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Abstract

The study of the effects of radiation-matter interaction is of great importance in the
nuclear energy industry. Particle physics laboratories operating high-energy and
high-intensity particle accelerators developed a growing interest in this field, as the
radiation level is increasing with the stored beam energy.

The results presented in this work focus on the consequence of radiation damage
on accelerators equipment and, in particular, on collimators. This PhD thesis has
been carried out at the European Organization for Nuclear Research (CERN), lo-
cated in Geneva (Switzerland), where the Large Hadron Collider (LHC), the world’s
largest accelerator, is operating. The High-Luminosity upgrade of the LHC (HL-
LHC) is designed to operate with high-intensity beams, whose stored energy is about
700 MJ.

The interaction of particles with collimators induces microscopic defects in the
materials, which affect the thermo-physical, electrical and mechanical properties.
The evolution of the components during the accelerator lifetime is fundamental to
understand if a correct operation can be guaranteed.

The aim of this thesis is to study the radiation damage on novel composite ma-
terials, specifically developed for HL-LHC collimators. In particular, ion irradiation
is used to simulate the effects of protons. The use of ions has indeed numerous
advantages, including the low activation induced in the irradiated material, which
simplify the post-irradiation examination.

The range of the analysed materials includes two grades of molybdenum carbide-
graphite composites, one of those is selected as absorber of the new HL-LHC colli-
mators. As a comparison, carbon-fibre-carbon and isotropic polycrystalline graphite
are irradiated. The irradiation test is conducted also on some samples coated with
metallic films, to simulate the configuration of secondary collimators.

The design of the irradiation campaign is presented together with the thermo-
mechanical simulations to determine the irradiation temperature. The materials
are irradiated at different particle fluences, and the corresponding displacement per
atom (dpa) is presented. Each material is irradiated at four or six different levels of
dpa, to assess the degradation properties as the irradiation proceed.

The experimental part focuses on the measurement of the electrical resistivity
relying on the four-probes method. Multiple-layer resistances models are applied
to take into account the small penetration of ions. Microscopic investigations are
carried out with Raman spectroscopy for graphitic materials, and with FIB-SEM for
coatings. The aim of the microstructural analysis is to explain the different behavior
of materials under irradiation, and to correlate the changes observed in the electrical
resistivity with the microscopic evolution.

A comparison between the different materials tested is carried out to understand



possible improvements in view of future upgrades of the collimation system. The re-
sults presented are then discussed to evaluate the impact on collimators performance
and possible mitigation actions.
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Introduction and motivations

High-power and high-energy accelerators rely on different advanced technologies.
Among them, the role of beam-intercepting devices (BIDs) is fundamental to con-
trol the beam and for safety aspects. The materials of BIDs are thus exposed to
severe radiation fields, which can deteriorate their thermo-physical and mechanical
properties and jeopardise the equipment performance.

This thesis focuses, in particular, on the materials employed in the upgraded
collimation system of the High-Luminosity Large Hadron Collider (HL-LHC) at
CERN. During the HL-LHC operation the beam-stored energy can reach up to
700 MJ, becoming potentially destructive for BIDs.

Twelve of the new HL-LHC collimators are equipped with a new composite mate-
rial, the molybdenum-carbide graphite (MoGr). This material has a lower electrical
resistivity compared to the presently installed carbon-fibre-carbon (CFC), which al-
lows reducing the impedance budget of the collimation system. The development
and characterization of this new composite has been carried out in dedicated R&D
programs such as EuCARD, EuCARD?2 [1] and ARIES [2].

On top of this, eight out of twelve of these collimators (e.g. secondary collima-
tors) are equipped with MoGr blocks coated with a thin molybdenum layer, which
further decreases the electrical resistivity. Besides the thermo-mechanical, electrical,
and Ultra-High Vacuum (UHV) characterization, it is fundamental to predict the
evolution of these materials under irradiation.

The first step towards the prediction of the collimator performance degradation
is the calculation of the radiation damage levels expected at the end of the HL-LHC
era. Monte-Carlo based codes are used to support these studies, and especially to
calculate the expected displacement per atom (dpa) and gas production induced in
the materials. The unique radiation field on the HL-LHC cannot be replicated, but
alternative irradiation facilities are considered to reach similar dpa as in HL-LHC
collimators.

In this thesis, the possibility of using ion irradiation to mimic the effect of high-
energy proton is investigated. The results presented here are obtained after irradi-
ation with Ca ions with 4.8 MeV /u at the M-Branch of the UNILAC accelerator at
GSI. The advantages of using ions are numerous: the radiation-induced activation of
the irradiated samples is limited compared to protons, and the post-irradiation ex-
amination does not require the long waiting time envisaged with proton campaigns
as well as the adoption of hot cells. On the top of this, the higher stopping power of
ions allows a faster dpa accumulation. The immediate drawback is the small pene-
tration of ions in the material, which must be considered during the post-irradiation
examination. The irradiation conditions reached during this experimental campaign
are analysed and compared to the radiation environment of the HL-LHC to try to
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understand the consequences on the collimator operations. The evolution of prop-
erties is notably analysed in terms of dpa, which allows quantifying the damage
induced by different particles and different energies. The high dpa rate reached
with ions allows reaching a dpa in the coating equal to the one expected at the end
of the HL-LHC era. It is however worth noticing that important phenomena such
as the production of gas by nuclear reactions are not induced by ions with energies
up to tens of MeV per nucleon (MeV /u).

The aim of this work is to characterize especially the radiation damage to a novel
grade of MoGr, whose thermo-physical and UHV properties have been optimized for
the installation in the novel HL-LHC collimators. Other graphite-based materials
are simultaneously irradiated to assess the impact of the production routes and of the
initial material state on the radiation resistance. Besides graphitic composite, this
work also focuses on the evolution of thin metallic films deposited with sputtering
onto graphitic substrate.

The focus is placed on the measurement of the electrical resistivity of both
graphitic materials and metallic films, this property being fundamental for the oper-
ation of collimators. The evolution of electrical resistivity is analysed and compared
to microscopic changes, to understand the interaction of the radiation-induced de-
fects with the pre-existing microstructure.

The thesis is structured as described below. The first two chapters serve to give a
background on the relevant concepts for this work: radiation damage and the object
of the thesis, the HL-LHC collimation system. Chapter 1 provides an introduction
to the relevant concepts of radiation-matter interaction, and, in particular, it focuses
on the mechanism behind the radiation damage in inorganic materials. The influence
of the irradiation conditions on the microscopic and macroscopic changes of materials
is highlighted. Chapter 2 is dedicated to the presentation of the LHC collimation
system, and on the challenges required by its upgrade, the HL-LHC.

Chapter 3 provides an overview of the radiation level in the accelerator and
it summarizes the previous irradiation campaigns for collimator materials to focus
then on the design of the irradiation test presented in this thesis.

The experimental methods adopted to characterize the materials are then pre-
sented in Chapter 4. The material characterization before irradiation are shown
in Chapter 5, and after irradiation in Chapter 6.

The results are then discussed in Chapter 7, with the main focus on the cor-
relation of the radiation damage with the initial material microstructure and the
impact on the collimation system is highlighted.

The conclusion and the future work are then discussed in Chapter 8.



Chapter 1

Introduction to radiation effects
on matter

This chapter provides an introduction to the concepts of radiation-matter interac-
tion relevant for the thesis. The focus is placed on the radiation-induced damage
mechanisms on inorganic crystalline materials. The degradation of materials under
irradiation is discussed under different points of views, starting from the micro-
scopic changes induced in the lattice. The evolution of the damage is then followed
up to a macroscopic level to understand the degradation of the thermo-physical and
structural properties that can affect the lifetime of critical components.

1.1 Interaction of radiation with matter

The interaction of radiation with matter has drawn much attention from different
technological fields: it finds application in nuclear medicine, radiation detection for
high-energy physics experiments and radioprotection devices. In material science,
different analysis techniques exploit the response of materials to a particle beam
to study their morphological, crystallographic or chemical properties. On top of
that, ion beams are widely used in surface engineering and nanotechnology to tailor
material characteristics. Besides this extensive use of radiation, it has been long
recognized that the interaction of particles with matter induces important changes
in the materials that can lead to failure of components. This thesis focuses on the
detrimental effects of radiation on matter, this being a topic of interest for all the
equipment operating in an environment exposed to radiation, such as fusion and
fission reactors, but also for aerospace applications and in particle accelerators
B).

When a particle interacts with matter, it loses energy via different mechanisms,
depending on its charge, mass, and energy. Charged particles such as electrons,
protons, alpha, or heavier ions lose most of their energy by Coulomb interaction
with the atomic electrons. This type of radiation is called directly ionizing because
it can induce an atomic excitation or ionization, depending on the energy transferred
to the electrons and the electronic properties of the atom. The energy loss per unit
length, or electronic stopping power, increases as a function of the particle charge, the
density and the atomic number of the target material. Additionally, lighter particles,
such as electrons, lose a significant part of their energy when their trajectory is
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CHAPTER 1. INTRODUCTION TO RADIATION EFFECTS ON MATTER

deviated by an electric field. This mechanism causes the so-called Bremsstrahlung
and the radiative energy losses can significantly contribute to the deceleration of the
incoming particle. At lower energy, charged particles can also be elastically scattered
by the nucleus, inducing its recoil. This mechanism is called nuclear energy loss
or non-ionizing energy loss (NIEL). In some cases, the interaction of high energy
charged particles can result in a nuclear reaction that causes the transformation of
at least one of the internal states of the nuclides involved ﬂﬁﬂ

Radiation induced by neutral particles, such as gamma rays and neutrons, is
called indirectly ionizing radiation because their first interaction with matter pro-
duces secondary particles that are the main origin of the subsequent ionization.
Neutrons, which are not subjected to Coulomb interaction, directly interact with
nuclei. They can be scattered elastically or inelastically, leaving the nuclei in an
excited state. Depending on their energies, neutrons can also induce different nu-
clear reactions in the material, whose products can be a source of ionizing radiation.
Photons interacts mainly with atomic electrons though coherent or Compton scat-
tering, photoelectric effect, electron-positron pair production. The dominant effect
depends on the photon energy and the target atomic number. At higher energies
they can also induce photonuclear reaction , .

In Tab. [I.} the main mechanisms of interaction and their effects on the matter
are presented.

Particle | Interaction Mechanism Outcome
Coulomb interaction e~ Ionization/Excitation
Charged | Coulomb interaction nuclei | Atom recoil
particles | Bremsstrahlung Photon emission
Nuclear reactions Secondary particles produc-
tion/Transmutation
Elastic scattering Atom recoil
Neutrons . A . .
Inelastic scattering Secondary particles production
Coherent scattering Photon scattering
Photoelectric effect et emission + atomic relaxation
Photons . . . :
Compton scattering Photon scattering + atomic relaxation
Pair production et /e~ production

Table 1.1: Interaction mechanisms and effects of different particles. Modified from

In high-energy particle physics, the aforementioned processes are usually cou-
pled: some events can in fact generate secondary particles, which interact with the
surrounding matter to activate a cascade process. A relevant example is the so-called
electromagnetic shower. High-energy electrons losing energy by Bremsstrahlung or
high-energy photon-induced pair production can indeed generate secondary particles
in cascade. The hadronic shower is instead induced by high energy hadrons which
undergo nuclear reaction and produce several particles with enough energy to give
rise to a multiplication process. Some secondary particles can also further induce
an electromagnetic shower [10].

As a result of the aforementioned processes, the material can be significantly
damaged. It is important to distinguish the deterioration of material properties
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1.2. PRIMARY RADIATION DAMAGE

related to changes of the lattice structure induced by particles, the so-called radiation
damage, from the effect related to the heating of the material, which can give rise to
high deformation or thermal-shock phenomena . In addition, it is worth noticing
that as a result of a nuclear reaction, stable nuclei can become radioactive, and alien
chemical species are introduced. The activation of components has to be taken into
account to understand the proper handling and analysis of components , .

1.2 Primary radiation damage

The radiation effect on matter is not merely a function of the incoming particle, but
it is strongly affected by the nature of the intercepting material. In organic materials,
the damage is related to the ionizing energy losses. The extracted electron is, in fact,
hardly replaced, and this causes breaking of chemical bonds. The damage depends
on the total dose received by the material, i.e. on the energy per unit mass deposited
by ionizing radiation [14H16].

