. To calculate
this value, the degrees of freedom were used shown in Table 3.5. The number of degrees

of freedom is the number data points minus the number of adjustable parameters.
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Table 3.3: A table showing chi squared values for 0.5 GeV results using GEANT4 physics models

0.5 GeV proton beam energy

Chi squared value

Degree BIC BERT INCL
15 7046.776019 | 4520.223313 | 5584.579373
30 10492.71057 | 5740.011463 | 5286.30835
60 4911.0023 | 3706.112731 | 2145.397506
90 2821.504426 | 2805.972555 | 1591.957641
120 | 4601.954412 | 2804.126894 | 1588.654364
150 | 10056.36285 | 3892.686162 | 3024.390525

Table 3.4: A table showing chi squared values for 1.5 GeV results using GEANT4 physics models

1.5 GeV proton beam energy
Chi-square value
Degree BIC BERT INCL
15 1847.823402 | 1489.645127 | 1102.68291
30 4454.283639 | 26179.8059 | 8077.011483
60 2278.293197 | 1226.898247 | 1207.920095
90 3146.041641 | 1505.365961 | 1613.205006
120 | 2551.324855 | 2172.720691 | 1250.458012
150 | 1647.578631 | 1725.400387 | 810.3514905
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Table 3.5. The degree of freedom of dataset used in the GEANT4 benchmarking simulation

0.5 GeV
Degree of dataset in the simulation | Degree of freedom P- value
15 24
30 26
60 13 <0.00001 (all three physics
90 13 models)
120 13
150 19
1.5 GeV
Degree of dataset in the simulation | Degree of freedom P- value
15 22
30 24
60 17 <0.00001 (all three physics
90 23 models)
120 23
150 17

The calculation of P-value was processed by using the calculator available in [22] and
the chi-square distribution table available from [23]. Following from the calculation, all
of the p-values were small. This result indicates that the GEANT4 models cannot
describe the experimental result exactly. However, it can be seen that the chi-square
values that the values from INCL were lower than other two physics model. Hence, the

INCL describes the experimental results measurably better than other physics lists.

Despite the fact that the INCL model produced outstanding results, the computation
time taken to generate the results was almost three times longer than for the other two
models. In fact, the Bertini physics model was the fastest physics model in producing
the results. Therefore, for conditions requiring high energy incident particles with a high
number of particles involved, INCL would take an extremely long time to produce a

useful results.
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3.6 Conclusion on benchmarking process

The benchmarking study comparing GEANT4-simulated neutron spectra with
experimental data collected by KEK showed good agreement between GEANT4 and the
experimental results. The comparison between the results of GEANT4 and MCNP-4A
also showed good agreement in the spectral form. This study proved the potential
capability of the GEANT4 simulation code to produce reliable results in terms of
neutron spectra and yields when applied to spallation-based neutron production. It was
conclusive that the QGSP_INCLXX HP physics model produced the most accurate
outcome in predicting the experimental results. The QGSP_Bertini HP physics model
also produced fairly accurate results at higher angles. The QGSP_BIC HP physics

model was the least accurate model in predicting neutron spectra.

In terms of the time taken for generating results, the Bertini model produced results
most quickly, followed by the BIC and then the INCL model. The INCL model took a
very long time to complete the simulations. Therefore, in order to simulate neutron
interaction in a condition such as spallation reaction coupled with ADSR, which would
require a high energy incident beam and a high number of particles involved in the
interaction, the most efficient model would be the Bertini physics model. It would be
ineffective to choose the INCL model to run this type of study, due to time consumption

and unaffordable computational resources.
3.7 Target size variation

An extensive study to determine the effect on neutron yield caused by varying the size
of a lead-composed target was then performed. In order to facilitate this study, an
incident proton beam was set to 0.5 GeV, which was the same energy as that used in the
benchmarking study so that only the changes caused by variation in size could be
monitored. This study gave useful information about natural lead targets with the

composition derived from Geant4 program in relation to the MYRRHA studies
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described in the next chapter. The MYRRHA facility uses 600 MeV proton beam
energy, which is only 100 MeV higher than that used in this study. Their target material

is also a variant of lead (i.e. lead bismuth eutectic).

Target

Figure 3.8: Neutron collision at 0.5 GeV proton beam energy at various lengths (30 to 60 cm)

Figure 3.9: Population of neutron at 0.5 GeV proton beam energy at various length (30 to 60 cm)

Whilst the simulation was running, neutron collision and population were also

monitored; Figure 3.8 and Figure 3.9 provide information about neutron interactions
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within the target material, which in turn can facilitate the optimisation of the spallation

target design.

Figure 3.8 shows that many interactions occur close to the area where the proton beam
impacts the target and along the beam inside the target. This suggests that target shape
can be optimised to maximise the rate of neutron production, as well as to avoid
material stress from associated heat deposition. Figure 3.9 shows that the highest
neutron density was along the proton beam from the primary neutrons produced from

the interaction between incident protons and the nuclei of the target material.

Neutron yield at 0.5GeV proton beam energy for thick lead target
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Figure 3.10: Neutron yields at 0.5 GeV proton beam energy for 30cm, 60cm and 90cm target
lengths and various target widths

Figure 3.10 shows the effects when changes in the size of the target were applied. As the
results in the figure demonstrate, the neutron yield increased with the target length.
However, there was no real gain when the target length was increased from 60 cm to 90
cm. This means that there was no significant effect on neutron production for a target

length greater than 60cm. Hence, it is suggested that the maximum rate of neutron
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production in lead is at a cylindrical target length of 60 cm. Moreover, neutron
production rate begins to plateau at target diameters beyond approximately 30-40cm.
This finding is similar to the rate described in Figure 2.8 in chapter 2. For example, in
Figure 2.8, the neutron yield at the lead target with the thickness of 20cm shows as 15
neutrons/proton at 0.6 GeV proton beam. In Figure 3.10, the neutron yield at 20 cm of
target thickness is 20 neutrons/proton with the diameter of 30 cm. Although the neutron
yields seem to be slightly different, Figure 2.8 does not consider the target thickness.
Furthermore, Figure 2.10 also shows extensively that there is no significant increase in
the neutron yield after a certain thickness which is similar to the result shown in Figure

3.10.

3.8 Neutron production from lead spallation target as

a function of proton beam energy

3.8.1 Introduction

The spallation process plays an important role in Accelerator Driven Systems (ADS),
which is to supply neutrons in which fission reactions take place inside the nuclear fuel.
The ADS is equipped with a sub-critical assembly driven by an accelerator delivering a
proton beam onto a target to produce neutrons by spallation [24]. The spallation process
has been of specific interest in many other areas. It is also used in the transmutation of
long-lived actinides from nuclear power plants and weapon-grade radioactive
substances. The incident protons transfer their kinetic energy to the nucleons of the
target through elastic collisions. Subsequently, a cascade of nucleon-nucleon collisions
follows [25]. The nucleon collisions lead to the ejection of light particles such as
protons, neutrons, alpha particles and pions. The further stage involves the excitation of
the nucleus followed by de-excitation and the evaporation process. The evaporation
process is known to release large amounts of low energy (a few MeV) neutrons. Hence,
the yield of neutrons from the spallation process depends on the initial energy of the

incident particle and the atomic number of the target nucleus.
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In this study, simulations were carried out to determine the effect of proton beam
energies on neutron production in a lead based spallation target, particularly for neutron

yield and the angular trajectories of spalled neutrons.

3.8.2 GEANT4 computation detail

In the study of neutron spallation, a natural lead target was used. GEANT4 provides a
set of hadronic physics models for energies of up to 10 GeV, both for the intranuclear
cascade region and for modelling of evaporation, which makes the program suitable for
this kind of research [3]. The Quark Gluon Secondary Particle Binary Inter-nuclear
Cascade High Precision (QGSP_BIC HP) physics list was chosen for the simulation of
interactions between incident protons and the target nuclei. The BIC model passes the
information to the pre-compound model to simulate nuclear de-excitation following
these interactions. Previous validation studies in collaboration with GEANT4 [5] have
shown that the QGSP_BIC HP physics list can accurately describe the production of
secondary particles in the interactions of incident protons and neutrons with nuclei. In
this physics model, the interaction with the nucleus is treated as the interaction of an

incident nucleon with the individual nucleons inside the target nucleus.
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Figure 3.11: Schematic view of detectors and target placed in GEANT4 simulation

Detectors were placed around the target at various angles between 0 and 180 degrees

with respect to the proton beam direction. A 30 cm long and 20 cm diameter natural lead

69



(Pb) target was simulated, and 90 detectors of 3.5 cm x 20 cm x 2 cm each were placed
around the target. Each detector was positioned at an angle, with the angles increasing
by 2 degrees from the z-axis. In this simulation, a proton energy range of 30 MeV to 1.1
GeV was used in 10 MeV increments. This enables a comparison between the neutron
yields at each proton beam energy. The detectors were set to record the kinetic energies

of the neutrons passing through the volume.

When the simulation was designed, it was set to run with the QGSP_BIC HP physics
list for GEANT4. This is the recommended physics for secondary particle production
for incident particle beams of up to a few GeV [26], [27], which was the reason for its
use in this study. Every simulation treats the mass and condition of particle interaction
differently. It is understandable that section 3.5 suggests otherwise, but that study was
conducted with the aim of benchmarking a known experiment. Hence, it is considered

that the findings in section 3.5 do not significantly reflect those of this section.

3.8.3 Results

In the simulations, 5 X 10° protons were fired onto the lead spallation target in order to

establish a reliable data set for neutron yields.
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Figure 3.12: Neutron yields per proton beam at each detector angle
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beam energy
0.45

Number of proton introduced =5 x 10°
04 Neutron yield at 1.00 GeV =20.37631
0.35
0.3
0.25

0.2

0.15

Neutron yield (n/p)

0.1

0.05

0 20 40 60 80 100 120 140 160 180
Angle of detectors (degree)

Figure 3.13: Neutron yield (neutrons per incident proton) at proton beam energy of 1000 MeV

The number of neutrons per proton at different proton beam energies was plotted for
each 2 degree angle as shown in Figure 3.12. The figure shows that most of the neutrons
escaped from the target at large angles and fewer neutrons were detected at angles
closer to the forward direction (the beam travels, near detector 1). The neutron yield

increased until it peaked at the detector which was at 90 degrees to the z-axis.

Figure 3.13 represents the neutron yield calculated for a 1000 MeV proton beam. The
neutron yield data in Figure 3.13 were extracted for validation purposes from the dataset
depicted in Figure 3.12. As stated earlier in this chapter, it was intended that a range of
proton energies (30MeV - 1100MeV) would be simulated in this work. However, since
analytical verification of the entire range of proton energies would be difficult, it was
necessary to extract the result for one proton energy in the range to conduct the
validation of data. In Seltborg’s study [28], a total of 21 neutrons per proton were
produced in the lead spallation target. Similarly, MYRRHA [29] states that “A lead
target bombarded with 1 GeV proton can yield about 25 neutrons per incident proton”.
Thus, the simulation results in this work, of 20.4 neutrons per proton are consistent with

the neutron yield values quoted by Seltborg and MYRRHA. Neutron yield is highly
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dependent on target geometry and size, so it was considered likely that there would be

some differences in the neutron yield value.

The angular distributions of neutrons of different energies, as recorded by each detector
for 100, 300, 600 and 1000 MeV proton beams, are plotted in Figure 3.14 to Figure
3.17. Sets of results related to these proton beam energies were selected in order to
observe the pattern of neutron energy spectra as the proton beam energy increased. As
shown in the figures below, neutron energies up to their corresponding incident beam
energy were selected, which enabled precise analysis of secondary and low energy
neutrons. Each graph represents the number of neutrons by the distances from the
centre. As the distance from the centre increased, the number of neutrons detected for
each particular energy also increased. The dots are depicted in different colours to

represent different neutron energy ranges.

