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Preface

This thesis is the product of twelve months of research and engineering at CERN in Geneva. The framework
of accelerator design is very particular but the work can be useful for anyone with an interest in estimating
radiation damage effects in materials. I became interested in this topic at Tecnico Lisboa during an intro-
ductory course of plasma science and technology where radiation damage can be a major problem. Coinci-
dentally, the opportunity to design a proton beam intercepting device at CERN presented itself so I jumped
at the chance to get involved. The aim of the work, described in this thesis, is to support particle physics
experiments in dealing with this materials science challenge. The added value of this research is the result
of applying a number of tools and investigation techniques that are playing an important role in current de-
velopments of the field of materials science and engineering. I learnt a great deal on presenting information
from the people with whom I worked in science outreach and I am excited to apply it in this work on the
design of beam intercepting devices for a CERN accelerator and radiation damage theory.

RMM Welschen
Geneva, August 2018
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Abstract

In the framework of the High Luminosity LHC project at CERN, the need for further incorporation of eval-
uation of radiation damage into the design of beam intercepting devices at CERN is described and the risks
of radiation damage in high energy applications are summarized. Radiation damage can be an important
topic in high energy applications where doses to materials can accumulate up to the point where they start
impacting device functionality and lifetime. The context of radiation damage at CERN provides unique cir-
cumstances that are not easily investigated experimentally. Simulation is an excellent alternative to study the
behavior of particle transport in matter. For the LHC injector upgrade, proton beam energy levels, entering
the Proton Synchrotron, are increased from 1.4 to 2 GeV. Using FLUKA Monte Carlo Simulations, the new en-
ergy deposition from the protons traversing a 2 cm thick tungsten plate is calculated. The proton beam is not
entirely stopped, but the beam is sufficiently diluted to be outside of machine acceptance. Meaning, it can no
longer be accelerated further. The energy deposition in the tungsten creates thermal stress waves. To evalu-
ate the suitability of an alternative material, a thermo mechanical design of the plate is made in ANSYS with
two different materials. Tungsten and the tungsten heavy alloy Inermet 180 (W-3.5%wt Ni-1.5%wt Cu) inter-
actions with three different proton beams are evaluated. These beams are foreseen for Proton Synchrotron
operation during high luminosity LHC. For single beam impact and normal operation mode the maximum
temperature is 84 °C. For steady state, accidental impact, temperatures of 430 °C are reached. The maximum
stresses are 145 MPa in Inermet 180 and 135 MPa in tungsten. Due to its brittle nature, it is advised to refrain
from using tungsten within this stress range. To evaluate the radiation damage, the DPA and gas production
are calculated, using the FLUKA Monte Carlo simulations. The peak DPA is 0.0035 and the peak gas produc-
tion is 3.5 appm for hydrogen and 2.5 appm for helium. The average DPA production shows a clear maximum
of DPAs just after the centre of the plate (1.18 cm depth from the surface). The maximum average hydrogen
occurs after 1.2 cm and the maximum helium occurs more to the surface (0.2 cm depth). The peak concen-
trations are not entirely at the same location though this is where there would be higher risk of agglomerate
formation just after the cascade. Since the peaks don’t overlap the most critical radiation damage is likely to
occur in an intermediate point.
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1

Introduction

Studying radiation damage is important to numerous applications in different fields. Irradiation causes struc-
tural damage that can significantly modify material properties. Since energy deposition and radiation dam-
age effects can cause failure of systems that are both costly and complex to recover the demand for materials
that can resist radiation damage is increasing, in particular for nuclear energy, medical and aerospace ap-
plications. The effects of irradiation are an advantage in the treatment of cancer. Proton radiation allows
for accurate reduction of tumors with reduced damage of surrounding tissue. By achieving more accurate
simulation of hadron therapy, the treatment efficiency of cancer with proton irradiation can be improved.

Figure 1.1 shows an unwanted effect of radiation damage: blisters in steel that were obtained after hydro-
gen plasma irradiation. The radiation damage resulted in gas production and build up of gas concentrations
close to the material surface lead to the formation of blisters. The demand for materials that can resist irradi-
ation is increasing, in particular for nuclear, medical and aerospace applications. For example, high levels of
radiation damage are limiting the lifetime of the DEMO fusion reactor blanket and divertor design requiring
further research into enhancing materials capability to withstanding these high levels. The analysis of the
materials’ nuclear design requirements and the effects of radiation damage for candidate design options for
DEMO are discussed by Federici et al. [1]. Their work also highlights the need for finding sufficient mar-
gins and improving material properties in order to enhance material irradiation resistance as well as enable
accurate prediction of failure mechanisms and lifetimes.

When a spacecraft enters the upper layers of an atmosphere, the hypersonic velocity leads to the forma-
tion of plasma, causing radiation damage especially in materials present outside the spacecraft. Radiation
in space is also an important factor that can induce failure. The damaging effects of cosmic rays to human
tissue and their capacity to penetrate materials are demonstrated by Orlando et al. [3]. The risks associated
with this constant irradiation are life-threatening and program-limiting. This creates a strong demand for
creating a better understanding and quantifying the damage as well as further developing shielding material.

Figure 1.1: Optical micrographs of blisters on the surface of 95% deformed 13Cr2MoNbVB steel after irradiation with hydrogen plasma

to2-10 24 H /m2 at 275 (left), 305 (center) and 323 K (right). The micrographs are made for studying sputtering-induced erosion of
plasma-facing materials (PFMs) for future commercial reactors. The scale is the same for all micrographs. [2]
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This master thesis evaluates the radiation damage in a tungsten plate which is part of a safety mechanism
inside the Proton Synchrotron (PS), one of the particle accelerators at CERN (figure 1.3). The methods are
applicable to the design of other beam intercepting devices at CERN.

1.1. The Importance of CERN

Just as fundamental research is an important aspect of our society, feeding our curiosity and fruitfully advanc-
ing our everyday technologies such as GPS and medical imaging, fundamental research in turn is supported
by advances in engineering. Physicists rely on the developments in state of the art technologies to experiment
at high energy levels like the ones needed for high energy particle physics experiments.

The European Laboratory for Particle Physics, CERN (Le Conseil Européen pour la Recherche Nucléaire), is
a European research laboratory that aims to answer the world’s most fundamental questions such as, "How
do we explain the behavior of matter?, and to unite nations through science. The CERN convention was es-
tablished just after World War II. It states a European nuclear physics research collaboration without military
or commercial purposes and all its results are to be made public. As a driver of innovation, a provider of
first-class education and a catalyst for peace, its societal impact is enormous. Florio et al. made an attempt at
quantifying CERN'’s socio-economical impact and performed a cost benefit analysis for the LHC [4]. The to-
tal costs consisting of construction, machine upgrade and operation costs. The benefits are categorized into
benefits to scientists, scientific knowledge as a public good, human capital from education and experience
and finally benefits to the industry. Florio estimates that there is a 90% probability that benefits exceed costs
with an expected value of 2.9 billion euro without considering the unpredictable applications of scientific
discovery. In a report on the Impacts of Large Research Infrastructures on Economic Innovation and on Soci-
ety the OECD mentions hadron cancer therapy research and development at CERN as one of the innovative
technologies that demonstrates the organization’s secondary contributions to society. [5] Figure 1.2 shows
the simulation results of a proton therapy dose deposition using a Monte Carlo code that was originally de-
veloped for the physics experiments at CERN. Just like the world wide web, the capacitive touchscreen and
the PET-scan, it was not part of the laboratory’s principal scientific objectives. It is one of the many examples
of technologies that were developed for physics and later came to benefit society in a different application.

500 250 0 250 500 500 -250 0 250 500
HE . [

-100 -50 0 50 100 -100 -50 0 50 100
mm mm

Figure 1.2: Monte Carlo calculated dose deposition (left) against the planned treatment (right). The top row shows a posterior-anterior
field delivering 2 GyE to a tumor. The rainbow colour-bar displays dose values in mGy. The black-white colour-bar represents the HU
map arbitrary rescaled for display purposes. [6]

Besides driving innovation, CERN facilitates excellent education and valuable work experience to employ-
ees and visiting researchers. Another important teaching activity is the science outreach to the general public
and collaborations with educational institutes to research and develop science teaching around the globe.
All year round teachers and students are invited to come to Geneva to participate in workshops and attend
lectures at CERN. In this manner generations are brought together not only to share knowledge and best
practices but also to discuss failures and challenging subjects like diversity and ethics in science. The high
concentration of expertise and curiosity these activities achieve, help gain and spread ideas, understanding
and knowledge throughout society. And that beyond measure is also an investment in human capital.
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Figure 1.3: The CERN accelerator and experiment complex (modified from [7])

The most important machines at CERN are housed in the CERN accelerator complex, which is shown in
figure 1.3. They enable experimental investigation of the theories of particle physics. For example in the LHC,
protons collide at 13 TeV and data taken from these collisions helped prove the theory of Higgs et al. [8] that
there is a particle (now named the Higgs boson) that is responsible for other particles having mass. Figure 1.3
shows the Linear Accelerator, LINAC 2, built at the beginning of this complex. This is the proton source where
hydrogen gas is ionized, and the electrons are separated from the protons through a polarized field. Using
their positive charge, the protons are further accelerated through a series of linear and circular accelerators
which are designed to further accelerate and tune the flow of protons into beams with characteristics as
requested by the experiments. Part of the CERN network of accelerators is the Proton Synchrotron (PS), a
59 year old machine that currently is designed to receive protons with energies up to 1.4 GeV from the Proton
Synchrotron Booster (PSB). The PS can further accelerate these protons to energies up to 25 GeV into an
experiment or into the Super Proton Synchrotron (SPS). The Super Proton Synchrotron (SPS) can further
accelerate the proton beam to the TeV-range for higher energy experiments, and for injection into the Large
Hadron Collider (LHC) or to targets of lower energy experiments.

1.2.1. Beam Intercepting Devices

Components inside the accelerators that are directly impacted by the beam or a part of the beam are called
Beam Intercepting Devices (from now on referred to as BIDs). From interaction with high energy and high
intensity beams, a BID in an accelerator may endure large amounts of radiation damage and energy depo-
sition thus requiring careful design to be able to withstand these loads. The exact magnitudes of energy
deposition and radiation damage the BID will incur are entirely dependent on its location within the acceler-
ator complex, the type of material used and its utilization intensity. To illustrate the amount of energy a BID
could intercept/receive: the accelerator fault tracker registered that in 2015 70 beams were dumped into BID’s
(beam dumps) in the LHC [9]. 70 beams containing 2808 bunches with an intensity of 1.15x 10 protons at 7
TeV each, results in 362 MJ per beam.
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Abeam stopper or beam dump is a BID that is designed to stop or diminish beams in a controlled manner.
It acts as an accelerator protection and prevents high energy particles from causing undesired damage or
activation downstream. Beams can either be steered into a dump or dumps can be placed into the beam
trajectory. In order to achieve beams of certain shapes and intensities, the machines are highly tunable.
And elaborate beam studies are done to find the settings that have the most desired effects on the beam.
The Ralentisseur is a dump that is dedicated to beam study operation mode inside the PS, where the beam
characteristics are studied and tuned using sensors called secondary emission monitor grids (SEM-grids).
These SEM-grids are extremely delicate and may only endure one interaction per bunch. To protect these
SEM-grids from a second interaction, the beam needs to be dumped before it makes one entire turn inside
the PS. This dumping is done by placing the Ralentisseur (a beam stopper) into the beam trajectory.

The work presented here concerns the Ralentisseur, a tungsten plate inside a vacuum chamber that is
connected to the accelerator main vacuum pipe. The Ralentisseur is located inside straight section 12 within
the PS (figure 1.4a). Its functionality is to reduce the beam intensity level before it completes one turn inside
the PSring. Since the SEM-grids cannot endure more than a single high intensity interaction, the Ralentisseur
needs to be in place inside the vacuum chamber before the beam enters the PS. By placing the Ralentisseur
in the vacuum chamber, the proton beam is diluted and the SEM-grids are protected so they can continue to
perform beam studies.

Figure 1.4a and 1.4b show the location of the Ralentisseur and SEM-grids inside the PS and the current
design of the Ralentisseur in its vacuum chamber. The tungsten plate is moved into the beam aperture with
a transverse movement. The active part that is in direct contact with the proton beam consists of a 20 mm
thick Tungsten plate. It is designed as a beam stopper for protons with energies up to 1.4 GeV and it needs to
be redesigned for protons with energies up to 2 GeV. This upgraded design should be completed before 2019
and shall be implemented in 2019 during the LHC Injectors Upgrade (LIU). [10, 11] The Ralentisseur plate is
attached to a pneumatic arm that moves it in and out of the beam trajectory with a SEM-grid interlock. The
interlock ensures that the SEM-grids cannot be placed into the beam line unless the Ralentisseur is in place
to protect the SEM-grids from a second interaction after the beam is injected from the PSB into the PS.

SEM Grids Positions
54 ‘ A
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Ralentisseur
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Figure 1.4: a: Proton Synchrotron (r=72m) scheme showing the SEM-grid and Ralentisseur positions. b: Working mechanism of the
Ralentisseur indicated with previous technical drawings [12].

1.3. Need for Research

As explained in the LIU Technical Design Report [13], the PS will be upgraded to meet the requirements of
the High Luminosity LHC project. The injection energy from the PSB into the PS will be increased from 1.4
GeV to 2 GeV. This upgrade also requires the Ralentisseur to be upgraded so that it can sufficiently dilute the
beam and withstand the higher energy deposition along with the accompanying radiation damage.

At this moment there are no estimations for the foreseen radiation damage or structural damage from
thermal stresses. But as the device is inside the PS beamline, a failure could cause an operational stop of the
entire PS. Many CERN experiments rely on the PS beam, which cannot be supplied during an operational
stop. Without a beam no data can be acquired by the researchers and this amounts to great losses to all those
dependent on this data for their work. Experiments such as the LHC detectors (ATLAS, CMS, ALICE and
LHCD), the High Radiation Materials facility, the anti-proton decelerator (see figure 1.3) are all dependent on
the PS beamline and will incur great loss in case of an unforeseen operational stop.