In metals and ceramics, the lattice of a crystalline structure can be significantly
changed by radiation by means of two mechanisms:

e impurity production
e displacement of an atom from its ideal position

Nuclear reactions can create nuclei with a different atomic number in the irra-
diated material. The transmuted nuclei cannot perfectly fit in the regular lattice
and they induce a distortion in its surroundings, thus they are considered as im-
purities. On the top of this, nuclear reactions can also give rise to gas particles
(He and H nuclei). Being an insoluble gas, He tends to accumulate and precipitate
into nanoscale He bubbles. Finally, during ion irradiation, the particles are stopped
inside the medium and they stay there as impurities. The transmuted nuclei pro-
duced by nuclear reactions, and in particular the gas species, contribute to radiation
damage, and they also interact with the lattice defects induced by the displacement

of atoms [13].

1.2.1 Displacement cascade

The scattering of an incoming particle with a nucleus induces a recoil that can
displace the atom from its position in the lattice. For charged particles, this is
mediated by the Coulomb force and is therefore related to the nuclear stopping
power or NIEL. For neutrons, it is driven by the strong nuclear force. When a
particle collides with a nucleus, it transfers part of its energy to the atom; if this
energy is higher than the displacement energy Ej; of the atom, it will be ejected from
its lattice site, leaving a vacancy behind. This atom is called primary knock-out atom
(PKA) and provided it has enough energy, it can displace further atoms, inducing a
collision cascade. When the projectile’s energy goes below Ej, the particle eventually
comes at rest in the lattice as interstitial. As a result, the lattice is characterized
by a number of Frenkel pairs, that is a pair of point defects, a vacancy and an

interstitial [17] [L§].

An overview of the primary damage mechanism is given in Fig.
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Figure 1.1: Primary damage induced by incoming particles .

In literature, it is widely recognized that the correct theoretical model to calcu-
late the number of Frenkel pairs N induced by a PKA with energy T is the Norgett,
Robinson and Torrens (NRT) model [20], according to Eq.

§1)T
2E,

where &(T') is the Lindhard partition function that represents the fraction of
energy available for a nuclear displacement. The displaced atoms can indeed lose
energy also by means of electronic losses, which do not feed the collision cascade.
The term & is the displacement efficiency and takes into account a more realistic
potential to describe the scattering (other then the hard sphere potential). The
term 2FE,; comes from the assumption that the energy is equally split between the
two colliding atoms, according to the hard sphere model.

A useful quantity to characterize the displacement damage induced under dif-
ferent irradiation conditions is the displacement per atom (dpa). It represents how
often an atom is displaced on average during the irradiation and it can be calculated

according to Eq. .

(1.1)

F=RK

dpa = /adisp(E) % dFE (1.2)

In this equation, £ is the energy of the incoming particle and ¢(F) is the energy-
dependent particle fluence. The displacement cross-section 045,(E) depends on the
damage cross-section 0gamage(£,T), which represents the probability of creating a
PKA of energy T, and on the number of atoms displaced by that PKA Np, as shown

in Eq.[1.3
O-disp(E) = /Udamage(E7 T) NF(T) aT (13)

The dpa is a widely diffused parameter in nuclear physics to quantify radiation
damage because it allows a direct comparison between different irradiation condi-
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tions. The displacement cross section is in fact related to the recoil spectrum of
the atoms, which depends on the incoming particle energy and type . The dis-
placement cross-section is higher for heavy particles, with higher nuclear stopping
power, and a higher dpa is reached in a short time. As example, in Fig. the
displacement cross section for different particles on carbon target is shown.

=
_E carbon target
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g i
£ =)
5
g
a10°}
=
]
=]
102}
L muon
electron
s T
Energy in GeV

Figure 1.2: Displacement cross-section as a function of the beam energy for
different particles .

The dpa can be calculated with Monte-Carlo codes such as FLUKA or
MARS . In these codes, different physical models are included to calculate the
damage cross-section, that combined with the NRT model give the dpa , .

The dpa is therefore representative of the displacement cascade, which starts
with the interaction of the particle with a lattice atom and concludes when all the
knock-out atoms come at rest. This collision phase is very fast, it typically lasts
10713-10712 s; at its end, the lattice is characterized by a supersaturated solution of
Frenkel pairs. This configuration is unstable and further evolves towards equilibrium
in successive steps.

1.2.2 Thermal spike

At the end of the collision phase, the atomic configuration is unstable, because of
the strongly distorted lattice. In a second phase, which lasts 10712-107!! s, a ther-
modynamic recrystallization of the material occurs, which leads to a spontaneous
athermal recombination of the point defects that are separated by small distances
(typically few lattice distances). This phase is called thermal spike, because the

7
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average energy of atoms corresponds to 10* K. The amount of surviving defects de-
creases with the increase of the PKA energy, which produces a higher concentration
of defects. This is not taken into account by NRT which is therefore overestimating
the dpa. In a very dense cascade, the distance between defects is reduced, and they
can easily migrate and coalescence to reach a more stable configuration [26/{2§].

1.3 Microscopic evolution of radiation damage

After the thermal spike, the configuration of the lattice is still unstable, and a further
evolution is therefore expected. On a longer timescale, the thermally activated
diffusion process becomes important. A summary of the different stages of radiation
damage evolution is given in Tab.

Phase Timescale Effect

Collision cascade 1071810712 s Creation of PKAs

Athermal recombination of in-cascade
point defects and clustering
Recombination at sinks or grain bound-
aries, large clustering

Thermal spike 10712-107 s

Defects diffusion 1078 s

Table 1.2: Timescale and description of the radiation damage evolution and of the
representative events.

From a macroscopic point of view, the diffusion is described by Fick’s laws. In
these equations, the flux J of the diffusing species is related to the concentration C'
through the diffusion coefficient D, as shown in Eq. 1.4D]

J=-DVC (1.4a)
aC

__v. 1.4
5 =V J (1.4b)

The diffusion coefficient D can be generally written as a constant term Dy multi-
plied by a temperature-dependent exponential, which contains the activation energy
() and the Boltzmann constant k, as shown in Eq. [L.5]

- Dy (72) ws

The activation energy for diffusion depends on the type of defects and on the
crystal lattice, but also on diffusion mechanisms. Interstitial defects, for example,
are mobile at lower temperature with respect to vacancies. This characteristic is
fundamental for the evolution of radiation damage [L§].

During diffusion, in fact, radiation-induced defects interact between themselves
and with the pre-existing lattice. In particular, we can distinguish three main pro-
cesses:

e Annihilation of a vacancy with an interstitial
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e Clustering of interstitial or vacancies
e Capture of point defects at dislocations, grain boundaries, and voids

As a result of the aforementioned process, the final microstructure of an irra-
diated crystal can be very different with respect to the primary damage made of
isolated Frenkel pairs or small defect clusters [26] 27 29H32]. At the end of irradia-
tion, different types of defects are present:

e Surviving point defects (vacancies, interstitials, impurity, point defect clusters)
e Line defects (dislocations)

e Planar defects (grain boundaries, interphase boundaries, twin boundaries, do-
main boundaries, stacking faults)

e Volume defects (voids, bubbles, precipitates, cracks)

An overview of the different radiation-induced defect clusters is provided in
Fig.
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Figure 1.3: Schematic of different defect configurations after irradiation. Modified

from .

Dislocations are particularly relevant for understanding the evolution of micro-
scopic but also macroscopic radiation damage. These defects are present already
before irradiation, but they are not equilibrium defects. Dislocation lines are de-
fined as a boundary between a slipped and a fix region of crystal. As a consequence,
dislocations are characterized by a distortion of the lattice around them. In Fig.
edge and screw dislocations are shown. The classification is based on the slipping
direction with respect to the dislocation line: perpendicular for edge dislocation,
parallel for the screw one. Generally, real dislocation are mixed, containing differ-
ent sections characterized by either edge or screw behavior and they are present as
closed loops inside the crystal . During irradiation, interstitials and vacancies
cluster to form dislocation loop. Point defects can also diffuse to dislocations and be
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(a) Edge dislocation (b) Screw dislocation

Figure 1.4: Schematics of dislocation geometries .

absorbed there. As a results, dislocations move with a mechanism known as climb
and they also act as point defects sink.

The oversaturation of vacancy-like defects can also lead to the formation of 3D
defects. Void clusters grow during irradiation by absorbing vacancies. Transmuta-
tion gases can also be absorbed by void and, as a results, they increase the stability
of the cavity.

1.3.1 Review of experimental parameters influencing radi-
ation damage

The multiplicity of radiation-induced defects clusters, their distribution and evo-
lution are important to determine the effect of radiation on the properties of the
material. Therefore, even if we can initially quantify the radiation damage with
the dpa, this parameter alone fails to capture certain properties of the damage.
When comparing different irradiation conditions, it is therefore important to con-
sider not only the dpa, but also other parameters that influence the damage. At
the same time, the pre-existing characteristics of the irradiated material affect the
radiation-induced effects.

Irradiation temperature

Diffusion is the key process due to which defects interact, determining an evolution
of the microstructure. Both, the activation and the intensity of the diffusion process
depend on the temperature, which thus becomes a key parameter to monitor during
irradiation. The energy needed to activate diffusion depends mainly on the defect
geometry: point defects are put in motion at lower temperature. The different
recovery stages, corresponding to the activation of diffusion for different defects, can
be identified with post-irradiation annealing experiments. During these tests, the
variation of a property which is influenced by the defect concentration is measured
after irradiation at very low temperature and after thermal treatments at different
temperature. It is generally accepted that five main irradiation temperature regimes

exist , :

e T < Stage 1: all the defects are immobile, defects concentration increases
linearly with dpa until primary damage defects overlap and annihilate
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e Stagel < T < Stage 3: Self-interstitial atoms (SIA) and small SIA clusters
are mobile and they can diffuse to form dislocation loops or combine with
vacancies.

e Stage 3 < T < Stage 5: both SIAs and vacancies are mobile, different defects
nucleation are possible.

e T > Stage 5: vacancies aggregates in 3D voids and swelling is observed.
e T >> Stage 5: He cavities nucleation (if transmutation gas is present)

These stages are generally related to the melting temperature of the irradiated
material and their activation occurs generally at lower temperatures for metals com-
pared to ceramics. In copper, a recover of electrical conductivity is observed at a
temperature as low as 20 K , while in graphite it is not detected before 150 K .
Post-irradiation annealing is also influenced by the irradiated temperature, which
determines the structure of defects. From a practical point of view, it is important
to understand the minimum temperature to annihilate the damage and the maxi-
mum to achieve a complete recovery, as a function of the material properties and
the irradiating conditions .

PKA energy

The distribution of the primary recoiling atom energy depends on the energy, charge
and mass of the incoming beam. Heavier ions induce higher recoil energy compared
to light ions. The PKA energy, however, also depends on the potential describing
the interaction between particles; this results in a higher average recoil energy for
neutrons compared to ions .

An energetic cascade typically leads to direct clustering and recombination of
point defects, whereas a low energy PKA induces isolated Frenkel pairs . In
Fig. for example, electron irradiation induces a flux of point defects that lead
to dislocation loop formation, while in the fission the energetic neutrons cascade in
small nucleation loops that nucleate and act as sinks preventing growth of bigger

loop .

Dose rate

The evolution of radiation damage depends on different competitive mechanisms
such as in-cascade clustering or annihilation at sinks of defects. These processes
are influenced by the rate at which defects are introduced in the crystal, namely by
the dose or dpa rate. The macroscopic effect and thus the degradation of thermo-
physical and mechanical properties can be therefore different for the a material
irradiated at the same dpa, but with different dpa rates.

The critical dose (dpa) to induce complete amorphization in silicon carbide crys-
tal is, for example, decreasing as the dose rate (dpa rate) is increasing . This
effect is, however, strongly coupled to temperature, and the respective correlation
should be addressed separately . The dose rate effects are generally more visi-
ble at elevated temperature [32], where the role of diffusion is relevant for the final
defect distribution.
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Figure 1.5: Micrographs of copper irradiated with fission neutrons (top) and
1 MeV electrons. The defect clusters in the high energy cascade induced by
neutrons act as a sink and they prevent bigger loops from nucleating .