Firstly, a comparison between Figure 3.14 and Figure 3.15 indicates that as the proton
energy increased, the number of neutrons detected also increased. More specifically, the
number of neutrons with low energy (i.e. neutrons with energy higher than 0.1 but
below 1 MeV) rose significantly as the proton beam energy increased from 100 MeV to
300 MeV. The most distinctive feature of the results is that the high energy neutrons
were emitted in a forward direction with respect to the direction of the beam travels (at
between 0 and 90 degrees as represented in the figures). This means that these high
energy neutrons were emitted at the back of the spallation target (opposite the place
where the proton beam first impacted on the target). It is also noticeable that the high
energy neutrons are close to the centre of the graph, which means that there were fewer
neutrons in the high energy range compared to the number of lower energy neutrons. All
these findings corroborate G.S Bauer’s statement in [30], which refers to findings
originally reported in [31] (see Figure 2.5 in Chapter 2). It was important to validate the
results based on G.S Bauer’s paper [30], because the original reference [31] indicates
that the source was based on private communication. Hence, the GEANT4 simulations

were able to confirm the claims in both [30] and [31].
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Neutrons at 100 MeV proton
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Figure 3.15: Angular distribution of neutrons
of different energies at 300 MeV proton beam
energy

Figure 3.14: Angular distribution of neutrons of
different energies at 100 MeV proton beam
energy

This study continued by analysing the results for the angular distribution of neutrons at
600 MeV and 1000 MeV, which are shown in Figure 3.16 and Figure 3.17. As in the
previous results for 100 MeV and 300 MeV proton beam energies, many neutrons
produced from the spallation target were categorised as having neutron energies

between 0 and 1 MeV, represented as red and green dots. These low energy neutrons are
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approximately isotropic. It is also interesting to note that as the neutron energy

increased, the angular distribution was concentrated in the area between 0 and 90

degrees, as shown in the figures. Hence, this study can confirm that the high energy

neutrons were probably spalled in a forward direction, i.e. in the beam direction.

Neutrons at 600 MeV proton
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Figure 3.16: Angular distribution of neutrons of
different energies at 600 MeV proton beam
energy
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Figure 3.17: Angular distribution of neutrons of
different energies at 1000 MeV proton beam
energy

Overall, most neutrons had low energies (below 10 MeV). Furthermore, this result

shows that a significant fraction of the neutrons were scattered in many directions,

despite the fact that a 30 cm long target was used in this study. Figure 2.5 in Chapter 2
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from G.S Bauer [30] validates the finding that highly energised neutrons were scattered
in the same direction as the beam. According to Bauer, “The small fraction of cascade
neutrons whose energy can reach up to that of the primary particles driving the reaction
are emitted mainly in the forward hemisphere relative to the proton beam”. Close
comparison shows that the results obtained from this simulation corroborate this

statement.

3.8.4 Conclusion

This study was conducted with the purpose of finding the angular distribution of
neutrons from a spallation target. It was also conducted as a benchmarking exercise in
relation to G.S Bauer’s results on the angular distribution of neutrons. The simulation
found that the total neutron yield from spallation increased with the proton beam energy.
Most of the low energy neutrons between 0 and 10 MeV escaped at large angles from
the target, while a significant fraction of neutrons at a high energy close to that of the
incident beam were produced at between 0 and 90 degrees. A lower number of neutrons
with high energy were also detected in the backward direction. A large number of
neutrons had energies below 2 MeV. Furthermore, the number of neutrons detected near
detector 46 (at 90° to the target) was significantly higher than elsewhere (see Figure
3.12 and Figure 3.13). These findings will aid the design of an efficient ADS spallation

target in terms of improving moderation, shielding and activation.
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Chapter 4. A Comparison of Lead and
Lead Bismuth Spallation Targets

4.1 Introduction

During the 1950s, according to [1], lead and Lead-Bismuth Eutectic (LBE) were
investigated for their potential to meet the requirements for use as a fast reactor coolant.
Such a coolant is required to provide effective heat transfer with no significant
thermalisation of the neutron spectrum. The pure composition of lead has a high melting
point (327 °C), but this temperature reduces to 127 °C for LBE. This unique feature
enables the material to transfer heat inside the reactor efficiently without the risk of
corrosion of the metal. The benefit of the lower melting point is that LBE provides a
lower operational temperature range, which improves safety by lowering the corrosion
rate [1]. This feature, together with that of being a heavy metal, makes LBE an
attractive material for a spallation target. Many facilities have studied LBE as their
target material. For example, both MEGAPIE [2] at PSI! and HYPER [3] at KAERI?
have used LBE as a coolant, and MYRRHA?® proposes to use LBE as both coolant and
spallation target [4]. MYRRHA is a research reactor still under development by
SCKCEN in Belgium. This chapter focuses upon a comparison of neutron production
with LBE and pure lead as spallation targets. In order to facilitate this study, the
GEANT4 simulation geometry was set up as described in Chapter 3. The incident beam
energies considered were 0.6 and 1.0 GeV. The 0.6 GeV proton beam energy was
chosen as this is MYRRHA’s target proton beam energy [5], and hence was considered

to be reasonable for testing both the lead and LBE targets and the beam energy in

1 PSI stands for Paul Scherrer Institut
2 KAERI stands for Korean Atomic Energy Research Institute
3 MYRRHA stands for multipurpose Hybrid Research Reactor for high-tech applications
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relation to neutron production. A 1.0 GeV proton beam energy was also chosen as this
energy is considered the optimum choice for a proton beam in Accelerator-Driven Sub-
critical Reactor (ADSR) applications [6]. In order to achieve optimal operation in an
ADSR, it is important to balance the beam power and the rate of neutron production in
the spallation reaction with the fuel core of the ADSR. A key report [6] suggests that a
1.0 GeV proton beam with 20 mA beam current would be the most suitable parameters

for an ADSR to achieve its maximum performance rate for energy production.

In this study, the standard composition for lead-bismuth eutectic was used [1], [7]which
is 55.5% bismuth and 44.5 % lead. In comparison to pure lead, lead-bismuth eutectic
has a lower melting point (125 °C) but a higher boiling point (1670 °C). These
properties make the material suitable for use as a coolant in a reactor core where the
thermal stress is high. The composition for natural lead was used which is 52.4% 2%3Pb,

24.1% *%Pb, 22.1% 2°’Pb and 1.4 % ***Pb [8].

In this study, bismuth is also used as the one of a source for neutron production through
spallation process. Natural Bismuth which was used in this simulation is pure 2*’Bi, and

cross sections are shown in Table 4.1.

Table 4.1: the cross section of 2°Bi taken from [8], [9]

Thermal cross section (barn) | Fast cross section (barn)
Elastic 9.390 2.804
Inelastic 0.0342 2.565
Capture 0.0342 0.000756

This finding shows that bismuth is likely to undergo elastic scattering reaction for a
similar range of neutron energy to 2*’Pb’s cross section (see Chapter 3). In addition, it is
noticeable that the inelastic scattering is higher in the fast neutron cross-section than in
the thermal neutron cross-section. This indicates that bismuth can also be utilised as a

source of neutron production for spallation purposes.
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4.2 GEANT4 simulation environment for lead and

LBE target station

In order to establish the appropriate conditions for the study of neutron spectra created
from spallation reactions in lead and LBE, the same simulation environment was set up

as that used in the benchmarking process, described in Chapter 3.

To analyse the large amounts of data produced from GEANT4 efficiently, the
QGSP_BERTINI_HP physics list was chosen based on the findings in Chapter 3. The
previous benchmarking results had indicated that the Bertini model can simulate
neutron spectra accurately from a spallation reaction of a reasonable duration. It was
considered that the method of choosing multiple physics lists would not be suitable at
this time, since the quantity of data produced by GEANT4 would be too much to
analyse within a single project. Moreover, the benchmarking process described in
Chapter 3 had shown that there was no significant discrepancy in the accuracy of results

produced by other physics lists (QGSP_INCLXX HP and QGSP_BIC HP).

4.3 Results

The following graphs represent the results of the numerical simulations performed using
Geant4 for 0.6 and 1.0 GeV proton beams onto LBE and lead, where the neutron energy
spectra for both incident beam energies are shown for 0-1000 MeV and 0-1 MeV.
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Neutron energy distribution on 15 degree for Lead and LBE target
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Figure 4.1: Neutron energy spectra for lead and LBE at 15 degrees (0-1000 MeV neutron energies)

Neutron energy distribution on 15 degree for Lead and LBE target
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Figure 4.2: Neutron energy spectra for lead and LBE at 15 degrees (0-1 MeV neutron energies)
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Neutron energy distribution of spallation for lead and LBE at 30 degrees
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Figure 4.3: Neutron energy spectra for lead and LBE at 30 degrees (0-1000 MeV neutron energies)

Neutron energy distribution of spallation for lead and LBE at 30 degrees
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Figure 4.4: Neutron energy spectra for lead and LBE at 15 degrees (0-1 MeV neutron energies)
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Neutron energy distribution of spallation at 60 degrees for lead and LBE
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Figure 4.5: Neutron energy spectra for lead and LBE at 60 degrees (0-1000 MeV neutron energies)

Neutron energy distribution of spallation at 60 degrees for lead and LBE
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Neutron energy distribution of spallation at 90 degrees for lead and LBE
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Figure 4.7: Neutron energy spectra for lead and LBE at 90 degrees (0-1000 MeV neutron energies)
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Neutron energy distribution of spallation at 120 degrees for lead and LBE
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Figure 4.9: Neutron energy spectra for lead and LBE at 120 degrees (0-1000 MeV neutron energies)
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Figure 4.10: Neutron energy spectra for lead and LBE at 120 degrees (0-1 MeV neutron energies)
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Neutron energy distribution at 150 degrees for lead and LBE
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Figure 4.11: Neutron energy spectra for lead and LBE at 150 degrees (0-1000 MeV neutron
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Overall, the comparison between neutron flux in lead and LBE targets showed that there
is little difference between lead and lead-bismuth eutectic in relation to neutron
production. The results in Figure 4.1 to Figure 4.12 indicate that pure lead provides
higher neutron fluxes at neutron energies below 10 MeV. However, the difference in
neutron fluxes between the two materials is under 1 order of the scale of neutron flux.
At the higher neutron energies, the neutron fluxes for LBE were perhaps very slightly
greater than those for lead (see Figure 4.1, Figure 4.3, Figure 4.5, Figure 4.7, Figure 4.9
and Figure 4.11) However, it is noted that the accuracy of the data is very limited
considering the fact that there were fewer neutrons present in the high energy neutron
spectrum. This finding is likely to be due to the relative atomic masses of bismuth and
lead. Bismuth is approximately one mass unit heavier than lead. Since neutron
production by spallation is related to atomic mass, and these are so similar, it can be
considered that the rate of neutron production should also be similar. The trend of the
neutron spectra observed in the full spectrum (0 — 1000 MeV neutron energies)
followed that in the low energy neutron spectrum between 0 and 1 MeV (see Figure 4.2,
Figure 4.4, Figure 4.6, Figure 4.8, Figure 4.10 and Figure 4.12). The low energy neutron
spectrum data indicate that the neutron spectra for lead are a little higher than for LBE

at low energies.

4.4 Conclusion

From the results described above, it is clear that the findings of the simulation show
some difference between lead and LBE in terms of neutron production. The comparison
between neutron fluxes in lead and LBE also showed that lead produced a higher
number of neutrons than LBE in the range between 0 and 10 MeV neutron energies,
which is likely to be related to the cross sections of the target materials on neutron
capture. It may be due to the fact that lead has a higher absorption cross section than
bismuth. The difference in neutron flux (neutrons/incident proton) was less than 1 order
of magnitude. It may be concluded on the basis of these findings that mixing bismuth
with lead has little effect in terms of varying neutron production at the energies in this

study. The neutron spectra for both 0.6 and 1.0 GeV proton beams show that the highest
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number of neutrons from both targets was produced at a neutron energy range between
0 and 1 MeV. The graph data show that at higher neutron energy there was a lack of

neutrons present in the energy range.