To minimize the risk of failure of the Ralentisseur, it is critical that the beam induced damage in the Ralen-
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tisseur is conservatively estimated and that the device is designed with appropriate safety factors. A system-
atic evaluation of the effects of radiation damage for the design of BID’s at CERN would benefit the device
reliability. For example, for the design of the PS internal dumps the possible effects are mentioned. However,
since there is a lack of relevant experimental data, the expected radiation damage is not further evaluated
[12].

The effects of radiation damage can change material properties and thereby reduce the device’s perfor-
mance or in worse cases lead to failure. To prevent degradation and failure, the expected radiation damage
effects on BID performance should be studied. For this work the following research question is formulated:

How can radiation damage in materials be incorporated into the design of beam intercepting devices?
This problem is divided into the following subquestions:

e What are the problems in BID’s resulting from radiation damage?
¢ What relevant cases of radiation damage are described in literature?
* Which investigation techniques are currently used to evaluate radiation damage in these cases?

e Which tools can be used to evaluate radiation damage effects on BID performance and lifetime at
CERN?

The research will be done within the framework of and parallel to the Ralentisseur design. However, the
research questions are posed more generally to emphasize the broader applicability of this work.

1.4. Thesis Goals and Reader Trajectory

Certain accelerator components will be exposed to high levels of radiation. Effects of the resultant radiation
damage can include embrittlement, swelling, creep and hardening, which can negatively affect BID perfor-
mance and worse, induce failure. To minimize the risk of failure of a BID at CERN this report focuses on
estimating the radiation damage quantities and evaluating relevant effects on material properties. Subse-
quently they can be taken into account in the design, operation and maintenance of the BID. This is done
in the framework of and in parallel to the Ralentisseur design. By reviewing literature on radiation damage
research in tungsten, the relevant issues in the Ralentisseur are identified. Different investigation techniques
are compared to establish a strategy to evaluate the effects of radiation damage on BID lifetime and perfor-
mance. The Ralentisseur thermo-mechanical design is done resulting in an understanding of the main design
parameters and the operational temperatures and stresses in the tungsten plate. The goal is to extrapolated
the limiting radiation damage values, regarding the effect of radiation damage on material properties, from
simulation and experimental data. Chapter 2 gives radiation damage theory and the principles of calculating
the energy deposition and radiation damage with a Monte Carlo code that simulates the transport of a parti-
cle through matter. Furthermore an overview of related case studies for proton irradiation at similar energy
levels, using relevant materials and evaluating radiation damage is given. In chapter 3 the BID design method
is given and the Ralentisseur design is done. This method is based on the earlier work done by the section
at CERN that is responsible for the design of BIDs. Finite Element Analysis software such as ANSYS is used,
to simulate the BID in operation and calculate the resulting temperature changes and thermal stresses. The
simulation conditions, such as material model, beam parameters and energy deposition are given. Finally
the resulting data is discussed and evaluated. Chapter 4 explains the evolution of cascades and how they cre-
ate defects in the material lattice. The behavior of these defects within the microstructure is explained and
qualitative relations with changes in material properties are given. The DPA and gas production is computed
using FLUKA, a Monte Carlo particle tracking code. The quantities are evaluated separately after which the
gas/DPA ratio is discussed. To investigate an alternative material for the difficult to machine and brittle tung-
sten, DPA and gas production for both tungsten and Inermet 180 (W-3.5%wt Ni-1.5%wt Cu) are calculated. A
comparison is made between the DPA and gas production values in the two materials. In chapter 5 a sum-
mary of the results is given, the research questions are answered and recommendations for future research
and finetuning the BID design method are provided.






2

Literature Study

The studies, with regards to fundamental physics, that can be done at CERN are directly related to the beam
characteristics that are achieved inside the accelerators. For example, one important characteristic is the
beam emittance. A measure for the beam dimensions (spatial particle spread), the emittance is a key param-
eter for the overall performance of an accelerator. The experiments that are done in the LHC require a large
amount of data in order to perform the statistical analysis that can prove for example a particle discovery. The
more collisions take place, the more data is generated. And as we achieve a higher density proton beam the
chance of a collision is increased and so a smaller spatial particle spread means that there is a higher chance
of proving the theories that can be an explanation for why our universe looks the way it does. Studying the
emittance already starts in the LHC injectors such as the Proton Synchroton (PS). And monitoring emittance
allows for matching the beam to the PS-machine vacuum chamber and surrounding instruments. Further-
more, by studying the emittance, beam instabilities can be detected and fed back into the control systems
to help achieve a higher luminosity and therefore allow for higher energy experiments to take place [14]. To
study the emittance in the PSB to PS transfer line, SEM-grids are installed inside the transfer line and PS.
The transverse beam emittance and matching may be obtained from beam profiles measured at four differ-
ent SEM-grids provided the beam only crosses the SEM grids once [15]. The Ralentisseur is a tungsten plate
inside a vacuum chamber in the Proton Synchrotron that acts as a beam retarder’ and will incur direct im-
pact of the proton beam. During its lifetime it will be impacted by a total of 9.2 10'8 protons. The protons
traverse the Tungsten plate of the Ralentisseur which reduces the beam energy levels such that it is outside
of machine acceptance. This means that the particles are outside of the energyrange of particles that can be
further accelerated inside the proton synchrotron.

To achieve better emittance, the accelerator components need to be upgraded. For the upgrade of the
Ralentisseur a new design is prepared and the radiation damage levels are estimated and taken into account.
Further literature research is needed to understand the design of BIDs and to find the state of the art of tech-
nology that can is designed to withstand radiation damage. The objectives of this literature research are
formulated as follows:

¢ To determine the BID design method.

¢ To gain an understanding of the impact of radiation damage on the device’s performance, reliability
and lifetime estimations.

» To investigate radiation damage research on other relevant radiation damage scenarios.

¢ To analyse benchmarked simulation data from similar radiation damage problems that can lead to
qualitative assessments on changes of the material structure and properties.

* To implement this knowledge and achieve a method to evaluate the radiation damage during the design
of Beam Intercepting Devices.

The results of this literature research are finally used to more precisely estimate the device lifetime and
performance in later chapters. Currently, the method of designing the Ralentisseur and other BIDs at CERN
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is based on best practices of the EN-STI-TCD (targets, collimators and dumps design for the engineering de-
partment group working on sources, targets and interactions) section at CERN [16, 17].

In this chapter a comparison is made between this method and how comparable BID’s have been designed in
other organizations. Knowledge gained in other nuclear facilities, for example in neutron spallation sources
and nuclear reactors can provide useful insight. Especially benchmarked simulations and experimental re-
sults from other nuclear facilities can provide valuable insight into radiation damage behavior since physical
data is much less common for accelerator radiation damage studies. The focus for these cases, in this report,
lies in how radiation damage is taken into account during the design process. Both investigation techniques,
based on simulation as well as based on experiments, are discussed. Finally the discussion summarizes and
compares different strategies to design BIDs and evaluate beam induced damage.

2.1. Fundamentals of Radiation Damage

When a high energy proton traverses a volume it interacts with the matter on its trajectory. Due to these
interactions an energy deposition occurs, resulting in a local temperature increase and displacement of par-
ticles and atoms in the interacting material. A challenging aspect in estimating the energy deposition and
radiation damage on a nuclear level is that for different energy levels interactions between particles change
and other interaction mechanisms may become more important. Meaning that as the particle traverses and
loses its energy, the interaction it has with the material changes. For example at higher energy levels a good
approximation for nuclear stopping power in a crystalline target is Rutherford scattering (pure coulombic
interaction). An excellent explanation of why this is the case is given by C. Race [18] and G. Was [19]. Because
the primary particle has such high energies, its cross section is relatively small and it will therefore only barely
interact with the surrounding nuclei, allowing it to travel some distance. During this time the particle loses
energy, mostly through interaction with surrounding electrons. This is called channeling. The damage at this
point may be caused by ejected electrons (coulombic explosion model), transfer of electron heat to surround-
ing ions (thermal spike model) or excitation of electrons weakening bonding forces where the surrounding
material is strained and the resulting pressure causes damage. Eventually the channeling particle has lost suf-
ficient energy and its cross section has become bigger. It now interacts with surrounding ions and defects on
its path. As it interacts with another ion either another (sub)cascade is formed or cascade evolution begins.
For lower energies, effects of electrons in the internuclear space become more relevant and pure coulombic
scattering is no longer accurate enough. The energy loss of protons below 1 GeV takes place through inelastic
processes with atoms while for protons with energies higher than 1 GeV most energy losses happen through
nuclear interaction where stopping powers in between these interactions also remain an important contri-
bution to the proces [20]. The focus in this work is on the higher energy range proton-matter interactions
in the range of hundreds of MeV to several GeV. In this work radiation damage is defined as the formation of
a vacancy and self interstitial atom (SIA) pair (Frenkel pair) due to an energy deposition that is equal to the
threshold energy (the minimum energy needed to move an atom from its place creating a Frenkel pair). This
energy is dependent on the displacement direction and can be measured along principal axes or averaged
over all directions. It is determined for many materials both experimentally and using simulation methods
such as molecular dynamics [21]. The point defects can diffuse and affect the formation and evolution of 2D
and 3D defects that can act as a sink for these point defects. They can recombine or be absorbed by sinks
such as a void, dislocation, dislocation loop, grain boundary or precipitate. The recombination and reaction
of a vacancy or interstitial into or with a defect sink is described by chemical rate equations:

dc,
dt

dc;

= KO - Kivcicv - Kvscucsd_tl = KO - KiUCin - KisCiCs 2.1
Where

C, = vacancy concentration

C; = interstitial concentration

K, = defect production rate

K;, = vacancy-interstitial recombination rate coefficient

K, = vacancy-sink reaction rate coefficient

K;, = interstitial-sink reaction rate coefficient

These equations are difficult to solve analytically because they are nonlinear differential equations and
because of the difference in K and K. This difference comes from the much more mobile nature an in-
terstitial has with respect to that of a vacancy. [19] There are more interstitial sites to jump to than there are
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vacancy sites and interstitial bonding is in general weaker than bonds between lattice points. When consid-
ering a pure metal, with Frenkel pairs being created, and where low T and low sink density is assumed. A
build up of point defects occurs which after some time stabilizes due to recombination. As interstitials are
more mobile they are absorbed by sinks at a higher speed which makes the interstitial concentration decrease
while the vacancy concentration increases. During continuous irradiation, production, recombination and
absorption of interstitials takes place in parallel and a steady state is reached. The same occurs for vacan-
cies, however since the mobility of vacancies is much different, their recombination and absorption rates are
slower and the vacancy concentration reaches higher steady state values than interstitials. For further infor-
mation, the influence of temperature and sink density is well explained through schematics in Was et al. [19]
Despite the transitions of the reactions actually occurring a lot slower, the schemes highlight the main ideas
surrounding the point defect equilibrium and the effect of the different reaction rate coefficients on point de-
fect concentrations. For example that increasing the sink density reduces the amount of time where intersti-
tial and vacancy recombination dominates point defect concentrations because sinks will start to contribute
to point defect annihilation much sooner. Another observation is that at high temperatures (T'/T,, = 0.5) the
increased recombination rate at sinks keep the interstitial concentration low. And even though interstitial
concentration is lower at steady state, the interstitial and the vacancy contribution to atom mobility is equal-
ized because of the faster diffusion rate of interstitials.

Another issue during irradiation, is that transmutation can result in the formation of foreign atoms like Re,
Os, Ta, He and H. The transmutation of element A into element B occurs through a nuclear reaction where
the particles on both sides of the equation are balanced as seen in equation 2.2.

VA=B+3a 2.2)

Where B=)"3 A'.

In recent literature, more and more scientists have expressed concerns regarding the effects of transmu-
tation elements in irradiated materials. Zhao et al. [22] gives an overview of literature that studies the origin,
behavior and effects of transmutation elements on material properties. Much work has been done on the ef-
fects of Re, Os and Ta on the crystal structure, mechanical properties and thermodynamics of tungsten. The
effects of Re, Os and Ta (from now on referred to as TE, which stands for transmutation elements) on H/He
behavior were investigated. The TE atoms’ formation was simulated in both interstitial and substitutional
sites(IS and SS). The formation energy in an IS is much higher meaning atoms prefer to stay at an SS and are
also more stable there. Therefore all TE’s can be assumed to be located at SS’s. The study also shows that Re
and Os increase the bulk modulus (the ratio between the change in pressure and the fractional volume com-
pression) of W, while the bulk modulus decreases with Ta concentration. TE’s showcase the tendency to lower
the Young’s modulus while enhancing the ductility and Poisson’s ration of tungsten The formation energy of
He shows that it prefers SS sites while H prefers the tetrahedral interstitial site. This variation occurs because
of the difference in the element electron orbits. Due to these interactions, the diffusion path ofHeand H are
changed. The further away theHeand H are from other TE’s, the easier they diffuse. [22]

2.1.1. Computing Radiation Damage Using Monte Carlo Simulations

The chance in a game of solitaire drove Stan Ulam to the idea to use the new Electronic Numerical Integrator
and Computer to perform statistical sampling to solve neutron diffusion and multiplication problems in fis-
sion reactors. Figure 2.1 gives a schematic of trajectory decisions based on the probabilities of the different
outcomes for the event in question. For example, g; gives the distribution of paths that a particle can fol-
low before interacting with another nucleus with the shorter distances being more probable than the longer
distances. These values are dependent on material properties while g;. on the other hand gives probabilities
for different types of interactions to occur. These are dependent on the particle energy. [23] Monte Carlo
method changes the process described by an integral into a number of random operations. The behaviour of
a large population is described with sampling and statistics. In this work, the Monte Carlo method is used to
calculate particle trajectories and resulting radiation damage and transmutation.

