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Abstract

As humanity embarks on a quest for sustainable energy solutions, nuclear fusion is gain-
ing momentum, emerging as a beacon of hope and offering transformative solutions to
pressing environmental challenges and concerns. This work provides an overview of the
fundamentals of nuclear fusion, its historical development, and the current state of research.
Furthermore, it focuses on one of the critical aspects of fusion energy development: mate-
rial selection. The success of fusion as a viable energy source hinges on the development of
materials capable of withstanding the extreme conditions within a fusion reactor, including
high temperatures, intense radiation, corrosive environments and mechanical loads. Par-
ticular attention has been devoted to one of the most critical and expensive components of
the reactor, namely the superconducting magnets. More precisely this work delves on the
toroidal field shield optimization. Variation of the Tritium breeding ratio (TBR) when dif-
ferent materials are used as shielding of the Toroidal Field Coil (TFC) in an ARC like fusion
reactor has been confirmed resulting in a reduction of the TBR when neutron flux increases
on the high temperature superconductors (HTS). Baseline material TiH,, for some reactor de-
sign configurations, and tungsten carbide exhibit superior shielding properties compared to
the recently proposed ZrH,. Furthermore FLiPb has been investigated as coolant and blan-
ket materials leading to a significant reduction of the capital cost of the reactor compared
to FLiBe. Finally activation analysis on different vacuum vessel materials (V4Cr4Ti, F82H,
and SiC) have been performed, including shutdown dose rate (SDR) based on the Rigorous
2-Step (R2S) approach for the chromium vanadium alloy. To this purpose have been evalu-
ated integral fluxes, neutron and PKA spectra, dpa, specific activities, dose rates and TBR for
different ARC design reactor configurations.

1 0of 85



Acknowledgments

This work was supported by the Italian Ministry of Foreign Affairs and International Cooperation, grant
number US23GR16. Financial support from Eni S.p.A. is also acknowledged.

I am profoundly grateful to my supervisor, Professor Short, for his invitation to MIT and for his ideas
that shaped the core of this work. I extend my sincere thanks to Professor Hartwig and Professor Zuc-
chetti for their suggestions and supervision. A special thank you goes to my mentor and supervisor,
Professor Laviano, who was always available for me during the last years, and taught me not only from
a scientific point of view but also, and more importantly, from a human perspective.

I would like to express my sincere gratitude to Dr. Daniele Torsello, who provided many suggestions
regarding the thesis and, during my master’s, helped me understand the importance of method and
scientific rigor. I would also like to sincerely thank PhD student Federico Ledda, who explained to me
step by step the procedure to approach a Monte Carlo simulation. I am sure you will be an excellent
professor one day.

I cannot forget PhD student Simone Sparacio, not only for his technical support but also for his personal
advice during my academic period. Special acknowledgment goes to Dr. Stefano Segantin for his in-
sightful conversations that contributed to the realization of this work, and to Dr. Samuele Meschini for
his important comments and stimulating discussions.

Lastly, but not least, I thank my family and friends for their unwavering support.

2 of 85



Contents

Introduction
Fusionand world energy . . . . . . . . . ... L
Key aspects of nuclear fusion . . . . .. ... ... ... L L L
Neutron capture and tritium breeding . . . . . ... .. ... ... .. o oL
Superconducting magnets and shielding optimization . . . . ... ... ... .. ... ... ...
Engineering facing plasma components . . . ... ... ... ... . oL
Materials activation and shutdown doserate . . . . .. .. .. ... ... .. .. .. .....

Method
Design reactor parameter . . . . . . . .. ...
Monte Carlo simulation . . . ... ... ... ... ... ..
Splitor Russianroulette . . . .. ... .. ... .. ...
Shutdown . . . . . . . .

Results
TBR . . e
Integral neutron flux . . . .. .. ... ..
Neutronspectra . . . . . . .. ... L
PKAspectra& DPA . . . . . . ...
Activityand doserate . . . . ... L L

Conclusion and future work

Appendix A
ICRP74 conversion coefficient . . . . . . . . . . . e

Appendix B
WO0.5-V4Cr4Ti5-FLiBe902-Be1-V4CrdTi5 . . . . . . ... ... .. ..
WO0.5-V4Cr4Ti5-FLiBe2-Be1-V4Cr4Ti5 . . . . . . . ... . . . o
WO0.5-V4Cr4Ti2-FLiBe902-Be1-V4Crd4Ti2 . . . . . ... ... . . oo
WO0.5-V4Crd4Ti2-FLiBe2-Be1-V4CrdTi2 . . . . . . ... .. . . .

3 0of 85



Introduction

Fusion and world energy

The global energy portfolio is a complex and dynamic system, reflecting the diverse array of technolo-
gies and resources available to meet the world’s energy demands. As we navigate through the 21st
century, the energy landscape is characterized by a dominant reliance on fossil fuels, a growing con-
tribution from renewable energy sources, and the potential of nuclear power, including the promise of
nuclear fusion, to play a significant role in the transition to a more sustainable energy future.

Fossil fuels, comprising coal, oil, and natural gas, have historically been the cornerstone of global en-
ergy supply, powering industries, transportation, and households. Despite the increasing awareness of
climate change and environmental degradation, fossil fuels are projected to remain a major source of
energy until the end of the century, with natural gas expected to grow in importance as oil resources de-
plete [1]. However, the environmental impact of large-scale fossil fuel production cannot be overlooked,
as it poses significant challenges to the planet’s heat balance and ecosystem integrity [1].

Renewable energy sources, primarily hydro, wind, and solar, are rapidly expanding their share in the
global energy mix. In 2020, renewables accounted for 12.6% of total energy consumption, with nuclear
energy contributing 6.3% [2]. The transition from fossil fuels to renewables is a monumental task that re-
quires a multifaceted approach, including the development of renewable energy technologies, improve-
ments in energy efficiency, and the implementation of policies such as carbon taxes and cap and trade
systems [2]. Achieving a zero fossil fuel scenario by 2050 may be possible but demands aggressive appli-
cation of these strategies, alongside significant lifestyle changes, particularly in developed countries [2].
Nuclear energy, both through fission and the potential of fusion, is seen as a sustainable option that can
deliver large quantities of energy required by modern societies. Nuclear fission is already a developed
technology capable of reducing greenhouse gas emissions significantly when replacing fossil fuel-based
electricity generation [3]. Nuclear fusion represents a process with the potential to significantly alter the
global energy landscape, offering a cleaner and abundant source of power. The integration of nuclear
with renewable sources can create combined-energy systems that offer solutions to intermittency and
enhance the sustainability of the energy supply [4].

Key aspects of nuclear fusion

Nuclear fusion is a nuclear reaction which aims to overcome the repulsive electrostatic force that keeps
two nuclei separated from each other to form one or more new nuclei and subatomic particles. The
necessity of relate to light elements rise because the object is to produce energy, which is released only
up to >°Fe and *Ni [5]. Between different fusion reactions the easiest to initiate is the D-T reaction. For
this reason it is the most investigated and the only reaction treated in this work. Moreover it release a
significant amount of energy as it can be seen from Eq. (1).

D+T —5 He+n (17.6 MeV) (1)

Several configurations of reactors have been explored to generate the plasma and initiate such reactions.
The first ignited plasma ever achieved was reported by the National Ignition Facility [6]. This is an
inertial confinement fusion (ICF) configuration. ICF is a method of achieving nuclear fusion by using
the inertia of a fuel mass to confine it long enough for fusion to occur. The process involves compressing
a fuel capsule, typically a spherical shell containing a mixture of deuterium and tritium, to extremely
high densities and temperatures. This compression is achieved through an implosion, which can be
driven by either direct or indirect means.

In the direct-drive approach, laser or charged particle beams are aimed directly at the target capsule.
The energy from these beams is absorbed by the capsule’s outer layers, causing it to heat up and im-
plode. The primary absorption mechanism for the laser energy is inverse bremsstrahlung, where the
laser energy is transferred to the electrons in the plasma [7].

Another approach is the Z-pinch method, which utilizes the principle of magnetic compression, where
an axial current induces a magnetic field that compresses a plasma to conditions suitable for fusion [8]
[9] [10]. The Z-pinch has been considered for various applications, including in the context of inertial
confinement fusion, with designs aiming to achieve high yields and symmetric capsule implosions [11]
[12].

Other possible configuration is the stellarator, which rely on a complex arrangement of magnetic coils to
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Figure 1: D-T fusion reaction; energy released 17.6MeV

confine the hot plasma without the need for a large plasma current, which can introduce stability issues
and complicate sustained operation [13]. The optimization of stellarator configurations has been a key
focus, with the development of advanced stellarators that feature optimized coil systems and improved
plasma equilibrium [14]. Furthermore, the stellarator concept has been explored for its potential in hy-
brid systems [15].

While ICE, stellarators, and other configurations such as pinches and mirrors have their own set of
challenges, they are not directly comparable to tokamaks in terms of maturity of the technology. The
tokamak’s journey began in the late 1960s when it first gained recognition as a promising approach to
achieve controlled thermonuclear fusion [16]. These devices have been designed to confine hot plasma
using magnetic fields in a toroidal shape, with the ultimate goal of achieving conditions necessary for
fusion reactions to occur [17]. The development of tokamaks has been marked by significant advance-
ments in understanding the physics of plasma confinement. Research has delved into the operational
domain of current, density, and pressure, as well as the phenomena associated with plasma activity
and relaxation [17]. Between different kind of tokamaks, it is worth mentioning the International Ther-
monuclear Experimental Reactor (ITER) and the Affordable, Robust, Compact (ARC) reactor. Both aim
to achieve controlled nuclear fusion, but they differ in design, size, and technological approaches. In
particular the ARC reactor is designed to be more compact and it utilizes high-field, high-temperature
superconducting magnets to achieve an on-axis magnetic field higher than ITER’s magnetic field [18].
ITER is a public project, and it pursuit the larger goal of advancing the frontiers of human knowledge
and supporting education in addition to solving the specific challenges of fusion power [19]. The re-
search performed in the public sector over the past 70 years has brought fusion energy science and
technology to the point where near-term commercialization is possible [19]. This explains the rise in
number of fusion companies deployment over the preceding decades; as a consequence of the inherent
benefits of fusion energy, combined with the continual progression of scientific discoveries and tech-
nological breakthroughs [20]. Indeed, one of the primary obstacles in integrating tokamaks into the
power grid as commercially viable devices was the effective magnetic confinement of plasma. Leverag-
ing HTS facilitates the attainment of elevated magnetic field strengths. Given that power output scales
proportionally to the fourth power of the magnetic field strength, this advancement enables the scaling
of fusion devices into more compact configurations, thereby enhancing cost-effectiveness. After MIT
proposal and demonstration of HTS applicability, superconducting magnets have been recently tested,
experimentally demonstrating a large-scale high-field HTS [20]. Nevertheless the pursuit of fusion en-
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ergy is encumbered by a multitude of formidable technological challenges. These challenges, excluding
magnetohydrodynamics (MHD), delineates a specific framework, which can be summarized as follow:

* Neutron capture and tritium generation

* Magnet shielding

* Engineering facing plasma component

¢ Shutdown dose and activation related issues

As already mentioned the main focus during the introduction section will be devoted to the material
selections for fusion reactor application. A brief explanation of the critical aspect is then required. Figure
2 shows the limits on the use of elements inside a fusion reactor. Despite the abundance of possible
combinations to form many different compounds, stringent requirement must be fulfill as it is better
explained in the following subsections. Moreover taking into account the current or future limited
supply, environmental effect being sufficiently damaging to preclude extraction or absence of recycling
the available elements will reduce even more as it shows Figure 3.