It may be concluded from this study that LBE can be as effective a material as lead in
terms of neutron production. However, mixing bismuth with lead provides the
additional benefit of a lower melting point while the heavy metal property remains the
same. Furthermore, this study has confirmed that there is no indication that the mixture
of lead and bismuth will change significantly in the neutron spectra or the rate of
neutrons produced from a spallation target. The neutron absorption cross section

(1MeV) for lead is reported as 6.001mb, while that for LBE is 1.492 mb [10].

Since LBE has only 44.5% lead and the rest is composed of bismuth, the chance of
neutrons being captured inside the target may also differ compared with the pure Pb-207
target tested in this study. This information correlates with the results showing neutron
flux for neutron energies between 0 and 1 MeV, where the pure lead target produced a

higher rate of neutrons than LBE.
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Chapter 5. A study of Neutronic

Behaviours involved with Thorium
Fuelled ADSR with MYRRHA
Configuration

5.1 Introduction

The idea of an Accelerator-Driven System (ADS) with subcritical core operation was
first proposed in the early 1990s. While the primary operational aim was focused on
developing an advanced nuclear fuel cycle, some institutes considered the ADS concept
for transmutation technology [1]. For example, there were some movements from the
Department of Energy (DoE) in the USA to establish a roadmap for developing

accelerator transmutation of waste (ATW) technology [2].

The Rubbia group has studied the use of ADS in thorium-fuelled reactors [3] and
Aker/Jacobs’ ADTR design has been considered for the use of power generation [4].
Studies of ADS have connected the following characteristics of thorium fuel with

boosting the net consumption of minor actinides [5]:

e The use of fast neutrons due to the relative size of the (n,gamma) and (n,f)
cross sections above ~ 1 MeV; at this point, neutrons are more likely to cause
the MA nucleus to undergo further fission, whereas at lower energies, it is far
more likely to be absorbed.

o Use of thorium rather than uranium; the exact number of fertile to fissile fuel
components required depends on the cross sections and decay rates involved.
However, basically, 232Th has six fewer nucleons than 2*®U, and the chance of a
nucleus absorbing enough neutrons to produce an isotope like **! Am is much

smaller.
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Noted from [6], demonstration of the technology was first announced by the Belgian
government with their proposed construction of MYRRHA at the Belgian nuclear
research centre (SCKCEN). MYRRHA is the first test reactor with specifications
designed according to the ADS concept. The MYRRHA project was started in 1998,
aiming at the design, construction and operation of an accelerator-driven, lead-bismuth-
cooled subcritical or critical fast neutron reactor (LFR). MYRRHA was intended to be a
flexible fast neutron irradiation facility, able to work in either subcritical or critical
mode. Substantial investment has been made into the creation of a Sodium-cooled Fast
Reactor (SFR), due to the limited stock of bismuth globally. However, the high
chemical reactivity of sodium causes an SFR to be more difficult to operate. Hence, the
choice of using LFR operation would be more suitable for MYRRHA. Currently,
MYRRHA'’s reactor design is running with plutonium-based MOX fuel; however, ADS

technology is able to operate with thorium.

This study aims to understand the effect on neutronic behaviour when thorium is
introduced as a main source of fuel in nuclear core compartments. The MYRRHA
facility houses a nuclear core filled with plutonium based MOX fuel (low-enriched
uranium, 20% or less)[7], [8], with a uranium-plutonium fuel cycle [10]. Thorium is a
fertile material which uses a 23>Th to 2**U fuel cycle. 2**Th has the cross section of 7.4
barns for the thermal neutron absorption, 0 for fission and inelastic scattering and 13.0
barns for elastic scattering [7], [8]. These values show that thorium has the interaction
mostly in elastic scattering and neutron capture process. >*Th has three times higher in
neutron capture cross section than 23U (i.e. 2.7 barns). This indicates that thorium has a

higher conversion to fissile material (i.e. 2*U for 2**Th) than >**U to *°Pu [7].

It is assumed that there will be many characteristic differences in neutron production
compared with the original uranium-plutonium fuel cycle applied in MYRRHA. Under
this assumption, various aspects of MYRRHA were carefully studied using Geant4. The
physics list of GEANT4 is QGSP_BERT HP, which is regarded as the optimal choice
for spallation studies, as described in Chapter 3.
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Following previous studies which used a baseline core structure derived from the core
assembly schematics provided in [9], the components of the assemblies described were
configured to fit thorium as a main source of fuel. This study intended to monitor
neutron emission outside the core structure while different materials composed the inner
and outer layers of the core assembly. The study would then investigate the propagation
of neutrons as they passed through the core structure. Hence, a simple structure
consisting of multiple layers of fuel and shielding materials was created, the size of each
layer being the same as the thickness of the core assembly used in MYRRHA. The
structure was designed as an object consisting of simple cylindrical-shaped layers. This
feature was tailored to mimic the structural components of the original core structure of
MYRRHA. It was also designed to enable the Geant4 simulation to monitor neutrons

each time they passed through each layer.

5.2 Introduction to the MYRRHA facility

The development of the MYRRHA project was initiated by SCKCEN, the Belgian
Nuclear Research Centre. The project set out to create a multipurpose neutron source
which was designed to encourage R & D applications based on the Accelerator-Driven
System (ADS). According to [4],[5], MYRRHA’s first aim was to demonstrate the
feasibility of ADS technology and to show that this could fit into the European strategy

for nuclear waste transmutation.
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Figure 5.1: Overview of MYRRHA facility, taken from [11]

The design of MYRRHA consists of three main areas (see Figure 5.1). These areas
comprise a proton accelerator, which produces an incident proton beam to the target; a
spallation target area, where fast neutrons are created for supply to the core structure;
and the fuel core structure, where the fission reactions take place for both energy

production and transmutation of minor actinides and other wastes.

Firstly, the proton accelerator is driven by a linear accelerator, which has 600 MeV and
a beam current of 4 mA in CW mode. The accelerator consists of a double injector as
part of a ‘fault tolerant’ scheme [1]. This feature increases the reliability of the
accelerator beam delivery system by ultimately acting as a redundancy in the entire

operation within the MYRRHA facility.

Secondly, the spallation target area is composed of liquefied Lead Bismuth Eutectic
(LBE), which is poured into a reservoir descending to the central area core. As
previously mentioned, MYRRHA operates in both subcritical and critical mode. In
subcritical mode, a spallation reaction will take place where the proton beam is guided
into contact with the target material. The guideline, which is also referred to as a beam
tube, is installed as part of a windowless or windowed design. The placement of the
spallation area is conceived to ensure optimal conditions for spallation and minimal
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energy loss, taking into consideration difficulties in engineering. The LBE material
circulates from the core region to the reservoir, where the material is used as a primary
coolant. The choice of LBE as coolant offers a lower inlet operating temperature, which
decreases the risk of corrosion [3],[4]. By combining this with a passive shut-down

system and adaptation technique, the target area can deliver high fast-flux intensity [9].

Finally, the reactor core structure is situated in an area surrounding the spallation target.
The reactor core system was originally named MYRRHA-FASTEF. The primary core
system was designed to operate with a maximum core power of 100 MWth. Due to the
closed system of the primary neutron source (i.e. spallation source) and its surrounding
areas, all reactor components are configured to be accessed by the remote on-site
handling system [9]. This system controls component replacement, inspection and

handling of the reactor core.

The reactor core consists of inner and outer vessels to ensure the safety and
functionality of the reactor. While the reactor core vessel stays inside as part of the
primary system, the outer vessel acts as containment for any possible leaks or breaks, as

well as improving the capability of the vessel’s air cooling system (see Figure 5.2) [12].

A. Reactor Vessel F. In-vessel Fuel Handling Machine
B. Reactor Cover G. Core

C. Diaphragm H. Above Core Structure

D. Primary Heat Exchanger 1. Core Restraint System

E. Primary Pump

Figure 5.2: Section of MYRRHA-FASTEF core, taken from [12]
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Figure 5.3: Primary heat exchanger, taken from [12]

The primary cooling system runs with LBE to the core through pumps. While the
primary cooling system is the first mechanism to cool the reactor core, the secondary
cooling system is designed to cool the reactor temperature down using water. The
tertiary system, which is run by an air-cooling method, will be activated during

operation and in passive mode for ‘decay heat removal’ [12].

The main fuel in the reactor core is composed of uranium-based MOX fuel, which is
typically used in nuclear reactors throughout the world. The core structure has several
assemblies in what is named the In-Pile test Section (IPS), which functions as a loading
area for fission actinides [9]. This capability fulfils one of the primary objectives, i.e.,
transmutation using ADS specifications. Having assemblies dedicated to IPS makes the

unit easy to remove or replace [9].

MYRRHA has a special modification in critical mode operation, which is the placement
of six control rods filled with buoyancy-driven LBE and three scram rods (gravity-

driven LBE). These loads replace the control rods adopted in subcritical mode.
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Figure 5.4: Cross-section of the MYRRHA-FASTEF core, showing the central target, the different
types of fuel assemblies and dummy components, taken from [9]

To increase neutron flux inside the core, the area surrounding the fuel assemblies filled
with LBE is composed of dummy assemblies. These assemblies increase neutron
reflection toward the central core area. After this inner dummy area, there are
assemblies in the outer dummy area filled with YZrO pellets to act as a shield around

the core.

It 1s intended that MYRRHA, with its unique features in terms of flexible irradiation
facilities, will be fully operational by 2025 and the facility will be the first operational
ADS-conceived reactor [13]. Overall, the aim of MYRRHA is to address the following

research output:

e Demonstration of ADS technology

e Demonstration of transmutation of minor actinides in both subcritical and
critical mode

e Demonstration of innovative reactor systems in fast spectrum

e Material research for Generation IV systems

e Research for radio isotope production and industrial applications.
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5.3 Neutron energy distribution in different region

of core assemblies

In this study, thorium is considered to be a potential fuel source in the ADS
environment. MYRRHA'’s core geometry (see Figure 5.4) was chosen and this would be
reconfigured with thorium in the main fuel area. In order to see the neutron production
in each region, a simple geometry was constructed mimicking MYRRHA’s core
structure. The size of each layer was created to be the same size as the fuel assembly in
MYRRHA'’s core, which is 97.55 mm wide and 1400 mm long [14]. Figure 5.5 shows
the configuration of the geometry and Table 5.1 gives its specifications. Within the
geometry, the GEANT4 program was set to monitor neutrons and their energies as they
passed the outer layer in each region. The results of this study have been presented in
the proceedings of the International Particle Accelerator Conference 2016, Busan, Korea

[15] and the proceedings of the ADST workshop [16] as part of the PhD project.

Figure 5.5: Simple geometry with MYRRHA configuration in GEANT4
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Table 5.1: Specifications of the MYRRHA-configured simple geometry

Size (mm?) (Annular

Area Material
radius X Length)
Spallation target (Blue) Lead Bismuth Eutectic 97.55 x 300
Fuel (Yellow) Metallic Thorium 97.55 x 1400
Reflector (i.e. inner dump)
Lead Bismuth Eutectic 97.55 x 1400
(Green)
Inner shielding Y505 97.55 x 1400

(i.e. outer dump) (Cyan)

In Figure 5.5, each assembly area has a different colour corresponding to the materials
of which it is composed. For example, blue is used for the spallation target, yellow is
thorium fuel, green is the reflector region and cyan is the inner shielding. The reflector
region referred to in this text is also named the ‘inner dump’ in [9], while the inner
shielding area is named the ‘outer dump’. However, the original MYRRHA paper [9]
states that the inner dump area, composed of LBE, has the effect of reflecting neutrons,
and thus has been renamed in order to enable the function of the area in the structure to
be easily recognised. Similarly, the outer dump area has been renamed the inner
shielding area in this study, due to the fact that there would be an outer shielding area in
place for shielding the core. In this study, the metallic thorium was used as main source

of fuel which has the density of 11.72 g/cm?.