The transport of a particle through matter is essentially described by the Boltzman transport equation
(equation 2.3) where the probability of having a specific set of particles under certain circumstances is related
to a specific collision taking place. The change of the location of particles f is described by an external forces
term, a diffusion term and a collision term. Since the proton beam and nuclear interactions comprise such
large populations, it would be computationally inefficient to compute the solution to the Boltzman equa-
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tion for all particles involved. Utilizing the Monte Carlo method, trajectories for a sample of this population
can be computed. Through statistical analysis, this sample leads to an approximation of the solution of the
Boltzman equation for the total interaction of a population of protons within a body is achieved. Numerous
Monte Carlo codes to track particle transport have been developed. The main codes being MCNPX, GEANT4,
FLUKA, MARS, PHITS. The difference in the codes being in the implementation of the physics models [24]. A
further in depth explanation of how FLUKA computes the radiation damage is given in chapter 4.
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Figure 2.1: The history of each neutron is generated by making various decisions about the physical events that occurs as the neutron
goes along. [23]

2.1.2. Deriving an Energy Deposition Distribution Using Monte Carlo Simulations

As a primary particle is traveling through a body, the interactions with the matter result in a thermal load. To
simulate the thermal load of a beam intercepting device, the energy deposition distribution is needed. The
proton beam hitting the tungsten plate is simulated using the FLUKA Monte Carlo code. Proton trajectories
are computed by taking into account the most important interaction mechanisms within the material [12].
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Subsequently, this energy distribution map is applied as a load to the volume elements of our finite element
model in ANSYS. Thermal and structural finite element simulations are performed and give an estimation of
the temperature and stress distributions over time. Importing the FLUKA results into ANSYS is further dis-
cussed in section 3.2.1. FLUKA tracks a number of mechanisms through which it interacts with the material
and at the same time deposits energy. As the primary proton traverses the Ralentisseur tungsten plate, it loses
energy amongst others by creating cascades and particle showers on its way. When the shower components
cannot travel further, the cascade energy is considered deposited. In the high energy density deposition re-
gion, close to the beam axis, produced electrons and ions are the main result of the deposited energy [25].
This ionization occurs through inelastic scattering, where an electron is emitted through coulombic interac-
tion with the proton and through charge absorption where the proton is absorbed by an atom nucleus and
an alpha or beta particle is emitted. Further away from the beam axis, heavy products and recoils of neutron-
nuclear interactions are more important for the energy deposition (figure 2.2). Numerous studies go further
in depth on the physics of the beam-material interactions [19, 26, 27, 20].
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Figure 2.2: Overview of the most important energy deposition mechanisms for thermo-mechanical studies using FLUKA energy
deposition maps as a thermal load.

2.2. Radiation Damage Effects in Tungsten

Critical radiation damage effects in tungsten include hardening, embrittlement, yield strength decrease, swelling,
void and even blister formation. An example of such blisters can be seen in figure 2.3. Radiation damage in
tungsten is much researched for different nuclear reactor applications at lower energy levels. However, dif-
ferent interaction mechanisms become important at different energy levels. For example the cross section

of total and elastic p-p and p-n scattering show that at higher energy levels fewer elastic p-p collisions oc-
cur [26]. This complicates the application of knowledge and experimental data acquired from lower energy
beam-material interactions and pushes towards a focus on the specific energy regime that the Ralentisseur is
exposed to.
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Figure 2.3: SEM photograph of the tungsten samples with (a) 0 DPA, (b) 0.3 DPA, and (c) 3.5 DPA damage after mixed H+, C+ ion beam
irradiation. [28]

2.3. Case Studies and Scope Definition

The design of a BID begins with the understanding of the beam-material interactions at subatomic and
atomic scale. During the design process of a BID, the occuring mechanisms and how a change in the ma-
terial structure due to radiation damage leads to a change in properties is taken into account.

In this section, state-of-the-art BID designs are discussed. The aim is to discuss the approaches followed that
are relevant to the Ralentisseur and the aspects that were taken into account during the design process. From
these approaches the scope of this work is determined.

2.3.1. Case 1: Beam-Material Interactions in Accelerator Components at CERN

Future generation medium- and high-energy accelerators call for the research on high energy beam-material
interactions. In their paper [26] Mokhov (Fermilab) and Cerutti (CERN) discuss how effects in materials un-
der irradiation can influence the lifetime and performance of a BID. An indication of the beam impact risks
is derived through thermo-mechanical studies. First, a worst case scenario beam impact is simulated using a
Monte Carlo Transport simulation code. The code models interactions with matter while the particle is trans-
ported through a material. Each interaction results in an energy deposition. Depending on the amount of



2.3. Case Studies and Scope Definition 13

energy deposition, particle showers are created causing further cascades resulting in more energy deposition
until the cutoff energy is reached. At this point the particle is assumed to have insufficient energy for further
transport and is stopped. Its remaining energy is deposited at its final position. The statistical chance that a
particle undergoes a specific interaction results in particle trajectories for the amount of particles in the beam
(for example in the order of 10" protons). This then results in transient energy deposition values through-
out the material volume undergoing beam impact. In the next step this energy deposition is imported into a
Finite Element Method software package. In transient thermo-mechanical models this energy deposition is
applied to the nodes throughout the body and the resulting change in temperatures and thermal expansions
in the body are calculated. Finally, the thermal stresses are evaluated. Material responses that are relevant to
component lifetime and operational performance are thermal shock and quasi-instantaneous damage, insu-
lation property deterioration due to dose build-up, radiation damage from atomic displacements as well as
helium and hydrogen production, detector component radiation aging and damage, superconducting mag-
net quenching, single event effects in electronics, detector performance deterioration and radioactivation.
For BID’s where there is a strong indication that further radiation damage studies are needed, radiation dam-
age is taken into account during the design phase. This is done by using the Monte Carlo simulations to
calculate the production of displacements per atom (DPA). These DPAs are a measure for Frenkel pairs, an
atom or ion leaving it’s place in the lattice and lodging nearby in the crystal (creating a vacancy and an in-
terstitial), characteristic radiation damage defects. Helium and hydrogen can amplify the effects of radiation
damage. The uncertainties for hydrogen production are around 20%, where the uncertainties for helium pro-
duction is around 50%. Gas calculations were for example done for the SHiP Target. A block consisting of
titanium-zirconium-molybdenum alloy (TZM) and tungsten plates with 5 mm gaps for cooling water to run
through. The target is impacted by 4 x 10" 450 GeV protons. Figure 2.4 shows the beam sweep footprint. The
beam trajectory (going into the page) is adjusted so that it hits the SHiP target in a spiraling manner rather
than having the entire beam hit the target in one point. This is done to optimize the target functionality and
lifetime.

Beam sweep

-40 . : .
-40 -20 0 20 40

X [mm]
Figure 2.4: The figure shows the assumed beam sweep footprint at the longitudinal position corresponding to the SHiP target. [29]

In figure 2.5 the energy deposition is plotted. It shows a discontinuity, a sudden increase of energy depo-
sition in the plate just after 60 cm. This is where the target plates are made of Tungsten. Tungsten having a
higher density explains the increase in energy deposition. Because the beam has more interaction with the
material, more energy is deposited.

The peak energy deposition per pulse is 844 J/ cm®/ pulse. Because of the high amount of protons ex-
pected during the target lifetime (2 x 10%%), a significant amount of change of mechanical properties due to
radiation damage is expected. Figure 2.6 shows the simulation results regarding DPAs achieved during the
target lifetime. A maximum value of 0.9 DPA is reached in TZM. The maximum DPA achieved in tungsten is
about 0.7. The gas production values are plotted in figure 2.7. The peak values of 430 appm hydrogen and
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Figure 2.5: The figure shows the energy density along the Z direction but averaged along the horizontal direction 2 cm around the beam
centre. [29]

150 appm helium are reached in TZM though a sudden increase is clearly visible in the transition to tung-
sten. The maximum gas/DPA ratios are 800 and 299 appm /DPA for hydrogen and helium in TZM and 690
and 305 appm/DPA for hydrogen and helium in tungsten. Particularly helium production can further reduce
the lifetime of a component dramatically because of its low solubility in the crystal lattice, it forms clusters,
accumulates defects and dislocations. Both gasses contribute to swelling and in some cases blister formation
close to the surface.

Max. DPA, | = 2620 pot
1 l T T T T T

DPA

04 - | . , -

02 . o

0 ; ; ; s l .
0 20 40 60 80 100 120
Z [cm]

Figure 2.6: The figure shows the maximum DPA along the longitudinal (Z) direction. [29]
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Figure 2.7: Overview of the most important energy deposition mechanisms for thermo-mechanical studies using FLUKA energy
deposition maps as a thermal load. [29]

Mokhov and Cerutti [26] present the change of beam material interaction due to radiation damage as a
lifetime influencer, but it is not mentioned in their list of factors in operational performance. However, the
Fermilab antiproton production target and its drop in productivity with damage are extensively discussed.
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For this target irradiation induced swelling in the titanium jacket of the target and in the region where the ti-
tanium jacket was visibly damaged with a 15% drop in the measured antiproton yield. The visible damage of
the titanium jacket affected the functionality by decreasing the yield and it is reasonable to also assume that
a swelling as a result of radiation damage may significantly affect the functionality. Deriving the decrease in
functionality from simulated radiation damage values would allow for a better understanding of the different
roles the various effects are playing when it comes to a reduced antiproton yield.

For the Antiproton Decelerator target design, radiation damage was evaluated in iridium [30]. The effects
will lead to target failure due to a loss of density in the central part of the target rod. Radiation damage is
also the main cause of decrease in anti-proton yield up to 20% observed after weeks of operation due to void
formation, swelling and loss of density. Swelling peaks at intermediate temperatures (

03T, <T<0.5T,, <

) and lower temperatures cause low defect mobility limiting the growth of voids while at higher temperatures
void growth is limited due to recombination of vacancies. A second inducer of void formation are stresses
in the material. Also radiation embrittlement and radiation induced creep is discussed. The formation and
accumulation of noble gases seem to be the dominating cause. Especially by intergranular fracture when
the gas atoms migrate to grainboundaries. Embrittlement is observable from 1ppm and saturated above 10
ppm. In heavy metals such as iridium, rhenium and tungsten, bubble formation is accelerated by Kr and
Xe formation from spallation due to a higher Z. Stresses inside the material are calculated coupling ANSYS
with FLUKA where plasticity is neglected. More radiation studies are available for CERN detectors, sensors,
electronics, polymers and composites presumably since these parts are more visibly affected and more often
failing (31, 32, 33, 34, 35].

For the design of the PS dump core, J. Esala did material selection and thermo-mechanical studies for graphite
and CuCrZr [12]. The exiting beam, energy deposition and radiation damage are studied using the FLUKA
Monte Carlo code. Thermo mechanical simulations were done to compute the temperature and stress states
with a 25 ns High Luminosity LHC beam. First a thermal simulation was done, after which it was verified by
comparing energy deposition as applied in ANSYS to how it was calculated by FLUKA. The values that are
used for comparison are total deposited power, total deposited energy and peak energy deposition. As tem-
peratures and stresses were close to critical values, mesh sensitivity studies were performed for the graphite
block. The performance of a cooling system was evaluated using a steady state simulation where the sce-
nario of continuous beam impact is simulated. A peak temperature of 1381 °C is reached in graphite and 157
°C in CuCrZr. The effect of a geometry change to allow for material expansion shows higher temperatures,
higher tensile stresses but lower compressive stresses. The possible radiation damage effects on the different
materials are discussed, but qualitative values for changes in material properties under similar irradiation
damage were not found for the materials in question. The radiation damage was not considered in the ma-
terial model of the simulations. The gas production due to beam impact is not mentioned. The thermal
expansion is caused by the temperature increase from the energy that is deposited by the proton interaction
and resulting particle showers. This chapter explains the computation of the temperature increase and ther-
mal stresses following these interactions with the help of Thermo-Mechanical finite element analysis(FEA)
in ANSYS. Furthermore the FLUKA energy deposition maps and their application in ANSYS are given. More
implications of the energy-deposition maps and FLUKA Monte Carlo simulations are discussed in chapter 4.

2.3.2. Case 2: Energy Production Demonstrator Target Design

The design of a heavy metal target is studied for the Energy Production Demonstrator (EPD) and Material
Testing Station (MTS) optimization [36]. Tungsten, thorium and natural uranium interaction with proton
beams having an intensity of 6.25- 10" p/s are studied for different energy levels. The aim for the MTS is to
maximize the DPA (DPA is explained in section 2.3.1) and gas production. Figure 2.8b shows that the DPA/E,,
(DPA-proton energy ratio for both materials) was highest for the 1-4 GeV energy range and figure 2.8a shows
the He/DPA/E,, was the highest for UNAT and Th at 1 GeV and below 1 GeV for W. A thermal ANSYS study
using the MARS15 code to generate heat deposition maps showed there is a possibility that meltdown will
occur in the target. This issue was solved by altering the target design. The new design was verified by new
thermal ANSYS simulations.
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Figure 2.8: a: Helium (,He4 and ,He3) production in the targets. b: Displacement per atom (DPA) volume in the targets.

2.3.3. Case 3: China Spallation Neutron Source

Recent studies on radiation damage in tantalum cladded tungsten by a 1.6 GeV proton beam were done by
Dong-Dong Pan et al. for the China Spallation Neutron Source (CSNS) [37]. The radiation damage and gas
production were estimated with MCNPX2.5.0 and a comparison was made between two different beam pro-
files. Peak displacements and gas production is given in table 2.1. The high amounts of gas production results
in swelling and embrittlement. Maximum DPA values were derived from experimental work performed by
Maloy et al. [38], where the change of ductility with dose was measured for tungsten.

Target
He H He/DPA
Beam shape DPA/y (appm/y) (appm/y) (appm/DPA)
Uniform 2.2 123 768 56
Gaussian 5.5 353 2141 64

Table 2.1: DPA and gas production values for a 1.6 GeV 100 kW gaussian and uniformly shaped proton beam operating 5000 hours per
year.