Transmutation gases

Transmutation gases as H or He are important because they can stabilize 3D vacancy
voids and migrate to grain boundaries, contributing to failure. The interaction
of these products with defects can modify the recombination and diffusion of the
defects. It is therefore important to take into account such effects simultaneously.
For this reason, a useful parameter to be evaluated during irradiation is the ratio
between dpa and atomic parts per million (appm) of He and/or H. In Tab. , the
typical value of dpa/appm is presented for different irradiation environments .
Also in this case, the effect depends on the correlation of this mechanism with the
ones induced by temperature and dpa rates.

Ionizing radiation

The radiation damage mechanisms presented in Sec. and Sec. are ascribed
to NIEL losses of charged particles or to elastic scattering of neutrons. Although
ionizing radiation is a serious concern mostly for organic components and insulators,
also metals, semiconductors, and conductive ceramics might be affected. Depending
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Irradiation dpa rate | He gas production | Irradiation T
source [dpa/s] [appm/dpa) [°C]

Fission reactor | 3-107° 0.1 200-600

Fusion reactor 1-107 10 400-1000
High-energy

proton beam | 61073 100 100-800
(accelerators)

Table 1.3: Comparison of typical dpa and gas production obtained under different
irradiation environments .

on the material, jon tracks are detected above a certain electronic stopping power.
Ion tracks are cylindrical regions characterized by ionized matter. The ionization
is induced directly by the incoming ions or by secondary electrons (delta-rays) [37].
The positive ion repulsion along the track cause a lattice distortion, but it also
influences the diffusion of point defects produced with nuclear losses , , .
The relative importance of ionization and displacement damage also depends on
irradiating beam. Electrons and light ions are characterized by an higher ionization
to dpa ratio compared to neutrons and heavy ions [32].

Initial lattice structure

Pre-existing grain boundaries and defects act as sinks for irradiation-induced defects.
The annihilation of defects at sinks is therefore a competitive process and it depends
on the sink concentration in the material . For this reason, a material with a
higher initial lattice disorder can be less affected by radiation given its capability of
removing the defects from the lattice.

On top of this, it is reported that also the packing arrangement of crystals
can influence the defect evolution: the anisotropy of hexagonal close-packed (hep)
crystals can indeed inhibit the migration and hence the recombination of defects .

Atomic weight and density

The effect of the atomic weight of the irradiated material is related to the higher
nuclear and electronic stopping power characterizing heavy targets. For this reason,
the higher energy and the higher density of the cascade can enhance the point
defects clustering. In a similar way, a higher mass density induces a more compact
displacement cascade.

Energy of formation and activation motion of defects

The nature of the crystal irradiated determines also the formation of defects, and
in particular the displacement energy Fy; depends on the material, and the energy
needed to activate diffusion. The first parameter, Fy, is taken into account by
the dpa, while the further evolution of the microstructure should consider also the
mobility of defects in a lattice.
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1.4 Macroscopic evolution of radiation damage

The radiation-induced defects and the associated evolution of the microstructure
affect in turn the macroscopic properties of the irradiated material. Some mecha-
nisms are common to all the materials, while some are typical of a specific structure.
In the following sections, changes of some fundamental properties of material are
discussed.

1.4.1 Electrical and thermal conductivity

Electrical and thermal conductivity are transport properties that define the trans-
port of electrical charge and heat inside a crystal out of the equilibrium state. From
a macroscopic point of view, electric and heat transports can be described by the
Ohm and Fourier laws. For crystals, we can generalize these laws to include the
tensorial form of the conductivity terms, as shown in Eq. [I.6] and Eq. [1.7]

ji=Y ouk (1.6)

or
Qthi = —Zkth—l (1.7)

Where j is the charge current density, o is the electrical conductivity, E the elec-
tric field inducing the transport, ¢, is the heat current density, g—; is the thermal
gradient inducing the transport, and k' is the thermal conductivity.

In order to understand the effect of radiation, the microscopic interpretation of
these quantities must be analysed. The charge carriers are the electrons, therefore
the electrical conductivity depends on their mobility. The electron path is slowed
down by scattering processes inside the crystal. The main responsibles for electron
scattering are lattice vibrations, impurities and lattice defects . According to
Matthiessen’s rule, by decomposing the contribution of the different sources of elec-
tron scattering, the electrical resistivity p, the inverse of the electrical conductivity,
can be written as a sum of the contributions due to the different scattering processes,

as shown in Eq. [1.§

P = Pphonons + Pimpurities + Pdefects (18)

Similar considerations apply for heat conduction, though in this case it is im-
portant to distinguish between metals, where heat carriers are essentially electrons,
from non-metals where the heat conduction is dominated by lattice vibrations. In
both cases, scattering due to lattice defects decreases their mobility, inducing a
reduction of thermal conductivity.

During irradiation, different defects are created as explained in inducing an
increase of the scattering of carriers and reducing therefore their mobility.

It is important to notice that the effect of irradiation on the transport properties
depends on the surviving defects: the athermal and thermal recombination of defects
during irradiation are therefore contributing to reduce the effective damage. As a
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consequence, the effect in metals is much lower because of the higher mobility of
defects already at relatively low temperature .

Graphitic materials are more sensitive to irradiation. In particular, many studies
are available from neutron irradiation, given the extensive use of graphite as neutron
moderator in fission reactors. The degradation of thermal conductivity as a function
of dpa is reported in literature, showing relevant effects already at 0.001 dpa .
Higher irradiation temperature mitigates the property changes thanks to a higher
mobility of defects that enhances annihilation [43H46]. The variation of thermal con-
ductivity is also related to the material morphology; in particular, a higher degrada-
tion is observed in carbon-fibre composites compared to fine grained graphite [46].
On top of this, a higher initial value of conductivity is associated to a faster degra-
dation during irradiation , , . The same effect is observed for electrical
conductivity: the decrease of this property during irradiation is more pronounced
for materials having a higher initial conductivity. This phenomenon is related to the
interaction of radiation-induced defects with the pre-existing microstructure. Grain
boundaries and porosities are responsible for a lower initial conductivity. During
irradiation, they can mitigate the decrease of conduction induced by defects by
accommodating them [48] [49].

Some tests conducted with heavy ions indicate that the degradation induced in
graphite is higher compared to neutron irradiation, but the beneficial effect of higher
irradiation temperature is confirmed [50} [51].

It is worth noticing that point defects have a different impact on the transport
properties. In particular, perpendicularly to the graphite basal plane, the cluster
defects have a higher impact . The evolution of the microstructure is therefore
fundamental to determine the final effects of radiation.

1.4.2 Dimensional instabilities

The effects of radiation damage on the dimensional stability of material are several
and related to different phenomena. It is fundamental to understand how to prevent
these phenomena in the design of structural components or where high geometrical
tolerances are required. The dimensional changes induced by radiation are classi-
fied as growth, creep and swelling, as a function of their effects and the boundary
conditions under which they happen , , .

Irradiation-induced growth is an anisotropic change of dimensions and shape that
is not accompanied by a volume change. It is commonly observed in low-symmetry
crystals. In non-perfectly symmetric crystals there is, in fact, a preferential direction
for dislocation loops which can lead to an increase of crystal length in the direction
of the loop nucleation. In symmetric crystals, the nucleation is random, and the
global effect is null. This effect is mitigated also in polycrystalline materials with
random orientation of grains, but it is relevant for highly textured crystals. The
irradiation growth is therefore particularly relevant for hcp crystal structures such
as Mg, Ti and Zr alloys, widely used in nuclear reactors, but also for graphite that
finds application in different fields where radiation is present . In a graphite
crystal, interstitial loops develop between basal planes, forming an additional plane
between two pre-existing layers. As a consequence, the crystal growths along the
c-axis. Conversely, the coalescence of in-plane vacancy leads to shrinkage along the
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a-axis. The two mechanisms are represented in Fig. .
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Figure 1.6: Radiation growth in graphite. Accumulation of interstitial dislocation
loops between basal planes, and vacancy collapsing along a basal plane [56] .

It is worth noticing that in polycrystalline graphite, porosity can partially ac-
commodate the c-axis expansion.

The random distribution of the directions of dislocations can also be altered by
applied stresses that induce a continuous deformation in time, the so-called irradi-
ation creep. Creep and growth are dimensional changes characterized by a conser-
vation of the total volume. On the contrary, voids cause an isotropic increase of
volume, known as swelling. Although the swelling in hcp material is less relevant
compared to fcc or bee crystals, anisotropic swelling can induce cracks at the grain
boundaries.

Under irradiation, it is also important to consider the variation of the coefficient
of thermal expansion (CTE) for graphitic materials. The CTE is, in fact, controlled
by the pore accommodation capability, which is modified under irradiation. Increase
of the thermal expansion coefficient as a consequence of radiation damage is in fact
reported for different graphite grades under neutron and proton irradiation , ,
but also for some alloys [35].

1.4.3 Mechanical properties

The mechanical properties of crystals are strongly affected by irradiation and in
particular by the formation of dislocation-like clusters. Dislocation motion is in fact
the mechanism behind plastic deformation. During irradiation, the concentration of
dislocations increases and the interaction between two dislocations becomes possible.
A possible outcome of this interaction is the creation of a section of dislocations out
of the glide plane, that hinders their movement. As a consequence, an increase
of the yield stress, the so-called radiation hardening, is observed, and the plastic
deformability of the material is reduced. A similar effect is also ascribed to voids [28]
, , . This behaviour is usually accompanied by an increase of the elastic
modulus, but also by a decrease of the strain to rupture, which causes material
embrittlement. For graphite materials, an increase in both, the strength and the
elastic modulus, is detected under neutron and proton irradiation. At high dose
rates, the contribution of the pore closure to the increase in the elastic modulus

must be considered .
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The structural properties of material under irradiation are greatly affected also
by the production of transmutation gases in nuclear reactions. In particular He,
which can be produced in different nuclear reactions, is insoluble and precipitates
into bubbles. Under tensile stress, He bubbles migrate to grain boundaries and
accelerate the intergranular fracture by decreasing the strain to fracture , .

1.5 Thermal-induced load and shock waves

The previous sections are dedicated to the long-term effects of radiation-matter
interaction. The energy deposited in the materials is also leading to material heating.
In an inorganic crystal the energy is converted into heat as a consequence of the
electron-phonon coupling . The energy deposition map can be calculated with
the same multi-purpose codes used for dpa calculations .

In particle accelerators, particle beams store a significant amount of energy that
can be deposited in the material. The high-energy physics requirements have driven
the development of machine with higher energy stored in the beam, as shown in

Fig. [I.7
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Figure 1.7: Stored energy in present and future particle accelerators |@|

The temperature increase related to the deposited energy induces different thermo-
mechanical phenomena in the material, as a function of the space distribution and
timescale of the beam energy deposition. Under quasi-static heating, the thermal
load rate is low enough to neglect the variation of temperature over time. As a func-
tion of the material thermal conductivity, a temperature gradient develops along the
body, inducing thermal stresses. Thermal stresses can also arise as a consequence
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of inhomogeneities in the body (contact between materials with different CTE) or
when free deformation is prevented, as in hyperstatic designs .

At higher load rates, temperature variation over time must be considered, but
dynamic effect can be neglected. Slow-transient heating scenarios represent what
happens to some beam-intercepting devices, named collimators (see Ch. , during
the normal operation of an accelerators.

One of the most peculiar events related to particle interaction with matter is
however related to thermal shock phenomena. In case of accidental scenarios, the
particle beam can indeed release its stored energy in a very short time. In this
case, the material expansion is prevented by its inertia and the phenomena can
lead to the generation of elastic or plastic stress waves. On top of that, the high
energy density can induce changes of phase in the material, becoming a liquid, gas
or plasma, as shown in an example in Fig. [I.8 The understanding of the dynamic
regime is important to predict the integrity or functionality loss of a component.

Figure 1.8: Extensive melting of copper block hit by 18 GeV/c electron beam at
Stanford Linear Accelerator Center (SLAC) [11]. The picture is in black and white.

The dynamic response of a material depends on the power density deposition
and on the duration of the interaction, but it is also deeply related to the thermo-
physical and mechanical properties of the target material. The thermo-mechanical
response of material under beam impact depends in fact on its properties, which
are affected by radiation damage. Radiation damage and thermo-mechanical re-
sponse of material under beam-induced thermal load are strongly related in particle
accelerators.
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Chapter 2

Accelerators and
Beam-Intercepting Devices (BIDs)

This chapter describes the main field of application of the materials investigated in
this work: beam-intercepting devices in accelerators, and collimators in particular.
The focus is placed on high-energy and high-intensity accelerators such as the Large
Hadron Collider (LHC) and its upgrade, the High-Luminosity LHC (HL-LHC). The
state-of-art of the materials applied in collimators is presented together with their
requirements, and the need of predicting and mitigating radiation damage is under-
lined.