Each region shown as an annular shape in Figure 5.5 has a distance from the centre of
the core equal to the size of a fuel assembly (i.e. Region 1 is at 97.55 cm, Region 2 is at
195.1 cm etc.). The results of the GEANT4 simulations presented in Figure 5.6 show

the energy spectra of neutrons travelling from one region to another in the core.
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Figure 5.6: Number of outgoing neutrons through each region in the core as a function of neutron
energy

It can be seen from Figure 5.6 that the neutron flux (number of outgoing neutrons per
proton in 1 MeV bin size) for Regions 1 to 2 (red line) is higher than the line
representing the neutron flux from the target to Region 1 (blue line). This indicates that
more neutrons have been created from the neutron spallation target. The neutrons
created from the spallation target are mostly below 2 MeV. By allowing these neutrons
to induce further reactions which produce neutrons in the first fuel region, thorium can
produce additional neutrons. In addition, the absorption cross-section for thermal
neutrons of 23Th is nearly three times that of 2*3U [8]. This demonstrates that thorium
can catch not only fast neutrons but also thermal-ranged neutrons. Hence, further

cascaded reactions can occur inside the thorium material to create more neutrons.
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Figure 5.7: Number of back-scattered neutrons through each region in the core as a function of
neutron energy

Neutrons travel not only toward the outside but also back-scatter toward the centre of
the core, as shown in Figure 5.7. The results shown in this figure indicate that, of all
regions in the structure, Region 1 had the highest rate of neutrons back-scattering
toward the centre. Region 1 is the first region in contact with neutrons created from the
spallation target and composed of thorium. Hence, it is to be expected that the highest
rate of back-scattered neutrons will be found in the area closest to the centre of the core
structure. Furthermore, there is no structure absorbing back-scattered neutrons between
the spallation target and Region 1. Hence, there is no medium in place to interact with
back-scattered neutrons and lead to the emission of neutrons. It was also noted that there
were no back-scattered neutrons detected between Region 6 (inner shielding area) and

Region 5, which is the LBE-composed reflector region.
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In order to verify the capability of thorium fuel to contribute to neutron production, the
neutron flux was calculated in the first region shown in Figure 5.5. This region is
approximately similar to the region MYRRHA uses for loading minor actinides for

transmutation [12].

According to [10], the neutron flux at the locations for minor actinides transmutation
was reported as 10> n/cm? - s and 10" to 10" n/cm? s for the locations of structural
material and fuel irradiation for neutron energies higher than 0.75 MeV. The GEANT4
simulation was configured to obtain the neutron path length which was then used to

calculate the neutron flux by this formula below.

Y. neutron path length current
volume of the region X No of particle 1.60 x 10-1° (5.1

neutron flux (n/cm?) =

where current is 4mA in MYRRHA facility. In this formula, the following values were

used

Table 5.2: The values used to calculate neutron flux in the first region of fuel in the GEANT4
simulation

Volume of the first fuel region 41853 cm’
Number of particles in the simulation 2.0E6
Neutron path length ~2.0E09
Current 4 mA

The neutron flux was calculated as 5.90E14 n/cm? -s. This value is comparable with the
neutron flux reported from the MYRRHA paper mentioned above despite that this study
used thorium based fuel instead of uranium based fuel. Hence, this finding indicates that
thorium might be capable to be utilised to produce neutrons to meet the requirement of
transmutation in MYRRHA’s configuration. Similarly one can calculate the rate of
incineration that could be achieved for a minor actinide. The incineration would mean in
this case the conversion of the minor actinide to another isotope with a shorter half-life

than the original isotope. This process would mainly go through fission process by
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neutrons. This study used following formulas to calculate the rate of incineration for

27Np [25].

Probability of MA to be fissioned by neutron (f o(E)p(E)dE)
(5.2)
= Z neutron flux X o dE

Where ¢ is the flux, defined as the total track length per second of all neutrons in the
object, divided by its volume, and o is the neutron-induced fission cross section for

Z3’Np between 0 and 2 MeV retrieved from [17].

The rate of incineration

= Probability x (protons/sec) x No of *3’Np nuclei (23)
Using this formula, a ROOT program was created to collect neutron path length in each
energy bin of 50 keV bin size. The cross-section converted to cm? was then extracted
from [17] and multiplied with the neutron path length in the corresponding energy bin.
The sum of the values was then normalised with the volume of the cell where minor
actinides are loaded. The value is the probability that any particular *’Np nucleus will
get converted by the neutrons through the fission reaction which is 7.06E-27. This
probability was then used to calculate the rate of incineration using formula 5.3. The
number of protons per second is 2.5E16 and the number of 2*’Np nuclei as 1.22E18. The
rate of incineration is approximately 0.0215 g/second. According to [18], there is 2100
metric tonnes of spent nuclear fuel produced in United State in a year. The production of
the transuranic element by the neutron irradiation of *°U constitute 1% of the total
spent nuclear fuel [18]. (This is not 100% 2’Np, but we will use this as an illustration.)
Hence, this would mean 21000000 grams of 2*’Np produced from the neutron
irradiation of >*°U in a year. In order to incinerate this amount of »*’Np with the rate of
incineration mentioned above, it would take approximately 976744186 seconds which is

equivalent to 271317 hours approximately. This would be equivalent to 11304 days

104



approximately. This value is comparable with Berthors’ finding. According to Berthors
[19], the times that 2’Np would burn-up are 14961 days with the fast neutron flux of
3E14 n/cm’s and 4407 for fast neutron flux of 1E15 n/cm?s. Despite the different
conditions used in [19], the days that burn-up was taken is in the similar length of time.
Hence, it is reasonable that the rate of incineration for >*’Np is well estimated. This

calculation assumes that the neutrons are continuously supplied.

5.4 Energy distribution of neutrons escaping from

the core structure

5.4.1 Effect of reflectors blocking neutrons from the core structure

Figure 5.8: MYRRHA core configuration created in GEANT4 simulation (spallation target = blue;
thorium fuel = yellow; reflectors = green; inner shielding = cyan). This diagram was first presented
in [15]

In relation to the findings described in section 5.3 above. The study was primarily
focused on the effect of reflecting neutrons within the core structure and any resultant

increase in neutron flux under various environments. It was expected that the
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effectiveness of preventing neutrons escaping from the core would be demonstrated
when various materials were introduced into the regions outside the central fuel region
shown in yellow in Figure 5.8. This design was created based on the original design of

the MYRRHA core, which is shown in Figure 5.4.

In order to understand the effect of an LBE-composed reflector on reflecting neutrons
within the core, the simulations were firstly carried out by removing the shielding

assemblies surrounding the core at this time.

10
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Neutrons / proton / 1 MeV bin
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Figure 5.9: Neutron flux (number of neutrons per proton) escaping from the core as a function of
neutron energy. This figure was first presented in [15]

While the full geometry of core assemblies was created under similar specifications to
the original MYRRHA design, the specifications shown in Table 5.3 were used in this
study.
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Table 5.3 : Specifications of core assemblies used in the GEANT4 simulation

Area Material Size (cm?) Nl;:;:zz:l (:Ifl i;seelcl(l)l:.ges
Spallation target PbBi (LBE) 97.55 x 30 1
Fuel Thorium 97.55 X 140 76
Reflector PbBi (LBE) 97.55 X 140 36

Figure 5.9 shows the variation in neutron energy spectra (neutrons per incident proton in
1 MeV energy bins) between the reflector and non-reflector assemblies. It can be seen
from the figure that the reflectors decreased the number of neutrons per proton
especially for high-energy neutrons. More specifically, the figure shows that the highest
neutron energy for the non-reflector structure was recorded at 33.5 MeV, while the
reflector managed to reduce the maximum energy to 17.5 MeV. LBE is known as a
weak absorber of neutrons. However, it is known as a good scatterer [20]. As a result of
this effect, LBE may increase the chance of neutrons undergoing collisions inside the
material, thereby ultimately reducing neutron energy. This will beneficially affect the
neutron-physical characteristics of the reactor [20]. It was also noted that neutron flux in
the neutron energy range between 0 and 2 MeV remained high (approximately 4
neutrons per incident proton). This finding indicates that extra shielding may be
required to prevent neutrons escaping from the core. Overall, the results indicate that the
reflector material (i.e. LBE) was effective in reducing the number of highly energised
neutrons escaping from the structure. However, it is also conclusive that the material
was not effective in blocking neutrons with an energy range of between 0 and 2 MeV.
These neutrons can induce further collisions to produce low energy neutrons, such as
epi-thermal or thermal neutrons, if there is more LBE-like material present in the
immediate area. However, the original MYRRHA schematic [9] indicates that any
assemblies placed after this LBE-composed reflector region are intentionally placed for
radiation shielding and containment of the reactor core. Hence, the reflector did a good
job in containing the neutrons. Any neutrons escaping from this reflector region would

then be moderated further as they collided with the outer shielding material.
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5.4.2 Effect of inner shielding on neutron energy distribution

As previously mentioned, the inner shielding, referred to as the outer dummy area in the
original MYRRHA core specification, is placed after the reflector area to shield the core
barrel [9]. Although this study initially attempted to create the material (YZrO) used in
MYRRHA in order to deliver the same environment, without knowing the exact
composition of the material, the attempt was unsuccessful. Due to a lack of information
regarding the material, three different materials that were close to YZrO were chosen

and the energy distribution of neutrons escaping from these materials was compared.
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Figure 5.10: Energy distributions of neutrons escaping from the core under three different inner
shielding materials as a function of neutron energy between 0 and 600 MeV with 1 MeV bins
(red=ZrO2, green=Y203 and blue=Zr,03)

The materials Y203, ZrO> and Zr,O3 were used, since all three materials have the
components of YZrO. Variants of these materials are widely used as thermal barriers in
high temperature environments and medical applications due to their high compression

resistance and chemical inertness [21]-[23], which fits their usage in a nuclear core
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structure. Thus, this study examined the effect on neutron spectra using these materials
in such a way that the anticipated effectiveness of YZrO on the neutron energy

distribution could be assessed.

Figure 5.10 shows a comparison between the neutron energy spectra resulting from the
use of the three different materials mentioned. It can be observed from Figure 5.10 that
the result with ZrO> shows the lowest rate of neutrons escaping from the core in the
neutron energy range between 0 and 2 MeV. Y203 shows the second highest rate of

blocking neutrons, followed by Zr2Os.
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Figure 5.11: Energy distribution of neutrons escaping from the core with different inner shielding
materials as a function of neutron energy between 0 and 1000 keV with 1 keV bins (red=ZrO-,
green=Y20 and blue= Zr:03).

To examine these results more closely, Figure 5.11 shows the energy distribution of
escaping neutrons in the neutron energy range between 0 and 1 MeV. As the figure
clearly demonstrates, the ZrO; material showed the highest rate of blocking low energy
neutrons. It can be seen from this figure that ZrO; has the lowest rate of letting neutrons
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escape from the material at a neutron energy below approximately 40 keV. It also
appears that the change in neutron rate occurred at a neutron energy of 40 keV for both
the other materials. The pattern below 40 keV indicates that ZrO, was the material with
the highest rate of neutron escape, followed by Y20;. Zr2O; had the lowest rate of
neutron escape below 40 keV. This finding shows that ZrO: is not effective in
preventing the escape of neutrons with energy below 40 keV. The cause of this
behaviour might be related to the neutron capture cross sections of the materials.
According to the ENDF nuclear data library, both 3°Y and °'Zr have the high neutron
capture cross sections at neutron energies between 107 and 0.75 MeV (see Figure 5.12),
which suggests that there is a high probability of neutrons in this energy range being
captured by all three materials. Therefore, despite the differences in composition of all
three materials used in the inner shielding area, it is likely that low energy neutrons

being captured changes the number and energy spectrum of emitted from the materials.
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Figure 5.12: Neutron capture cross section taken from ENDF data library online database
(blue=Yttrium and green=Zirconium) [24]
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In general, the number of neutrons escaping per incident proton was similar in all three
materials for neutron energies above 10 MeV. However, there was a clear difference in
the blocking of low energy neutrons depending on the material in the shielding area.
Hence, it might be possible that the placement of a further shielding area could vary the

energy spectra of neutrons escaping from this area.