The same authors responsible for the work above also published calculations of He and H concentrations
from beam impact on the CSNS target [39]. This time, FLUKA Monte Carlo code was used to simulate the
production rates. The calculated He cross section of W is compared to 0.75 GeV experimental data and the
loading on microcracks due to increased H or He accumulation near crack tips is discussed.

2.3.4. Case 4: European Spallation Source

Mora et al. evaluated the activation and radiation effects for the European Spallation Source W target. A 2
GeV proton beam impacts a solid rotating target made of tungsten blocks. Tungsten was chosen partly due
to experience accumulated over the years at kW range. Using the MCNPX Monte Carlo Code, the DPA in the
tungsten target was acquired by considering incident protons as well as generated neutrons (see figure 2.9).
The calculated DPAs are evaluated using existing experimental data.
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Figure 2.9: DPA (top), H (left) and He (right) production in the ESS target after 5 years of operation, Proton beam profiles along
horizontal and vertical directions employed for the calculations. Such profiles correspond to those contained within the current
machine specification. [40]

The H and He production throughout the target elements is calculated (figure 2.9) and a swelling of 0.22%
is expected. The effects on material properties are extrapolated from existing data. The W target should be
replaced when radiation damage values exceed 3-4 DPA which suggests a lifetime of 5 years. The impact of
gas production is hard to assess due to lack of experimental data at these temperature ranges. Embrittlement
and fracture surfaces where gasses may accumulate require further study.

2.3.5. Experimental Evaluation of Changing Mechanical Properties

Maloy et al. irradiated high purity tungsten rods with an 800 MeV, 1mA proton beam for six and two months.
[38] Fluence was determined with activation foil analysis. After which simulation fluence was adjusted to
match the isotope production. Calculated helium and hydrogen content as a function of dose are shown in
figure 2.10a. The relations are more or less linear. Stress strain relations of the tested radiation dose ranges
are made for the two different sample diameters and the results are shown in figure 2.11a and 2.11b. The yield
strength increases quite dramatically with just several DPAs. The effect on the hardening coefficient seems
less dramatic. Cracking of compression tested irradiated samples was found. Samples tested at 475 °C also
showed an increased tendency for non-uniform deformation.

The results for 2.6 and 3.2 mm diameter samples differed somewhat because they came from different batches
of material. A difference in material grade or even surface finishing can already be significant. However, work
hardening after yielding is identical in both material grades. Furthermore, values below 5 DPA resulted in
similar yield stresses (1600 MPa). For a higher DPA range, yield increases significantly and the drop following
yield decreases. The variation in T;,, (50 - 270 °C) is minimal compared to T,,,;, and is therefore unlikely to
be responsible for the change observed in the mechanical response. A general trend is for the yield strength
to increase rapidly with doses up to a few DPA and then increase slowly with dose as is shown in figure 2.10b.
The general dependence of yield strength of tungsten on dose is the same as that for RT tests but the mag-
nitudes of the values are lower, probably due to changes in dislocation dynamics. For values above 20 DPA,
the helium content was about 2000 appm. The effects of helium on tungsten properties is under discussion.
There is work on the effects of helium on steel tensile properties which indicates that helium would have an
effect on the compressive deformation behavior of tungsten as well.
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Figure 2.10: a: Calculated helium and hydrogen content of the samples plotted as a function of dose. b: Graph plotting 0.2% yield stress
vs. dose for compression tests on tungsten irradiated up to 23 DPA at 50-270°C and a test temperature of 25°C.[38]

! . . , ; 1
T : 2500

20 all tests performed d=2.6 mm ATVEEHA perRninec

{ at room femperatare i al rowim lemperalure
= -_":i-u: d=1.2 mm r‘?_; = -3
pry { P
by w
= .I,-'u'u: = i :D 13X
o |
EJ —al— G dpa, T _E
2 . —o— 0 dpa, T g
£ _iooo| —af— L5dpa, T = -1000
=) [ —a 28 dpa, T, = 12000 'E0
B —e—andpa, T_=160C| (G =
e ) it
500k mmaerm (1 e ]
| wecdeons L8 dpa, T L
i 3,3 7 5
PR T, =607
i " L L - . L ] - -
-5 Ty -5 1] ] -30 A5 40 i -5 -0 -15 -H0 -15 -3 -15 -4
Engineering strain {%) Engineering sirain (%)
() (b)

Figure 2.11: a: Graph showing engineering stress/strain curves for tungsten irradiated to 4.6 DPA and compression tested at room
temperature. Tests are divided into specimens with 3.2 mm diameter and 2.6 mm diameter. The two different size specimens were
made from different heats of tungsten. Data were gathered continuously. The plot markers are an aid to distinguishing between the

different tests. b: Graph showing engineering stress/strain curves for tungsten tested in compression at room temperature after
irradiation in a proton beam from doses ranging from 0 DPA to 23 DPA. Data were gathered continuously. The plot markers are an aid to
distinguishing between the different tests.[38]

2.4. Overview

The radiation damage studies for the SHiP target (section2.3.1) has evaluated the maximum DPA values in
the longitudinal (Z) direction. To evaluate gas production, the average values for gas production over a target
plate volume corresponding to the maximum radius of the diluted beam were computed. Subsequently the
average gas per maximum DPA value was calculated. These calculations assume that the produced gas will
diffuse and spread homogeneously throughout the central volume of the plate. However, diffusion of gas
is very much dependent on temperatures achieved. In the case where no sufficient diffusion takes place,
concentrated values of gas production can lead to higher gas/DPA production and more dramatic radiation
damage effects. Further studies into how the produced gas is distributed are required to achieve conservative
radiation damage estimations.
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To study radiation damage, the energy production demonstrator at Fermilab aims to maximize the DPA
radiation damage as well as the gas production [36]. An extremely high flux (6.25 - 10" p/s) resulted in maxi-
mum DPA values around 2 - 3 GeV and peak helium production below 1 GeV, indicating a maximum helium
to DPA production ratio between 1 and 3 GeV.

The problem of radiation damage can be applicable to many scenarios. To confine this study, the scope
is limited to BIDs at CERN. One particular BID, the Ralentisseur, is studied and in this framework the design
mthod is investigated and utilized resulting in the Ralentisseur upgraded design. Thermo-mechanical design
is performed along with coordination of the project regarding the design with parties involved, e.g. the vac-
uum group. Numerous studies for radiation damage in Tungsten exist, however since the radiation damage is
highly dependent on the type of irradiation and the energy and temperature at which irradiation takes place,
the focus lies with studies that were performed at a similar energy range (i.e. hundreds of MeV to several
GeV). Unfortunately, the number of studies fitting these requirements is limited.

Monte Carlo simulations can be used to compute the DPA and gas production. The amount of DPA being
produced is already often evaluated. The challenge seems to be studying radiation damage on a meso-scale.
It is not exactly understood how damage on a nuclear level exactly relates to changes in the microstructure
and how it affects material properties. Limited experimental work is done for higher energy level irradiation.
Benchmarking of gas production simulations can improve the accuracy of the estimations for helium and
hydrogen production (currently the accuracy is to 20% and 50% respectively). Models to study the effect of
helium and hydrogen on micro-structure and material properties are needed.

Two cases were found for proton-tungsten irradiation at similar energy levels. The China Spallation Neu-
tron Source and the European Spallation Source both performed studies to predict the lifetime of tungsten
including radiation damage estimations. Monte Carlo simulations were performed to calculate DPA, H and
He production. To achieve a lifetime estimation, experimental results relating DPA to stress-strain curves and
yield strength increase were used. For the China Spallation Neutron Source the influence of gas production
on micro-cracks is studied. The effect of gas production in the European Spallation Source target is still being
evaluated.
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Thermo-Mechanical Studies

Radiation damage experiments can require complicated set-ups, time and a large budget, not easily avail-
able for every problem at CERN, simulations are an excellent alternative to study the behaviour of a mate-
rial interacting with high energy particles. In general, if the engineering problem allows for it studying the
Thermo-Mechanical stresses using FEA can be a relatively low cost, rapid way to gain insight thermal stress
values.

FEA software such as ANSYS Workbench and Monte Carlo particle tracking code such as FLUKA, is a com-
bination of mathematical models that can produce quick estimations of thermo-mechanical material behav-
ior with proton beam impact. Requiring minimal resources (a regular desktop suffices) and offering a great
amount of flexibility (the work is not that much bound to a time and place, current everyday technologies
allow for the work to be done in the office or on the road), the effects of radiation damage in materials can be
studied. Finally, by using existing benchmarking data it is possible to estimate the effects on material proper-
ties from simulated DPA and gas production results. This gives more accurate material models and allows the
design of beam intercepting devices while also taking into account radiation damage. The current Ralentis-
seur plate is made of tungsten. However, since pure tungsten is a relatively hard to machine, brittle material,
the well machinable, ductile alloy, Inermet 180 (W-3.5%wt Ni-1.5%wt Cu, from now on referred to as IT180)
is also investigated to determine whether it is a suitable alternative. In order to design the Ralentisseur for its
new energy levels the interactions of the beams with the geometry and a tungsten and IT180 material model
are computed. During these interactions, a part of the proton energy is deposited into the material. This
energy deposit results in a local temperature rise, causing expansion and thermal stresses travelling through-
out the material. This chapter discusses the simulation of the change in temperature and resulting thermal
expansion and stresswaves throughout the tungsten plate of the Ralentisseur.

3.1. Simulation Conditions

The simulation conditions are set up with the help of the general requirements and working conditions[41,
10], previously defined in documents by CERN. Estimations for future beam characteristics inside the Proton
Synchrotron (e.g. number of protons per pulse and pulse time) are given by the CERN Beams department
[41]. A substantial amount of consulting was done with the CERN Beam department since it will in the end
be responsible for the Ralentisseur operation for beam studies.

3.1.1. Material Model

Currently, the plate material is tungsten which has a high density. Meaning, the traversing proton beam will
interact with a large number of atoms on it’s path. And so we will have a more efficient reduction of beam
energy. With an increase in interactions on it’s path a proton is also more deflected from it’s original path.
Furthermore, tungsten has a high thermal shock resistance, i.e. it can sustain a certain degree of thermal
differential strains without yield or fracture occurring and the melting temperature is high, making it a robust
solution for this specific application with high rates of very localized energy deposition and high temperature
gradients. However, tungsten is a very brittle material making it difficult to machine and nowadays com-
mercially available tungsten alloys like IT180 (Inermet180) are much easier to machine. The performance of
IT180 to that of tungsten the beam interaction with both materials is modelled and a comparison is made.

21
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Figure 3.1: A stresswaves in the Ralentisseur tungsten plate from intercepting a 2 GeV proton beam.

In ANSYS and FLUKA, the material models in table 2 are used. The IT180 material models from pub-
lished data are not complete and therefore it is necessary to make some additional assumptions regarding
the material properties. For example, due to lack of characterization data for IT180 Bertarelli et al. used pure
tungsten material models to perform Monte Carlo and thermo-mechanical simulations to assess damage
thresholds of IT180 components impacted by high intensity high energy beams depositing energies up to 10°
GeV/cm® [42]. However the goal of the simulations for the Ralentisseur design is to also evaluate the differ-
ence between tungsten and IT180 performance and so the real material properties shall be used. The density,
Young’s Modulus, Poisson’s Ratio, Thermal Conductivity, Specific Heat and Yield Strength are available for
room temperature and will be assumed constant with temperature. Only for emissivity no values are known
and so the emissivity for tungsten is assumed. The tungsten properties varying with temperature originate
from material databases (CES Selector 2015 and MPDB v7.71). The conditions under which the properties
were obtained were chosen to fit the Ralentisseur conditions as much as possible. The IT180 properties origi-
nate from the supplier. A more detailed overview of the material model and sources can be found in appendix
A.l.

Tungsten IT180
Property 20°C 800°C 20°C 600°C
Density (kgm ) 19290 19090 18000 -
Young’s Modulus (GPa) 400 364 360 -
Poisson’s Ratio 0.28 0.29 0.28 -
Thermal Conductivity (Wm™ %K') 164 120 110 -
Emisivity 0.02 0.13 0.02 0.13
Specific Heat (Jkg™'-°C™) 132 150 135 -
Mean Coefficient of Thermal Expansion (u°C™") 4.4 4.8 5.23 5.45
Yield Strength (MPa) 1320 76 615 -
Maximum Service Temperature (°C) 825

Table 3.1: Summary of material properties of pure tungsten and IT180 (properties obtained from, Plansee SE, CES Selector 2015 and
MPDB v7.71)[43]. More extensive list of material properties and sources can be found in appendix A.1.

3.1.2. Beam Parameters

The energy deposition load on the Ralentisseur is determined by the impacting beam. In the Ralentisseur
Functional Specifications [10] (see also the beam specifications in appendix A.2), the beam intensity, I, (total
number of protons per beam) is given. However, one important parameter, the beam spotsize, (horizontal,
o, and vertical, o,) is not defined. In 2017, the Beams department published beams [41] that are foreseen
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to be injected into the PS during its operation after the LHC injectors upgrade. The beam characteristics for
the most relevant beams are given in table 3.2. A beam can be more critical to a material depending on the
spotsize, intensity and pulse time and therefore the beams with the most critical spotsizes and intensities
are taken as an approximation for the worst case scenario impact to the Ralentisseur. Four different beams
are chosen. This also allows us to study the effect of spotsize and intensity variation on the tungsten plate
performance. A worst case scenario for the energy deposition was used to compute the DPA and beam in-
tensity after interaction with the plate. This worst case scenario is computed as the theoretical maximum
pulse intensity with the smallest known spot size (BCMS spot size). The bunch period t;,,,.,, the timeframe
during which a bunch hits the plate and the pulse time 7, the time it takes for a new bunch to hit the plate
remain constant.