The Periodic Table of Elements
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Figure 2: Periodic table showing the limits on the use of elements for near-surface burial after US
methodology [21].
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Figure 3: The “endangered elements periodic table” as evaluated in [22].
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Neutron capture and tritium breeding

Tritium, a radioactive isotope of hydrogen, plays a pivotal role in the field of nuclear fusion, particu-
larly as a fuel for future fusion power plants. In those reactors, tritium is bred in a blanket module that
surrounds the fusion plasma, due to the presence of lithium. The design of these breeder blankets is
crucial, as it must facilitate the production and recovery of tritium while ensuring safety and environ-
mental protection.

Research in tritium handling and containment is extensive, addressing the radiochemical characteristics
of tritium and its behavior in various reactor components. This includes the development of technolo-
gies for tritium fueling, recycling, breeding, recovery, and storage, as well as systems to prevent hazards
such as hydrogen explosions and corrosion due to tritiated water [23] [24] [25]. Tritium’s beta radiation
and gaseous state pose unique challenges, as it can easily leak and contaminate surroundings, necessi-
tating stringent containment and control measures [26] [23]. The integration of these technologies into a
closed tritium cycle is essential for the operational success and environmental safety of fusion reactors.
Another important parameter is the Tritium Breeding Ratio (TBR). In a fusion reactor the TBR is a criti-
cal parameter that measures the efficiency of a tritium breeding blanket in producing tritium. The TBR
indicates whether a breeding blanket can generate enough tritium to sustain the reactor’s operation,
aiming for tritium self-sufficiency, which, theoretically, is achieved when the TBR is greater than 1 [27].
Tritium is not naturally abundant and must be bred within the reactor itself from lithium through neu-
tron capture processes. The TBR is defined as the ratio of the number of tritium atoms produced to
the number of tritium atoms consumed in the fusion reactions. A TBR greater than 1 means that the
reactor produces more tritium than it consumes, which is essential for continuous operation without the
need for external tritium sources [28]. The importance of TBR lies in its impact on the reactor’s viabil-
ity and sustainability. A higher TBR can lead to improved reactor autonomy and reduced reliance on
external tritium supplies, which are expensive and limited. Moreover, achieving a high TBR is neces-
sary to compensate for tritium losses in the fuel cycle and to ensure a sufficient supply for continuous
reactor operation [28]. Those considerations lead the minimum requirement of TBR to be > 1.1 [29] [30].
Research has shown that the TBR is influenced by various factors, including the materials used in the
breeding blanket, the geometry of the reactor, and the accuracy of neutronic calculations [31]. Carefully
designing materials and sizing of the reactor components is crucial to achieve a sufficient TBR for self-
sustainability of fusion reactor power plant.

Inside the blanket those issues involves the safety of the power plant in terms of toxicity, reactivity and
radioactivity of the materials. Furthermore the materials must be classified as low activation, which
means that they must satisfy characteristics such as waste management, accident safety, maintenance
and routine effluents [21].

A huge number of Li-compounds have been investigated as tritium breeder during the last decades,
after recognizing the safety issue of pure Li [21]. Among various liquid eutectics, molten salt, ceramics
and solid intermetallic alloy, only few materials are here described.

* Molten Salt:
FLiBe, a mixture of lithium fluoride and beryllium fluoride (LiF-BeF,) is a promising material for
use in fusion reactors, particularly as a coolant and tritium breeding material. Its unique prop-
erties, such as high-temperature stability, low electrical conductivity, and excellent heat transfer
capabilities, make it a promising candidate for use as a coolant and tritium breeder in fusion re-
actors. FLiBe’s inherent advantages stem from its physical and chemical properties. It exhibits
high-temperature stability and low electrical conductivity, which are crucial for maintaining the
integrity and efficiency of fusion reactors [32]. FLiBe is proposed as a coolant for fusion blan-
kets, where it performs multiple functions: converting fusion neutron energy into heat, breeding
tritium, shielding magnets from radiation, and cooling the first wall separating the plasma from
the salt blanket [33]. FLiBe molten salt holds great promise for fusion applications due to its fa-
vorable properties and multifunctional capabilities. Ongoing research and development efforts
are focused on addressing challenges related to corrosion resistance, hydrogen permeation, safety,
and heat transfer enhancement. Nevertheless others disadvantages are the toxicity and high cost
of beryllium. For this reason Also FLiPb, a mixture of lithium fluoride and lead fluoride (LiF-
PbF,) was also investigated in recent works [34] [35], and reproposed by the author in the current
manuscript.

¢ Liquid metal systems:
Liquid lithium-lead (PbLi) is another promising tritium breeder and neutron multiplier. The
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water-cooled lithium-lead breeding blanket (WCLL) concept, used in the European DEMO re-
actor, employs PbLi for its high tritium breeding capability and effective heat removal [36]. Recent
analyses have highlighted the need for further development to address open issues in neutronic,
thermal-hydraulic, magneto-hydrodynamic, and thermo-mechanic aspects [37].

Superconducting magnets and shielding optimization

Superconductivity, the phenomenon where a material exhibits zero electrical resistance and expels mag-
netic fields, was first discovered by Heike Kamerlingh Onnes in 1911 during its experiments which had
led, among the other thing, to the preparation of liquid helium. This remarkable state of matter has since
captivated scientists due to its potential applications and the fundamental questions it raises about the
nature of materials.

”As has been said, the experiment left no doubt that, as far as accuracy of measurement went, the
resistance disappeared. At the same time, however, something unexpected occurred. The
disappearance did not take place gradually but abruptly. From 1/500 the resistance at 4.2 K drops to a
millionth part. At the lowest temperature, 1.5 K, it could be established that the resistance had become
less than a thousand-millionth part of that at normal temperature.

Thus the mercury at 4.2 K has entered a new state, which, owing to its particular electrical properties,
can be called the state of superconductivity... There is also the question as to whether the absence of
Joule heat makes feasible the production of strong magnetic fields using coils without iron [38]”

- Heike Kamerlingh Onnes, Nobel Lecture 11 December 1913

It was clear to Onnes that superconductivity has an intrinsically enormous potential on magnet ap-
plications, due to its physical properties. Nevertheless a deeper understanding of the physics of this
phenomenon was required as well as the discoveries of materials which present favorable properties
for practical applications. The foundational theory of superconductivity was developed by Bardeen,
Cooper, and Schrieffer in 1957, known as the BCS theory. This microscopic theory explains that su-
perconductivity arises from the formation of Cooper pairs, where electrons pair up via an attractive
interaction mediated by lattice vibrations or phonons [39]. This interaction leads to a phase transition at
a critical temperature below which the material becomes superconducting. Another important influen-
tial theoretical frameworks for understanding superconductivity is the Ginzburg-Landau (GL) theory,
developed by Vitaly Ginzburg and Lev Landau in 1950. The GL theory provides a macroscopic de-
scription of superconductivity, focusing on the behavior of the superconducting order parameter, which
describes the density of the Cooper pairs. The Ginzburg-Landau theory is phenomenological, meaning
it is based on empirical observations rather than derived from first principles. It introduces a complex
order parameter whose magnitude represents the density of superconducting pairs, and whose phase
is related to the quantum mechanical wave function of these pairs. The theory is encapsulated in the
Ginzburg-Landau free energy functional, which describes the free energy of a superconductor as a func-
tion of the order parameter and the magnetic field. This functional can be minimized to derive the
Ginzburg-Landau equations, which govern the spatial variation of the order parameter and the mag-
netic field in a superconductor.

The study of superconductivity is not limited to understanding its fundamental mechanisms. It also
encompasses the exploration of its magnetic and thermal properties. For instance, the Meissner effect,
where a superconductor expels magnetic fields, is a critical characteristic that distinguishes it from a
perfect conductor [40]. The GL theory has been particularly successful in describing type II supercon-
ductors, which allow magnetic fields to partially penetrate through quantized vortices. These vortices
form a lattice structure and are a key feature distinguishing type II from type I superconductors, which
completely expel magnetic fields (the Meissner effect). The theory also provides insights into the ther-
modynamic properties of superconductors and the nature of the phase transition between the normal
and superconducting states. Moreover, the Ginzburg-Landau theory has been extended to include time-
dependent phenomena, leading to the time-dependent Ginzburg-Landau (TDGL) equations. These
equations are crucial for understanding dynamic processes in superconductors, such as the response
to time-varying magnetic fields and the behavior of superconducting vortices under non-equilibrium
conditions [41].

The journey of superconducting materials began with elemental superconductors, but significant ad-
vancements were made with the discovery of Type II superconductors, which can withstand high mag-
netic fields. Among these, niobium-based alloys such as Nb-Ti (Tc = 9 K) and Nb35Sn (Tc = 18 K) have
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been the cornerstone for superconducting magnets used in particle accelerators, magnetic resonance
imaging (MRI), and nuclear magnetic resonance (NMR) systems [42]. Nevertheless, the discovery of
high-temperature superconductors marked a pivotal moment in the history of these materials, signi-
fying their status as some of the most intriguing and actively researched substances in contemporary
materials science. For instance the 1987 March Meeting of the American Physical Society (APS), held in
New York City, is legendary in the field of physics due to the presentation of breakthrough discoveries
in high-temperature superconductivity, specifically the presentation of research on yttrium barium cop-
per oxide (YBCO), a material that became a significant milestone in superconductivity research. Prior to
this conference, in 1986, Alex Miiller and Georg Bednorz discovered a new class of superconducting ma-
terials known as cuprates, which exhibited superconductivity at temperatures higher than previously
thought possible, around 30 Kelvin [43]. During the conference, the most significant and eagerly an-
ticipated presentations were about YBCO, a compound that displayed superconductivity at around 92
Kelvin, which can be achieved using liquid nitrogen (boiling point 77 K), a much more practical and
less expensive coolant than liquid helium. This congress is remembered as the “Woodstock of Physics”,
coined because the enthusiasm and the number of people drawn to the event were reminiscent of the
famous 1969 Woodstock music festival [44].