2.1 Introduction to accelerator technologies

Modern particle accelerators produce high-energy particles enabling to access in-
credibly small dimensions. The energy is indeed inversely proportional to the De
Broglie wavelength of a particle, allowing to resolve objects with dimensions of the
same order of magnitude. At TeV energies, it is possible to detect entities down
to 107'® m. The fundamental constituents of our universe have been detected and
studied thanks to the high-energy physics (HEP) and put together in the Standard
Model theory. At these energies, it is also possible to recreate conditions similar to
1 ps after the Big Bang [61].

The challenges for the design, construction and operation of powerful accelerators
cover different technological fields. Among these, it is important to mention at least
radio-frequency (RF) cavities for particle acceleration, normal and superconductive
magnets for the beam trajectory control, cryogenic systems, and ultra-high vacuum
(UHV) systems.

The presence of high-energy particles and intense beam calls for a special atten-
tion to potential radiation damage in different accelerator components. The failure
of electronic components due to both ionizing and non-ionizing energy losses, for ex-
ample, is studied . It is also well reported the deterioration of superconducting
cable due to beam damage . Besides the aforementioned situations, components
at the ’loss points’ of accelerators are mostly exposed to energy deposition by parti-
cles and hence radiation damage . This thesis focuses on these devices, that are
known as beam-intercepting devices (BIDs).
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2.2 Beam-intercepting devices (BIDs)

The family of beam-intercepting devices (BIDs) encompasses in a general way com-
ponents subjected to particle absorption. These devices cover different functions
and, as a consequence, a variety of designs and materials are involved in their con-
struction. In particular, these categories are identified:

e Targets. Fixed-target experiments cover a significant part of physics activi-
ties involving particle accelerators. The term target indicates a component
impacted by the particle beam [63]. As a consequence of the interaction,
secondary particles are produced. Opposite to a collider, where two beams
in motion hit each others, targets are fixed in the laboratory frame. As a
consequence, the centre of mass energy, which is available for new particle
production, is lower for fixed target test compared to colliders . These ex-
periments are, however, widely used for some specific applications where the
interaction cross-section or the production cross-section are low. Among them,
it is worth mentioning the neutron spallation targets (e.g. at J-PARC), muon
production targets (e.g. at TRIUMF), antiproton production (e.g. at FNAL)
and neutrino factories (e.g. at FNAL, CERN). The target material depends
on the specific physic requirements, and it can be, for example, tungsten, lead,

carbon or mercury [65].

e Dumps. Beam dumps are also fix targets, but they cover a safety role inside
accelerators. When the beam inside the accelerator has to be stopped for
whatever reason, it is directed to the dump, where it loses energy by interacting
with the absorber material. In a non-collider, the dump is always in use.

e Collimators. These BIDs are dedicated to cleaning and control of the un-
avoidable beam losses on sensitive equipment during operations, as detailed
in [2.3.2] The specific design and requirements are strongly related to the
configuration of the accelerator.

e Destructive beam diagnostics. This category encompasses all the instruments
that rely on beam-interception in order to monitor one of its properties.

BIDs play a fundamental role for the performances of accelerators, and for this
reason their properties degradation under beam damage must be carefully assessed
and mitigated.

In this thesis, the focus is on the collimation system of the Large Hadron Collider
(LHC) at CERN. So far, the LHC is the most powerful accelerator and the energy
stored in the beam reaches an even higher level in its upgrade, the High-Luminosity
LHC (HL-LHC). The uniqueness of this accelerator and its collimation system are
detailed in the following sections.

2.3 The LHC collimation system

2.3.1 Introduction to the CERN and to the LHC

The European Organisation for Nuclear Research (CERN) is an international labo-
ratory involving 23 member states and several associated members. CERN provides
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a unique complex of machines and laboratories to study fundamental physics. Its
mission engages scientists from all over the world to push the technological and sci-
entific knowledge for the benefit of society: chemistry, material science, information
technology, and hadron therapy for medicine are also investigated.

CERN laboratories are located in Geneva, but they extend around the Swiss-
French border. In this area, the LHC machine is operating since 2008.

The LHC is a two-ring accelerator and collider installed in a 27 km tunnel be-
tween Switzerland and France. The LHC is fed with two counter-circulating proton
or ion beams injected by a chain of linear and circular accelerators, depicted in

Fig. 2.1]
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Figure 2.1: The chain of linear and circular machines that accelerates the particle
beam until its injection in the LHC.

The energy of the particles is progressively increased up to 7 TeV through the
accelerator complex. The beams are not continuous but split into bunches, each
composed by almost 10! particles. One LHC beam is generally composed by 2808
bunches. A summary of the nominal proton beam parameters of the LHC is given

in Tab. .

Proton energy 7 TeV
Particles per bunch 1.15- 10
Bunches per beam 2808
Bunch spacing 25 ns

Table 2.1: Main parameters of the LHC proton beam.
The LHC ring is composed by eight long straight sections (LSS) and eight arcs,
as shown in Fig. 2.2l The straight sections are dedicated to different functions:

e The LSS1, LSS2, LSS5 and LSSS8 are located at the collision points of the two
beams, and they host the four particle detectors ATLAS [67], ALICE ,

CMS and LHCb .
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e The LSS3 and LSS7 are dedicated to the momentum and betatron cleaning of
the beams. Most of the collimators are located in these sections.

e The LSS4 is the insertion region for the radio-frequency (RF) cavities that
accelerate the particles.

e The LSS6 contains the LHC dump.

[ CMs |

Lowiipa

TI2 T18

Figure 2.2: Scheme of the LHC ring layout and its main sectors .

The arcs are dedicated to the installation of the magnets. Each arc is composed
by 23 cells with a regular design defined by a standard half-cell containing three
bending magnets (dipole), a focusing magnet (quadrupole), and several multipoles
magnets for chromaticity control or dispersion suppression. On the top of these
magnets, others are installed along the ring leading to a total of more than 9000
installed , .

The bending of 7 TeV proton beam demands a magnetic field of 8.33 T within
the chosen layout, almost five order of magnitude higher than the earth magnetic
field . The use of a superconductive technology is fundamental to reach this field
strength. Superconductors show zero resistance to a current flow below a critical
temperature T,; therefore this technology allows overcoming the current density
limitation imposed by Joule heating in normal conductor magnets . In the LHC,

22



2.3. THE LHC COLLIMATION SYSTEM

NbTi superconducting cables are used, thus requiring an operating temperature of
1.9 K. For this reason, a powerful cryogenic system and distribution line are installed
in the LHC tunnel.

If particles interact with the magnets, they deposit energy and cause heating. If
the temperature overcomes T, there is a sudden transition to the normal conductor
state. This situation is potentially dangerous for magnets, because the high flow
of current density is converted into Joule power, and temperatures close to melting
can be reached [76].

For this reason, in a superconductive machine it is fundamental to engineer an
efficient layout and design of collimators, which must intercept the particle losses
that would otherwise induce heat deposition in the magnets.

2.3.2 LHC collimation system function and layout

The unprecedented energy stored in the LHC proton beams pushes the complexity
of the collimation system design: even a small fraction of this energy would in
fact induce a quench in the superconductive magnets, compromising the accelerator
operation and potentially damage the magnet. In the LHC, the energy stored by the
beam reaches 362 MJ, while the quench limit for magnet is nine orders of magnitude
lower [77]. The most stringent design requirement of the LHC collimation system is
thus related to this aspect.

Beam losses during operation mainly come from the so-called beam halo, which
defines particles with transverse amplitudes or energy deviations significantly larger
than those of the reference particles . Betatron halo refers to particles with a
transverse emittance higher than nominal, while particles with an energy error be-
long to the off-momentum halo. If the proton beam is approximated by a perfect
Gaussian distribution, the halo is defined as the particles outside of 30, where o
characterizes the beam size, as shown in Fig. 2.3 Thus, in a perfect 2D Gaussian
beam, about 1.1% of the particles belong to the halo . During normal operation,
the number of particle populating the halo increases because of different phenom-
ena: particle-particle collision in the interaction points, collision with residual gases,
different beam instabilities or feedback system noise , . The halo particles are
diffusing towards the external region and they ultimately turn into losses that can
hit and deposit energy in magnets or other sensitive equipment. For this reason,
solid blocks are placed close to the beam to intercept these particles. The first role
of the collimators is therefore to safely intercept and dispose the particles populat-
ing the halo during the LHC operation. Thanks to their robustness, these BIDs are
efficiently exploited also to scrape the beam and probe the population of the beam
halo.

The heat loads absorbed by the collimation system during operation can be
estimated by modelling the losses with the beam lifetime 7,. This parameter is
defined as the time after which the beam intensity I is reduced to the 37% of the
initial value Iy because of operation losses. In a linear approximation, the loss rate
R is inversely proportional to 7, as shown in Eq. 2.1]

I I
R=—=— 2.1
T (2.1)
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Figure 2.3: Model of the LHC proton beam shape. The corresponding beam core
and halo are represented .

The beam lifetime is not constant over the LHC operation, and phenomena
leading to losses can appear at different moment. The maximum losses are detected

for the minimum 7, as shown in Eq. Nb.min 1 therefore used for collimator design.
The scenarios considered are , :

e Steady-state losses condition: the beam losses are continuously absorbed at
collimators. In this case, the minimum ., is assumed to be 1 h. With
the nominal LHC beam parameters, this case corresponds to 100 kW on the
collimation system.

e Transient losses condition: an increase of losses is detected and the collimator
must withstand for 10 s a power corresponding to a 7y, of 0.2 h. In this
situation, 500 kW are dissipated on the collimators.

The energy deposited by the lost particles and the material properties determine
the temperature increase and the deformation.

Collimators are the closest elements to the beam. For this reason, besides oper-
ational losses, collimators represent also the first defence in case of accidental beam
losses. Errors during injection from the SPS or during the beam dump must be
taken into account, for example, to design the collimation system. The passive ma-
chine protection in this case represents one of the critical aspects to be considered
for their design.

In the vicinity of the collision points, different collimators are placed to fulfill
two main functions: they reduce the background of the experiment measurement
related to the halo-induced noise and they clean the outgoing beam from the collision
products.

On the top of the aforementioned functions, collimators are also useful because
they concentrate the radiation dose, limiting the activation of the equipment along
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the ring and they also prevent the long-term effects of radiation damage to sensitive
equipment such as warm dipoles.

In order to fulfill all these functions and driven by the requirement to keep a
cleaning efficiency that ensure quench protection, a multi-stage collimation system
is implemented, as shown in Fig. . Collimators can be classified as a function of
their distance from the beam in [81]:

e Primary Collimators or Target Collimators Primary (TCP). These objects are
the closest to the beam and they first intercept the losses. Some of the parti-
cles, however, escape without being absorbed, forming the secondary halo. On
the top of this, in primary collimators the interaction of the primary halo with
the material produces secondary particles, and, at these energy, an hadronic
and electromagnetic cascades are generated.

e Secondary Collimators or Target Collimators Secondary (TCS). They are fur-
ther from the beam with respect to the primary collimators. Their role is to
intercept the secondary halo and the hadronic shower induced in the primaries.

e Target Collimators Long Absorber (TCLA). They attenuate the particle shower
and the tertiary halo.

e Tertiary Collimators or Target Collimators Tertiary (TCT). They protect the
magnets that are providing the final focusing to the beams before the experi-
ment. This represents the bottleneck aperture during physics experiment.
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Figure 2.4: The LHC multi-stage collimation system. Collimators are classified as
a function of their distance from the beam .

In addition, other collimators are installed to protect the system from injection
or extraction errors or to clean the particles debris after collisions.

Collimators are horizontal, vertical or screw to further optimize the cleaning. A
summary of the collimators installed in the LHC is given in Tab. [2.2] In total, more
than 100 collimators are installed in the ring to clean the beam and protect the

machine .
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Functional type Name Plane
Primary IR3 TCP H
Secondary 1IR3 TCSG H
Absorbers TR3 TCLA H,V8
Primary IR7 TCP H,V.S
Secondary IR7 TCSG H,V.S
Absorbers IR7 TCLA H,V
Tertiary IR1/2/5/8 TCTP H,V
Physics debris absorbers TCL H
Dump protection TCSP/TCDQ H
Injection protection TCDI/TDI/TCLI/TCDD | H,V

Table 2.2: List of collimators installed in the LHC, belonging to different families
and installed in different insertion regions.