Properties
Egn I thunch  fpuse  Ox 0y
Beamname GeV 10%3 us S mm
ACCID 2 5 0.575 30 8.25,6.09
HLLHC 2 24 0575 30 4.42,3.66
BCMS 2 1.6 0575 30 3.51,3.22
WORST CASE 2 2 0.575 30 3.51,3.22

Table 3.2: PS beam properties for the design of new internal beam dumps.[41]

3.1.3. Energy Deposition

The energy deposition is computed by the FLUKA section at CERN. It is mapped throughout the plate with
a resolution corresponding to the size of the volume elements (in FLUKA a volume element is also referred
to as a bin). The energy deposition density is very high in the beam impact zone but relatively low outside it.
Therefore the area outside of the impact zone can be relatively coarse so that the calculation power needed for
simulations is reduced. So two spatial meshes were defined in FLUKA. A coarse map, where a bin sizing of 0.8
mm x 0.8 mm x 1 mm is used (figure 3.2a), and a fine map that has a binning 0f 0.0833 mm x 0.0833 mm x 1 mm
(figure 3.2b). From figure 3.2b the energy deposition gradient is visualized much better. In ANSYS, the energy
deposition density on a node is interpolated from the energy deposition values of the eight surrounding bins.
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Figure 3.2: a: FLUKA energy deposition map for coarse binning. High Luminosity LHC beam and IT180.[44] b: FLUKA energy
deposition map for fine binning. High Luminosity LHC beam and IT180. [44]

In figure 3.2a the energy deposition over the entire plate shows that for lower energy deposition areas, the
colour transition is less sharply defined. This can be attributed to a lower energy deposition resulting in less
particle data and therefore a larger statistical error. Additionally we can see that the colour transitions in the
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coarse plot in the center are less sharply defined than the colour transition in the fine plot (figure 3.2b) which
is due to the difference in resolution. From the fine plot the energy deposition gradient is sharply defined and
it is easier to read the maximum of 90 J/cm®/ pulse per cm in the plot. Furthermore in the direction of the
beam trajectory (from left to right) the energy deposition gradient decreases (larger circles) indicating as well
the beam diverging. Due to interactions with matter, the protons are deflected from their path causing the
beam to scatter as it travels through a medium.

Figure 3.3a shows the number of particles entering and exiting the plate. At the center of the plate, where
X=0 the beam is diluted from peak incoming particle density 2.8x10" particles per mm? to peak outcoming
particle density 2.6x10" particles per mm? due to the scatter from plate impact. Where X>5 mm, we see that
the particle density has increased showcasing the diverging effect the beam undergoes when the beam hits
the tungsten plate.

Figure 3.3b shows the energy deposition of the worst case scenario of the incident beam versus the out-
going beams for both Tungsten and IT180. For the FLUKA application, all protons in the incident beam are
assumed to be at 2 GeV in the middle of the machine acceptance energy range (approximately 1.98 GeV to
2.02 GeV, see figure 3.3b). If particles fall outside of the Proton Synchrotron Machine Acceptance energy
range it means they have too little momentum to be further accelerated. The beam will continue several
meters inside the machine after which it is "lost’, into the beam pipe wall and further losing energy through
material interactions outside of the accelerator. The energy spectra of the beam exiting the plate for both ma-
terials are outside of machine acceptance and the SEM-grids being 20 meters away can be considered safe.
The outgoing energy spectrum for Tungsten is slightly lower than that for IT180. This is in agreement with
the expectation that a greater energy deposition occurs in tungsten due to it’s higher density and therefore
increased particle interaction.

The maximum energy deposition in the tungsten plate, given by FLUKA is 9.68x10'! Gev/cm®.
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Figure 3.3: a: Worst case scenario fluence of the particles going into the Ralentisseur plate and coming out of the plate. [44] b: Energy
spectra of proton beam particles incident and exciting the Ralentisseur in comparison with machine acceptance.[44]

3.2. Thermo-Mechanical Simulations in ANSYS

To study the thermally induced stresses in the Ralentisseur plate, finite element simulations are performed.
In total 27 thermal and 15 structural simulations have been performed (see figure 3.4). Four different simula-
tions are done:

1. Thermal simulations apply the FLUKA energy deposition data on the body mesh as defined in ANSYS.
Where, combined with the material property model, the temperature evolution over the meshed plate
body over time is computed.

2. Structural simulations load the transient temperature simulation results into another ANSYS module
which uses the predetermined material model to calculate the local volume change. This deformation
results in stresswaves. In the structural simulation, ANSYS uses the material model to compute these
resulting thermal deformation and accompanying stresses over time.
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3. Steady State simulations apply the FLUKA energy deposition continuously until the absolute heat loss
is equal to the total energy deposition. This simulates the scenario where accidentally the Ralentisseur
would receive beam continuously longer than foreseen. Since the steady state heat loss would have to
equal the FLUKA energy deposition, this simulation also allows for verification of the heat loss bound-
ary conditions.

4. Energy check simulations compare the energy deposition computed in FLUKA to the energy deposi-
tion applied on the mesh nodes in ANSYS. As FLUKA uses volume elements to calculate the data points,
these values are interpolated to nodal data points and hence there is an error.
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Figure 3.4: Overview of the Ralentisseur ANSYS project including all different modules for thermal, structurant, steady state and energy-
check simulations.

3.2.1. FLUKA Energy Deposition Data Application in ANSYS APDL

Connecting the FLUKA produced text file of energy deposition data points to our Thermo-Mechanical simula-
tion in an ANSYS parametric design language script (from now on referred to as APDL). Based on CERN'’s best
practice method [16] and adjusted for this specific problem J. Esala applied this method to perform thermo-
mechanical simulations for the design of the new PS internal dump core [12] which consists of pressed fine
grain graphite and a precipitation hardened alloy (CuCrZr) enduring a 150 ms interaction with a 26 GeV pro-
ton beam. A. Ouzia followed a similar approach to model a Graphite 160 MeV proton beam stopping block for
the future LHC injector Linear Accelerator 4 [45]. Figure 3.5 shows the format of the heat load data which is
imported into ANSYS. The units are converted to total Joule deposited per volume unit per pulse. The FLUKA
values are located in the bin centers. In ANSYS the energy deposition should be applied to either a node or an
element. If a bin center does not coincide with a node or element the nodal values are calculated by interpo-
lating from surrounding bins. The APDL script then applies the nodal values on the node with the matching
coordinates.

3.2.2. Boundary Conditions

Figure 3.7a shows the CAD model that was used to perform the FEM simulations. The model of the beam
hitting the tungsten plate is symmetric in the XZ-plane and as shown in figure 3.7b symmetry is used the
boundary conditions. By using symmetry boundary conditions only half of the plate is simulated and only
half of the results are computed. Therefore the computation force needed is substantially reduced. Figure
3.6 shows the fixed nodes are far from the impact zone to minimize their impact on the results in the most
critical areas. Regarding heat loss conduction and radiation are being considered. Reflected radiation from
the vacuum vessel are not taken into account and convection is neglected because the plate is in a high
vacuum. The interfaces where heat loss occurs are visible in figure 3.7a where the heat transfer occurs though
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Start and end coordinates of

the volume in x direction # of bin divisions
Bin size
Cartesian binnind . 1 "ENERGY-F " , generalized partigke n. 208
[X coordinate: from -8.0000E+00 to 8.0000E+00 cm]| [200 bins|([8.0000E-02 cm wide)
Y coordinate: from -4.0000E+00 to 4.0000E+00 cm, 100 bins ( 8.0000E-02 cm wide) Power deposition volume
Z coordinate: from 0.0000E+00 to 2.0000E+00 cm, 20 bins ( 1.0000E-01 cm wide)

. 3
[Data follow in a matrix A(ix,iy,iz), format (1(5%,1p,10(ix,ell.@) |je———— data points in GeV/(cm3s)

accurate deposition along the tracks requested

3.1543E-07 3.5554E-07 3.0876E-07 2.5658E-07 4.3954E-07 4.3996E-07 5.4306E-07 5.9007E-07 5.5690E-07 8.4854E-07
4.9676E-07 3.6628E-07 4.8572E-07 5.3217E-07 7.2410E-07 7.1030E-07 7.9214E-07 1.1554E-06 8.8524E-07 6.3110E-07
6.1956E-07 9.8290E-07 9.2290E-07 1.0457E-06 1.1811E-06 1.1733E-06 1.4119E-06 1.1839E-06 7.8996E-07 8.3824E-07
9.8637E-07 9.1113E-07 2.1520E-06 1.4626E-06 9.2153E-07 1.7040E-06 2.0969E-06 2.0629E-06 2.0205E-06 1.3102E-06
1.4319E-06 1.6055E-06 1.5056E-06 1.7188E-06 2.1586E-06 2.1474E-06 2.2947E-06 2.8235E-06 2.5170E-06 2.3305E-06

Figure 3.5: Example of FLUKA data file for ANSYS energy deposition input. [44]
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Figure 3.6: The fixed nodes in the simulation are a line of nodes in the center on the side and one single node on the top.

conduction in the pinhole and through radiation on the exposed surface. Section 3.3.2 of the Master thesis
on the design of the PS dump core [12] exactly describes the formulas behind the heat loss as it is applied in
ANSYS.

The two different FLUKA energy deposition maps shown in figure 3.2a and 3.2b are applied in ANSYS so
an energy is deposited on the body like a load. The coarse map is only applied to the plate outside the beam
impact zone and the energy deposition map with a higher resolution is applied as a load to the beam impact
region.

3.2.3. Mesh

The area of the plate where the beam impacts, the impact zone, undergoes very dense energy deposition.
That is why this area needs a much finer mesh than the surrounding material. For computing a finer mesh
in the beam impact area, the 3D body of the plate is sectioned (figure 3.7b). To reduce calculation time the
mesh outside of the beam impact area is much coarser. The FLUKA energy deposition resolution is 0.8 mm
x 0.8 mm x 1 mm for the coarse part and 0.0833 mm x 0.0833 mm x 1 mm for the refined part but using this
as mesh size would result into an excessive amount of elements and long computation times. Therefore the
outside (figure 3.7b) mesh has coarse edge sizing of 2 mm and fine edge sizing of .4 and .5 mm.

Thermal contact conductance

Radiation

o =
Plate symmetry plane+— ——>
i }

s | :

@ (b)

Figure 3.7: a: Top half of plate sectioned with radiaiton and conduction boundary conditions applied. b: Plate mesh of half the plate. A
symmetry is assumed over the center xz-plane and the mesh remains constant throughout the thickness of the body.
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3.2.4. Simulation Reliability

To verify the model several checks are performed. For future work a best practice quality checklist [46] was
made and presented during the ANSYS simulation forum at CERN. To check whether the boundary condi-
tions were applied accurately the following points are discussed: Beam Parameters, Material Data, Geometry,
Contacts, FLUKA to ANSYS data import, analysis setting, mesh and post processing.

To see whether the FLUKA load file was imported into ANSYS and applied to the model correctly, an extra
simulation is performed. A dedicated ANSYS model checks whether the energy deposition (as discussed in
section 3.1.3) in the FLUKA file coincides with what is computed in the ANSYS model. For the FLUKA file
as well as for the ANSYS model, the total deposited energy and the peak deposited energy are calculated.
The error for the total deposited energy is 0.02% and the error for the peak deposited energy density is 0.1%
(see table 3.3) which is an acceptable precision [12]. This error can be explained by the fact that the energy
deposition is a point value in the center of the bin. The nodal value does not always coincide with a bin
center and in that case is interpolated from the bin center values surrounding the node. This interpolation
creates an error. The total energy deposition also confirms that a higher amount of energy deposition and
thus interaction occurs in tungsten, as expected due to its higher density.

FLUKA ANSYS Error[%]

Total deposited energy
Tungsten (J] 390.5 390.7 -0.051
IT180 (1 419.6 419.8 0.040
Peak deposited power (density)
Tungsten J/cm®] 1479 1477  -0.088
IT180 []/cm3] 158.7 158.4 -0.2

Table 3.3: Relative errors between FLUKA and ANSYS energy and power deposition for both tungsten and IT180.

To investigate whether the results would benefit from further mesh refinement, a separate set of simula-
tions with the HLLHC beam impacting IT180 was performed. Two further refinements in x- and y-direction
and two further refinements in z-direction were performed separately (see figure 3.8a). No dramatic changes
in maximum temperature were found and so the mesh is assumed to be fine enough.
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Figure 3.8: Mesh convergence studies results. The maximum temperature varying over mesh size.

Additionally, the model results were compared to a former ANSYS model of the current Ralentisseur (tung-
sten). The current beams were used to simulate the current scenario with the model by Esala et al. [47] and
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the model presented in this work. Both models give similar results. The models simulated the thermal and
stress results with the same FLUKA files that were used by Esala et al. [47] and computed T,,,,,= 819 °C and
O max=44 MPa. Comparing these values to the values in the model by Esala et al. [47](T,,,,=800°Cand o ,,,,=
4 4.8 MPa), the values from the model presented in this report show strong similarity thus further validates
the model. [47]

3.3. ANSYS Results

Table 3.4 gives an overview of the thermo-mechanical results for the different simulations. The maximum
temperature after one pulse is barely different in Tungsten and Inermet180. However, the steady state tem-
peratures vary somewhat. This is obviously driven by the difference in thermal conductivity, specific heat
and density. But there is also different energy deposition caused by different beam interactions with the two
different materials. The peak energy deposition in Tungsten is higher than the peak energy deposition in In-
ermet 180.Regarding the difference in stresses, despite the Inermet 180 Young’s modulus being lower than the
Young’s modulus for tungsten, higher thermal stresses are achieved for Inermet 180. Regardless, the stresses
are too low for yield to occur. Since the temperatures of all beam impacts remain well below the maximum
operation temperatures and the resulting stresses remain below the yield stresses simulations and results are
very similar (see table 4), only the simulation results for HLLHC and Inermet180 are discussed.