5.4.3 Effect of outer shielding on neutron energy distribution

As shown in section 5.4.2, the inner shielding area decreases the average neutron
energy. However, there is still a need for an outer shielding area to shield the reactor
core and reflect any escaping neutrons back into the core, or to remove any that may
have escaped. MYRRHA'’s original schematic, as shown by Professor R. Barlow [25],
indicates that beryllium is used for the outer shielding. Beryllium is known to be
effective for stopping thermal neutrons [26], though according to [27], several
alternative materials can be used in high temperature environments, such as tungsten

and stainless steel.

In this study three different materials, namely beryllium, stainless steel-347 and
tungsten carbonate (WC), were selected to fill the assemblies placed in the outer
shielding area. These materials were selected based on the fact that they are used in
nuclear applications [28]. It is noted by [28] that, due to its characteristic of having a
low thermal neutron absorption cross section, beryllium is known to be a unique
material that has previously been used successfully as a neutron reflector. Beryllium is
also effective in reducing the energy of neutrons. On the other hand, tungsten carbide
was chosen since this material is known as a neutron reflector [29], as well as the fact
that its carbon element has low activation characteristics which make it ideal as a
shielding material. The combination of carbon and tungsten into one material enables it
to possess both stability at high temperature and good shielding capability [29].
Stainless steel-347 is one of the common materials used in nuclear reactor shielding due

to its strength in a high temperature environment [28], [30].
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In this study, the energy spectra of neutrons escaping from these materials were
analysed in order to observe the effects of the materials on neutrons that had passed
from the previous inner shielding areas. In order to understand neutronic behaviour in
every environment under this ADSR configuration, this study was processed with the

placement of all three inner shielding materials discussed in section 5.4.2.

Firstly, the energy spectra of neutrons escaping from Y203 inner shielding and
interacting with the three forms of outer shielding were examined. Figure 5.13 shows
the neutron energy distribution after the neutrons had passed the inner shielding and
collided with the outer shielding area. As can be seen from the figure, the energy spectra

differed for the different outer shielding materials.
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Figure 5.13: Energy spectra of neutrons escaping from outer shielding with Y203 inner shielding as
a function of neutron energy between 0 and 600 MeV with 1 MeV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347)

It can be seen from Figure 5.13 that all three materials show a similar energy pattern

throughout the whole spectrum. However, it is also evident that tungsten carbide
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(portrayed as a red line) gives the greatest rate of preventing neutrons escaping from the
structure. This is then followed by stainless steel-347 and beryllium. It is noticeable that
stainless steel-347 shows a slightly better rate of blocking neutrons than beryllium in the
energy range between 0 and 2 MeV. However, after 2 MeV, beryllium shows a better
rate of blocking neutrons than stainless steel-347. Overall, it is clear that tungsten
carbide is the most effective in preventing neutron escape compared with the other two

candidates.
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Figure 5.14: Energy spectra of neutrons escaping from outer shielding with Y203 inner shielding as
a function of the neutron energy between 0 and 1000 keV with 1 keV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347).

The study then closely analysed the neutron spectra between 0 and 1 MeV for all three
outer shielding materials. It can be observed from Figure 5.14 that tungsten carbide’s
rate of neutron blockage is most effective at a low energy range, while beryllium and
stainless steel-347 show a similar rate. Closer observation reveals that beryllium has a

slightly better rate of blocking neutrons. It is also noticeable that stainless steel-347
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shows a fluctuating pattern of neutron energy spectra. This might be related to the fact

that stainless steel-347 is composed of eight different elements [31].

Secondly, the energy spectra of neutrons escaping from ZrO; inner shielding and
interacting with the outer shielding materials were examined; the results are shown in

Figure 5.15.
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Figure 5.15: Energy spectra of neutrons escaping from outer shielding with ZrO: inner shielding as
a function of neutron energy between 0 and 600 MeV with 1 MeV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347)

Again, the figure shows the neutron energy distribution after the neutrons had passed
the ZrO: inner shielding and collided with the outer shielding area. It can be seen from
Figure 5.15 that all three materials show a similar energy pattern throughout the whole
spectrum. It is also noticeable that the difference in neutron spectra between the three
materials appears reduced in comparison with the results shown in Figure 5.13. The
ZrO7 inner shielding allows more neutrons to escape from the volume than the Y20;

shielding. The capability of the outer shielding materials to block neutrons escaping
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from the volume remained the same as in the previous study. A similar rate of neutron
flux was shown by all three outer shielding materials, the number of neutrons escaping
being relatively high compared with the study with Y>03. The study then analysed the
neutron spectra between 0 and 1 MeV more closely for all three outer shielding
materials with ZrO; inner shielding in place. It can be seen from Figure 5.16 that all
three materials showed a similar rate of preventing neutrons escaping as the neutron
energy increased. At energies between 0 and 10 keV, however, tungsten carbide showed
the lowest rate of allowing neutrons to escape from the volume, while closer
observation revealed that beryllium had a better rate of blocking neutrons at a neutron
energy range between 10 and 100 keV. This finding might be related to the total cross
section of beryllium retrieved from the ENDF online data library [17], as shown in

Figure 5.17.
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Figure 5.16 : Energy spectra of neutrons escaping from outer shielding with ZrO: inner shielding as
a function of neutron energy between 0 and 1000 keV with 1 keV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347)
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Figure 5.17: Total neutron cross section of °Be retrieved from [17] originally taken from [23]

Figure 5.17 shows that there is a sudden increase in the cross section between
approximately 100 keV and 1 MeV. This might suggest that many interactions have
occurred between the neutrons and the beryllium nucleus, causing fewer neutrons to be
emitted at ranges between 10 keV and 100 keV. A further finding of this study was that
stainless steel-347 shows a fluctuating pattern of neutron energy spectra; this feature

was also observed in Figure 5.14.

A final study was conducted to analyse the energy spectra of neutrons escaping from the
outer shielding materials while Zr2Os inner shielding was in place. The figure below
shows the neutron energy distribution after the neutrons had passed the Zr,Os inner
shielding and collided with the outer shielding area. As can be seen from Figure 5.18,

the energy spectra of neutrons emerging from the various outer shielding materials

differed.
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Energy spectra of neutrons escapring from different outer shielding (with Zrzo3 inner shielding)
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Figure 5.18: Energy spectra of neutrons escaping from outer shielding with Zr.Os inner shielding as
a function of neutron energy between 0 and 600 MeV with 1 MeV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347)

Figure 5.18 shows similar patterns to the other two results previously discussed.
Tungsten carbide showed the lowest rate of allowing neutrons to escape from the
structure; this was then followed by beryllium and stainless steel-347, which showed
similar rates. The graph also indicates that beryllium showed a better rate of blocking
neutrons than stainless steel-347 at neutron energies between 0 and 2 MeV. After that,
the stainless steel showed a better rate of blocking neutrons. This may correspond with
the earlier discussion about the total neutron cross section of beryllium (see Figure
5.17). The cross section not only increases between 0.1 and 1 MeV, but also between 1
and 2 MeV. This may suggest that more neutrons have interacted with the beryllium

nucleus, which is reflected in the number of neutrons emitted from the volume.

The study then looked more closely at the energy spectra between 0 and 1 MeV for the
data presented in Figure 5.18.
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Energy spectra of neutrons escaping from different outer shields (with Zr2 0, inner shield )

Labels

— Neutrons with Beryllium

—_
o

[ IHIII‘

Neutrons with stainless steel

Neutrons with Tungsten Carbide

e

T llll‘

=
T

=
S

Neutron flux (neutrons/proton in 1 keV bin size)

1=

Neutron energy (keV)

Figure 5.19: Energy spectra of neutrons escaping from outer shielding with Zr.Os inner shielding as
a function of neutron energy between 0 and 1000 keV with 1 keV bins (red=tungsten carbide,
green=beryllium and black = stainless steel-347)

Figure 5.19 shows the energy spectra of neutrons that escape from the ZrOs inner
shielding interacting with each of the three outer materials. The figure provides a close
examination of the results for neutron energies between 0 and 1000 keV in 1 keV
increments. As with the neutron spectra for the other two materials at this energy range
(see Figure 5.14 and Figure 5.16), tungsten carbide showed the greatest rate of blocking
neutrons escaping from the outer shielding area, since its energy spectrum was the
lowest in terms of neutrons escaping per proton. This was then followed by stainless
steel-347 and finally beryllium. This pattern of neutron spectra continued up to 10 keV.
From that point to the end of the neutron energy range, both tungsten carbide and
beryllium showed the lowest rate of allowing neutrons to escape from the outer
shielding area. Thus, of the three materials, stainless steel-347 showed the highest rate
of allowing neutrons to escape from the volume after 10 keV. Moreover, fluctuation of

the neutron spectrum for stainless steel-347 was continuously shown at this energy
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range. These findings suggest that both tungsten carbide and beryllium are good
shielding materials at 10 to 1000 keV.

5.5 Conclusion

This chapter has discussed the potential of thorium fuel in an Accelerator-Driven
Subcritical Reactor (ADSR). Firstly, this study examined the neutron population and
energy distribution within each section of the core assembly by creating a geometry
which mimicked MYRRHA’s core specifications. The findings show that more
neutrons were produced in the first thorium fuel region, where the interaction between
spallation neutrons primarily took place. The results also show that the rate of neutron
production decreased as the distance from the centre of the core increased. In terms of
backscattering, a significant number of neutrons were found to be scattered backward in
every region, but especially from the first thorium-fuelled area to the spallation target
area. This finding indicates that the first fuel region was where the highest rate of
neutron production occurred within the core structure. This study is therefore able to say
that it is possible for thorium to be utilised for neutron production in an ADSR core.
Furthermore, neutrons produced from the thorium-fuelled region were mostly
categorised as fast neutrons with a neutron energy of 1-2 MeV. This feature may be
beneficial in fulfilling an ADSR’s purpose of transmuting nuclear waste, since fast
neutrons are favourable for the transmutation of minor actinides due to the high neutron
flux environment needed, and there is more chance of neutrons inducing fission in

minor actinides [32]-[34].

The chapter has also discussed the escape of neutrons from various shielding areas
surrounding the core assembly. The aim was to analyse the neutron energy spectra after
the neutrons had interacted with various materials within these shielding areas. The
assembly consisted of a reflector and both inner and outer shielding areas. Each area
was specifically composed of various materials to fulfil the purpose of reflecting and
removing neutrons if they passed through the region. Firstly, the reflector area was

placed after the thorium fuel area. The choice of material was Lead Bismuth Eutectic
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(LBE), which is the material used in the MYRRHA reactor. The findings show that LBE
was effective in reducing the number of high energy neutrons. The materials helped to
moderate the neutrons and primarily to block their escape from the volume. It was still
evident that more neutrons need to be removed, however, due to the presence of 17.5
MeV neutrons detected outside the reflector region, as well as a significant number

within the fast neutron spectrum (i.e. in the energy range 1 - 2 MeV).