2.3.3 LHC collimator design

The specific configuration of a collimator depends on its specific role and position,
but the general design features are common for all the families mentioned in in
Tab. . The collimators are composed of a stainless steel vacuum
tank, which is placed on a support with different orientation (vertical, horizontal,
skewed). The beam is entering in the vacuum tank, which is connected through
flanges to the beampipe, as illustrated in Fig. Inside the vacuum tank, two
parallel jaws are installed. The beam is passing in the middle of the two jaws, which
are typically separated by 2 mm, as shown in [2.5(b)l They are provided with an
actuation system to move inwards or outwards the beam. The jaws are made of
dispersion strengthened copper (Glidcop®)) bars, brazed on copper cooling pipes
to evacuate the heat load induced by the beam. The jaws host the active part of
the collimator, the absorber, which is shown in Fig. [2.6f The taperings are the
final blocks of the jaw and they provide a smooth transition between the beam
line geometry and the jaw narrow aperture, to avoid beam instabilities. A similar

function is played by RF fingers, shown in Fig. 2.5(b)| [82].

(a) Vacuum tank-external view. (b) Jaws installed in the tank.

Figure 2.5: Pictures of a LHC collimator.

The collimator design plays a key role to ensure their correct behaviour. An
efficient design permits, in fact, to evacuate the thermal load and to maintain tight
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CFC material
exposed to beam

Tapering

Figure 2.6: Picture of a LHC jaw before its installation in the tank. The absorber
material is the part exposed to the beam and, in this examples, is made of
carbon-fibre-carbon (CFC).

dimensional tolerances and mechanical stability. This is a fundamental requirement
for high-precision devices which operate in the vicinity of the beam.

2.3.4 LHC collimator absorber materials

The absorber blocks installed in the collimators jaws are the key element because
they actively interact with the particle beam. For this reason, the material com-
posing the blocks must satisfy different stringent requirements in order to properly
clean the beam and protect the machine, while keeping its structural integrity.
The main technical characteristics of an ideal absorber material are listed be-

low :

e Maximum electrical conductivity. A charged travelling particle induces an
electromagnetic field on the surroundings, the so-called wake-field, which can,
in turn, act back on the beam . The beam coupling impedance describes
the intensity of the perturbation exerted on the beam. For a cylindrical beam
pipe, the impedance is inversely proportional to the square root of the elec-
trical conductivity of the surrounding material . A conductive material
dissipates in an effective way the accumulated charges, which would perturb
the successive train of beam.

e Minimum outgassing rate. The outgassing rate is the quantity of gases leaving
the surface of a material per unit time . The maximum pressure in the LHC
must be limited because beam-gases interactions are one of the principal causes
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of losses and beamtime limitation. For this reason, the maximum outgassing
rate of a collimator is fixed to 2- 1077 mbar 1/s . This limit is shared
between all the components of the collimator, and half of this is allocated to

the absorber material [3§].

e Maximum thermal conductivity. The beam-induced heating must be dissi-
pated efficiently to limit the thermal gradient and hence the thermal-induced
deformation, which compromise the geometrical stability. The maximum al-
lowable temperature is also related to the outgassing rate, which increases with

temperature [85].

e Minimum thermal expansion coefficient. The increase of temperature induced
by the beam induces a dimensional change which must be minimized to ensure

dimensional stability to the collimator jaws.

e Maximum melting temperature. During accidental situations, the absorber

can reach a very high temperature which must be lower than melting.

e Maximum specific heat. In the accidental scenario, it limits the maximum

temperature.

e Maximum ultimate strength. This requirement is related to the requirement

of surviving to accidental beam impact where high stresses are reached.

e Minimum elastic modulus. Collimators under steady state losses are subjected
to a deformation-imposed load case. A small elastic modulus allows reducing

the corresponding induced stresses.

e Adequate density. The density is one of the parameters that is influencing the
absorption of particles. For this reason, it should be high enough to ensure a
high fraction of captured particle, but at the same time, the energy deposition
must guarantee an increase of temperature compliant with the aforementioned
requirements. As a function of the distance from the beam, a different heat
load affects the absorber. Primary collimators are very close to the beam, the
fraction of intercepted particle is greater and hence a lower density is envisaged
to avoid a huge energy deposition. On the contrary, tertiary collimator are
the last barrier of protection and hence the density must guarantee to stop

the incoming particles.

e Maximum radiation damage hardness. As explained in Ch. [I| the interac-
tion of high energy particles with matter induce microscopic and macroscopic
degradation of material which should be minimized to ensure a long lifetime

of the components.

On the top of these characteristic, the industrial feasibility, the cost and the pro-
duction timeline must be evaluated. It is also worth mentioning that the elemental
composition of the absorber materials determines their radioactive activation. This
aspect must be monitor to foreseen access restriction or waiting time before techni-
cal intervention . None of the existing materials possesses all these properties,
and a compromise must be therefore found to ensure the correct operation of the
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collimator system. The aforementioned requirements are to some extent even con-
tradictory: the need of increasing the electrical conductivity, for example, is typically
accompanied by an increase of density which could lead to an excessive energy depo-
sition. For this reason, Figures of Merit (FoM) are introduced to orient the material
choice . These indexes combine several properties in a single parameter, and they
are used to compare the materials envisaged for collimators: the higher the indexes,
the better would be the collimator performances . In particular, these FoM are
defined:

e Thermo-mechanical robustness index (TRI). It includes thermal and mechan-
ical properties to represent the robustness against beam impact.

e Thermal stability index (TSI). It combines the thermo-physical properties that
determine the geometrical stability under steady-state heat loads.

e [mpedance index (RFI). It expresses the needs of reducing the collimator con-
tribution to impedance.

In the LHC collimator system primary and secondary collimators are made of
a Carbon-fibre Carbon (CFC) Composites, while for denser tertiary collimators a
tungsten alloy is selected.

Carbon-fibre Carbon (CFC) Composites

Carbon-fibre composites are widely used in different industries such as aerospace,
cars, competition skis, for their outstanding ability of bearing loads. Carbon-fibre
carbon composites are composed by a carbon matrix and they are reinforced by
carbon-fibre. The low density, excellent thermal-shock resistance and capability to
withstand high temperature make them appealing for using in collimators.
The CFC adopted for LHC primary and secondary collimator is named AC150K®)
and it is produced by Tatsuno/Across, now CFC Design, Inc. (Japan). The fibres
are randomly oriented in a plane, and then several layers are stacked . The
orientation of the material inside a jaw is shown in Fig.[2.7 The in-plane directions
are not completely equivalent because of a rolling step during the production of the
materials. The graphitization is finally enhanced by a thermal treatment at 2800°C.

Tungsten alloy

Tertiary collimators are subjected to lower heat load, then their density can be
increased to ensure an adequate particle absorption. For LHC collimator, a tungsten
alloy commercially known as INERMET®)180 is used. It contains 95%,, of W,
3.5%u: of Ni, and 1.5%,,; of Cu. The NiCu phase infiltrates between the W grains
providing good thermo-physical properties and a high density.

2.4 The HL-LHC collimation system

2.4.1 Introduction to the HL-LHC

The LHC has given numerous contributions to the understating of the fundamental
laws governing the universe. Among them, it is relevant to mention the detection of
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Figure 2.7: Representation of CFC material orientation inside a jaw. The plane
where fibres are oriented is parallel to the beam direction. Modified from .

the Higgs boson in 2012 , whose existence is predicted by the Standard Model
theory. Already in 2010, a design study to implement the High-Luminosity Large
Hadron Collider (HL-LHC) has been conducted at CERN, and in 2015 a baseline
program was approved to plan physics until 2030.

The aim of HL-LHC is to increase the statistic of the available data by making
available a higher number of events. The number of events per second Neyepn: 1S
related to the cross-section of the phenomena under study o.ye,; and the luminosity
L, as shown in Eq.

Nevent = Laevent (22)

The HL-LHC target is indeed to increase the LHC design luminosity of a factor
five in order to obtain a higher number of events. The luminosity depends on differ-
ent beam parameters among which the number of particles per bunch, the number
of bunches per beam, and the crossing angle at the interaction points. A comparison

between the LHC and HL-LHC beam parameters is given in Tab. .

Nominal LHC HL-LHC
Beam energy in collision [TeV] | 7 7
Particles per bunch, N [10"] | 1.15 2.2
Number of bunches per beam | 2808 2748
Energy stored per beam [MJ] | 362 678
Eeoa;f o2 51 luminosity 362 673

Table 2.3: Main beam parameters of LHC compared to the upgraded HL-LHC.

The realization of the high-luminosity configuration relies on a number of techno-
logical improvements: the upgrade of the superconducting magnet and cold powering
system, the introduction of new superconductive RF crab-cavities, and the upgrade
of the collimation system that is detailed in this work. The increased number of
particles per bunch, and hence the higher energy stored in the beam, represents a
key parameter to understand the collimator upgrade.
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2.4.2 New challenges for collimators

An immediate consequence of the higher particles per bunch is the increase of the
heat load that collimators must withstand both in normal and accidental scenarios.
In particular, the operational losses for design scenario are shown in Tab. for
LHC and HL-LHC.

LHC HL-LHC
m=1h 100 kW 190 kW
m=0.2 h 500 kW 940 kW

Table 2.4: Operational losses on the collimation system for LHC and HL-LHC.

This requirement is partially accommodated by a new design of the collimator
jaws. In particular, an improved thermal contact between the absorber material and
the Glidcop jaws facilitate the heat dissipation [93].

The increased energy deposited in the collimators also translates into a higher
radiation damage expected at the end of collimators lifetime. For this reason, the
long-term effects of radiation on the material becomes an increasingly relevant topic
to be considered in the material selection.

The efficiency of the LHC collimation system is defined as the ratio between
the particles safely disposed by collimators and the particles lost at the sensitive
equipment. With the increased energy stored in the beam, the efficiency must be
increased to keep the energy lost in the magnets below the quench limit. This
limitation is overcome with the installation of additional absorbers in the most
exposed regions .

The most stringent requirement for HL-LHC collimators is, however, related
to the beam instability induced by the beam-coupling impedance, whose major
contribution comes from the collimator absorber materials, and from CFC in par-
ticular [94] [95]. The higher beam intensity calls for reducing the beam-coupling
impedance, hence to increase the electrical conductivity of the absorber materials.
The selected materials must always satisfy the FoM mentioned in and it must
survive to the new operational loads.

For the HL-LHC collimators an intense R&D program has started more than
ten years ago at CERN, together with the support of different European programs
(EuCARD, EuCARD2 [1], ARIES [2]) and external companies.

The materials finally selected for HL-LHC collimators are:

e Molybdenum-carbide graphite composite (MoGr) for primary collimators
e MoGr with 6 um of Mo coating for secondary collimators
e Copper-diamond composite (CuCD) for tertiary collimators

It is worth mentioning that the validation of materials for this application in-
volves a variety of tests to prove peculiar characteristic that are typically unknown.
Besides the thermo-physical and mechanical properties that are tested at CERN in
a wide range of temperature [96], the material must be tested under vacuum [97].
Their response under particle beam is assessed to simulate radiation damage or
beam-induced instantaneous heating, in order to simulate accidental scenario. This
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last property is tested in CERN facility called HiRadMat (High irRadiation to Mate-
rials) . Several tests have been done during years to assess the thermo-mechanical
response of novel materials for collimators material under quasi-instantaneous heat-

ing [60] 99H102|. In the last experiment named MultiMAT a variety of novel
material have been tested, including coated samples, as shown in Fig. [2.8

-\ - y i il
(a) The MultiMAT vacuum tank showing (b) Samples after beam impact: from the top:
all the lines for holding different materials MoGr, CFC, Cu-coated MoGr.

Figure 2.8: Some images of the configuration of the MultiMAT experiment.

2.4.3 Novel materials for collimators
Molybdenum-carbide graphite composites

Molybdenum-carbide graphite composite (MoGr) has been developed by CERN in
collaboration with BrevettiBizz (Verona, Italy).