Inermet 180 Tungsten
HLLHC
Tmux[o Cl 84 (t=0.6us) 84 (t=0.6us)
Tmax,unulyticul [o Cl 87 87

Toteadystatel Cl  294(t=43200s)  304(t=432005)
O VonMisesmaxIMPal  116(t=0.8us) 107 (t=0.8ys)

ACCID

Tinaxl"Cl 70 (t=0.6us) 69 (t=0.6us)
Tmax,analytical rcl 73 73
Tsteudysmtelo C] 417(t=43200s)  430(t=43200s)
O vonMises,max!MPal 145(t =4.8us)  135(r =4.0us)

BCMS
Tyax[°Cl 79 (t=0.6us) 79 (t=0.6us)
Thax,analytical Cl 82 82

Tsteaaystate [°Cl 235(t=43200s)  243(t=43200s)
O vonMises,maxMPal 105(t=0.7us) 97 (t=0.7us)

Table 3.4: An overview of the results for the thermal, structural and steady state simulations for all beams and including the analytically
derived adiabatic predictions.

3.3.1. Thermal Simulations

In the thermal simulations, radiation takes place over the plate surface and conduction occurs through the
supporting pins. The temperature rises and at the end of the beam pulse (0.6 us) the maximum temperature
of 84 °Cis achieved (see figure 3.10). The energy deposition is not precisely symmetric in the middle XY-plane
of the plate and as a result the temperature distribution is not exactly symmetric through the center of the
tungsten plate. Instead there is a higher energy deposition in the part where the beam is exiting the plate,
which is also coherent with the FLUKA result in figure 3.2a. Finally, the heat generation occurs in a short
time (see figure 3.9a), very locally. In 0.6 us the maximum temperature is reached in a small region with a
radial temperature gradient of about 60 °C in x- and y-direction. This will cause localized and rapid thermal
expansion which will be further discussed in section 3.3.3. The temperatures are too low to contribute to
annealing of any induced radiation damage [48].



3.3. ANSYS Results 29

Maximum temperature Maximum temperature
T T T I I 400 T T I I
0.6*107° 84) —— Inermet 180 —— Inermet 180
80 - —— Tungsten H —— Tungsten
— — 300
g g
() )
R 1 E
= =
5) o 200
2, 2,
: :
= 40 B =
100
20 | | | | |
0 5 10 15 20 25 30

Time [s]

(a)

Figure 3.9: a: Maximum temperature from a single HLLHC pulse beam interaction. b: Steady state temperature from a single HLLHC
pulse beam interaction.
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Figure 3.10: Inermet 180 thermal transient simulation of a single HLLHC beam pulse interaction.

3.3.2. Steady State

In the steady state simulation, a pulse consisting of a single bunch is applied every 30 seconds until steady
state is achieved (figure 3.11). Even if this event were to accidentally occur, the temperatures on the plate
remain uncritical (see table 3.4). Utilizing a reaction probe, the heat loss through radiation on the surface
(5.4 W) and the heat loss through conduction in the pin hole (1.3 W) over half the plate are measured. The
total heat loss over the entire plate would therefore be 13.4 W, which also coincides with the energy check
simulation where the total energy deposition of the FLUKA file is calculated. Furthermore the temperatures
are far below maximum working temperature and indicate there is no need for additional cooling of the plate.

3.3.3. Structural

As mentioned in section 3.3.1, the highly localized energy deposition causes a relatively large temperature
gradient around the beam impact area. The instantaneous temperature increase in the center causes a ther-
mal expansion and centralized compression surrounded by material at room temperature translating into a
stress wave throughout the material (figure 3.12a). In IT180, some time after the maximum temperature, the
maximum stress is achieved (figure 3.14). There are compressive stresses throughout the center and tensile
stresses on the surface. The maximum stresses are compressive stresses in the center (figure 3.12b). In figure
3.13b, stresswaves can be seen propagating throughout the material. For pure tungsten, the maximum and
mimimum principal stresses are plotted and directional tensile stresses throughout the material also show
stresswaves (figure 3.13a and 3.13b). These stresses can be used to evaluate the fatigue limit for the plate.
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Figure 3.11: Thermal transient simulation of continuous beam pulse interactions until steady state is reached.
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Figure 3.12: a: Directional and equivalent Von Mises stresses in the node with the most critical stresses from a single HLLHC pulse
beam interaction. b: Tensile stresses and Von Mises Stress in Inermet 180 from a single HLLHC pulse beam interaction.
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Figure 3.13: a: Minimum and Maximum Principal stresses in pure tungsten from a single HLLHC pulse beam interaction. b: Tensile
stresses in pure tungsten from a single HLLHC pulse beam interaction.
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Figure 3.14: The Von Mises Stresses for the HLLHC beam interaction with Inermet 180 at 0, ;...

3.4. Discussion

The interactions of the current Ralentisseur geometry with three LIU beams and one 'unforeseen’ worst case
scenario beam were evaluated for two different materials. A 20 mm thick plate of pure W or Inermet stops
20% of the beam intensity at 2 GeV and the remaining particles do not have enough energy to make another
turn in the PS Machine. Having that information, the actual design (presently installed in the PS Machine)
is compliant with the functional SEM grids protection requirements for LIU beams. The Ralentisseur’s me-
chanical and physical integrity needs to be maintained. Using FLUKA energy deposition maps with FEM
software, thermal transient and structural transient simulations were performed. The resulting temperatures
remained well below critical values. The Von Mises stresses remain below yield stress, indicating that no
plastic deformation will take place. Considering the temperatures reached in the thermal simulations, the
change in density due to thermal expansion is not significant for the device lifetime. However, if a significant
change in temperature is reached, the Monte Carlo simulations should be redone with appropriately adjusted
densities.
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Figure 3.15: Wohler diagram for rolled and forged tungsten at 25 °C. [49]

However, the European Spallation Source conducted fatigue research for both IT180 and several grades
of pure tungsten. Working at very similar energy levels, stresses and temperatures, a wohler diagram for dif-
ferent grades of tungsten was composed (see figure 3.15). RLU stands for rolled unpolished, RLP stands for
rolled polished, FU stands for forged unpolished and FP stands for forged polished. The wohler diagram
shows a large spread due to the materials’ brittle nature. Since the results remain above a stress amplitude
of 100 MPa, a rule of thumb that is handled is that for a brittle material such as pure tungsten, all princi-
pal stresses should remain below 100 MPa. (personal communication with J. Descarrega) To cope with the
stresses the Ralentisseur material shall be more ductile. The much more ductile Tungsten heavy metal alloy



32 3. Thermo-Mechanical Studies

Inermet 180 is a good candidate.

Additionally, verification models were performed as well as thermal simulations where beam interaction un-
til steady state is computed. The verification models confirmed that the same amount of power was applied
to the ANSYS model as was computed by ANSYS. Furthermore, the heat loss at steady state can be considered
small enough so no cooling is needed. Finally a comparison between the FEM results for all beams was made
where the thermal transient simulations are analytically verified and the thermal and stress simulations were
cross checked with previous simulations. For operation with the most critical beam, there is a factor 10 be-
tween the maximum temperatures and the maximum working temperatures and a factor 5 regarding stress
and yield strength. Either tungsten or Inermet would be appropriate for the functionality, but Inermet is
easier to machine. Based on the calculations performed for the HL-LHC beam (see table 3.4), the proposed
conceptual design maximum operational limit is:

* A beam with a momentum at injection of 2 GeV/C
* An intensity of 2x101 protons per pulse
¢ Apulse length is 0.575 us.
¢ A pulse period 30 s
¢ Pulsing can occur continuously until steady state.
At steady state, the maximum temperature can reach up to 300°C (HL-LHC, considering an intensit of 2.4E13)

where temperatures remain below operational limits. These conditions can be considered to be the operation
limits for which the Ralentisseur can perform.



4

Radiation Damage Simulation and Results

The proton beams described in the previous chapter result in radiation damage. Radiation damage effects
are the formation of defects such as vacancies, interstitials, dislocations, dislocation loops, voids and bub-
bles. These defects affect physical and mechanical material properties and can cause unforeseen failure. A
major influence to the formation and behavior of these defects due to radiation damage are the production
of DPAs. These DPAs are created during ion tunneling, sub-cascade and thermal spikes (explained in section
2.1). Besides DPAs, H and He are formed through transmutation and further induce microstructural changes.
To estimate the DPA, H and He production in the Ralentisseur plate, the impact of a proton-beam with the
tungsten plate is simulated using FLUKA. Figure 4.1 shows the proton distribution within the beam with the
beam parameters as given in table 3.2) for HLLHC beam. In this chapter the DPA, H and He production re-
sulting from the impact is calculated. The results are presented and their implications on material properties
are discussed.
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Figure 4.1: HLLHC-beam proton distribution used to calculate DPA, H and He production.
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4.1. Preliminary Study

For the case of the Ralentisseur, temperatures remain relatively low (T/T,, < 0.35). Ullmaier et al. [50] sum-
marizes radiation damage effects and the underlying physical processes. From the ranges of radiation dam-
age effects on figure 4.2 it is clear that the main focus should lie with the radiation induced hardening and
hydrogen embrittlement effects. Irradiation hardening mainly affects the yields stress. The UTS and work
hardening coefficient are much less affected. This is also confirmed by the experimental data achieved by
Maloy et al. Figure 2.11b shows a considerable increase of Yield strength however, the UTS and hardening
coefficient are much less affected. Ullmaier explains that irradiation hardening in BCC metals is dependent
on multiple factors. Firstly, alloying elements even minor can have a large influence. Secondly, screw disloca-
tions in BCC metals are quite immobile, contributing significantly to hardening at lower temperatures. This
also influences the ductile to brittle transition temperature to increase for lower temperature or increased
dose irradiation.
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Figure 4.2: Approximate range of temperatures (normalized to the melting point Jm) where the radiation-damage effects described in
the section on Changes of Macroscopic Properties occur. Irradiation growth is restricted to noncubic metals. Hydrogen embrittlement
is expected only for cases with extremely high production rates for hydrogen isotopes such as in spallation target materials. [50]

4.1.1. Microstructure Evolution With Cascades

Point defects created from cascades can either annihilate, become immobile through sink formation and
interaction or long range migration can occur. The proportions of these three events is influenced by the size
and shape of the cascades. During the "cool down" period, vacancies form agglomerates which eventually
disintegrate into vacancy loops or stacking fault tetrahedra. As explained in section 2.1, vacancies are much
less mobile than interstitials the interstitials can travel much further than the vacancies. After the initial
recombination of Frenkel pairs, the concentration of interstitials will much sooner drop due to interaction
with defects such as grainboundaries and dislocations. Therefore the amount of vacancies is higher than the
number of interstitials. After the cool down period in the Ralentisseur, temperatures during normal operation
remain relatively low. Too low for further annealing to occur. The remaining radiation damage can also
interact with transmutation elements in the lattice.
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4.1.2. FLUKA Monte Carlo Simulations

To gain more insight on the radiation damage production and transmutation into helium and hydrogen,
beam-material interaction is simulated using FLUKA Monte Carlo code. FLUKA is a general purpose Monte
Carlo radiation transport code that computes the transport through matter for over 60 particles and heavy
ions over an energy range of 1 keV to 1000 TeV. The models used and the extensive benchmarking are well ex-
plained by Battistoni et al. [51, 52, 53]. For the purpose of the work presented in this thesis, the interaction of a
single proton with a homogeneous, isotropic material is computed. Existing imperfections in a lattice, grain-
boundaries and defects created by earlier proton impact are not accounted for. Unless low energy neutrons
are evaluated, changes in temperature due to energy deposition are not taken into account.

It tracks the following interactions:

¢ Hadron-nucleus interactions
¢ Nucleus-Nucleus interactions
¢ Electron interactions

¢ Photon interactions

* Muon interactions (inc. photonuclear)
¢ Neutrino interactions Decay
¢ Low energy neutrons

¢ Jonization

e Multiple scattering

¢ Combinatorial geometry

¢ Voxel geometry

* Magnetic field

¢ Analogue or biased

* On-line buildup and evolution of induced radioactivity and dose

4.1.3. Computing the DPA Production in FLUKA

A detailed explanation of modeling radiation damage using FLUKA is given by Briz et al. [54] of which a brief
summary is given below: The radiation damage in an irradiated crystal structure is measured in displacement
per atom (DPA), an average number of times every atom in the material was displaced. It is described by
equation 4.1

A

=——N, 4.1
ppa= 35 NF (4.1)

Where Npp, is the produced DPA density, A is the mass number, N, Avogadro number, p the density
and N the density of produced Frenkel pairs. Equation 4.2 shows the relation for the production of Frenkel
pairs which depends on the threshold displacement energy E,;,, a value that is dependent on direction but in
literature the average for Tungsten is often calculated and defined as 90 eV. [55]

N, = Kf(T)Ekin,PKA 42)
Where:
x = 0.8 the displacement efficiency [56]
¢(T) = partition function (LSS theory) [57]
Eyin pxa = kinetic energy of the primary knock on atom
The Lindhard partition function is a physical approach to determine the fraction of stopping power that goes
into non ionizing energy losses (interaction with nuclei). The Stoller results [56] originate from molecular
dynamics simulations. Figure 4.3 shows a 6 GeV proton travelling through liquid argon. From the image it
is clear that the proton travels some distance before it creates a PKA and also that further subcascades are
created and the energy is dissipated into the liquid through multiple processes.
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Figure 4.3: A proton travelling through liquid Argon and created particle showers and cascades from interaction.[54]

The production of DPAs and the transmutation that results in H and He atoms may be calculated as fol-
lows:

Pppa=&,-0ppap+Pn-0ppan (4.3)
PHe:d)p'UHe,p+¢n'UHe,n (4.4)
PH:¢p'UH,p+¢n'UH,n (4.5)

Where P; is the production of a particle i per second, ¢ is the flux per second and o; ; is the cross sections
of a particle i being created from the interaction j. A cross section is the statistical chance that a specified
particle interaction will occur.