Other superconducting materials, e.g. MgB2 and Iron-based, are currently under investigations, to-
gether with the pursuit of the saint graal, i.e. a room-temperature superconductor, today achievable
only with very high and unpractical pressures [45] or with a really expensive cryogenic refrigeration
system. While a more detailed review dedicated on superconductor can be found in [46], an up to date
brief introduction of the main feasible and practical materials under investigation is here provided.

¢ Niobium-Titanium (NbTi) and Niobium-Tin (Nb3Sn) :

Niobium-Titanium is a widely used superconducting material in the development of magnets for
fusion reactors due to its favorable properties, such as good manufacturability and cost-effectiveness.
NbTi strands have been extensively characterized for their magnetic and transport properties,
which are crucial for the design of fusion reactor magnets [47]. Nb3Sn is another type II supercon-
ductor that has been extensively researched and developed for use in fusion reactor magnets appli-
cation. Various techniques have been developed to produce Nb3Sn Cable-In-Coated-Conductors
(CICC) since the 70" [48], and recent development were tested at the SULTAN facility at 42.5kA
at 10.85 T for different cabling twist pitch sequence [49]. Nb3Sn is used in the International Ther-
monuclear Experimental Reactor (ITER) to generate a peak magnetic field of 13 T, demonstrating
its capability to support high magnetic fields required for fusion reactors [50]. The critical proper-
ties of Nb3Sn wires, such as critical current density and stability under high magnetic fields, have
been extensively studied. One of the significant challenges in using Nb3Sn for fusion magnets
is its mechanical strength under high electromagnetic forces. The performance of Nb3Sn under
radiation exposure is another critical aspect for its application in fusion reactors. Studies have
shown that Nb3Sn filaments irradiated with neutrons exhibit changes in their critical properties,
with a critical dose for operation determined to be 0.19 eV/atom damage energy or 0.0019 dpa
[51]. Nb3Sn remains a leading candidate for superconducting magnets in fusion reactors due to its
high critical current density and ability to operate under high magnetic fields. Ongoing research
and development efforts focus on improving its mechanical strength, stability, and performance
under radiation exposure, ensuring its suitability for future high-performance fusion reactors.

* Rare earth barium—copper oxide (REBCO) and Bismuth-strontium-—calcium-copper oxide (BSCCO):
The BSCCO are referred as first generation (1 G) conductors, as they were the first available HTS
commercial wires [52]. Nevertheless few companies world wide produce Bi2223 tapes, which are
used today mostly for HTS current leads and high field insert coils. Yttrium barium copper oxide
(YBCO) superconductors have emerged as a promising material for use in fusion magnets due
to their high current density and performance in high magnetic fields. Among the two different
materials the development of YBCO-based superconducting wires and coated conductors (CCs)
has shown significant progress, making them viable alternatives to traditional low-temperature
superconductors in fusion applications, sometimes referred as 2 G (or second generation). Com-
mercial fabrication lines of YBCO deposition have been established by more than 10 companies
internationally in the last decade, ranging from physical vapor deposition (PVD) to chemical de-
position processes. Recently, REBCO tapes have been test due to the SPARC Toroidal Field Model
Coil (TEMC) achieving 20.1 T peak field-on-conductor with 40.5 kA of terminal current, 815 kN/m
of Lorentz loading on the REBCO stacks, and almost 1 GPa of mechanical stress accommodated
by the structural case [20]. Novel design and operation of optimized LN2-cooled capable of trans-
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ferring 50 kA steady-state current are also shown in [53].

Moreover a proper shielding optimization will be required in order for superconducting magnets to
withstands the high flux in fusion reactors. A more detailed explanation of the shielding materials can
be found in Method section.

Engineering facing plasma components

The development of plasma-facing components (PFCs) is a critical aspect of advancing nuclear fusion
technology. These components serve as the interface between the hot plasma and the structural materials
of the fusion reactor, and they must withstand extreme conditions, including high heat fluxes, intense
particle bombardment, and significant neutron irradiation.

These advancements aim to enhance the durability and performance of PFCs in the demanding environ-
ment of a fusion reactor. The interaction between plasma and materials, known as plasma-material in-
teraction (PMI), poses significant challenges for the longevity and safety of PFCs. Issues such as tritium
retention, material erosion, and neutron-induced damage must be addressed to ensure the structural
integrity and operational efficiency of fusion reactors [54]. Research efforts are ongoing to develop ma-
terials and technologies that can mitigate these effects, including the use of permeation barrier layers to
prevent tritium escape and the investigation of irradiation-induced property changes in materials [55].
Moreover, the engineering of PFCs involves not only material development but also the design and
testing of components under realistic fusion conditions. High heat flux test facilities and linear plasma
devices are utilized to evaluate the performance and fatigue life of different material solutions and de-
sign concepts [56]. These experimental setups help in understanding the complex surface processes and
interactions that occur in a fusion reactor, guiding the development of more robust and reliable PFCs.
In summary, the engineering of plasma-facing components in nuclear fusion is a multifaceted challenge
that requires a combination of advanced materials, innovative design, and rigorous testing. The ongo-
ing research and development efforts aim to create PFCs that can withstand the extreme conditions of a
fusion reactor can be summarized in:

¢ Liquid Metal:

One promising approach to addressing these challenges is the use of liquid metal (LM) PFCs.
Liquid metals, such as lithium and tin, offer potential solutions to the harsh fusion environment
by providing self-healing surfaces and reducing the risk of material degradation [57]. However,
transforming these concepts into viable technologies requires extensive research and development,
particularly in understanding the behavior of liquid metals under fusion conditions and integrat-
ing them into fusion facilities [57]. Liquid metals can utilize vapor shielding to reduce the heat
load on PFCs. This phenomenon, observed in experiments with liquid tin, shows a dynamic equi-
librium between the plasma and the liquid target, leading to a stable surface temperature [58].
Critical issues for liquid surfaces include free-surface stability, material migration, and the ability
to handle high heat fluxes. Research is ongoing to address these challenges and develop robust
liquid surface PFCs [59].

¢ Tungsten:

Tungsten (W) is widely recognized as a promising material for plasma-facing components (PFCs)
in fusion devices due to its unique properties. In fact W has a high melting point and excel-
lent thermal conductivity, making it suitable for withstanding the extreme temperatures and heat
fluxes encountered in fusion reactors [60]. Moreover tungsten exhibits low tritium retention, which
is crucial for minimizing radioactive contamination and ensuring the safety and efficiency of fu-
sion reactors [61]. Furthermore the material has a high threshold energy for sputtering by hydro-
gen isotopes, reducing erosion and prolonging the lifespan of the plasma-facing components [62].
Nevertheless tungsten is inherently brittle and has a high Ductile-to-Brittle Transition Tempera-
ture (DBTT), which limits its application. To address this, various tungsten alloys and composites
have been developed, such as oxide particle dispersion-strengthened (ODS-W) and carbide parti-
cle dispersion-strengthened (CDS-W) tungsten alloys, as well as W fiber-reinforced W composites
(Wf/W) [63]. The behavior of tungsten under large neutron fluences needs further clarification.
Neutron damage can degrade material properties, necessitating the development of measures to
mitigate these effects [61] [60]. In conclusion, tungsten remains a leading candidate for plasma-
facing materials in fusion reactors due to its favorable properties. Ongoing research and devel-
opment efforts are focused on overcoming its inherent brittleness, enhancing its thermal stability,
and ensuring its compatibility with the harsh conditions of fusion environments.
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Materials activation and shutdown dose rate

The development of fusion reactors as a sustainable energy source necessitates a comprehensive under-
standing of radiation fields, both during operation and after shutdown. The shutdown dose rate (SDR)
is a critical parameter that influences the design, safety, and maintenance strategies of fusion reactors.
SDR refers to the radiation dose rate present after the reactor has been shut down, primarily due to the
decay of activated materials within the reactor structure. This parameter is essential for ensuring the
safety of personnel and the integrity of equipment during maintenance operations.

Structural materials in fusion reactors are subjected to intense neutron irradiation, leading to the activa-
tion of these materials and the subsequent emission of decay gamma radiation. Accurate calculation of
SDR is vital for planning maintenance activities and minimizing radiation exposure to workers.

For instance, a study on the Fusion Energy Systems Studies—Fusion Nuclear Science Facility conceptual
design revealed that SDR levels during major maintenance operations could exceed the annual limit,
necessitating the use of robotic handling to protect workers from radiation exposure [64].

Various methodologies and computational tools have been developed to estimate SDR, each with its
own advantages and limitations. Modern particle transport codes, such as MCNP, Serpent 2, and
OpenMC, have been integrated with the FISPACT-II inventory code to enhance the accuracy of SDR
calculations. Benchmarking studies have shown that these codes generally produce similar SDR results,
although some discrepancies exist due to differences in variance reduction techniques and neutron flux
estimates. The accurate estimation of SDR in fusion reactors is crucial for the safe and efficient mainte-
nance of these facilities. Advances in computational methodologies and the integration of modern par-
ticle transport codes have significantly improved the precision of SDR calculations, thereby contributing
to the overall safety and economic viability of fusion energy as a sustainable power source.

Low activation materials are essential for constructing high-power fusion reactors, as they help to min-
imize the long-term radiological hazards. One of the main contributions in the dose rate is due to the
structural material. The development of structural materials for nuclear fusion reactors is a critical area
of research due to the extreme conditions these materials must endure. Fusion reactors subject materi-
als to high thermo-mechanical stresses, intense neutron irradiation, and high heat loads. The selection
and development of suitable materials are essential for ensuring the safety, efficiency, and longevity of
fusion reactors.

One of the primary challenges in developing structural materials for fusion reactors is managing radiation-
induced damage. Neutron irradiation can cause significant changes in the microstructure and mechan-
ical properties of materials, leading to issues such as irradiation creep, ductile-brittle transition tem-
perature (DBTT) shift, and helium embrittlement [65]. Understanding and mitigating these effects are
crucial for the successful deployment of fusion materials. Moreover fusion reactors operate at high tem-
peratures, necessitating materials that can maintain their mechanical integrity under such conditions.
Materials like ODS steels and SiC/SiC composites are being developed to provide the necessary high-
temperature strength and stability [66]. The development of high-temperature design methodologies
that incorporate radiation effects is also essential [65]. Furthermore the compatibility of structural mate-
rials with coolants and tritium breeders is another critical consideration. Materials must resist corrosion
and other chemical interactions that could compromise their performance and safety [65]. Research is
ongoing to identify and develop materials that meet these stringent requirements.