The idea is to combine the excellent thermal properties of graphite with the high
strength and electrical conductivity of Mo. Over years, different compositions and
production parameters have been changed, and the influence of these conditions on
the final properties of the material are largely characterized .

The production of MoGr is divided into four steps:

e Powder mixing. Graphite and molybdenum particles are mixed in a dry envi-
ronment to guarantee a good homogeneity. In some grades, additional metallic
powders or carbon-fibres are added.

e Green body compaction. The first compaction step is a cold uni-axial pressing.
The graphite powders start orienting with the basal plane perpendicular to the
pressing direction.

e Sintering. The green body is then sintered in a Spark Plasma Sintering (SPS)
machine, where a current flowing in the graphite mould represents the heating
source. The temperature reached during this phase ranges from 2600-2700 °C,
with an applied pressure around 35 MPa. Above 1000 °C, all the Mo reacts
with C atoms to form Mo,C'. At the same time, the combined action of
temperature and pressure enhances the graphitization of the material. The
final morphology of the material resembles the one of a transversely isotropic
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material: the graphite basal plane are oriented perpendicularly to the com-
paction direction (x), and properties along the basal planes direction (yz) are
equivalent, as schematically shown in Fig. If the eutectic temperature of
the Mo-C system is reached (2854 °C), the liquid phase (LP) carbides can be
spilled out and impregnate the mould, making difficult to estimate the final
composition of the composites. The LP sintering is believed to further enhance
the graphitization of the material, giving rise to a more ordered structure .

e Annealing. This post-sintering thermal treatment is performed in a pressure-
free configuration, aiming at releasing the stress induced in the material during
sintering.

In-plane (IP)
surface/directions

X *Arbitrary within the
plane of isotropy
_ -
s
5

Through-plane (TP)
surface/direction

Figure 2.9: Orientation of the basel plane of graphite in MoGr compared to the
pressing direction during the sintering process [103].

The resulting microstructure of one of the recent grade studied is shown in
Fig. [2.10. The graphite matrix is compact, but some porosity is still present es-
pecially close to the surface. This effect is believed to be related to the machining.
The carbide particles are uniformly dispersed in the matrix.

Figure 2.10: A micrograph of the MoGr cross-section: the brigher particle are
MoC, while the graphite matrix is darker and it shows some porosity .

The properties of this composite can be tailored by changing the production
parameters: the density, for example, can be increased with a higher percentage
of Mo, as in the first grades studied . A higher density can also be obtained
by increasing the temperature or the duration during the sintering process: the
enhanced compaction leads to the closure of some of the porosity present in the
material. The higher compaction also increases the electrical conductivity, but a
higher outgassing rate is detected in the denser grades of the material. The smaller
dimension of the channels connecting the bulk of the material to the surface leads to
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a slower emptying of gases trapped in the porosity: it is believed that, for this reason,
the final outgassing is higher in denser grades of MoGr. Vacuum compatibility is one
of the fundamental requirements of absorber materials in collimator, for this reason
all the production parameters are optimized to guarantee low outgassing, while
keeping the standard required for electrical and thermo-mechanical properties .

It is useful to introduce the formalism for the classification of the different MoGr
grades. The nomenclature codes are:

MG — #H### — Aa (2.3a)

Na — ##44 — Aa (2.3D)

The code in refers to the material produced by BrevettiBizz, and the first
letter simply stay for Molybdenum-Graphite. The code in is instead used for a
second producer of MoGr, the company Nanoker (Oviedo, Spain), indicated by the
first latter N, and the second letter indicates the conditions of the powder mixing.
The four central digits represent the volume fraction of the different component:
molybdenum, graphite, carbon-fibres, others. The uppercase letter identifies the
sintering cycle, whose temperature, pressure, and duration are recorded. Finally,
the last letter is dedicated to the annealing cycle parameters.

Molybdenum coating

For HL-LHC secondary collimators, a 6 um Mo coating on the MoGr surface exposed
to the beam is foreseen. This conductive coating further decreases the collimator
contribution to the impedance budget of the accelerator. At high frequency (1 GHz),
the skin depth seen by the beam is much lower than 5 gm of Mo. The material behind
the coating is not influencing the beam behaviour.

This approach cannot be pursued for primary collimators; being too close to
the beam the losses would vaporize the coating in a few turns . The coating
material must satisfy not only the impedance requirement, but a good adherence to
the substrate must be guaranteed to avoid perturbing the UHV with coating particles
detached from the surface. In case of an accidental scenario, it is also important to
ensure a good robustness of the coating. For this reason, Mo is preferred to Cu that
has a lower melting temperature.

The Mo coating of low impedance collimators is produced with High-Power Im-
pulse Magnetron Sputtering (HIPIMS). This coating is extensively studied in this
work.

Copper-diamond composites

Copper-diamond composites combine a very high thermal conductivity with a low
CTE and for this reason they have been considered for different thermal management
application. CuCD the baseline for HL-LHC tertiary collimators. The material is
produced by hot pressing of copper and diamond particles, by adding a quantity
of binders (boron, zirconium, molybdenum, chromium, etc.) to form carbide at
the Cu-diamond interface and compensate to the luck of affinity between the two
elements . The grade foreseen for collimator should contain around the 66 %,
of diamonds, the 33%,, of copper and around 1%, of binders .
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2.4.4 Production and installation of low-impedance HL-LHC
collimators

The first MoGr collimator was produced in 2016 and the prototype was installed for
the LHC run during 2017-2018. The blocks installed permit to test three different
approaches: the central part is uncoated, while the outer area are coated respectively
with Mo and TiN coating, as visible from Fig. In 2019, the jaws installed in
the collimator was investigated with a dedicated tool, and no beam damage to the
coating was observed .

Figure 2.11: A picture of the TCSPM prototype installed in the LHC. The blocks
are coated with Mo on one side, uncoated in the central area and coated with TiN
on the other side.

Between 2018-2020, MoGr blocks to equip 5 TCPPMs and 10 TCSPMs (coated
blocks) have been produced and 12 of these collimators have been installed in the
tunnel for the HL-LHC operation.

The material installed in the collimators is the grade NB8304Ng produced by
Nanoker. The composition and the high-temperature treatment parameters are
optimized to satisfy the thermo-physical, mechanical and UHV requirements .
Prior to their installation in the jaws, MoGr blocks are vacuum fired at 950°C for 72h
to minimize the outgassing rate. For Mo-coated blocks, the surface is cleaned in an
ultrasonic (US) baths before the coating is applied to ensure a good adherence 106
107).

The installation of MoGr in the collimator jaw, and a new TCPPM collimator

in the tunnel are shown in Fig. [2.12(a) and Fig. [2.12(b)
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(a) TCPPM jaw with MoGr blocks installed. (b) A TCPPM installed in the tunnel

Figure 2.12: Pictures of new HL-LHC low-impedance collimators.

36



Chapter 3

Irradiation campaigns for
collimator materials

This chapter focuses on the irradiation campaigns dedicated to materials for BIDs,
and for collimators in particular. The expected radiation levels reached in the LHC
and in the HL-LHC are presented, and these conditions are compared to those
obtained in different tests. The focus is then placed on the design of the last experi-
mental campaign held in 2019. The results obtained in this experiment are, in fact,
described in the following chapters of this work.

3.1 Radiation damage levels in the LHC collima-
tors

Collimators play a fundamental role in the operation of a high intensity accelerator,
as explained in Ch. Their correct operation relies on a series of outstanding
properties that they need to maintain during their lifetime. For this reason, the
evaluation of radiation damage in candidate materials for BIDs is important.

As already mentioned before, it is important to distinguish the effects related to
thermal shock phenomena, from the ones caused by radiation damage. Accidental
beam losses can potentially damage the collimators because of quasi-instantaneous
energy deposition that causes plastic deformation, material fracture or evapora-
tion [60].

Operational losses also induce thermal load and deformation, which perturb the
operation of collimators . On top of this, regular losses are also responsible for
long-term radiation damage: the energy deposition, in fact, is also responsible for
dpa accumulation, which may become critical after years of operation.

Design scenarios are defined in Sec. and they quantify the maximum power
absorbed by the collimation system as a whole. The losses are however not uniform
around the ring, and different simulation tools are used to evaluate the protons
absorbed at each collimator site. These values are used as an input to evaluate
the energy absorption and the radiation damage profiles according to the procedure
explained in the next section.

37



CHAPTER 3. IRRADIATION CAMPAIGNS FOR COLLIMATOR MATERIALS

3.1.1 Calculation of dpa in the LHC

The radiation damage in collimators can be estimated with the dpa value or with
the gas production. Both these value can be calculated thanks to a complex chain
of simulations , .

The results presented in this work are obtained with the following procedure. The
step is a particle tracking code named SIXTRACK which permits to calculate
the trajectories of the particles populating the halo along the LHC ring . A
scheme of the aperture throughout the accelerator is integrated to determine the
position where halo particles impact primary collimators defining the loss maps.

The locations of the particle lost is given as an input to a Monte-Carlo code
named FLUKA. When a particle is intercepted by a collimator jaw, the interac-
tion mechanisms are simulated in FLUKA . This program includes different
physical models: the ionisation, coulomb scattering, nuclear elastic and inelastic
interactions . FLUKA can also track the secondary particles generated by high
energy protons in the hadron or electromagnetic showers. Different outputs are ob-
tained from the simulations: in particular, the dpa, the gas production or the energy
deposition. This last quantity serves as an input for finite element codes to calculate
the temperature increase and the mechanical response of collimators.

In this thesis, the focus is on the radiation damage effects, and the dpa is used as
the relevant parameter to compare radiation level in the LHC and in the irradiation
campaigns. A detailed explanation of the implementation of radiation damage in
FLUKA is given in literature . It is important to mention that the dpa model is
based on the NRT model described in [I} but the athermal recombination induced by
the annealing of intra-cascade defects is considered in FLUKA. For a primary knock-
on atom (PKA) with a kinetic energy T of 20-100 keV, the number of surviving
defects Np is typically 0.2-0.3-Nygr [25].

3.1.2 Results

Once the distribution of losses around the ring is known, the total number of protons
lost during the collimator lifetime must be estimated to simulate the effective dpa
received at the different insertion regions. The estimation of losses during operation
is possible thanks to the beam loss monitors (BLM) installed in the ring. The total
dose measured by the BLM, coupled with FLUKA simulation of the BLM response
to a single proton, gives the total number of protons lost per year. After different
hypothesis, it is found to be reasonable to scale the proton losses with the integrated
proton intensity, which represents the number of protons circulating in the machine
at all times . The calculated dpa values in collimators presented below refers
to a total proton losses in the collimation system of 10'7 during the HL-LHC.

In Tab. the peak dpa values for the most loaded primary and secondary
collimator is reported.

It is important to notice that primary collimators, opposite to secondaries, have
a sharp distribution of the dpa, which is concentrated in an area with an extension
perpendicular to the beam of about 1 mm, as shown in Fig.

As a comparison, it is worth noticing that the peak dpa value calculated for the
CFC primary collimators during run 2, with an estimated losses equal to 7.1 - 105,
is 0.008.
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Peak dpa
MoGr primary | Mo coating | MoGr secondary
0.18 0.001 0.0004

Table 3.1: Peak dpa expected in MoGr primary collimators and Mo coating MoGr
secondary collimators for HL-LHC [109).

DPA (1x10" protons lost)
TCP.C6 (H) right jaw, MoGR

Figure 3.1: Spatial distribution of dpa in a primary collimator. The z direction is
parallel to the beam axis.

The aforementioned values are useful to extrapolate the expected radiation effects
in the HL-LHC collimators by knowing the property degradation measured in the
irradiation campaigns.

3.2 Comparison of ion and proton irradiation

The unique radiation environment created by the 7 TeV protons of the LHC can-
not be reproduced elsewhere. For this reason, the radiation hardness of candidate
materials for collimators must be evaluated in a different way and in alternative
facilities.

In this section, the main concepts of radiation damage explained in Ch. [1{are re-
viewed to understand the different possibilities to irradiate the materials of interest.
The advantages and drawbacks of the different approaches are analysed.