4.2. DPA and Gas Calculations

The calculated results below are integrated values over the device lifetime for beam parameters as they are
given in section 3.1.2. The foreseen use is a total of 4 weeks of commissioning and 15 years of 1 week of
operation per year and an expected interaction with 2- 102 protons per pulse every 30 seconds which makes
the following proton on target (POT) per lifetime:

intensity-totalusageinweeks-amountofprotonsperweek = 2-10'%.(15+4)-2-60-24-7 = 7.66-10'" (4.6)

This is much less compared to the 2 10%° 450 GeV protons on the SHiP target in section 2.3.1. The SHiP
target already showed very low DPA values (0.9 for TZM and 0.7 for tungsten) and so the expectation would be
to achieve even lower DPA and gas values in the Ralentisseur. For the SHiP target, the maximum DPA is plot-
ted to investigate whether significant changes of material properties will occur. However, the maximum gas
production was plotted over penetration depth and both the distribution of gas and the distribution of DPA
is not given. To evaluate the effects on material properties, it would be beneficial to also investigate the DPA
and gas production distribution. Then besides separately evaluating maximum gas and DPA production val-
ues, the behavior of the radiation damage together with the gas elements could be evaluated. Ogorodnikova
et al. evaluates the influence of radiation damage on plasma-induced deuterium retention in self-implanted
tungsten. [55]

4.2.1. Tungsten

Figure 4.5a shows the XY-projection of the maximum DPA production. The maximum, shown in figure 4.4a,
0.0035 DPA is a relatively low value. The DPA produced per proton is quite low compared to values recorded
for the ESS target studies where the expected fluence is 5-10%*cm™? over the course of its lifetime and the max-
imum calculated DPA is 12.4. This would make 2.48-10%? DPA per proton where the above values amount
to 3.9-1072!. A lower amount of DPA per proton could be due to several factors. For example the beam
shape is a major factor in DPA production or different material models could be used. But simulation re-
sults especially for these high energies also tend to vary when different codes are being used. This is because
when taking into account the physical mechanisms different codes are making different assumptions. When
adjusted for the much higher POT’s in the SHiP target, the order of magnitude compares to the amount of
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DPA that is produced in the SHiP target (see section 2.3.1). However, with the available experimental data
for higher DPA values from Maloy et al. [38] these values are too low to give an estimation of the change of
mechanical properties. These results would however be very suitable to study the by plotting the DPA and
gas production over time. For these simulations the total beam interaction over the Ralentisseur lifetime is
plotted. With the distribution of the DPA and gas production over time the influence on further gas and DPA
production on the mobility of DPA and gas could be investigated using diffusion models. Since the increase
in defect and gas concentrations over time would result in new diffusion rates the rate of structural change
in the material also changes. Structural changes affect cascade development of new incoming particles but
in FLUKA structural changes are not taken into account when a new cascade is computed. At least in cases
where densities change considerably, new FLUKA calculations, taking into account the change in density, can
result in more accurate and precise values of DPA and gas production. The change in production of DPAs per
proton requires iterations with new densities.
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Figure 4.4: The average (a) and peak (b) DPA throughout the 2 cm thick tungsten plate. The beam enters the plate at 0.

Figure 4.4a shows the maximum, 0.0035 DPA, around Z=0.6 cm which gives the highest concentration of
DPA. Though from 4.4b the highest average DPA shows there is a larger area with lower maximum DPA values
but higher DPA integrated over the xy-plane around Z=1.2 cm. The DPA production from scattering is thus
higher than the DPA production from the initial beam. This can be explained with cascade evolution. The
initial protons create high energy PKA’s that have low cross sections and therefore little interaction with ions
on its path. Most of the interactions at this point are through coulombic interaction. After some time the PKA
has lost a substantial amount of energy so that its cross section increases and the energy loss is dominated
through interactions with surrounding ions. This explains why the maximum average DPA in figure 4.4b does
not occur on the surface but in the bulk of the material.
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Figure 4.5: The DPA production over the lifetime of the Ralentisseur in the a: XY b: XZ and c: YZ plane.

The cross section of DPA production area in the maximum xy-projection is larger than the cross section
of thbeam (see figure 4.5a). This is explained by scattering. The difference in the yz- and xz-projection still
shows the beam shape where 0, is larger than o ,. Compared to the entire plate geometry, the DPA production
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is limited to the center. This indicates that the high energy PKA's do not travel far. From the average DPA it
is clear that a peak occurs just after traversing the center and so the high energy cascade components create
defects no further than 1 cm from the center. Even though it may seem that the cascade is contained to
the central area, beam-material interaction goes beyond the creation of defects and so it does also affect
the surrounding environment. Even though it is beyond the scope of radiation damage in materials, what
is also an important factor in choosing a material is how its interaction with the beam affects surrounding
equipment. Simulations to calculate the dose to the surroundings were done. Figure 4.6 shows the dose to
surrounding equipment, a magnet and the Ralentisseur actuation system. Geometries have been simplified
to 'boxes’ and 'cylinders’ in order to comply with computation force availability.
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Figure 4.6: The dose (in Grey per pulse) on equipment surrounding the Ralentisseur. (courtesy of J. Briz Monago)
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Figure 4.7: The average (a) and peak (b) hydrogen and helium gas throughout the 2 cm thick tungsten plate. The beam enters the plate
at0.

Figure 4.7a and 4.7b give the peak and average hydrogen and helium production thoughout the plate XY
cross section. The peakHeproduction (2.5 appm) occurs closer to the plate surface around 0.4 cm whereas the
peak H production (3.5 appm) occurs after further scattering around 0.8 cm. The highest average ofHeand H
occur around 1.2 and 0.2 cm. Like in other literature, the amount of H produced is substantially higher than
the amount ofHeproduced. This is in coherence with calculations of H and He production from 2 GeV proton-
tungsten interactions at these temperatures [40]. It is also clear that the average gas production throughout
the plate is more constant than the average DPA production. Where the average helium production remains
most constant. As expected from the SHiP target design gas production calculations, the amount of helium
and hydrogen produced is very low. Like the DPA values, when adjusted for the much higher POT’s in the
SHiP target, the order of magnitude compares to the amount of gas that is produced in the SHiP target.
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Figure 4.8: The hydrogen production over the lifetime of the Ralentisseur in the a: XY b: XZ and c: YZ plane.

Figure 4.8a, 4.8b and 4.8c show the distribution of hydrogen, normalized with radiation damage, in the
Xy-, Xz- and yz-plane. Figure 4.8a shows that the peak H/DPA occurs in a ring around the center of beam
impact. And throughout the plate thickness, the peak H production does not occur in the center of the beam
(see figure 4.8b and 4.8c). The maximum, 1270 appm/DPA compares to the values that were achieved in
similar simulations of the European Spallation source discussed in section 2.3.4, namely 850 appm/DPA. An
important difference there, is that much higher levels of DPA and hydrogen were calculated and so it is pos-
sible that after a certain amount of hydrogen production further transmutation occurs where the hydrogen
produced in the center is consumed or that the H reacts with the radiation damage. Investigating the evolu-
tion of the H, He and DPA production distribution in tungsten would give insight into further transmutation.
To evaluate gas and defect mobility and to investigate the formation and behavior of 2D and 3D defects with
point defects, gas atoms and other transmutation elements, diffusion models can be used. For example the
influence of radiation damage on plasma induced deuterium retention in self-implanted tungsten was in-
vestigated by Ogorodnikova et al. [55] Two 99.95 wt% purity tungsten samples from different suppliers and
with different grain size were outgassed and self implanted with 5-20 MeV tungsten ions at 290 K. To separate
deuterium retention in plasma induced traps from deuterium retention in displacement damage created by
the tungsten ions, the samples were implanted with Deuterium on both the irradiated and unirradiated side.
The results gave more insight on deuterium diffusion in tungsten, the rate at which vacancies and vacancy
clusters are filled was found and a relation for He+D and pure D with depth was derived [55].
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Figure 4.9: The helium production over the lifetime of the Ralentisseur in the a: XY b: XZ and c: YZ plane.

Figure 4.9a, 4.9b and 4.9c show the distribution of helium, normalized with radiation damage, in the xy-,
xz- and yz-plane. Throughout the plate thickness, the peak He concentration in appm/DPA occurs in the
center. TheHeproduction is a lot wider than the beam, indicating the scattering result. The peak is compara-
ble to the peak He appm/DPA found in other literature. For the European Spallation Source ([40] discussed
in section 2.3.4) peak values of 179 He appm/DPA were calculated.



40 4. Radiation Damage Simulation and Results

Peak Hydrogen and Helium production per DPA Average Hydrogen and Helium production per DPA

,é_ - . —é-1 000g E
51400 ] 89005 =
T1200F = = . < 800E E
< C ﬁf ] < e E
2-1000f | ] o 700 3
= 1 g 600 :
g 2k | g = :
Z 600F ] Z 400¢ ;
400f . gggé E
[ — Hydrogen E — Hydrogen

200k ydrog 1005 ydrog

[ — Helium E i i T Helium
8.0 02 04 06 08 10 1.2 14 16 1.8 20 G0 02 040608 1 1214 16 18 2
Z (cm) Z (cm)

(@a (b)b

Figure 4.10: The peak (a) and average (b) H and He production/DPA throughout the 2 cm thick tungsten plate. The beam enters the
plate at 0.

The peak H appm/DPA amounts to 1270 around Z=1.8 cm and for He the peak appm/DPA is 750 around
7Z=0.2 cm. These values are high compared to what was achieved in the simulations for the SHiP target in
section 2.3.1 where the gas production values amounted to 690 appm/DPA and 305 appm/DPA for hydrogen
and helium respectively as well as compared to the European Spallation Source in section 2.3.4, where the
results were 850 and 180 appm/DPA for H and He respectively. But the actual DPA and gas production
values are quite low compared to those in the SHiP target in section 2.3.1. The maximum helium per DPA
ratio in the CSNS target is also a lot lower, 56 and 64 appm/DPA for a uniform and gaussian proton beam.
Both in the CSNS and the ESS target DPA and gas production values are much higher, the difference in the
gas production per DPA ratio compared to the results for this work could indicate that gas concentrations
start saturating before DPA concentration does.

4.2.2. Tungsten and Inermet 180

Due to irradiation, alloying components will be disturbed and transmutation will affect the alloy composi-
tion. [58] To investigate the effect of the alloying elements on the radiation damage on tungsten, the same
simulations were performed where the plate was IT180 instead of tungsten. Impurities in the lattice can act
as trapping sites, which can promote recombination of displacements in the bulk but on the other hand it
can also be a point where nucleation of larger defects occurs. Table 4.1 shows the helium, hydrogen and DPA
production as discussed for tungsten and for comparison the results for IT180. IT180 has Cu and Ni alloying
elements. For example, the effect of these alloying elements on the diffusion of He, H, an interstitial and a
vacancy inside tungsten can give more insight on the effects on the production and interaction of DPAs and
gas with sinks and the bulk material. Van der Kolk et al. already showed experimentally that Cu is capable of
trapping He atoms. Kong et al. performed first-principles calculations to investigate the interaction of transi-
tion metals with hydrogen and point defects in tungsten. Cu and Ni attract H because in the presence of the
solute atom the change in the charge density results in a site preference. The Cu and Ni vacancy interaction
is strongly repulsive. [59, 60] Table 4.1 gives an overview of the peak DPA and gas production values as well as
the peak ratios. The DPA production in Inermet 180 is lower which can be attributed to a lower density. The
interaction between the alloying elements and the DPAs and gas atoms is not evaluated in FLUKA. To study
the influence of alloying elements is therefore necessary to resort to other simulation techniques. First prin-
ciples simulations can model the interaction between elements and point defects or gas atoms and provide
further insight into the evolution of point defects and gas atoms.

In figure 4.11a, the peak DPA values for both materials are given throughout the plate. Tungsten consis-
tently has higher values. This can be attributed to the higher density (19.3gcm_3 and for IT180 18 gcm_s).
Figure 4.11b shows the H and He production in both materials are more or less the same values from which
we can conclude that the difference of 1.3 gcm 3in density is negligible for H and He production. An impor-
tant sidenote is that Inermet is an alloy and in FLUKA the alloying elements are not taken into account. The
density of the material is the main input, which in this case does not reflect the total change in the material-
beam interaction. The Cu and Ni elements can affect gas production but also other transmutation elements
are more likely to occur than would normally occur in tungsten. For computation of further microstructure
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Tungsten IT180

Peak DPA 0.0035 0.0033
Peak H (appm) 3.5 3.5
Peak He (appm) 2.5 2.5
Peak H/DPA (appm) 1270 1350
Peak H/DPA (appm) 750 770

Table 4.1: DPA and gas production values for tungsten and IT180 over the lifetime of the Ralentisseur plate. Simulation by J.Briz Monago.

evolution, Cu and Ni also affect the diffusion coefficient of hydrogen and helium atoms as well as that of
vacancies and interstitials.
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Figure 4.11: The DPA (a) and gas (b) production throughout the 2 cm thick tungsten and IT180 plate. The beam enters the plate at 0.

4.3. Effects on Material Properties

The temperatures in the material as well as DPA and gas production remain relatively low compared to similar
energy radiation damage cases. Assuming the yield strength with DPA variance that was established by Maloy
et al. (figure 2.10b) the yield strength increase due to the DPA production is negligible. Since the maximum
DPA does not coincide with the peak H and He production, the most critial combination of DPA and gas pro-
duction would typically be in between the peak values. Further studies into the interaction between DPA and
gas atoms would give more insight into which point would be more critical. Barely any literature discusses
DPA and gas production effects in the order of magnitude that is calculated for the Ralentisseur. 0.07 DPA
was achieved by Armstrong et al. and the hardness changed by 0.35 GPa [61, 62]. But irradiation took place
at 300 °C which is much higher than the values achieved in the Ralentisseur during normal operation. Fur-
thermore, Armstrong states that in situ ion irradiation experiments have shown that temperature can have a
large effect on the nature of defects that are formed, due to increased mobility of defects and gas atoms. It
is also stated that hardness increase saturates below 0.4 DPA which is already a very low damage value but
still more than three orders of magnitude more than what is achieved in the Ralentisseur. Experimental data
from such low damage levels are needed to gain more insight on the evolution of radiation damage effects on
hardness at lower temperatures and to be able to evaluate the achieved damage. Moreover FLUKA calculates
the DPA and gas production based on a ’perfect’ lattice with sinks, defects and grainboundaries not taken
into account. Also solute atoms that can have a substantial influence on the evolution of radition damage
are not included. Further simulation with other tools such as molecular dynamics could give more accurate
DPA and gas production results. From these results the influence of 2D and 3D defects on radiation damage
can be evaluated. Korchuganov et al. suggests that molecular dynamics simulation of cascades and their
interaction with defects proves they significantly impact cascade evolution [63]. 'LHuillier [64] showed that
helium implanted above threshold energy for vacancy formation was fully retained for damage levels above
0.1 DPA where helium implanted below the threshold energy was fully released at 1600°C. This indicates that
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helium is bound by vancancies. This is also supported by the work of Lee et al. [65] where DFT simulations
show that helium will rather migrate to vacancies than to interstitial or substitutional sites. But since those
temperatures are not reached in the Ralentisseur, He will not be released. Experimental data is required to
more accurately evaluate the true effects of the H, He and DPA quantities achieved in this work. He interacts
strongly with vacancies but assuming that H embrittlement is the most important effect at these tempera-
tures (see figure 4.2) the most critical effects can occur in a point between the maximum DPA and maximum
H production.