The main structural materials under investigations may be summarized as follow:

e Reduced Activation Ferritic-Martensitic (RAFM)steel:
Such as EUROEFER, specifically EUROFER97, is a RAFM steel developed for use in fusion power
reactors, particularly as a structural material. It has been extensively studied for its mechanical,
thermal, electrical, and magnetic properties [67], as well as its behavior under various conditions
such as irradiation[68], deuterium permeation [69], and exposure to liquid metals [70]. Studies
have shown that irradiation parameters significantly affect the mechanical properties of EURO-
FER, with comparisons made to other RAFM steels like the Japanese F82H. Moreover it is worth
mentioning that EUROFERY7 is being considered for use in the Test Blanket Modules (TBMs) of the
ITER experimental program, which aims to evaluate the performance of different blanket concepts
in a fusion-relevant environment. The design and fabrication of TBMs using EUROFER97 must
account for the unique challenges posed by the fusion environment, including the strongly pulsed
mode of operation in ITER [71]. F82H is another RAFM material that exhibits promising tensile,
fracture toughness, creep, and fatigue properties, making it a strong candidate for fusion reac-
tor applications. The material’s microstructure and mechanical properties have been evaluated
through various collaborative tests, and the results have been compiled into extensive databases
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to assess its feasibility for use in fusion reactors [72].

Oxide Dispersion Strengthened (ODS) Steels:

ODS steels are another class of materials being developed for fusion applications. These steels
contain a high density of nanoscale oxide particles, which provide excellent high-temperature
strength and resistance to radiation damage [66]. Despite the progress, several challenges remain
in the development of ODS materials for fusion applications. Issues such as aging embrittlement
and the need for high Cr content for corrosion resistance must be addressed. The addition of Al has
been shown to improve corrosion resistance but can negatively impact high-temperature strength
[73]. Moreover, the presence of argon-filled cavities in the matrix, detected using energy-filtered
TEM and electron energy loss spectroscopy (EELS), indicates the need for further optimization of
the production process [74].

Silicon Carbide Composites (SiC/SiC):

Silicon carbide composites, or more precisely SiC fiber-reinforced SiC matrix composites (SiCf/SiC),
are being explored for their high-temperature stability, low activation, and excellent radiation re-

sistance [75] [76] [77]. These materials are particularly attractive and are under investigation not

only as structural component for almost 30 years [78]. More precisely , are considered promising

candidates for fusion reactor structural materials due to several inherent advantages. Ongoing

research aims to assess the long-term performance and lifetime of SiC composites under fusion

reactor conditions [76]. Addressing the remaining technological gaps, such as improving ther-

mal conductivity, radiation stability, and developing robust joining techniques, is essential for the

practical implementation of SiC materials in fusion reactors [75].

Vanadium Alloys:

Vanadium-based alloys, particularly V-4Cr-4Ti, have garnered significant attention as potential
structural materials for fusion reactors. These alloys exhibit a combination of desirable mechan-
ical properties, irradiation resistance , and thermal stability [79], making them suitable for the
demanding environment of fusion reactors. Ongoing research and development efforts continue
to address the remaining challenges, such as improving welding techniques and further enhancing
oxidation and corrosion resistance [80].
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Method

This work is novel because it include most of the stringent design parameters of a tokamak in one main
study. Figure 4 resume the main steps of the sensitivity analysis.

/— Materials & Geometry

Chemical compositions,
materials, geometry shape and

D a layers thickness

Production &
Cost analysis

Z f?
«
Evaluate the @ TBR >1.1inside
availability of the ™ - blanket and salt
materials coolant channel
reactor design
Activity & SDR j 5 - Magnet shielding

0‘-‘“ EFFEC)) ARC TBR
(4]

Evaluate the activity and / \ Evaluate DPA and

dose rates of the — neutron flux on the
materials to access the magnets to optimize the
safety of the operators. shielding material.

Figure 4: Workflow followed in this study to perform the simulations

Design reactor parameter

In order to compute the TBR Monte Carlo (MC) simulations have been performed on a section of 20
degrees of the reactors with reflective boundary conditions imposed on the sides of the slice. This re-
duced computational time while keeping a full unit representative 3D CAD geometry. Figure 5 shows
the geometry made in Solidworks and meshed with Altair Simlab before the importation on the Particle
and Heavy Ions Transport code System (PHITS), software used in this work for the Monte Carlo simu-
lations.

The provided study outlines, as a starting point, two distinct geometries (called A and B), both with
36 different domains. Each HTS TF coil was subdivided in 4 different regions in order to evaluate the
radiation damage in the most critical one. The main characteristics of the components are listed in Table
1. The two configurations of the geometries differ on the thickness of the Vacuum Vessel resulting in
a reduction of the volume of the Blanket from 17.656 m® to 18.873 m® for CAD A and B, respectively.
Particular attention in this work is on the material choice of the TFC shield. For this reason the mate-
rials have been kept fixed, with the exception of the TF shielding material. Furthermore for the thicker
vacuum vessel case (CAD A) FLiPb was also used as salt coolant channel and blanket for some of the
TF shielding configurations. FLiPb chemical composition is made of 40% LiF and 60% PbF,. Different
solutions have been analyzed as illustrated in Table 2 taking into account the state of the art [81].
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Main geometry features

Parameters CAD A CADB
Shielding thickness for outboard 25 cm 25 cm
superconducting PF coils

Outboard superconducting PF 1cm 1cm
coil casing thickness

Size of gap between outboard 1cm 1cm
PF shielding and blanket tank

Inboard superconducting PF 1cm 1lcm
coil casing thickness

Shielding thickness for outboard 25 cm 25 cm
superconducting PF coils

Size of gap between inboard PF lcm lcm
shielding and blanket tank

TF shield to tank gap 3cm 3cm
Thickness of inboard TF shield- 51 cm 51 cm
ing

TF shield TF to gap lcm lcm
Outer vacuum vessel rickness |
Beryllium layer thickness 1cm 1cm
FLiBe channel thickness 2cm 2cm

Inner vacuum vessel thickness

First wall (FW) armature

0.5cm 0.5cm

Table 1: The only difference between the two geometries is the vacuum vessel thickness. Increasing the
vacuum vessel thickness results in a reduction of the Blanket size.

| TF Shields |

Material Density [-25] Reference
TiH, 3.75 [82]

ZrH, 5.6 [82]
GdH, 7.08 [83]
GdH; 6.57 [83]

HfH, 114 [84]

HfV, 951 [85]

VB 5.54 [86]

WB 153 [87]

WB4 8.23 [88]

B4C 251 [88]

WC 15.32 [88]
SS316L 8 [82]

void 0 -

Table 2: TF shielding materials and densities
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Figure 5: Geometry CAD B meshed through Altair Simlab. Most critical HTS region in light green.
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| ARC reactor materials and densities |

Component Material Density Reference
g
5]

First wall W 19.3 [82]
Inner vacuum vessel V4Cr4Ti 6.05 [89]

Salt coolant channel FLiBe/FLiPb* 1.94/3.5 [90]/[34]
Neutron multiplier Be 1.848 [82]
Outer vacuum vessel V4Cr4dTi 6.05 [89]
Blanket FLiBe/FLiPb* 1.94/3.5 [90]/[34]
Blanket tank V4Cr4Ti 6.05 [89]

PF shield ZrH, 5.6 [82]

PF casing SS316L 8 [82]

PF YBCO 6.4 [91]

TF casing SS316L 8 [82]

TF YBCO 6.4 [91]

Table 3: *The enrichment of °Li in FLiBe (density 1.94 g/cc) has been investigated in its natural compo-
sition (7.5%) and for high enrichment configurations (90%). In the case of FLiPb (density 3.5 g/cc) has
been set 90% enrichment of °Li [34].

Although it is well known that Gd and Hf have large cross sections for thermal neutron capture, hy-
drogen in these hydrides moderates fast neutrons to thermal neutrons so that the heavier elements can
absorb neutrons efficiently [92]. Similar consideration can be drawn for Ti and Zr. Other evaluations
have to be made for WB and VB since boron have high cross section for neutron absorption at lower
energy [88]. Tungsten should be considered for applications on high temperature environment. In fact
tungsten has high density, fast neutron removal and absorption cross sections. The primary restrictions
on the use of tungsten are high cost, difficulty in fabrication and the limitation of availability in large
size [93]. Tungsten Carbide is of particular interest since the presence of carbon nuclei contributes to the
moderation of fast neutron flux, reducing the contribution to the total dose rate [93]. Contrarily, SS316L,
and naturally, the scenario wherein the shielding region is void-filled, do not exhibit comparable shield-
ing capabilities and together with HfV, are utilized for comparison purposes.

Table 3 summarize the additional materials utilized in the remaining components of the reactor. The de-
sign reactor parameters and materials have been chosen accordingly with the results and study made on
other works [94] [95] [31]. Materials densities and chemical compositions have been selected according
with the Compendium of Material Composition Data for Radiation Transport Modeling [82]. Materials
not cataloged in the mentioned database can be find in references. In particular for the evaluation of
activation of the structural components the chemical compositions of the vacuum vessel materials have
been taken from [31] for F82H and for SiC fiber Sylaric'™ has been choose [96].
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Monte Carlo simulation

Monte Carlo method is a computational tool used to perform Monte Carlo simulations, which are a class
of algorithms that rely on repeated random sampling to obtain numerical results. The primary purpose
of these simulations is to model complex systems and processes that are analytically intractable. Monte
Carlo methods are widely used in various fields such as physics, finance, engineering, and radiation
transport. Monte Carlo simulations have become an indispensable tool in the field of nuclear applica-
tions due to their ability to model complex physical processes with high accuracy. These simulations
rely on statistical methods to solve physical and mathematical problems by simulating the random be-
havior of particles.

The versatility and precision of Monte Carlo methods make them particularly valuable in various nu-
clear applications, including nuclear medicine, reactor physics, and radiation protection. In nuclear
medicine, Monte Carlo simulations are extensively used to enhance imaging techniques such as Single
Photon Emission Computed Tomography (SPECT) and Positron Emission Tomography (PET). These
simulations help in the design and optimization of imaging systems, improving image quality, and de-
veloping new correction techniques for scatter and attenuation [97] [98]. For instance, Monte Carlo
methods have been applied to simulate the behavior of gamma cameras and to study the effects of dif-
ferent physical parameters on image quality [97]. In fact the ability to model complex interactions of
photons and electrons with matter allows for the development of more accurate and efficient imaging
protocols [98].

In the realm of nuclear reactor physics, Monte Carlo simulations are used to perform high-fidelity cal-
culations of neutron transport and reactor kinetics. These simulations provide detailed insights into the
behavior of neutrons within a reactor, which is crucial for safety assessments and reactor design.

The Dynamic Monte Carlo method, for example, solves coupled Boltzmann and kinetic equations with
exact geometry and continuous energy, offering a more precise analysis of transient phenomena in re-
actors [99]. This method addresses the limitations of traditional deterministic approaches by reducing
approximations and providing more accurate results [99].