The next part of the study examined inner shielding materials. Since the primary
material used in MYRRHA (YZrO) could not be utilised in this study due to the lack of
reference to its specifications in any MYRRHA publications, three materials close to
YZrO (i.e. ZrOz, Y203 and Zr,03) were selected as they comprised the same elements as
YZrO. The findings indicate that these materials have similar characteristics in terms of
their interaction with neutrons across the full range of neutron spectra between 0 and
600 MeV. However, closer examination showed that at neutron energies between 0 and
1000 keV they showed different rates of blocking neutrons. At up to 40 keV neutron
energy, Zr203 was the material with the lowest rate of allowing neutrons to escape, but
ZrO> was the most effective in preventing neutrons from escaping after that point. This
finding suggested that a variety of outer shielding materials would be required to
enforce the blockage of neutrons escaping from the final shielding area, since the results
for all three materials used in the inner shielding area showed varying results at low

neutron energies.

Finally, the study analysed the energy spectra of neutrons escaping from various outer
shielding materials while the materials previously discussed were in place as inner
shielding. Since the previous exploration of the effect of inner shielding on escaping
neutrons suggested variations in neutron spectra, the study then aimed to see the
combined effect of both inner and outer shielding on the neutrons escaping. Three
materials known be effective in neutron moderation and reflection were selected;
tungsten carbide, stainless steel-347 and beryllium. The study examined the effect of
each of the chosen materials placed in the outer shielding area on neutrons which had

escaped through the inner shielding material. In most cases, tungsten carbide showed
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the best rate of preventing neutrons escaping from the structure. This was then followed
by stainless steel-347 and beryllium, which showed similar rates. In particular, it was
found that tungsten carbide’s effectiveness began from the low end of the energy
spectrum (0 -1000 keV neutron energy). This suggests that tungsten carbide could be
the best candidate to place in the outer shielding area of a thorium ADSR environment.
As for the combination of both inner and outer shielding, the combination of Y»0O3 and
tungsten carbide (WC) showed the best rate of preventing neutrons escaping compared
with the other combinations. As discussed in section 5.4.2, Y203 was the second best
material in terms of blocking neutrons effectively. By combining its effect on neutron
reflection with tungsten carbide’s effective neutron removal, the maximum neutron flux
(neutrons escaping per proton in 1 MeV bin) was kept under 10! (see Figure 5.13). This

was not achieved by the other set-ups involving ZrO; and Zr,0s as the inner shielding.

Overall, this study has shown that thorium can produce a large quantity of neutrons
within the fast neutron spectrum. From the range of high energy production shown by
this study, it can be concluded that a combination of neutron removal and reflection may
need to be in place to increase neutron flux inside the core. This would increase the
number of fissions for the production of energy or for the transmutation of minor

actinides if those are loaded in the reactor.
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Chapter 6. Conclusion and Future Work
6.1 Conclusion

This thesis has investigated neutron production in an ADSR environment when thorium
is adopted as the main source of fuel. While the potential of ADSRs has been publicly
recognised, few actual studies of neutron production using thorium fuel in an ADSR
have been formally presented. Furthermore, current demonstration facilities based on
ADSR operation have not considered thorium as their main fuel source. For example,
the MYRRHA reactor, which is still under construction, is designed around the use of
plutonium-based MOX fuel [1]. It is assumed that preliminary studies prior to the
construction of MYRRHA would have been based on the neutronic behaviour of
uranium. Hence, this thesis has provided an overview of neutron production with
thorium fuel in order to explore the possibility of using thorium in an ADSR facility to
fulfil the purpose of energy production and/or transmutation of minor actinides. In order
to facilitate this study, the GEANT4 program was used. GEANT4 is a Monte Carlo
transport code specialising in particle interaction and secondary production, which fits

the purpose of this study [2].

The world’s nuclear technology has been developed through the fission process using
uranium, and most nuclear research has been based on using uranium as the fuel in a
reactor. In order to use uranium in a reactor, the uranium ore has to be extracted,
refabricated and enriched. Moreover, despite the fact that uranium-based nuclear power
generation produces long half-life nuclear wastes such as plutonium and americium,
nuclear technology never seems to change direction by seeking an alternative energy
source which is much cleaner and cheaper to operate. Thorium has been acknowledged
as an attractive new form of nuclear fuel and the abundance of thorium ore is three
times greater than uranium [3] . A thorium fuel cycle from 2**Th to 2**U offers the
advantage of producing almost no plutonium by-product from the fission process.

Hence, it could be a candidate for future nuclear energy.
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Meanwhile, Accelerator Driven Subcritical Reactors (ADSR) have the capability of
producing energy subcritically and transmuting minor actinides to short-lived elements
such as '3*Cs and '“Rb. With their subcriticality of operation and external supply of
neutrons through spallation, ADSRs offer safer nuclear energy with a potential

capability of reducing nuclear waste.

Chapter 3 has discussed GEANT4’s capability of simulating the spallation process and
neutron production in an ADSR, which was validated by benchmarking the results of
experiments conducted by KEK, Japan, for neutron spectra from 0.5 and 1.5 GeV
proton beams on a lead target. The chapter has described how the GEANT4 program
was configured to replicate the KEK experiment in a simulation and the neutron energy
spectra results were collected. In order to accurately recreate the simulation and identify
the best model to describe neutron production through the spallation process effectively,
the study chose three different physics lists provided in the GEANT4 code to
benchmark the experiment. These physics lists, which are recommended by GEANT4
for secondary particle production [4], are QGSP_BERT HP, QGSP BIC HP and
QGSP_INCL HP. The results show that all three models are reasonably effective for
reproducing experimental data. More specifically, QGSP INCL HP showed a
remarkable likeness to the experiment results across the entire neutron energy spectrum.
This was then followed by QGSP_BERT HP and finally QGSP_BIC HP. This finding
indicates that each physics list, driven by its major physics models, calculates neutron
propagation differently. The accuracy of modelling neutron production in the spallation
process is dependent on the physics model used. The study shows that QGSP_INCL_HP
described the experimental results most accurately. However, it also reveals that this
physics list took approximately twice as long to complete as the other two lists. For
simulation processes with complicated geometry, such as an ADSR core, it was
anticipated that the time for completion would be much longer. It is concluded in
Chapter 3, therefore, that the QGSP_BERT HP physics list is the best candidate with
which to proceed for further ADSR study, or for any other studies involving a large

number of neutron interactions with limited resources.
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This thesis has described neutron production primarily through the spallation process.
Hence, the choice of spallation material is important as it is directly related to neutron
yield. It is commonly known that the neutron yield from a spallation target depends on a
high Z number, so it is common that spallation targets are composed of heavy metals
such as lead. Lead and its variant Lead Bismuth Eutectic (LBE) are frequently identified
as ideal spallation targets. For example, the previous study used in the benchmarking
was based on a lead target, and liquefied LBE is currently chosen as a spallation target
material and coolant for the MYRRHA reactor. Chapter 4 of this thesis has focused on
analysing whether there are any differences in neutron production between lead and lead
bismuth eutectic. It was anticipated that neutron distribution would be similar due to the
presence of lead in both materials. The comparison between these two materials in
terms of neutron energy spectra showed that lead produced a higher number of neutrons
than LBE in the range between 0 and 10 MeV neutron energies, but it was clear that the
mixture of bismuth with lead had only a minor effect on neutron production. Although
the quantity of lead in LBE is much smaller than in pure lead, which would ultimately
cause some reduction in neutron production, given the fact that LBE provides the
advantages of a low melting point and high boiling point, this study has concluded that

there is no solid reasoning for not using LBE.

Having determined the neutron spectra for lead and LBE, this thesis then focuses on the
viability of using thorium in the MYRRHA reactor, which is based on the Accelerator
Driven System (ADS). The findings from previous chapters have provided an in-depth
understanding of the spallation target and neutron energy distribution from the target
material. MYRRHA, which is operated by SCKCEN, has been designed with the
purpose of demonstrating ADS technology. The reactor has been designed to operate in
both critical and subcritical mode and, in the latter, certain sections of the core
assemblies are loaded with minor actinides for transmutation purposes. Chapter 5 has
explained how thorium has been found to be useful for running as a main fuel in an
ADSR system. Hence, this study configured the core assembly design of MYRRHA to
place thorium in the central fuel region. The study firstly investigated neutron

production in each region of the core assembly and the analysis focused on the energy
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spectra of the neutrons as they passed through each region. It was found that the first
thorium region, with which the spallation neutrons are first in contact, showed a
significantly greater increase in the emittance of neutrons than other regions. This
appears to indicate that this region contributes substantially to the boost in neutron
production, and suggests that the neutrons created from the first fuel region may play a
major role in increasing neutron flux inside the core as they interact with subsequent

fuel regions.

In order to maintain the fission process inside the core structure, it is important to keep
the neutron flux high so that reactions continuously occur. Hence, the reflector region
was placed after all the thorium fuel regions. The reflector region, composed of LBE,
functioned to reduce the number of high energy neutrons escaping from the fuel region
and to retain the neutrons within the core region as much as possible. The comparison
between reflector and non-reflector assemblies showed that the reflector had a
significant effect in reducing the number of high energy neutrons emitted outside the
region. This indicates that the placement of a reflector region is ideal, even using
thorium fuel. Furthermore, lowering the energy of high-energy neutrons would allow
more opportunities to interact for those neutrons, which could provide a way to increase

neutron flux inside the core.

After discussing the main compartment for neutron production, the study has addressed
the containment of neutrons and the issue of shielding surrounding the core structure.
There were two shielding areas involved in this study. Firstly, the inner shielding area,
which is also referred as “outer dummy” area in [1], was placed for the primary
containment of neutrons escaping from the structure. The aim was to remove neutrons
which were escaping, or possibly to reflect them back toward the main core area. The
original material, YZrO, could not be replicated in this study due to the fact that its
chemical composition was unknown. Hence, three materials (Y203, ZrO> and Zr203)
which are close to the original material chosen by the MYRRHA facility were chosen.
The study anticipated that the rate at which the materials prevented neutrons escaping

from the volume would be similar. The results showed that there were differences at
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neutron energies between 0 and 1 MeV. Most notably, ZrO; showed the best rate of
blocking neutrons, which was then followed by Y203 and Zr;O3, based on the spectra
shown from 40 keV to the end of the spectrum. However, the neutron energy spectra
below 40 keV showed a different outcome, with Zr,O3 showing the highest rate of
blocking neutrons. This was followed by ZrO; and finally Y2Os3. These findings indicate
the multiple neutron reaction cross sections of these materials, which significantly alter

neutron leakage at the end when the installation of outer shielding materials is in place.

As previously discussed, the effect of inner shielding varied at different neutron energy
ranges. The neutron moderation of each inner shielding material showed a different
trend at the point where the neutron energy exceeded 40 keV. The study then proceeded
to explore the combined effect of both inner and outer shielding in terms of the effect on
neutrons escaping from the final barrier of the core structure. Three materials known to
be good for neutron reflection and moderation were chosen for this study; tungsten
carbide, beryllium and stainless steel-347 [5],[6]. It was found that of all the
combinations, the combination of Y>0O3 and tungsten carbide (WC) showed the best rate
of preventing neutrons from escaping. Despite the fact that each combination showed
various outcomes, especially at neutron energies between 0 and 1 MeV, it was
concluded that the Y.Os; and tungsten carbide (WC) combination showed the most
compelling results for blocking neutrons, both in a low energy range and across the
entire neutron spectrum explored in this study. Further work on testing various
materials, including the original inner shielding material (i.e. YZrO), would be an ideal

way of developing a better understanding of neutronic behaviour.

The results throughout this thesis have shown compelling evidence that neutron
production using thorium is feasible. The neutrons produced from thorium fuel have a
relatively high energy, enabling the reactor to run in a fast neutron spectrum which is
ideal for transmutation. It is obvious that further study on thorium fuel in ADSRs is still
needed, particularly in terms of thorium fuel cycle conversion inside the core over a
specific time interval. However, this thesis has provided an understanding that from a

neutron energy perspective, thorium could be used as a main fuel source in an ADSR
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system. Hence, it could incite follow-up work designed to evaluate whether the choice
of thorium as a fuel source could be retained in the long term, and also whether reactor

facilities should carry out further research into improving the thorium fuel cycle.