D

Conclusion and Recommendations

The problem in section 3.1.2 is defined as the interaction of a 2 cm thick tungsten plate with a proton beam
inside the Proton Synchrotron. The plate is protecting secondary emission monitor grids from a second high
energy proton interaction. Because the new proton beam energy levels are increased from 1.4 to 2 GeV, en-
ergy deposition and thermo-mechanical stresses require a new evaluation. The high energy application also
calls for investigation of the radiation damage and gas production. This investigation can also result in more
accurate estimations of performance, reliability and lifetime of beam intercepting devices besides the Ralen-
tisseur. The FLUKA Monte Carlo simulations are performed where the code does not take into account, ex-
isting defects or radiation damage over time. Simulating the distribution of the DPA and gas production over
time and coupling diffusion models, the influence of further gas and DPA production on the mobility of DPA
and gas can be investigated. The temperatures inside the Ralentisseur plate remain below critical and no
cooling is needed. The thermal deformation do not induce plasticity, the Inermet 180 plate is estimated to
remain intact. The stress cycles in the highly brittle pure tungsten plate are compared to working conditions
of the ESS tungsten target. From test results on the ESS target the usage of tungsten is advised against. As
the available experimental data is for much higher DPA and gas production levels than achieved inside the
Ralentisseur, a lifetime estimation cannot be extrapolated. However, the DPA and gas production levels do
not raise immediate concerns regarding macroscopic property changes and the performance of the Ralen-
tisseur. The beam stopping function is estimated to remain intact. Since temperatures remain relatively low,
no annealing will occur. Further research is needed to understand the impact of the remaining gas and DPA
on the microstructure and macroscopic properties. The DPA, He and H production are given by simulations
for beam impact of 2 GeV protons with Inermet 180 and tungsten. The calculated results cannot be used to
make a comparison with tungsten because in the FLUKA Monte Carlo Code, existing defects such as alloying
elements are not taken into account. Molecular Dynamics simulations could provide further insight in the
error resulting the assumption of a perfect lattice in the material that is initially simulated in FLUKA.

5.1. Answering the Research Question

To answer the research question posed in section 1.3 namely: How can radiation damage in materials be
incorporated into the design of beam intercepting devices?, subquestions were formed. Based on the findings
in this work the answers are composed below.

5.1.1. Radiation Damage Problems in BID’s

The reported challenges in BID’s are both related to a sudden localized energy deposition and microstructural
changes in parts where effects of DPA and gas production occurs. Even values below 1 DPA can have consid-
erable effect on material properties. An example is the 0.25 GPa change in hardness to for 0.07 DPA that was
discussed in section 4.3. The hardness of unimplanted tungsten is 7.62 GPa. Hardness rises significantly at
0.4 DPA to 8.45 GPa. Besides the displacement per atom resulting in vacancies and interstitials, gas produc-
tion can pose a serious problem. Transmutation processes result in hydrogen and helium gas that can both
interact with and form defects. If high enough concentrations of gas are found near the surface, blistering can
even occur. Besides gas, other transmutation elements for example common in tungsten can be Rhenium,
Tantalum and Osmium. These transmutation elements also interact with point defects and gas atoms and
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can considerably influence diffusion rates. Alloying elements can have attractive or repulsive interactions
with point defects and gas and can hence worsen effects of gas production. Effects of irradiation that are a
hot topic in literature are swelling, helium embrittlement, hydrogen embrittlement, irradiation hardening,
irradiation creep, bubble formation, blistering and formation of voids.

5.1.2. Case Studies in Literature

Many works in literature study radiation damage specifically in fusion reactors. Research projects surround-
ing the design and commissioning of the ITER and DEMO fusion reactors have made important contributions
in generating knowledge in the topic of radiation damage in tungsten. Especially theoretical and computa-
tional studies are done, experimental data is less common. For the design of targets for Neutron Spallation
Sources relations for mechanical properties with displacement per atom were established. To predict DPA
and gas production Monte Carlo Transport simulations were performed for both the China Spallation Neu-
tron Source as well as the European Spallation Source. Beam intercepting devices in high energy applications
at CERN have more recently also driven radiation damage research. The Antiproton Decelerator target is
an example of radiation damage driven failure in high energy applications. The effects of radiation damage
on device lifetime and performance are evaluated after failure. For the design of the SHiP target, thermo-
mechanical design studies are done as well as DPA and gas production calculations. It is indicated that fur-
ther research is required to understand the impact of the DPA and gas values. For the energy production
demonstrator target design several metals were tested over an energy range of 0.5 to 120 GeV. The project also
includes a materials testing station that aims to maximize DPA and gas production to study radiation damage
effects.

5.1.3. Investigation Techniques: The State of the Art

When generating experimental data for studying the effects of radiation damage on material properties, ra-
dioactivity is a serious health risk to be considered for sample preparation. To decrease radiation risks, sam-
ples are made as small as possible so that little irradiation is needed to achieve damage, less activated material
is made and lower doses of radiation are emitted to the surroundings. Nano indentation is a common way to
determine the hardness. Maloy et al. measure stress-strain curves with compression tests and thermal spec-
tral can give the gas emission for different temperatures and thereby allows to determine the amount of gas
that is released with a certain amount of energy and thereby associated with different locations in the lattice
(i.e. close to an interstitial or in a vacancy). Simulation methods range over many time and length scales. For
example, Density Functional Theory can be used to evaluate electron structures and compute the formation
energies of a vacancy near a solute atom in tungsten. These results can then be used for larger scale studies
like molecular dynamics simulations to further study their interaction with defects. Monte Carlo simulation
can give the evolution of a larger lattice volume with defects by using sampling and the statistical chance that
a certain reaction takes place. These methods are just a selection of a broad range of approaches but the
simulations range from subatomic and picosecond scale to the a length and timescale of meters and years.

5.1.4. Evaluating Radiation Damage Effects on BID Performance and Lifetime at CERN

The engineering department at CERN has a well developed method to achieve thermo-mechanical BID de-
signs. Most common is the usage of ANSYS and sometimes also LS DYNA for changing boundary conditions,
large deformations and nonlinear behavior. When radiation damage is expected to have a critical impact on
the device lifetime and performance, DPA and gas production are more closely investigated. For example, for
the SHiP design in section 2.3.1 the gas production and DPA are computed using FLUKA Monte Carlo code.
The peak hydrogen level is compared to experimentally achieved critical values for fusion reactor compo-
nents. Estimations for microstructural changes due to DPA production are given. To further understand the
impact of these values and the simultaneous effects of gas, transmutation elements and DPA, the distribu-
tions could be evaluated. Critical damage does not necessarily occur at a maximum DPA or gas concentra-
tion. Failure could occur where these values are lower, but their interaction results in critical microstructural
changes. Simulations of the formation and behavior of 2D and 3D defects could give an idea of the critical
quantities of simultaneous effects of the different radiation damage products. The change of material prop-
erties of these effects can then locally be taken into account in finite element thermo mechanical simulations
for example, by changing the physical and mechanical properties in the material model.
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5.2. Recommendations

To improve the studies on Inermet 180, further characterization is needed. This would be very significant for
further radiation damage studies on the Ralentisseur. Further benchmarking of low radiation damaged ma-
terials would make it possible to relate the calculation results to a change in material properties. If the FLUKA
simulations are used to also calculate the formation of further transmutation elements (TE’s), the interaction
between these elements and the gas atoms could be studied. For example, Zhao et al. [22] simulated the
TE interactions with He and H in a pure tungsten lattice. The attraction between TEs and H at the SS site is
stronger than at OIS sites, the attraction at TIS sites being the weakest. The attractive interaction between Os
and He is stronger than that of Re and He, where Ta and He have a repulsive interaction. FLUKA simulations
calculating the production of TE’s like Re, Os and Ta can allow for integration of these simulation results into
the evaluation of tungsten and gain more insight on their effects on the microstructure evolution. Precipi-
tates rich in Cu and P, microvoids and metal carbides are responsible for hardening. Inermet 180 has Cu as an
alloying element more research is required to understand the impact of this effect. [50] More insight could be
gained from plotting the DPA and gas production over time. For these simulations the total beam interaction
over the Ralentisseur lifetime is plotted. With the overview of the DPA and gas production for example per
year, structural changes in the material and their effect on the generation and evolution of further radiation
damage and gas could be investigated. Furthermore, since FLUKA assumes a perfect crystal, investigating the
defect and gas distribution over time could give more insight in the effects of radiation damage on cascade
evolution and the errors resulting from neglecting prior damage in the material.
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A.1 Extensive list of material properties and sources

Pure Tungsten
MPDB v7.71 Plansee producer
Property 20°C 800°C  20°C  800°C
Density (kgm ) 19290 19090 19300 -
Young’s Modulus (GPa) 400 364 405 370
Poisson’s Ratio 0.282 0.292 0.28 -
Thermal Conductivity (Wm™>K ') 1745,175, 116,97, 164 120
Emmisivity 0.059, - 0.02 0.13
Specific Heat (Jkg '-°C™ 1) 132 150 130 -
Mean Coefficient of Thermal Expansion (/fC_l) 4.43 4.8 4.2 4.45
Yield Strength (MPa) 1320 76, 1350 600
Maximum Service Temperature (°C) - - 825-1210
Table 1
IT180
MPDBv7.71 Plansee producer

Property 20°C 800°C 20°C 600°C

Density (kgm ) 18000 - 18000 -

Young'’s Modulus (GPa) 355 - 360 -

Poisson’s Ratio 0.28 - - -

Thermal Conductivity (Wm 2K 135 - 110 -

Emmisivity - - - -

Specific Heat (Jkg '-°C™") 135 - - -

Mean Coefficient of Thermal Expansion (,u°C_1) 4.45 - 5.23 5.45

Yield Strength (MPa) 533 - 615 -

Maximum Service Temperature (°C) 793-1160 - -

Table 2:

1 1.5mm sheet recrystallized at 1399°C, WORSTCASE.
2 Equivalent alloy "WH9570C”.

3 Hoetal.

4 Binkele

Note: For future work, it may be necessary to further evaluate the variance of Inermet properties over a

temperature range. E.g. Cauchi [66] has done measurements from 0 to 1450°C.

Since the emmisivity for Inermet 180 was not available, the emmissivity constant for pure tungsten was used
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A.2 Beam specifications

s

Project leader name

Francois-Xavier Nuiry Other contact person | Romy Welschen

Time frame

Project Framework /

- Budget code -

Design of dedicated internal dump (Ralentisseur) for the PS.

description

-Purpose of the - In case SEM-grids are used for beam studies, the Ralentisseur is needed to
device dump the beam after one turn.

-Motivations - The current Ralentisseur is obsolete.

_Details about - A pneumatic system places the dump material in the beamline. The system is
operation interlocked with the placement of the SEM-grids.

How many devices?
How many spares?

1 device, 0 spares

Is there an existing
device?
ldentification
number?

\\u\m\ﬁmmumum

Psq.ssrzi

-Device location(s)?
-Available space?

-Beam location / ground

- §§12
- 8§12 or SS75

Links to documents
about existing
device.

Access rigths.

CATIA-Smarteam

CDD numbers

EDMS Documents 1746673, 1746714, 1753282,
MTF /Infor EAM

PDF documents

Any device pictures?

Yes (G:\Departments\EN\Groups\STIN\TCD\PS_Complex\PS\PS_Ralentisseur)

Beam Parameters (for Fluka and thermo-mechanical simulations). Worst supposed scenario

Beam cycle description
Cycle sketch / graph

account in simulations (life cycle)

Particles to consider Protons

Intensity 5, 2.4 and 1.6 x10* (ACCID, HLLHC and BCMS)
Beam Energy (GeV) 2

Bunch time (ns) 575

Bunch spacing (ns) -

Pulse period (s) 30

Pulse time (ns) 575

Number of bunch per pulse 1

How many cycles to take into Continuously until steady state

Beam size ox (mm)

8.25, 4.42 and 3.51 (ACCID, HLLHC and BCMS)

Beam size oy (mm)

6.09, 3.66 and 3.22 (ACCID, HLLHC and BCMS)




Beam impact location

SS12 or SS75

Any other info?

Device Design Requirements

Materials to consider ?

Inermet 180

Design to consider ?

Desired movements
(sketch)

Horizontal translation of the plate blocking beam aperture

[ Beam aperture 2)

1 — l—f_

Strokes (mm)

Positionning accuracy
(mm)

Time to cover the
stroke (s)
Or Speed (m/s)

Frequency of the
movement

Device location
precision / beam (mm)

Expected device life
time (years)?

15 years

Vacuum requirement
(mBar)

Device environment / working conditions

Ambient temperature

(9]

22

Ambient dose rate
(uSv/h)

How hot is the actual environment? Activation of the BID itself will be studied later

Presence of sensitive
equipment around BID

R2E / cryo hazard / equipment close to BID requiring frequent intervention

Known contamination
issues

Access to BID with
vehicles? Handling?

Same as acces to SS 12 or SS 75
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