Monte Carlo methods are also employed in radiation protection and dosimetry to evaluate the exposure
and dose distribution in various scenarios. These simulations help in designing protective measures
and optimizing radiation therapy treatments. The ability to simulate complex geometries and inter-
actions makes Monte Carlo methods ideal for assessing radiation exposure in medical and industrial
settings [100]. Furthermore, advancements in computational power and the development of sophisti-
cated Monte Carlo codes have expanded the applicability of these simulations. Programs such as Su-
perMC have been developed to integrate Monte Carlo methods with other computational techniques,
enhancing their capability to simulate multi-physical phenomena in nuclear systems [101]. These tools
are continuously evolving, incorporating new data and improving their accuracy and efficiency [101].
In summary, Monte Carlo simulations play a critical role in advancing nuclear applications by provid-
ing detailed and accurate models of particle interactions. Their use in nuclear medicine, reactor physics,
and radiation protection highlights their versatility and importance in the field. As computational tech-
nologies continue to evolve, the scope and precision of Monte Carlo simulations are expected to further
expand, driving innovations and improvements in nuclear science and engineering.
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As already explained Monte Carlo method involves generating random numbers to simulate the be-
havior of particles or other entities within a system. These random samples are used to estimate the
physical quantities, such as particle flux, energy deposition, or radiative transfer through the tallies. A
tally is a mechanism to record the occurrences of specific events or the accumulation of certain quantities
during the simulation. Different types of tallies are used depending on the goal of the simulation. For
instance a flux tally measures the particle flux within a specified region or cell. In this tally, the track
length is evaluated whenever particles pass through a specified region, and the sum of the track lengths
in units of [cm] is scored. Based on this, taking as example the software PHITS, a particle fluence in
units of [cm™source™] is determined by dividing the scored track lengths by the volume of the region
and the number of source particles. In this work the number of source particles (or emissivity) has been
computed as in [94]:

- PFus
= 2T 2
o 2)

In this case the power of the reactor (Prys) is 525 MW, but since only 20 degrees are simulated it must be
scaled by a factor of 20/360. Ep_7 is the energy released by the deuterium tritium reaction. For those
reasons, in this case the number of neutrons emitted per seconds is:

F= S2IMW] - % =1.0349 - 10*neutron - s ! 3)
17.59[MeV] - 1.60218 - 10~ 19[M J/MeV) '

The number of particles simulated within the simulation instead may vary depending on the tally. To
evaluate the Tritium Breeding Ratio (TBR), simulations involving 4.75E+07 particles were conducted.
This particle count ensures low relative errors and provides sufficient statistical significance for accu-
rately simulating the TBR within both the salt coolant channel and blanket regions. However, a distinct
approach is necessary for simulations including a more complex geometry. The presence of shielding
and the greater distance from the source necessitate simulations with an higher number of particles.
Due to the computational time scaling with the number of particles (N) and standard errors scaling in-
versely with the square root of N, computational demands become substantial. Consequently, Variance
Reduction (VR) techniques are employed to compute the neutron fluxes to mitigate computational time
while maintaining accuracy. While a comprehensive explanation of VR techniques is beyond the scope
of this work, a brief review is included here.

Split or Russian roulette

In Monte Carlo simulations VR are widely used in case of complex geometry especially in the presence
of shielding. Different approaches exist to implement it and in particular the method used in this work
is called "weight window” . Basically the weight represent the importance of each particle that is always
equal to 1 in normal Monte Carlo simulations. Whereas thanks to the weight window method it is
possible to assign allowed weight range (window) to each cell and to each energy group. E.g. in the
case of track length tally:

sz'il LiW;

Nno

4)
where

e [;: track length of i-th particle

e W;: weight of i-th particle

* ng: total history number

Changing opportunely the weight of the particle it is possible to artificially increase the probability of
rare event occurrences allowing particles to focus on the desired energies in the regions of interest. Parti-
cles between the fixed energy range will not undergo any splitting or Russian roulette. On the contrary
particles over the maximum allowed energy will split while below the minimum desired energy will
face a Russian roulette based on the weight imposed in that specific region. [102]
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Shutdown

The SDR was computed thanks to the recent development of PHITS. In fact a new function was im-
plemented which enable the activation analysis coupling PHITS with DCHAIN. The automatization is
described as follow:

* Through a Monte Carlo simulation the neutron energy spectra below 20 MeV with a 1968 energy
group structure is evaluated.

¢ Within the same simulation nuclear production yields by protons, heavy-ions, mesons, and neu-
trons with energies above 20 MeV are computed. The neutron energy spectra are multiplied by
the activation cross section contained in the DCHAIN data library.

¢ The total activations are then estimated by adding these results and those directly calculated by
PHITS.

¢ Subsequently, DCHAIN evaluates radioactivity, nuclide, decay heat, and the gamma energy spec-
trum at irradiation and cooling time.

One of the main feature regards the data libraries; hybrid data libraries have been implemented com-
posed in the order selected by the user. Moreover DCHAIN compute the gamma dose rate for each
nuclide as:

S 2
Dose rate [,uSvmﬁ /hr] = radioactivity [MBq/cmS] - dose conversion coefficient [l\lj[Bvcilr} 5)

However, these conversion coefficient are designed to be multiplied by a flux like value (unit 1/m?). So
having a gamma emission rate R from a point source at a distance L away from it, then gamma flux at
that point would be calculated as:

® = R/4rwL? (6)

The dose rate value calculate by DCHAIN has this emission rate included but not the geometric compo-
nent. Therefore, to get an ambient dose equivalent/effective dose rate E at a location at distance L from
a point source, given the DCHAIN calculated dose rate D, it follows that:

E = D/4AnL? )

There are 3 main issues that must be taken into account when computing the dose rate as just explained
above.

1. If the source is not well-approximated as a point source, the geometric component must be changed
accordingly.

2. Since DCHAIN is not spatially aware of the problem geometry it cannot take into account for
self-shielding.

3. These dose rate calculated through DCHAIN only consider the decay photon emission.

If doses coming from beta or other emissions are not negligible or the complexity of the geometry leads
to self-shielding effect, but also if surrounding materials may be a concerns, a rigorous 2 step approach
is required through another iteration with PHITS [103]. This means that the gamma spectra evaluated
by DCHAIN is going to be used as photon source in PHITS. Different approach are available in terms of
discretization of the source: by region, or mapped either by a bounding box or by the tetrahedrons that
composed the imported mesh. The former represent the fastest solution, but may lead to results that
are not physically accurate if the geometry does not represent properly the real shape of the component.
Contrarily a mapped mesh will increase significantly computational times but result in a more rigorous
shutdown dose rate evaluation.

The gamma source is obtained multiplying the gamma energy spectra by the emissivity. The emissivity
is automatically computed by DCHAIN multiplying the total gamma-ray flux by the volume of the re-
gion of interest. Finally to obtain the effective dose equivalent the flux computed by PHITS (in unit of
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#/cm?) will be multiplied by the conversion coefficient ICRP74 (or H(10) for the ambient dose equiv-
alent)!. For the sake of completeness dimensional analysis is here provided of the last step of the R2S
approach.

3 1 pSv em?

ppees Rl 5 = pSv/sec (8)

which can be easily scaled to Sv/hr multiplying by a factor k = 3600,/10"2.

TH(10) conversion coefficients have been taken from EXPACS (https: /phits. jaea.go.jp/expacs/, ICRP74 can be found
in Appendix A
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Results

The results computed will be presented in order of computational demand. TBR is the easiest parameter
to compute in terms of computational time. Evaluating this parameter first gives some advantages in
terms of top-down selection, e.g. avoiding to waste resources in configuration with TBR < 1.1. Irradia-
tion damage is then evaluated for the HTS, followed by the activation analysis of the materials.

TBR

As it was expected the evaluation of Tritium Breeding Ratio (TBR) reveals that CAD A presents lower
values with respect to CAD B, with differences higher then 10% and less then 2% for natural and high
®Li enrichment in FLiBe, respectively. One interesting observation is that the enrichment of °Li do not
influence the TBR inside the blanket region as much as in the salt coolant channel. Directing attention to-
wards the influence of materials, it becomes evident that variations in tritium breeding ratio are notable.
Taking as example CAD B with natural enrichment (similar considerations can be drawn for other con-
figuration with different numerical values) the TBR measurements fluctuate from a minimum of 1.1439
to a maximum of 1.1754, observed in GdH3; and SS316L, respectively. The errors associated with these
measurements remain consistently low, all approximately on the order of 1E-04. Table 4 illustrates the
TBR outcomes for the examined materials.

| TBR natural composition °Li in FLiBe molten salt |

TF shielding material CAD A CADB
GdHj; 1.015 1.144
GdH, 1.015 1.144
HfH, 1.016 1.145
VB 1.019 1.145
TiH, 1.023 1.150
WB 1.021 1.151
WB, 1.017 1.1473
B4C 1.0159 1.1458
WC 1.0294 1.1597
ZrH, 1.027 1.154
HfV, 1.027 1.158
void 1.044 1.172
SS316L 1.047 1.175

Table 4: TBR differences between CAD A and CAD B

Notably, hafnium hydride and gadolinium hydrides exhibit comparable performance, with hafnium hy-
dride displaying a slightly elevated TBR of 1.1452 in comparison to GdH,. Conversely, TiH,, ZrH, WB
and HfV, demonstrate higher TBRs relative to VB and Gadolinium and Hafnium hydrides. Specifically,
ZrH, and HfV, showcase elevated TBR values compared to TiH,, with differences exceeding 1.2% for
the case of HfV, when compared to Gadolinium and Hafnium hydrides. Vanadium Boride manifests
TBR values similar to HfH, in CAD B, while shows intermediate results among the analyzed materials
in CAD A due to the reduced blanket size.

The results show that the variations primarily concentrate on the Blanket region area, whereas the Salt
coolant channel exhibit similar values across the different TF shield material choices. Precisely, the salt
coolant channel is more influenced by the geometry thickness and °Li enrichment. The deployment of
FLiPb instead of FLiBe leads to a reduction of the TBR, Figure 10. Figures 6, 7, 8§ and 9 show the variation
on the Blanket region for analyzed configurations in this work.
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TBR 90% enrichment of °Li in FLiBe molten salt

TF shielding material CAD A CAD B
GdH; 1.2109 1.2265
GdH, 1.2115 1.2271
HfH, 1.2122 1.2277
VB 1.2192 1.2347
TiH, 1.2147 1.2292
WB 1.2206 1.2360
WB, 1.2170 1.2326
B4C 1.2154 1.2311
WC 1.227 1.2413
ZrH, 1.2171 1.2315
HfV, 1.2272 1.2419
void 1.2337 1.2469
SS316L 1.2349 1.2473

Table 5: TBR differences between CAD A and CAD B in FLiBe. CAD A has 5 cm vacuum vessel thickness
(both inner and outer), CAD B has 2 cm vacuum vessel thickness (both inner and outer).