6.2 Future work

In addition to the aspects mentioned above, the following areas of study could be

considered to extend the current research.

6.2.1 A study of time dependent neutron production in thorium fuel

Since GEANT4 code simulations are based on time-independent simulations, time-
dependent simulations of how changes in neutron economy occur through the fission
process would be in order. Furthermore, isotope creation through the fission process
inside the thorium fuel region could be interesting to research. Hence, further research
could be carried out for >**Th conversion to 2**U. In order to conduct such research, the
study would need to use a program called EASY-II, which works in cooperation with
FISPACT-II [7]. EASY, which stands for European Activation System, was developed
by the Culham Centre for Fusion Energy. This program can simulate activation and
transmutation processes [7]. Most importantly, the program can simulate “fission
product nuclide inventory calculations”. Hence, if the EASY program produces time-
dependent data for a nuclear chemical inventory of isotopes created inside thorium fuel,
the input data can be integrated into GEANT4 for simulating particle interaction from
these data. Thereby, time-dependent neutron production in thorium fuel can be

simulated.
6.2.2 A study identifying the physics processes involved in neutron
production

This thesis has thoroughly discussed the energy spectra of neutrons produced in each

region, i.e. the fuel, reflector and shielding regions. It is possible that the neutrons can
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be traced back to the physics process that produced them using the GEANT4 program.
By understanding the process involved in neutron production, a study could then
proceed to identify the place where a particular process occurred most. Hence, the

research could explore how to increase a particular energy to enhance neutron economy.

6.2.3 A study of neutron-induced spallation through D-T source

A further idea is suggested by Professor R. Seviour regarding the use of a D-T source as
an initial source of neutrons. The current study has discussed the fact that proton-
induced spallation is the main source of neutron supply in an ADSR system. If the
neutrons can be directly fed into the reactor channel from a D-T source, this could

provide a supply of neutrons with a consistent neutron energy of 14.96 MeV [8].

6.2.4 Study of neutron production using time-dependent GEANT4 method

The studies discussed in this thesis are based on the use of GEANT4, which is a time-
independent Monte Carlo transport code. It would be useful to carry out a further study
of the time evolution of neutron production and fission processes on the basis of time-
dependent GEANT4 codes. These codes are developed by Dr Cristian Bungau [9]. By
adapting Dr Bungau’s time-dependent codes for use with the GEANT4 programming
applied in this study, the results for neutron production in the fission process could be

analysed on various time scales.
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Abstract

In order to assess the feasibility of spallation driven fis-
sion and transmutation, we have simulated proton induced
neutron production using GEANTH4, initially benchmark-
ing our simulations against published experimental neu-
tron spectra produced from a thick lead target bombarded
with 0.5 and 1.5 GeV protons. The Bertini and INCL
models available in GEANT4, coupled with the high
precision (HP) neutron model, are found to adequately
reproduce the published experimental data. Given the
confidence in the GEANT4 simulations provided by this
benchmarking, we have then proceeded to simulate neu-
tron production as a function of target geometry and
thence to some preliminary studies of neutron production
in an ADSR with the geometry similar to that of the pro-
posed Belgian MYRRHA project. This paper presents the
results of our GEANT4 benchmarking and simulations.

INTRODUCTION

Spallation is exploited as a reliable technique for the
production of high intensity neutron fluxes. Spallation
sources generally use high intensity proton beams with
energies of typically 1-2 GeV and a geometrically and
materially optimised target. Spallation reactions can be
simulated by Monte-Carlo based transport codes. In
principal, the simulation codes record as many particle
histories and probabilistic interactions as possible with
the simulated events determined by sampling associated
probability distributions. GEANT4, a Monte-Carlo based
transport code developed by CERN, provides an
extensive set of hadronic physics models for energies up
to 10 - 15 GeV., both for the intranuclear cascade region
and for modelling of evaporation [1]. These features
enable the programme to describe the spallation process.
We have evaluated the suitability of the GEANT4 code in
simulating the spallation process by benchmarking
GEANT4 results against published experimental
observations [2] for various spallation target geometries.
Having confirmed the suitability of GEANT4 for such
simulations our subsequent goal is to optimise the target
geometry for optimal neutron yield. Additionally, we
have also generated the neutron energy spectrum resulting
from embedding a spallation target within an assembly of
thorium fuel rods and reflectors with a geometry similar
to that of the proposed ADSR project MYRRHA [4.5].

Reference [2] provides the validation study of MCNP-
4A code against experimental data taken from KEK. Ja-
pan. The experiment was designed to measure neutron

* email address sangcheol.lee@hud.ac.uk
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spectra for a thick lead target bombarded with 0.5 and 1.5
GeV proton beams. The experiment was originally carried
out at KEK in an attempt to resolve the discrepancy of
neutron spectra between their calculated results and an
experiment results in lead and tungsten targets 500 MeV
protons. For these experiments the chosen target material
was lead. The geometry is shown in Figure 1.
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Figure 1: Experimental arrangement, taken from [2].

In the KEK study. a 12 GeV proton synchrotron sup-
plied a stream of proton beams onto the spallation target
after passing through a bending magnet. This process
configured proton beams with a unique momentum suita-
ble for the thick spallation target.

GEANT4 SIMULATION GEOMETRY

For our simulations the geometry was chosen to be as
similar as possible to the configurations used in the exper-
iments [2]. The spallation target was placed at the centre
of a simulated space with detectors placed at 15. 30, 60.
90, 120 and 150 degrees with respect to the target and
incoming proton beam; in most cases these were at a
distance of 1 metre, though the detector at 15 degrees was
placed at 1.5 metres [2]. GEANT4 provides numerous
hadronic physics models describing particle interactions.

The physics lists wused in this study were
QGSP_BERT_HP which uses the Bertini intranuclear
cascade model to describe the inclastic interactions of
protons and neutrons, QGSP_BIC_HP which uses the
Binary Cascade model, and QGSP_INCLXX_ HP which
uses the Liege model. All three physics lists were coupled
with a high precision (HP) neutron model which uses
evaluated neutron data libraries for neutron cross-sections
below 20 MeV [5]. These physics lists were chosen be-
cause they are capable of predicting neutron production
with a precise range of neutron energies. and they are the
recommended physics models for simulating the neutron
spallation processes [6. 7].

The area of “detectors™ were set to 12.7 X 12.7cm?, the
same size as the NE213 scintillator used in the KEK
experiment.
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RESULTS OF THE SIMULATIONS

Figure 2 and 3 show the neutron spectra measured at
various angles. It can be seen that there is a good agree-
ment between the GEANT4 results and the experimental
data. Furthermore. the GEANT4 simulations are closely
comparable to those obtained from the earlier MCNP-4A
simulations in [2].
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Figure 2: Neutron flux at 0.5 GeV proton beam energy
using GEANT4, with the experimental data taken from
[2].
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Figure 3: Neutron flux at 1.5 GeV proton beam energy
using GEANT4. with the experimental data taken from
[2].

In terms of the relative accuracy of the three physics
models we have used, the QGSP_INCLXX HP physics
list produced the closest results to the experimental re-
sults, followed by the Bertini, whilst the Binary Intra-
nuclear Cascade (BIC) proved to be the least accurate.
The results from INCL at 0.5 GeV proton beam energy
showed a match to the experimental results at every an-
gle. The Bertini model also produced accurate results at
between 0 and 10 MeV neutron energy (see Figure 2). At
1.5 GeV, INCL produced the most accurate outcome in
relation to the experimental results in the neutron energy
range between 0-10 MeV and 100-1000 MeV. However,
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the Bertini model produced better results than the INCL at
the range between 10-100 MeV.

MYRRHA THORIUM FUEL STUDY

The above simulations indicate that GEANT4 is capa-
ble of modelling spallation neutron reactions in an energy
regime useful for exploitation in an ADSR. We therefore
carried out a preliminary simulation of neutron distribu-
tions in a thorium fuelled ADSR. MYRRHA (the multi-
purpose hybrid research reactor for high-tech applica-
tions) was chosen as an appropriate design geometry for
the simulated ADSR. MYRRHA is a flexible fast spec-
trum research reactor (50-100 MWth), which is being
designed to operate in sub-critical and critical modes [3].
The MYRRHA design proposes the use of a 600 MeV
proton accelerator, a spallation target and a multiplying
core with uranium based MOX fuel. The core area is
cooled by liquid lead-bismuth [8], which also provides
the spallation target material [9].

Figure 4: GEANT4 MYRRHA core configuration (Blue,
spallation target, yellow thorium fuel, reflectors green,
shields cyan).

For the purpose of this study. we have replaced the re-
actor fuel by fertile thorium, a material which is currently
attracting considerable interest as both a potential fuel and
a matrix for transmutation of nuclear waste. In order to
understand the effect of the reflector. the simulations were
carried out with the shielding assemblies removed.

Table 1: Core specification Used in the Simulation

Arca Material Size (cm?) Number place
Spallafion PbBi 97.55 x 30 1

target

Fuel Thorium 97.55 x 140 76
Reflector PbBi 97.55 x 140 36

e Zirconia o
Shielding Y-TZP 97.55 x 140 42

The results of the GEANT4 simulations, figures 5 and
6. show the energy spectra of neutrons travelling from
one region to another in the core. Each region was meas-
ured from the centre of the core on the size of a fuel as-
sembly (i.e. region-1 97.55 cm. region-2 195.1cm etc.).
Figure 5 shows the number of outer going neutrons per
proton. In the figure, the neutron spectrum for the region
1 to 2 shows the highest number of neutrons per proton.
This result indicated that this region contributed to neu-
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tron production significantly. The number of neutrons
produced from the spallation target is 16.68 neutrons per
incident proton.
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Figure 5: Number of outer going neutrons into each
region in the core as a function of neutron energy.

In Figure 6. the highest number of neutron back-
scattered was recorded from the region 1 to the spallation
target. The figure also shows that the necutron energy
spectrum representing region 5 to region 4 is lower than
in other regions.
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Figure 6: Number of neutrons back-scattered into each
region in the core as a function of neutron energy.
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Figure 7: Number of neutron escaped from the core as a
fucntion of neutron energy.

Comparing neutron energy spectra between the reflec-
tor and the non-reflector as shown in Figure 7, the reflec-
tors decrease the number of neutrons per proton in high
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neutron energy. The figure also indicates that the maxi-
mum neutron energy of the non-reflector result was rec-
orded at 33.5 MeV while the highest neutron energy for
the reflector was at 17.5 MeV. Regarding the number of
neutrons escaping from the core per proton, there is no
significant difference between the reflector and the non-
reflector at the neutron energy range of 0-2 MeV. This
result indicates that the nuclei of the reflector material
(i.e. LBE) were not effective for stopping neutrons escap-
ing from the reflector.

CONCLUSION

We have shown that GEANT4 simulations of experi-
mental spallation neutron production, at least as accurate
if not more than MCNPX. The QGSP_INCLXX HP
physics list appears to reproduce the experimental results
most closely.