One of the most promising solution to test materials is ion irradiations. This
technique is used to simulate the effect of both fission and fusion reaction neutrons
or high-energy protons. The low or zero residual activation induced by low energy
(some MeV) ions in materials simplify the post-irradiation examination both in term
of time and cost. The analysis does not require shielded hot cell and the samples
are manageable after test without waiting the activation decay of the radionuclides
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produced during the irradiation , , . Ion irradiation is also convenient
because with relatively fast test is possible to reach high dpa values , . The
dpa is, in fact, proportional to the displacement cross-section, as shown in Ch. [I]
and it is higher for heavier ions. For this reason, ion irradiation has a dpa rate,
or damage rate, greater than proton and neutron. The immediate drawback of the
high stopping power of matter for ions is the relatively small penetration that they
reach in the material. When considering ions with energies up to tens of MeV per
nucleon (MeV /u), in fact, the expected penetration ranges are around few hundreds
of micrometres, as shown in Fig. |3.2
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Figure 3.2: Comparison of H, C and Ca ions ranges in C and Ti targets. Ranges
are calculated with the values presented in [116]

On top of this, energy losses responsible for dpa are orders of magnitude higher
towards the end of the ion penetration . For this reason, the dpa distribution
presents a peak at the end of the ion range and it is much lower on the sample
surface.

Besides the dpa, also the effect of the transmutation products as H and He plays
an important role in the mechanism the radiation damage . Ions do not induce
nuclear reactions that lead to gas production, and this must be taken into account.
This effect is sometimes simulated by dual beam irradiation: He or H are injected
in the material before or simultaneously to other species that induce dpa .

Irradiation with protons having energies around few hundreds of MeV is also
investigated as an alternative to simulate both the dpa damage and the gas produc-
tion , . The cross-section for nuclear reactions that generate gas products
depends on the particle energy, and the threshold energy is around 5-10 MeV .
For this reason, the appm/dpa value, which could be used to compare the irradiation
conditions, may be tailored to match the required value.

A summary of the main differences between the proton and ion irradiation is
shown in Tab. 3.2

The understanding of the difference between ion and proton or neutron irradi-
ation is still an open point in literature. It is a highly investigated field because
of the recognized practical and economical advantage of ion irradiation. On top of
this, ion irradiation can be very useful to compare the radiation resistance of novel
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MATERIALS
Ions Protons
Activation Low/Zero Relevant
Cost Lower Higher
Duration Short Relatively long
Dose rate Higher Lower
Penetration Superficial Bulk
Gas production No Yes

Table 3.2: Summary of the main characteristics of ion and proton beams

irradiation. Modified from , .

material and can be used in the R&D phase to tailor material characteristic. In
the following section, a summary of the irradiation tests on novel materials for LHC
collimators is given and the contribution of these tests to the material development
is underlined.

3.3 Overview of radiation damage tests on colli-
mator materials

Among present and novel materials for collimators, CFC has been studied the most
in terms of radiation damage because it is an interesting option for plasma-facing
materials and aerospace applications . Several studies underlined the decrease
of thermal conductivity under neutron irradiation [45] and the influence of the
production route on the dimensional stability ﬂ@ﬂ In particular, the response of
a CFC composite under irradiation depends on the microstructure of the fibres and
on the graphite matrix [[120].

A comprehensive irradiation campaign has been performed at the RRC cyclotron
at Kurchatov Institute, in Russia. The CFC AC150K has been tested with protons
at energies between 20-35 MeV. An increase of the electrical resistivity up to 200%
and a decrease of the thermal conductivity up to 50% are detected at 0.002 dpa.
Some samples tested after receiving up to 0.06 dpa show an increase of the electrical
resistivity higher than 1000% [121].

More recent studies have been carried out at the Brookhaven Linear Isotope
Producer (BLIP) in the Brookhaven National Laboratory’s (BNL) in the USA. The
facility allows irradiation with protons of energies ranging between 120-200 MeV.
The test shows the ability of 2D CFC AC150K (the grade installed in the LHC
collimators) to survive to fluences up to 10%° p/em?, but a relevant increase of
distance between graphitic planes is observed , .

The same grade of CFC has been also tested at the GSI Helmholtzzentrum
fiir Schwerionenforschung (Darmstadt, Germany). Heavy ions with energies up to
11.1 MeV/u induces shrinkage along the plane containing fibres . This be-
haviour confirms that the fiber planes resemble the basal planes of the graphite
structure that contracts during irradiation [56] [122].

MoGr composites have a more recent history, but several irradiation tests have
been conducted on different grades during the material development. The first
produced grades of MoGr presented severe structural degradation already at low
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fluences both under ion and proton irradiation [80} [124]. This behaviour could
be related to the instability of MoC phases, while the graphitization level of the
compound was already higher than CFC and graphite. The material failure can
also be related to the uncontrolled release of internal stresses accumulated during the
sintering process. For this reason, high-temperature annealing has been introduced
in the material production. The benefit of this treatment has been confirmed by
proton and ion irradiation of more recent grades, that survive higher doses. These
tests have revealed a lower increase of electrical resistivity for MoGr composites
containing C-fibres . On top of this, microstructure analysis seems to point to a
beneficial effect of Ti powder addition in the material to stabilize the carbide phase
during irradiation [125].

It is worth mentioning that both MoGr and CFC have been tested at BLIP-
BNL in January, 2018 in the framework of the RaDIATE collaboration. The
irradiated samples are coated with a Mo films of 8 yum. The analysis is foreseen in
2021 and it will be carried out in a shielded hot cell because of the high activation
induced by the proton beam.

3.4 Design of new ion irradiation campaigns

In the following sections, the UMAT irradiation experiment performed in 2019 at
the M-Branch of the UNILAC accelerator at GSI is described. In this facility, ion
species, from proton to uranium, can be accelerated up to 11.4 MeV /u and with a
repetition rate up to 50 Hz. The M-branch is composed by three beamlines. For the
aforementioned experiment, the M3 beamline is used, as no online measurements
are carried out.

3.4.1 Beam parameters

The ion selected for this irradiation campaign is *Ca, with an energy of 4.8 MeV /u.
This combination allows reaching high dpa rates, as shown in Sec. [3.4.3] while
keeping acceptable radiation level in the control room next to the beamline. The
flux reaches a good stability around 5 — 8.5 x 10° ﬁ The beam is not continuous,
but pulsed and the repetition rate is set to 5 Hz. All the relevant parameters, used

as input for dpa and thermo-mechanical analysis, are shown in Tab. [3.3]

Parameter
Ion 18Ca
Charge state 10+
Energy 4.8 MeV /u
Flux 5—8.5 x 10° e
Pulse duration 1.8-5.2 ms
Beam repetition rate 5 Hz
Beam size 2.5 x 2.5 or 2.7 x 2.7 cm?

Table 3.3: Summary of the beam parameters.
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3.4.2 Material selection

The irradiation campaign hosted by GSI in 2019 focuses on a range of materi-
als adopted for HL-LHC collimators, but also on possible alternative solutions for
collimators and BIDs of future high-energy machines. The main focus is on MoGr
composites. The Nb8304Ng, produced by Nanoker and installed in the new TCPPM
collimators, is tested. As a comparison, the MoGr MG6541F ¢ produced by Brevetti
and containing C-fibres has also been tested. The composition of the two grades is
summarized in Tab. [3.4] It is worth noticing that MG6541Fc is also produced with
a higher sintering temperature (> 2700 °C).

ND8403Ng | MGG541Fc
%vol. Mo 5.5 4.4
%wol. Graphite 93.9 90.1
Y%vol. Short C. fibres - 5
Y%vol. Ti 0.6 0.5

Table 3.4: Volumetric composition of MoGr grades.

The CFC is the absorber material in the present collimators. For this reason,
it is chosen for this campaign. The grade installed in the LHC is, however, out
of production, and for this reason a similar grade named FS140® is selected. Fi-
nally, the isotropic polycrystalline graphite SIGRAFINE® R4550 by SGL Carbon
SE (Germany) is tested. This material is used in other BIDs.

These materials are characterized by different production routes, different graphi-
tization level and microstructure, which can play a different role in the radiation
hardness of the materials.

Together with these samples, which represent the configuration of primary col-
limators, others are coated with a metallic film to simulate the configuration of
secondary collimators. A Mo coating of 6 um produced with HIPIMS is applied on
graphite and MoGr Nb8304Ng. The other MoGr, the MG6541Fc, is coated with
Direct Current Magnetron Sputtering (DCMS). The two production processes of
coating give rise to a different microstructure, as explained in Sec. which can
also impact on the radiation hardness. The CFC is not coated because the high
roughness characterizing its surface which does not allow reaching the required re-
sistivity values after coating . The detailed analysis of these materials is carried
out in Ch. Finally, a Cu coating is applied on the MoGr Nb8304Ng as a com-
parison with Mo. Cu coating is in fact widely used in accelerators. Mo has been
preferred because of the higher robustness in case of beam impact [128], but Cu can
still be of interest for future upgrades. A summary of the materials tested is given
in Tab. 3.5l

3.4.3 Dpa simulations

The dpa simulations for this experiment are carried out with FLUKA. A summary of
the studies done is reported below. In Fig. the dpa rate for different materials,
coated and uncoated is presented. It is worth noticing that in FLUKA the final
dpa depends only on the total number of particles impacting the samples (i.e. the
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Bulk material Coating
Material | Grade Material | Technique
None
MoGr Nb8304Ng Mo HIPIMS
Cu HIPIMS

None
MoGr MG6541F¢ Mo DCMS
None
Gr R4550 Mo HIPIMS
CFC FS140 None -

Table 3.5: Bulk and coating materials tested in the calcium ion irradiation
campaign.

particle fluence). The diffusion and recombination of defects is, in fact, neglected.
The dpa rates in Fig. refers to a nominal flux of 5 x 107 1285
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Figure 3.3: Simulated DPA rates as a function of penetration depth for different
bulks and coatings.

These simulations are important also to calculate the ion ranges, which serve as
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an input to calculate the response of the irradiated layer and extract its properties,
as detailed in Ch. [} The displacement energies E, for the coatings are considered
equal to the ones of bulk metals; that are 60 eV for Mo and 40 eV for Cu. The same
Ey is considered for MoGr, CFC and graphite, given the small atom fraction of Mo in
MoGr. The materials are however characterized by different densities which impact
on the stopping power of the target, as explained in Sec. [I.3.1] and therefore on the
particle range. For this reason, different simulations are performed to understand
the relation between the sample density and the maximum penetration of ions. This
study allows interpolating a function to calculate the penetration of particles for each
samples, whose apparent density is measured before the test as explained in Sec.
The result of the interpolation is shown in Fig. [3.4]
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Figure 3.4: Ton penetration as a function of sample apparent density. The black
dots are the FLUKA-calculated values used to fit the curves. The measured
densities of each sample serve as input for the range calculation.

3.4.4 Specimen size

The size of the irradiated samples has been chosen to allow a broad post-irradiation
analysis. For this reason, two specimen sizes are used:

e Thin platelets of 20x5x0.15 mm.

e Disks with 10 mm diameter and 1 mm thick.

The thin samples are foreseen for thermal and electrical measurement: these
techniques, as detailed in Ch. [4] are bulk measurement and the contribution of the
irradiated layer must be considered. Thick samples are designed to guarantee higher
robustness in microscopic analysis where the sample need to be glued to a substrate.

The lateral dimensions are conceived to maximize the number of tested samples
and to guarantee a uniform irradiation.

For anisotropic materials, the beam is impacting perpendicularly to plane that
in the collimator jaws is oriented to the beam, as drawn in Fig. |3.5]
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Figure 3.5: Orientation of the impacted surface in the ion irradiation compared to
the orientation of the surface in the LHC collimator jaw.

3.4.5 Holder composition and fluence

The holders allow for four sample irradiation positions that can be individually
exposed to the beam that is defocused and collimated with a slit before impacting.
This system allows reaching different fluences, and therefore dpa, on the different
target locations. For some materials, additional samples are tested at intermediate
fluences. A summary of the fluences and corresponding dpa reached during the test
is presented in Tab. [3.6]

Fluences {%| Irradiation | Peak dpa | Peak dpa | Average dpa
time [s]' | coating bulk bulk

1-10' 200 3-107° 8.107° 5-107°
1-101 2000 3-107° 8-10~* 5-107°
2-10% 4000 6-107° 1-1073 1-1074
7-10% 14000 2-1074 6-1073 3-1074
1.4-10%" 28000 4-107* 1-1072 7-1074
4 .10 80000 1-1073 3-1072 2-1073

! Considering an ion flux of 5 x 10° ﬁ

Table 3.6: Irradiation fluences and corresponding peak dpa induced in the bulk
and in coating according to FLUKA simulation. The dpa presented are the mean
values of the dpa calculated for the different materials, as the percentage standard
deviation is 4% for the average dpa, 6% for the peak dpa and 1% for the coating.