TBR inside the Blanket in CAD B with 7.5% enrichment of °Li in FLiBe
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Figure 6: TBR evaluated inside the Blanket region for different TF shield materials. The evaluation was

made with 4.75E+07 particles in CAD B
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TBR inside the Blanket in CAD B with 90% enrichment of °Li in FLiBe
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Figure 7: TBR evaluated inside the Blanket region for different TF shield materials. The evaluation was
made with 4.75E+07 particles in CAD B
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Figure 8: TBR evaluated inside the Blanket region for different TF shield materials. The evaluation was
made with 4.75E+07 particles in CAD A
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TBR inside the Blanket in CAD A with 90% enrichment of °Li in FLiBe
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Figure 9: TBR evaluated inside the Blanket region for different TF shield materials. The evaluation was
made with 4.75E+07 particles in CAD A

TBR comparison in CAD A FLiPb and FLiBe 90% °Li
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Figure 10: TBR comparison between FLiBe and FLiPb both at 90% enrichment of 6Li. The difference
,mainly focused in the salt coolant channel, is due to the different chemical composition of the two
molten salt. FLiBe is made of 2/3 of LiF and 1/3 of BeF,, while FLiPb is made of 40% LiF and 60% PbF,.
Reducing the amount of °Li the tritium generated decreases.
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Integral neutron flux

Now that TBR has been evaluated, it is possible to proceed to the evaluation of the neutron environment
trying to understand if and how shielding properties are related to the tritium breeding. All the fluxes
have been evaluated on the most critical HTS region. Figure 11a shows the integral flux maps in the case
in which TF shield is void-filled.
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(a) Neutron flux [n em™2s7] (b) Neutron flux relative error(%)

Figure 11: Neutron flux map simulating 4.75E+07 particles without VR techniques. TF shield here rep-
resented was filled with void

Those values possess sufficient statistical significance to be considered reliable for this purpose. In fact
the TF superconducting coil was divided in 4 different regions. One of these regions is in correspondence
of the inboard TF. As it can be seen from Figure 11b in the case of a void shield enough particles reach
the TF region to obtain relative errors < 10%. The other sides of the TF exceed 40% up to the case in
which values are not reliable anymore. For this reason only the inboard TF region is considered in the
evaluation. As a matter of fact this is the most critical region in terms of neutron environment(Figure 5).
The scenario shifts when tangible materials replace the void. Under those circumstances, statistical un-
certainties rise, implying a necessity for a greater number of particles. Consequently, computational
time will increase. For this reason, variance reduction techniques have been employed to mitigate this
issue. As demonstrated in Figures 12a and 13a, the neutron flux map, when a shield is present, does
not accurately represent the neutron environment. Utilizing the same number of particles and compu-
tational resources, variance reduction techniques not only enhance statistical accuracy but also decrease
computational time.

Table 6 shows the integral neutron fluxes assessed using 4.75E+07 particles. This evaluation compares
scenarios where the toroidal field (TF) shield is void-filled and composed of zirconium hydride (ZrH,),
with simulations conducted both with and without VR techniques. Additionally, the table delineates
the computational costs associated with each simulation.

| Integral neutron flux |

Simulation Integral r.err. CPU
neutron flux [%] time [s]
[nem=2s71]

void 1.19E+14 0.0001 1.00E+06

void with VR 1.1875E+14 0.003 2.50E+05

ZrH, 6.6250E+10 0.0429 9.00E+05

ZrH; with VR 5.5722E+10 0.0356 1.50E+05

Table 6: Results computed with 4.75E+07 particles
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Figure 12: Neutron flux map simulating 4.75E+07 particles without VR techniques. TF shield here rep-
resented is made of ZrH,. In this case the relative errors in the inboard HTS region are higher compared

to Figure 13b.
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Figure 13: Neutron flux map simulating 4.75E+07 particles with VR techniques. TF shield here rep-
resented is made of ZrH,. In this case relatives errors in the inboard HTS region are acceptable for a

sensitivity analysis.
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‘ Integral neutron flux in CAD B FLiBe 7.5% enriched "Li
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Figure 14: Integral neutron fluxes evaluated using VR techniques on the most critical region of the HTS
for different TF shield materials.

Neutron fluxes in 90% enriched °Li showcase lower values when compared to the lower enrichment,
because of the greater number of thermal neutrons. When FLiPb replace FLiBe instead, due to the lower
amount of Li in the former case, fluxes increase as it was expected (Figure 19). Between the different
material analyzed as TF shield hafnium hydride shows the lower neutron flux, followed by WB, WC
and WBy. The rest of the material reveal an ascending trend from ZrH, to the unshielded case for
different configurations, but by no means all. In fact it is noteworthy that TiH, shows lower value of
integral neutron flux with respect to zirconium hydride, but for the most critical configuration (CAD
B with natural FLiBe composition). Figures 14, 15 and 17 show the Integral neutron fluxes simulating
4.75E+07 particles using VR. Figure 18 summarize the mentioned results for all the analyzed design
configurations.
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Figure 15: Integral neutron fluxes evaluated using VR techniques on the most critical region of the HTS
for different TF shield materials.
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Figure 16: Integral neutron fluxes evaluated using VR techniques on the most critical region of the HTS
for different TF shield materials.
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Figure 17: Integral neutron fluxes evaluated using VR techniques on the most critical region of the HTS
for different TF shield materials.
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Figure 18: Integral neutron fluxes evaluated using VR techniques on the most critical region of the HTS

for all the analyzed cases.
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Neutron flux comparison FLiBe and FLiPb
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Figure 19: Integral neutron fluxes comparison between FLiBe and FLiPb both at 90% enrichment of °Li
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Neutron spectra

The neutron spectra were evaluated for all materials under analysis. This evaluation was conducted
employing variance reduction techniques for all materials, whereas for zirconium hydride and void
(CAD B natural FLiBe composition), the assessment was performed also without the application of VR
techniques. Figure 20 illustrate the comparison between the spectra evaluated both with and without
VR. Utilization of weight windows result in drastically decreasing relative errors as it can be seen from
the error bars in Figure 21. For this reason the neutron environment were computed for all the materials
and different configurations, using VR, as it is shown in Figures 22 and 23 . All the neutron spectra have
been evaluated on the most critical HTS region.

Neutron spectra in HTS most critical region )
T T T TrTrTmr LELRRLLL | HELLRLLL | T
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Flux ratio

Neutron flux (n cm?s™)

Neutron spectrum without shield
Neutron spectrum without shield using VR
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Figure 20: Neutron spectra (left) and neutron spectra ratio (right) in the unshielded TF case, with and

without the use of variance reduction techniques
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Figure 21: Neutron spectra comparison between void and ZrH, TF shields, both with and without the

use of variance reduction techniques
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Neutron spectra CAD A FLiBe 90% enrichment °Li
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Figure 22: Neutron spectra comparison between all the analyzed materials, using VR techniques. Mate-
rials are listed in the legend in descending order of neutron flux

The results are consistent with the previous analysis on the integral neutron fluxes. In fact hafnium
hydride and tungsten boride presents the lowest neutron spectra, followed by WC, WBy, TiH,, ZrH, and
gadolinium hydrides confirming the superior shielding property compared with the others materials
under investigation in this study.

Moreover the neutron spectra provides important information about the energy distribution, enhancing
the difference for TiH, based on the design configurations. Furthermore some of the aforementioned
materials are noteworthy namely HfH, (that shows the lowest neutron spectra), WB and WC (which
as well presents good shielding properties) and titanium and zirconium hydrides (which are the most
cost-effective). Low enrichment of °Li as well as lower vacuum vessel thickness lead to higher neutron
spectra as it shown in Figures 24 and 25. As expected FLiPb leads to higher neutron spectra in terms
of magnitude, as it is shown in Figure 26, while also for other TF shielding materials the flux ratio is
similar to the one reported in 27.
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Neutron spectra CAD B FLiBe 90% enrichment °Li
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Figure 23: Neutron spectra comparison between all the analyzed materials, using VR techniques. Mate-

rials are listed in the legend in descending order of neutron flux
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Figure 24: Neutron spectra comparison between the most relevant materials CAD A has 5 cm vacuum
vessel thickness (both inner and outer), CAD B has 2 cm vacuum vessel thickness (both inner and outer).
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Figure 25: Neutron spectra comparison between the most relevant shielding materials. TiH, is more
sensitive to neutron flux compared to other materials. CAD B has 2 cm vacuum vessel thickness (both
inner and outer).
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Figure 26: Neutron spectra comparison for the two molten salt configurations analyzed.
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Flux ratio between FLiBe/FLiPb in CAD A
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Figure 27: Neutron spectra ratio for the two molten salt configurations analyzed using ZrH,, similar
results also for different TF shield materials. Neutron flux on the most critical HTS region is double in
case of FLiPb molten salt, compared to FLiBe.
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PKA spectra & DPA

Primary Knock-on atoms represent a crucial step in evaluating the radiation damage in order to further
investigate the defects morphology through Molecular dynamics (MD) simulations. To this purpose it
is then employed SPECTRA-PKA. The displacement per atom (dpa) measures convert the energy de-
posited into a material due to irradiation into a single number. Whereas it finds well agreement with
various radiation phenomena, it is not suitable to distinguish between different type of irradiation. At
last, but not least, dpa does not extend information about damage evolution [104]. Nevertheless dpa
after 1 FPY has been evaluated for all the different scenarios with 4.75E+07 particles from the previous
neutron spectra. The results (Figure 28) summarize the previous results improving clarity of repre-
sentation. The slightly difference from the recent work [105] may find a reasonable explanation in the
dissimilarities of both geometry parameters design and materials choice. Moreover Figure 29 shows the
comparison between FLiPb and FLiBe in CAD A for some of the most interesting configurations. Figure
30 shows the PKA spectrum when TF coil shield is ZrH, (right) and void-filled (left) both computed in
the most critical HTS region for CAD A in FLibe 90% enriched of °Li composition, taking as input the
neutron spectra shown in the previous section.
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Figure 28: NRT-dpa after 1 FPY on the most critical HTS region computed through SPECTRA-PKA.
Beside TiH,, the enrichment level does not influence the damage on the HTS significantly.