For MYRRHA configuration study. it is conclusive that
reflectors showed a significant effect to reduce the neu-
trons escaping from the core. However. the number of
escaping neutrons per proton from the core was still at the
high level. This suggests that extra shielding area is nec-
essary for increasing neutron flux inside the core which
reflects the rate of thorium-uranium conversion.
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1. Introduction

Spallation is a reliable technique for the production of high intensity neutron fluxes.
These sources use high intensity proton beams with energies of typically 1-2 GeV,
optimised target producing neutrons. In this paper we use a Monte-Carlo based transport
simulation to model spallation reactions. GEANT4, a Monte-Carlo based transport code
developed by CERN, provides an extensive set of hadronic physics models for energies
up to 10 - 15 GeV, both for the intranuclear cascade region and for modelling of
evaporation [1]. GEANT4 codes records particle histories and probabilistic interactions,
with the simulated events determined by sampling associated probability distributions.
In this paper we evaluate the suitability of GEANT4 to simulate the spallation process,
by benchmarking GEANT4 results against published experimental observations [2].
Having confirmed the suitability of GEANT4 to model the spallation process we can
then use GEANT4 to optimise the target geometry for optimal neutron yield. We also
present the neutron energy spectrum resulting from embedding a spallation target within
an assembly of thorium fuel assemblies, reflectors and shielding in a geometry similar
to that of the proposed ADSR project MYRRHA [3,4]. The MYRRHA design uses a
600 MeV proton linear accelerator, a spallation target and a multiplying core with
uranium based MOX fuel where the core area is cooled by liquid lead-bismuth
[5],which also provides the spallation target material [6]. A schematic of MYRRHA
reactor core is shown in Figure 3

2.Geant4 benchmarking study
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Figure 1: Experimental arrangement, taken firom [2].

138



Geant4 simulations of neutron production in thorium fuelled ADSR David Sangcheol Lee et.al

For our initial simulations, we choose a configuration similar to that used in the

experiments [2]. The experimental setup of [2] is shown in Figure 1 where proton beam

incident onto a lead spallation tater. The spallation target was placed at the centre of a

simulated space with detectors placed at 15, 30, 60, 90, 120 and 150 degrees with

respect to the target and incoming proton beam, at a distance of 1 metre, except the 15°

detector which was placed at 1.5 metres [2]. The area of each detector was set to
12.7x12.7 cm? the same size as the detector in [2].

GEANT4 provides numerous hadronic physics models describing various particle
interactions. For the work presented in this paper, the following GEANT4 physics list
were used. QGSP_BERT HP which uses the Bertini intranuclear cascade model to
describe the inelastic interactions of protons and neutrons, QGSP_BIC_HP which uses
the theory based Binary Cascade model capable of simulating secondary particle
production by creating more physical path of particle interaction [7], and
QGSP_INCLXX HP which uses the latest developed Liege model that has improved
interpretation of pre-equilibrium and other particle interactions [8]. Coupled with a high
precision (HP) neutron model using data for neutron cross-sections below 20 MeV [4].

2.2.Result of the simulation for benchmarking

Figure 2a show the neutron spectra (neutrons/ incident proton / steradians in 1 MeV bin
size) at various projectile angles between 0 and 100 MeV neutron energy. It can be seen
that there is a good agreement between the GEANT4 results and the experimental data
throughout the whole spectrum. More specifically, the green line shown in Figure 2a
which represents the results produced by QGSP_INCLXX HP physics list show closest
to the experimental results. While this physics produced most accurate results to the
experimental result throughout the entire neutron energy range, the graphs shows that
INCL based physics list produced result significantly close with the experimental result
in the range between 0- 10 MeV neutron energy.

Neutron energy distribution of spallation at 0.50 GeV for various angles
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Figure 2a: Neutron flux at 0.5 GeV proton beam energy using
GEANTH at the neutron energy between 0 and 100 MeV with
the experimental data taken from [2)
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Neutron energy distribution of spallation at 0.50 GeV for various angles

Labels
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I Eperimental results

Neutron flux (n/MeV/sr/proton)

Neutron energy (MeV)

Figure 2b: Neutron flux at 0.5 GeV proton beam energy in the
range of neutron energy between 100 and 600 MeV using GEANT4
with the experimental data taken from [2]

In Figure 2a, the least accurate result from INCL based physics list to the experimental
result is found to be 0.0488, which is 4.88% error at neutron energy 91 MeV in 120°.
This error estimate supports that Geant4 is capable of producing reliable results for
spallation reaction. On the other hand, The Figure 2b shows a decrease in the accuracy
of Geant4 to experimental results. However, the curves in each angle folllows the trend
of experimental results. The least accurate point by QGSP_INCLXX HP in Figure 2b is

found as, 3.11x10~° which is 5.99 % error at neutron energy 437 MeV in 15°,

Neutron flux (n/MeV/sr/proton)
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Figure 2c: Neutron flux at 1.5 GelV proton beam energy in the range of neutron energy
between 0 and 100 MeV using GEANT4 with the experimental data taken from [2]
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Figure 2d: Neutron flux at 1.5 GeV proton beam energy in the range of neutron energy
between 100 and 1000 MeV using GEANT4 with experimental data taken from [2]

Similarly, the Geant4 results with experimental results at 1.5 GeV beam energy shown
in Figure 2¢ and 2d indicate similar trend as the results shown in Figure 2a and 2b.
Initially, it was anticipated that there would be a significant difference between
simulation and experiment due to the difficulty measuring of high energised neutrons in
both experiment and simulation methods. It can be seen from that Geant4 produces
fairly accurate results to the experiment results as shown in Figure 2c. The least accurate
point is found to be at neutron energy of 55 MeV in 30° with the difference of

3.89%10™° which is 6.64%. The accuracy of Geant4 simulation result to the
experiment is decreasing as the neutron energy spectrum increases. In Figure 2d, it
shows that the Geant4 results get fragmented in high energy range due to the low
number of neutrons presented. The difference between Geant4 result and the
experimental results of neutron energy of 697 MeV in 30° was 8.61x10° which is
27.97 %. As previously mentioned, the accuracy of measuring high energy neutron is
low in both experimental and simulation methods. Hence, the reliability for measuring
such high neutron energies can not be certain. In overall, of the three physics models we
have used, the QGSP_INCLXX HP physics list produced the closest results to the
experimental results, followed by the Bertini, whilst the Binary Intra-nuclear Cascade
(BIC) proved to be the least accurate. The results from INCL at 0.5 GeV proton beam
energy showed a match to the experimental results at every angle. The Bertini model
also produced accurate results at between 0 and 10 MeV neutron energy (see Figure 2a).
At 1.5 GeV, INCL produced the most accurate outcome in relation to the experimental
results in the neutron energy range between 0-10 MeV and 100-1000 MeV (see Figure
2d). However the Bertini model produced better results than the INCL at the range
between 10-100 MeV (see Figure 2¢). The above simulations indicate that GEANT4
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is capable of modelling spallation neutron reactions in an energy regime useful
for exploitation in an ADSR.

3.Neutron energy distribution in different regions with MYRRHA’s core
configuration

For the paper we consider a reactor geometry similar to MYRRHA where we have
replaced the Uranium based reactor fuel by fertile thorium. Thorium is currently
attracting interest as both a potential fuel and a matrix for transmutation of nuclear
waste. In order to understand the effect of the reflector, in this paper the simulations
were carried out with the shielding assemblies removed. The configured geometry of
core assembly with thorium fuel is shown in figure 3 and its specification in table 1. In
figure 3, each assembly area has different colours corresponding to those composed
materials such as blue is spallation target, yellow is thorium fuel, green as reflector and
cyan as inner shielding.

Figure 3: Geant4's MYRRHA core configuration (Blue: spallation target,
Yellow: thorium fuel, Green: reflectors, Cyan: inner shielding)

Area Material Size (mm?) Diumbgrat ot
units
Spallaticn PbBi 97.55%300 I
target
Fuel Thorium 97.55x 1400 76
Reflectors PbBi 97.55x 1400 36
Y,0;
Shielding Zr0, 97.55x 1400 42
Z[‘zO]

Table 1: Core specification used in the simulation
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The results of the GEANT4 simulations, figures 3a,3b and 3¢, show the energy spectra
of neutrons travelling from one region to another in the core. The distance of each
annular region from the centre of core is set as the size of a fuel assembly (i.e. region-1
97.55 cm, region-2 195.1cm etc.). In figure 3a, it can be seen that the number of outer
going neutrons per proton for fuel region 1 to 2(red line) is higher than the number of
neutrons from target to region 1 (blue line). This result indicated that the first fuel region
contributed to neutron production significantly. On the other hand, figure 3b shows
differently that the difference of the results between the target to region 1 and region 1
to region 2 is very small which indicates that the production of high energy neutrons is
not increased significantly by thorium fuel area.
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Region 1 (Th) fo Region 2 (Th)
———— Region 2 (Thj fo Region 3 (Th)
———— Region 3 (Th) to Region 4 (Th)
——— Region 4 (Th) to Region 5 (LBE)

- TTTTT] T T |'HT‘ |

Neutrons / proton / 1 MeV bin
2
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Neutron energy (MeV)

Figure 3a: Number of outer going neutrons into each region in the core as the function
of neutron energv hetween () and 100 Mel”
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Figure 3b: Number of outer going neutrons into each region in the core as a function
of neutron energy between 100 and 1000 MeV
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Figure 3c: Number of neutron back-scattered into each region in the core as a function
of neutron energy between 0 and 100 MeV

In figure 3c, the area that neutrons are most travelling backward is the area from region
1(composed with thorium) to the spallation target(composed with lead bismuth eutectic)
The area where neutrons travelling from the region 1 to the spallation target is the first
region placed after spallation target. Hence, it is expected to get the results of having the
high rate of neutrons back-scattered in the closest area from the centre of core.

3.1The energy distribution of neutron escaping from the core with reflectors.

B Neutrons without reflector

B Neutrons with reflector
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Figure 4: Number of neutrons escaped from the core as a function of neutron energy
taken from [10]

Comparing neutron energy spectra between the reflector and the non-reflector as shown
in Figure 7, the reflectors decrease the number of neutrons per proton in high neutron
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energy. The figure also indicates that the maximum neutron energy of the non-reflector
result was recorded at 33.5 MeV while the highest neutron energy for the reflector was
at 17.5 MeV. Regarding the number of neutrons escaping from the core per proton, there
is no significant difference between the reflector and the non-reflector at the neutron
energy range of 0-2 MeV. This result indicates that the nuclei of the reflector material
(i.e. LBE) were not effective for stopping neutrons escaping from the reflector.

3.2 The energy distribution of neutron escaping from the core with inner shielding.

The core consists of many areas of shielding in the structure to increase neutron flux and
block radiation emitting from the core. The original MYRRHA core specification
indicated that there is an ‘outer dummy’ area in placed after the reflector region for
shielding purpose. Due to the lack of information of the composition of YZrO listed in
[9], three different materials close to YZrO were tested to investigate the effect of
blocking neutrons escaping from the core. In this text, this area of shielding is named as
‘inner shielding’ to express the purpose of the area in the core.

The ratio of neutron escaped with different shielding placed
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Figure 5: Energy distribution of neutrons escaping from the core with different

inner shielding as a function of neutron energy
Comparing the neutron energy spectra between the three materials shown in Figure 8,
the number of neutrons escaping per incident proton is similar in all three materials,
especially for high neutron energies. Figure 8 also indicates that the highest rate of
neutrons blocking for neutron energies between 0 and 2 MeV was achieved by ZrO,.
However the difference between ZrO, with other two candidate(Y,0; and Zr,05) is very
small. This result indicates that the rate of neutron escaping from the core may be varied
when the further shielding area is in placed.
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4.Conclusion

In this paper, we have shown that GEANT4 simulations of spallation neutron
production agree well with experimental data. The QGSP_INCLXX HP physics list
appears to reproduce the experimental results most closely.

Our simulation of a thorium fuelled MYRRHA type reactor show that reflectors have a
significant effect reducing the neutrons escaping from the core. However, the number of
neutrons per proton escaping is high. This suggests that extra shielding is necessary for
increasing neutron flux inside the core which reflects the rate of thorium-uranium
conversion.

The inner shielding area composed of three different materials suggested that all three
materials had similar rates of reducing neutrons escaping from the core. This suggested
that the result may be varied when outer shielding area is in place.
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