The results find a good agreement with literature [106]. The PKA spectra for all the other configurations
can be found (or will be found) in Appendix B. As expected the results are complementary of the neutron
spectrum. Furthermore PKA spectra provide additional information about the starting point of the
cascade damage in YBCO due to irradiation. In Figure it is shown a comparison of the PKA spectra
between the thicker vacuum vessel configuration (CAD A) in high ®Li enrichment and CAD B in natural
FLiBe composition, both with TiH, toroidal field shield.
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DPA in the most critical HTS region vs TBR inside the blanket
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Figure 29: NRT-dpa after 10 FPY on the most critical HTS region computed through SPECTRA-PKA
as a function of the TBR for the two molten salt configurations analyzed. Few millidpa is the limit for
REBCO superconductor.
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Figure 30: PKA spectra with 51 cm ZrH; shield (right) and void (left), both from the neutron spectra
computed for CAD A in high °Li enrichment

38 of 85



PKA spectrum on YBCO with TiH, shield
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Activity and dose rate

Evaluation of the specific activity and dose rate have been performed thanks to the recent developments
in Phits and Dchain [103]. For this reason I made a different geometry in order to be able to compare the
results with literature [31]. The main parameters are listed in table 7. Figure 32 illustrate the geometry
meshed.

| Main geometry features |

Parameters CAD A CAD C

Outer vacuum vessel thickness 5cm 5cm

Beryllium layer thickness 1cm 1cm

FLiBe channel thickness 2 cm 2 cm

Inner vacuum vessel thickness 5cm 5cm

First wall (W) armature B T A T S

Table 7: Geometry CAD C, made to compare the results (in good agreement) with literature [31].

Figure 32: Geometry closer to the actual reference for neutronic simulation by Commonwealth Fusion
Systems (CFS). Made by the author in Solidworks and meshed through Altair Simlab.
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Precisely vacuum vessel materials V4Cr4Ti, F82H and SiC have been evaluated considering an irradia-
tion time of 2 EFPY analyzing the specific activity and a cooling periods of 1 day, 30 days, 1 year and
2 years after the irradiation. For the SDR a R2S method has been used in order to impose the gamma
source (calculated by DCHAIN from the output of the first simulation in Phits) in the vacuum vessel
geometry. The results of the specific activity underscore the capabilities and appropriateness of V4Cr4Ti
and SiC as a candidate material for structural components. F82H demonstrates greater activity levels,
surpassing V4Cr4Ti by one order of magnitude and SiC by three orders of magnitude, one day post-
irradiation. Results are shown in Figure 33.
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Figure 33: Specific activity for different structural component designs in CAD C.

Keeping V4Cr4Ti as structural material, and using FLiPb instead of FLiBe results into slightly different
activity levels as it shown in Figures 34 and 35. In particular, since the neutral flux in FLiPb configura-
tion is higher, the activity of the structural materials as well will increase. Conversely for the salt coolant
channel and blanket component the specific activity will decrease due to the fact that main contributor
is *He, which is diminished as a consequence of the reduction of Li in the material compared to FLiBe
at same enrichment.

The main analysis have been carried out only for V4Cr4Ti. Figure 36 and 37 show the main radioactive
isotopes in the vacuum vessel deploying FLiBe as coolant and blanket 1 day and 2 year after the irradi-
ation, respectively. The main product **Sc derives form (n, x) reaction from *Ti, **Ti and °'V or from -
from “8Ca. After two years the main isotopes contribution are ¥V (half life is 2.850E+07 s), *Ca (half life
1.405E+07 s) and ®He (half life 3.888E+08 s).

Figures 38 and 39 show the main isotopes contributions of the vacuum vessel inner 1 day and 2 years
after the shutdown when FLiPb is selected as molten salt.

Moreover Table 8 and 9 illustrate the decay heat of V4Cr4Ti vacuum vessel after 2 EFPY as a function of
time. The primary contribution arise from decay gamma emissions, with decay beta observed at levels
one order of magnitude lower across all considered output times. Decay alpha emissions are absent.
Nevertheless the overall decay heat is not worrisome for this type of material. Concerning the decay
heat of the molten salt, variations can be observed if FLiPb is deployed instead of FLiBe. More precisely
the overall decay heat remains the same since beta decay does not change significantly. However the
decay gamma increase and alpha decay are present due to not worth bothering about trace of ?!°Po. In
fact taking into account the vacuum vessel (inner and outer) and FLiPb molten salt the percentage of
20po 1 day after shutdown is 0.0005%. Considering only the Salt coolant channel the trace of 2°Po are
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Specific activity on Vacuum Vessel comparison FLiBe/FLiPb
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Figure 34: Specific activity of V4Cr4Ti vacuum vessel for different molten salt designs.
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Figure 35: Specific activity of FLiBe and FLiPb molten salt. The difference lays are due to the presence
of tritium. Salt coolant channel shows higher activity because of the higher neutron flux compared to
the blanket component.

0.02% 1 day after the shutdown, which halve during the first year of cooling.
The SDR was computed only for the V4Cr4Ti configuration, which is the main structural material under
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VACr4Ti4 = 6.31753e+12 Bq/kg, 1 day after shutdown
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Figure 36: Main isotopes contribution average between vacuum vessel inner and outer 1 day after the
shutdown.

VACr4Ti= 4.3539e10 Bqg/kg, 2 years after shutdown
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Figure 37: Main isotopes contribution average between vacuum vessel inner and outer 2 years after the
shutdown.

investigation in this study. The results 1 day after irradiation, computed as explained in Shutdown sec-
tion using a mapped mesh consent to individuate the most activated area of the vacuum vessel (Figure

43 of 85



VACr4Ti inner VV = 8.8892E12 Bg/kg, 1 day after shutdown
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Figure 38: Main isotopes contribution on V4Cr4Ti vacuum vessel inner using FLiPb as coolant and
blanket 1 day after the shutdown.
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Figure 39: Main isotopes contribution on V4Cr4Ti vacuum vessel inner using FLiPb as coolant and
blanket 2 years after the shutdown.
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Total activity and decay heat after irradiation

Parameter 1 day 30 day 1 year 2 year

Total activity [Bg/cm?] 5.23451E+10 1.51422E+10 1.46987E+09 5.25497E+08
Total decay heat [W] 1.6498E+04 7.9449E+02 5.0958E+01 3.7817E+00
Decay beta [W] 1.0872E+03 7.0480E+01 9.0731E+00 1.6822E+00
Decay gamma [W] 1.5411E+04 7.2401E+02 4.1885E+01 2.0994E+00

Table 8: V4Cr4Ti vacuum vessel inner decay heat and specific activity as a function of time. Relative
errors lower than 0.05%.

| Total activity and decay heat after irradiation

Parameter 1 day 30 day 1 year 2 year

Total activity [Bg/cm?®] 2.40970E+10 6.98871E+09 6.31692E+08 2.19963E+08
Total decay heat [W] 7.8844E+03 4.0388E+02 2.5778E+01 1.8577E+00
Decay beta [W] 5.1958E+02 3.4827E+01 4.3605E+00 0.78917E+00
Decay gamma [IV] 7.3648E+03 3.6905E+02 2.1418E+01 1.0685E+00

Table 9: V4Cr4Ti vacuum vessel outer decay heat and specific activity as a function of time. Relative
errors lower then 0.05%.
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Figure 40: Activity of V4Cr4Ti 1 day after irradiation

Using this approach results that the main activated regions would be near the divertor regions. There
is no evidence in literature that this should be the actual behavior of the specific activity. Despite that,
neutral fluxes are actually focused near the TF shielding material in the inboard side of the reactor,
while materials are the same. This considerations suggest that the activity shown in Figure 40 may be
a numerical error due to an insufficient mesh size of the tally. Increasing the mesh size is cumbersome
because it rises memory issues due to the huge amount of data (neutron spectra with 1968 energy bin
structure, material chemical compositions and estimated density) required for each element of the mesh
size as input for the activation analysis. In fact using a tetrahedral mesh importing only the vacuum
vessel inner (in order to avoid memory issues), it can be seen from Figure 41 that the distribution is
actually focused along the areas subjected to higher neutron fluxes.

Computing the dose rate taking as input the activity in Figure 40 the results of dose rate will be as well
focused near the divertor region, as it shown in Figure 42; 1 day and 2 years after irradiation, respec-
tively. It must be said that the major contribution on the dose rate, despite the high activity level of the
molten salts, derives from the vacuum vessel material. For this reason, and in order to avoid numerical
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Figure 41: Activity 1 day after irradiation generated using a tetrahedral mesh to highlights the activity
distribution along the vacuum vessel (a.u.)

errors related to the geometrical shape and mesh size, the vacuum vessel has been modeled as toroidal
shell to better represent the geometry shape and take into account of self-shielding. This approach re-
duced computational time and eliminate all the complexity related to this kind of computation while
maintaining an accurate physical distribution of the dose rate. The toroidal shell major and inner radius
have been set to fulfill the geometry volume of the vacuum vessel inner (1.09 m?®). Moreover one side
present an higher radial thickness, in order to ensure that the inboard region of the vacuum vessel has
higher dose rate as it expected from the distribution of the activity shown in Figure 41. Figures 45 and
46 shows the effective dose equivalent from 3 years to 10 years after the shutdown. Scale in Figure 46 is
different to enhance legibility.
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Figure 42: Ambient dose rate 1 day (up) and 2 years (down) after irradiation computed from the activity
distribution as in Figure 40 using FLiBe as molten salt. Not appreciable difference have been observed
using FLiPb. In this case also the surrounding materials are taken into account. Peaks near the divertor
regions may be correlated to numerical errors due to the edges on the geometry and the mesh of the

tally.
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Figure 43: Effective dose equivalent 1 day (left) and 2 years (right) after the irradiation, vacuum vessel
inner of V4Cr4Ti represented as toroidal shell to simulate the real geometry. Molten salt used in this
configuration was FLiBe. Relative errors lower than 1%.
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Figure 44: Effective dose equivalent 1 day (left) and 2 years (right) after the irradiation, vacuum vessel
inner of V4Cr4Ti represented as toroidal shell to simulate the real geometry. Molten salt used in this
configuration was FLiPb. Relative errors lower than 1%.
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Figure 45: Effective dose equivalent 3 years (left) and 4 years (right) after the irradiation, vacuum vessel
inner of V4Cr4Ti represented as toroidal shell to simulate the real geometry. Molten salt used in this
configuration was FLiPb. Relative errors lower than 1%.
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Figure 46: Effective dose equivalent 5 years (left) and 10 years (right) after the irradiation, vacuum
vessel inner of V4Cr4Ti represented as toroidal shell to simulate the real geometry. Molten salt used in

this configuration was FLiPb. Different scale with respect to the previous plots. Relative errors lower
than 1%.
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Conclusion and future work

In summary, the present work confirm that relation between TBR and neutron environment exist, as it
was already observed in other work [81]. As expected it is true that materials with large cross section
for thermal neutron capture coupled with efficient moderator of fast neutron reduce the neutron flux
experienced from HTS magnets. Nevertheless materials with such efficient shielding characteristic will
reduce the Tritium breeding ratio inside the blanket region. While generally consistent, this trend is not
physically accurate.

DPA and TBR inside the blanket region in CAD B (20% °Li FLiBe)

DPA after 10 FPY

1.040 1.045 1.050 1.055 1.060 1.065
TBR inside the Blanket region

Figure 47: DPA after 10 FPY as a function of the TBR for all the analyzed materials

As it shows Figure 47 materials like gadolinium hydrides reduce more the TBR with respect to HfH,
while achieving higher neutron flux (and so spectra) when compared to ZrH,. In fact since the shield-
ing is outside of the blanket region, the impact on the TBR is due to scattering of thermal neutron.
Gadolinium has similar properties in terms of neutron absorption if compered to Zr, but will not con-
tribute to elastic scattering of thermal neutron, i.e. to the tritium production due to the presence of °Li
inside the blanket. Hafnium present better absorption but as well do not add back-scattering in the
blanket. Conversely, vanadium and tungsten in these materials play the role of reflectors, contributing
to TBR production. Instead boron and carbon are efficient moderator and so, while together do not ex-
hibit a proper shielding capabilities, combined with W turns into the favorable choice for the TF shield
component. Moreover, since the choice of the TF shield in commercial reactors not only depends from
the neutron absorption but will be economic-driven [81], careful investigations are required in order to
minimize the capital expenditures (CapEX) of the power plant. The uncertainties related to the manufac-
turing cost makes not trivial CapEX evaluation, which is out of the scope of this work, but for instance
HfH, and WB are expensive and so not suitable for commercial applications. Tungsten carbide may
represent a good trade off between the baseline (TiH, and recently proposed ZrH,) and aforementioned
materials. In fact WC present acceptable shielding properties and do not impact negligibly on TBR. Nev-
ertheless for some design configurations titanium hydride would be an interesting choice, since it may
be even more cost-effective than ZrH, while demonstrating slightly better performance, even if it will
reduce more the TBR. Another interesting materials analyzed in this study regards the molten salt. In
fact this work demonstrate that FLiPb does not increase neutron flux and DPA drastically. For instance
deploying a shielding of tungsten carbide, displacement per atoms will still be lower than FLiBe highly
enriched using TiH,, and the dpa will still be of the order of few millidpa, which is the limit for REBCO
superconductors. The pros of using FLiPb with respect to FLiBe as molten salt is a huge reduction of
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the cost. More precisely, making a cost estimation based on the raw materials (RMC), LiF reduction and
PbF, substitution to BeF, contribute to lower the cost of FLiPb. The main cost of FLiBe is correlated to
the enrichment process, and a reduction of Li (and consequently of °Li) in FLiPb may be game changer
parameter for the choice of the molten salt in commercial reactors. Moreover beryllium is highly toxic
and cutting out this material may relax few safety concerns. The drawback for this configuration is the
reduction of the TBR and the weight of the blanket and salt coolant channel, which is roughly doubled
compered to FLiBe, due to the presence of lead. Moreover further investigations regarding the FLiPb
physical properties are needed to evaluate the feasibility of such material for application in an industrial
scale, under irradiation and corrosion environments, and will have main focus in future works.

| Comparison of the molten salt FLiBe/FLiPb both 90% °Li enriched

Molten salt HTS neutron flux HTS dpa TBR weight cost

FLiBe/FLiPb 63% 67% 110% 54% 275%

Table 10: Percentage ratio between FLiBe and FLiPb as molten salt in blanket and salt coolant channel.
Neutron flux and DPA are computed in the most critical HTS region. Cost estimation was made for the
raw materials.

Configurations with high enrichment °Li levels are inherently favored due to their capacity to attenuate
neutron flux, thereby diminishing the HTS radiation damage. Furthermore, such configurations also
mitigate proliferation concerns, as it was observed in recent works [107]. Speaking of concerns the ac-
tivity levels of the vacuum vessel and surrounding materials reveal that a cooling time greater then 10
years is required to reach the annual radiation dose limit. Further study on materials activation and
irradiation time can emend the effective dose rate and must be taken into account during the design
process. In fact fusion energy has the opportunity to distinguish itself by proactively addressing public
concerns rather than reacting to them. This involves anticipating potential issues and engaging with
the community early in the development process [108]. Achieving a social license is essential for the
successful deployment of fusion energy technologies. Without public or community support, fusion en-
ergy may face significant barriers similar to those encountered by other technologies like fission reactors
[108].

In the context of materials down-selection and design, optimization of material composition rather then
extraction of scientific relations, machine learning (ML) algorithms is congenial [109]. Future works
will delve to extend the results generated through all the simulations to build a dataset for ML training
and validation. The selection of machine learning methodologies is contingent upon the volume and
quality of input data as well as the specific objectives of the desired output. Varied types of ML algo-
rithms may be employed commensurate with the scale and nature of the dataset and the complexity
of the anticipated output. Taking into account the complex simulation setup and the time required to
obtain an accurate dataset, the idea proposed by the author is to investigate computational modeling
techniques based on reinforcement learning, such as agent-based modeling (ABM) and multi-agent sys-
tems (MAS). The application of ABMs in material design and complex product development has gained
significant traction due to their ability to simulate and manage intricate systems. These models leverage
autonomous, interacting agents to represent various components and their interactions within a sys-
tem, providing valuable insights into the design process, risk assessment, and performance evaluation.
Agent-based models are effective in simulating and optimizing complex systems, including those in ma-
terial design, due to their ability to handle distributed and heterogeneous environments [110]. Moreover
intelligent agents enhance CAD modeling by adapting to new situations and maintaining consistency
across multiple views. These agents possess their own knowledge and can communicate and infer based
on feature grammars, making CAD models more intelligent and adaptable [111]. In conclusion, a care-
ful selection of machine learning methods may lead to an innovative and powerful tool able not only
to predict all the computed output in this work, but also equipped to propose optimized nuclear fusion
reactor design. By leveraging innovative ML techniques, even with limited datasets, we pave the way
for more efficient, reliable, and ultimately scalable fusion energy solutions.
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Appendix A

ICRP74 conversion coefficient

| Conversion coefficient gamma flux(®) to dose (E)

Photon energy [MeV] E/® [pSv - cm?]
1.0000E-03 4.8518E-03
5.0000E-03 2.4259E-02
1.0000E-02 4.8518E-02
1.5000E-02 1.2542E-01
2.0000E-02 2.0496E-01
3.0000E-02 2.9994E-01
4.0000E-02 3.3805E-01
5.0000E-02 3.5724E-01
6.0000E-02 3.7801E-01
8.0000E-02 4.3993E-01
1.0000E-01 5.1717E-01
1.5000E-01 7.5234E-01
2.0000E-01 1.0041E+00
3.0000E-01 1.5083E+00
4.0000E-01 1.9958E+00
5.0000E-01 2.4657E+00
6.0000E-01 2.9082E+00
8.0000E-01 3.7269E+00
1.0000E+00 4.5800E+00
3.0000E+00 9.9200E+00
5.0000E+00 1.3400E+01
1.0000E+01 2.0800E+01
1.5000E+01 2.8400E+01
2.0000E+01 3.3500E+01
5.0000E+01 5.2600E+01
1.0000E+02 6.6100E+01
5.0000E+02 8.5400E+01
1.0000E+03 9.1300E+01
1.0000E+04 1.0500E+02

Table 11: Conversion coefficient used to compute the effective dose equivalent
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Appendix B

The following subsections contains the PKA spectra on the most critical irradiated HTS region for differ-
ent design configuration. The subsection title resume the material used for the simulation followed by
the thickness layer in cm. Blanket tank is made of the same structural material with thickness 3 cm. The
salt coolant channel chemical composition can be deduced from the name as well. For instance FLiBe

means FLiBe natural composition, FLiBe90 means FLiBe with 90% enrichment of 61i.
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Figure 48: PKA spectra on the most critical HTS region
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Figure 49: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 50: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 52: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with WB4 shield

10-12 T |||I1||| T |||rIII| T |||I1||| T |||rl'l| T |||Irl‘

PKAs s per target atom

-22 | | | | : ;
10 |1(I)IIIIIM IIIIM_6IIIIM_4IIIM_2III OII
10 " 10~ 10~ 10" 10~ 10

PKA energy (MeV)

Figure 53: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 54: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with HfV, shield
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Figure 55: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 56: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with VB shield

-12 TTTT T TTI TTTT TTTT 7 O =
E 10 M M m m M3 gu
© -14 1 a —
g 0 L Y =-
= = * % \‘ EYBCO ==
g 107° . \\
@ _ 0 e T
& 1078 Ay
o -20 " il
2 10 i‘
X
o

=

-22
10 | IIIM IIIM_ IIIIIW M 2I III
10 0 0 10 10 10
PKA energy (MeV)

Figure 57: PKA spectra on the most critical HTS region with 51 cm shield

PKA spectrum on YBCO with GdHj; shield

-12 TTh T TTT TTIm T O -
10 L L B B AL L cu -

-14 a -
10 Y ==
10-15 YBCO -

PKAs s’ per target atom

I M ﬂhM 1 IIM 1 I|II|IM | IIII
010 10 10% 102 10°
PKA energy (MeV)

Figure 58: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 59: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 60: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 61: PKA spectra on the most critical HTS region
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Figure 62: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with TiH, shield
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Figure 63: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 64: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 65: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 66: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 67: PKA spectra on the most critical HTS region with 51 cm shield

PKA spectrum on YBCO with HfV, shield

g 10-12 T |||I1||| T |||I1||| T |||rIII| T |||ITI| T |||||'|1 -: C(a t.

5 1 Ba —

S 1 Y -

E EYBCO -
-22 ]

o 10 T ,HMM | I'”M : IIHM | IIIM | IIIM i

|
1019 108 10® 10* 102 10°
PKA energy (MeV)

Figure 68: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 69: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 70: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with GdH4 shield

.I 0-12 T |||r|||| T |||I1||| T |||I1||| T mrr|| T |||I|11

ol ool 3o

PKAs s per target atom

1 0-22 IIII“Hﬂ I IIIM | IIIM [ IIM I IIIM [ Ii
1010 108 10 104 102 10°
PKA energy (MeV)

Figure 71: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 72: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with B,C shield
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Figure 73: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 74: PKA spectra on the most critical HTS region
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Figure 75: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 76: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 77: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 78: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 79: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with HfH, shield
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Figure 80: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 81: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 82: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 83: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with GdH5 shield
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Figure 84: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 85: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with B,C shield
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Figure 86: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 87: PKA spectra on the most critical HTS region
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Figure 88: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 89: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 90: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with WC shield
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Figure 91: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 92: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 93: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 94: PKA spectra on the most critical HTS region with 51 cm shield
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PKA spectrum on YBCO with SS316L shield
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Figure 95: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 96: PKA spectra on the most critical HTS region with 51 cm shield

83 of 85



PKAs s per target atom

PKA spectrum on YBCO with GdH, shield

10-12 L B L L B L L CCJ _
1074 B\e; -
AL PP YBCO -
10-18
10"

-22 | |
10 10|15“*ﬂ) s"";“(") e"'% 4'”“1“(“)2 00

PKA energy (MeV)

Figure 97: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 98: PKA spectra on the most critical HTS region with 51 cm shield
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Figure 99: PKA spectra on the most critical HTS region with 51 cm shield
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