The average bulk dpa presented in Tab. refers to the uncoated samples. For
the coated ones, the dpa distribution is different, as shown in Fig. [3.3] The average
dpa for coated samples is calculated and it is almost 30% higher with respect to the
uncoated.

Four samples are installed in each slot. In total, five samples holder hosting 80
samples are tested. The images of the samples installed in the holders are presented

in Fig. 3.6
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(a) Holder #1. (b) Holder #2.

(c) Holder #3. (d) Holder #4.

(e) Holder #5.

Figure 3.6: Pictures of the five irradiated sample holders.

3.4.6 Thermo-mechanical analysis of the design

In the following section, the finite element simulations performed with ANSYS©
Workbench™are presented. The analysis is performed to verify the maximum tem-
perature reached by the samples during the beam energy deposition. It is important
to assess the temperature because it represents a fundamental parameters for the
onset of the defect annealing and therefore the evolution of the microscopic damage,
as explained in [}
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Thermal analysis

The particle energy which is ultimately converted into heat comes from the ionizing
energy losses. This mechanism is by far the most dominant reason of particle energy
losses , and it is therefore possible to assume that all the energy content of the
beam is converted into heat.

As mentioned in Sec. [3.4.1] the ion beam is pulsed and the repetition rate is
therefore needed to calculated the power deposited on the samples. The power per
impact Pippaect is, in fact, calculated as shown in Eq.

Enucleon -N - ¢
f ) tpulse
Where E,,ceon 1S the energy per nucleon, which is multiplied by the number of

nucleons per ion N and the time-averaged flux ¢ to obtain the beam power density.

This value is divided by the repetition rate f and the pulse duration ¢, to extract
ions

(3.1)

Pimpact =

the Piypact- For the design, a nominal flux of ¢ = 8- 10° 5 and a time pulse of
-8

cm
tputse = 3.5 ms of are considered. With these values and the parameters of Tab. [3.3]

W

the resulting power per impact is Pjppact = 16.86 —.

cm
A thermal transient simulation is performed to analyse the temperature evolution
at different times, and therefore at different particle fluence.
The boundary conditions assumed for the analysis are:

e The power is considered uniform over the irradiating area and it is considered
as a surface thermal flux, neglecting the small penetration depth of ions.

e Radiative heat transfer is considered between the sample holder and the vac-
uum chamber during irradiation. The emissivity of the aluminum sample
holder is assumed equal to 0.1.

e Conductive heat transfer is assumed between the sample holder and the sup-
port on which it stays during irradiation. The contact pressure is guaran-
teedi the holder self-weight and the conductance, calculated according to

Eq. 129|, is 40

m? - K’

C =155-

’fs'mab.<ﬁ'P). (3.2)

o E- Mab

where k; is the equivalent thermal conductivity of the coupled materials, mg,
is the root mean square value for the surface profile slope measured in radians,
P is the contact pressure o is the surface roughness parameter and E’ the
Hertzian elastic modulus.

The same formula is also used to compute the conductance between the samples
and the holder. In this case, the contact pressure is ensured by the tightening
torque applied to the screws. A summary of the thermal conductances C' is shown
in Tab. for the different sample holders, according to the naming convention in
Fig. 3.7
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Contact Chisk % CPlatelet %

Sample-Support (C1) 30000 10000
Sample-Clamp (C2) 80000 40000
Support-Clamp (C3) - 90000

Table 3.7: Thermal conductance between the samples and the holders used in the
thermal simulation.

CLAMP SAMPLE

\(‘/ X, HOLDER

eeeeeee <K

SAMPLE

(a) Disk. (b) Platelet.

Figure 3.7: Scheme of the sample geometries and thermal conductances with the
holders.

This conductance are ensured by considering a preload of each screw equal to
80 N. During operation, the minimum tightening torque achievable correspond to
0.1 N - m, which correspond to a preload of almost 200 N per screw. During irra-
diation, the temperature increase leads to an expansion of the components. The
stainless-steel screw expands more than the sample, and this would lead to a loss of
contact. The aluminum sample holder can partially compensate. The multi-physics
problem is not discussed here because the final temperature is weakly affected by
this change. The analysis of the variation of the maximum temperature as a func-
tion of the boundary conditions assumed for the simulations is discussed in details
in Ap.[Al

The increase of temperature induced by a beam pulse is represented in Fig.[3.9(a)|
This approach is computationally expensive because it requires small time-step,
and it is not indicated to simulate long period. For this reason, the steady-state
temperature reached by the material is computed by assuming a continuous power

deposition. The power deposited on the holder is equal to Peontinuous = 0.295 —,
cm
in order to guarantee the same energy deposition of the pulsed case. The maximum
temperature reached on the samples is shown in Fig. |3.9(c)l The four temperature
marked on the graph are reached at time corresponding to the irradiating fluence,

and the curves for different materials are overlapped.

Structural analysis

The beam energy deposition induces thermal stresses in the samples, and their
structural integrity is therefore controlled before the experiment. During the particle
irradiation in this experiment, thermal stresses arise from a temperature gradient
along the material and from the constrains imposed by the clamp.
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Figure 3.8: Average temperatures reached on the samples.

Two design cases must be considered:
e The increase of temperature provoked by a single pulse
e The steady-state increase of temperature

In both cases, the thermal and structural problem are solved sequentially. In the
first case, the energy is deposited during the beam pulse, which lasts 3.5 ms. It is
important to understand if, during this period, the dynamic effects due to inertia
can be neglected or if the heating is too fast and the material cannot expand, and
pressure waves are generated. The periods of the axial (7,) and the radial waves
(T}) in the tested samples are shown in Tab. . Their periods are significantly
smaller compared to the duration of the heat deposition, therefore, the phenomenon
is modeled as a slow-transient heating .

Disk [us] | Platelet [us]
T, T, T, T,
MoGr Nb8304Ng | 1.43 | 1.98 | 0.29 | 3.96
Gr R4550 0.79 ] 3.96 | 0.12 791
CFC FS140 1.55 | 1.73 1 0.23 | 3.46
MoGr MG6541Fc | 1.43 | 1.74 | 0.21 3.48

Table 3.8: Calculated periods of axial and radial waves for the different materials
irradiated.

The system is mainly subjected to compression in the direction orthogonal to
the basal planes, but a triaxal state of stresses arises in some points. In Fig.[3.9] the
distributions of the directional stresses along the three axis are shown. The basal
planes of MoGr are parallel to the yz plane.
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Figure 3.9: Directional stresses in MoGr disk.

The resistance of graphite-based materials perpendicular to the basal plane is
much higher under compression than under tension [130[. For this reason, the maxi-
mum directional stresses are reported. In Fig. the stress condition generated
in disks by a beam pulse is presented. As a comparison, two conditions are presented:

e The stresses induced by the clamping (only mechanical stresses)

e The linear combination of the mechanical stresses and the thermal stresses
induced by the beam.

In this case, the contribution of thermal stresses is negligible, and the load is mainly
related to the assembly procedure of the samples.

If the steady-state temperature is considered, the contribution of thermal stresses
becomes relevant, as shown in Fig. [3.10(b)
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(b) Steady state heat load.
Figure 3.10: Maximum directional stresses along the three axis for disk samples.

The contribution of the mechanical loads and the combination with the thermal
stresses are shown.
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Similar considerations applies for thin samples, those stresses are represented in
Fig. [3.11] These samples suffer lower stresses compared to disks.

In both cases, the maximum normal stresses are below the maximum strength
under tension, as shown in Tab

Ozmaz | Oy,maz | Ozmaz
[MPa] | [MPa] | [MPa]
MoGr Nb8304Ng 10 75 75

Gr R4550 60 60 60
CFC FS140 9 155 110
MoGr MG6541Fc 11 80 80

Table 3.9: The maximum strength under tension for each material.

The safety factors for the system with disk samples at the maximum temperature,
which is subjected to higher stresses, are reported in Tab

For isotropic graphite, the Rankine criteria is used. For all the other non-isotropic
materials, the maximum stress failure theory is extended according to the Jenkins’
theory . The safety factors are thus calculated for all the stresses required
by the theory, but only the most critical value is reported. The acceptable values
for shear stresses of the materials are not known, and a conservative approach to
consider equal to the acceptable stress under tension along the x axis is used.

Material Type | Safety factor
MoGr Nb8304Ng | 7,. 2
Gr R4550 oc 15
CFC FS140 Tasz 2
MoGr MG6541Fc | 7., 2

Table 3.10: Safety factors of disk samples when subjected to steady state heat load.

The samples are thus not expected to experience a failure due to thermal stresses.
Other mechanisms related to radiation-induced defects are not considered, and they
may contribute to the material failure.
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Figure 3.11: Maximum directional stresses along the three axis for platelet

samples. The contribution of the mechanical loads and the combination with the
thermal stresses are shown.
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Chapter 4

Experimental characterization
techniques

This chapter discusses the measurement techniques adopted to characterize the ma-
terials of interest before and after the irradiation test. The experimental set-ups and
the theoretical backgrounds are presented. The analytical models and processing
procedure implemented in the analysis are also reviewed.

4.1 Electrical resistivity

The electrical resistivity of the samples is measured with the 4-probes method .
The custom-built measurement set-up is composed by a power supply connected to
two copper electrodes and a voltmeter connected to two probes. In order to improve
the electrical contact with the sample, a soft and conductive material (adhesive
electromagnetic shielding gasket) is placed on the copper electrodes .

A current [ is applied to the copper electrodes and the voltage drop V' is detected
with two probes, placed at a distance d. Being the voltage drop measured across
the inner part of the sample, the contact resistance between the sample and the
electrode does not contribute to the measured value . The sample resistivity is
obtained with Eq. [4.T}

v out

= 2= (4.1)

p
where w the width of the sample and ¢ its thickness.

For thick samples, the current can be applied between parallel surfaces, while
for thin films a different design is used, applying the electrodes directly on the top
surface, as shown in Fig. [4.1]

The set-up represented in Fig. is suitable for measuring conductive films
on insulator. The current is, indeed, flowing only in the film, and its resistivity
is measured. When the substrate material is conductive, the same configuration
is adopted, but the thickness of the substrate is reduced. Conductive coatings
on conductive substrates are, in fact, modelled as two layers of parallel resistors
composed by the resistance of the substrate Ry, and the resistance of coating
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(a) Application to thick sample. (b) Application to thin film sample.

Figure 4.1: Electrical resistivity measurement set-ups ||

Reoating, as shown in Eq. 4.2}

Rbulk Rcoating
)
Rbulk + Rparallel

Rparallel = (42)

The Ry, is measured before coating the samples, and the coating resistivity
Peoating 15 then obtained from Eq. 4.12}

P o Rbulk Rparallel w tcoating
coating — R )
bulk — d

(4.3)

Rpar(zllel
with tcoating the coating thickness.

The model is valid if the current flows in both of the two layers, thus implying
a comparable level of the two resistances. For thin films, the resistance increases
because of the small transverse cross-section. In Tab [4.1] the expected resistance
ratio between a MoGr substrate and Mo coating are shown as a function of the
bulk thickness . It is therefore evident that the maximum allowable substrate
thickness to detect the coating resistivity is in the order of hundreds of microns.

Substrate thickness [mm| | Ryuk [ | Reoating/ Rouik
5 0.0003 46
1 0.0014 9
0.15 0.0093 1

Table 4.1: Ratio of Mo coating to MoGr bulk resistance in function of the bulk
thickness. These values are calculated assuming a Mo coating with a thickness of
6 pm and a resistivity of 55 n{2m. The considered MoGr resistivity is
1000 n2m [127]

The thickness of the samples is measured with a non-contact optic method,
with a resolution of 1 um. The average dimension is considered for the resistivity
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calculation. The thickness of the coating is considered the nominal one, with a
resolution of 0.1 pum, according to the calibration data supplied by the coating
company. Several microscopic observations have been performed on the coating,
and an uncertainty of about 5% has been detected for its thickness.

4.1.1 Application to irradiated samples

A similar approach is used to study ion-irradiated samples. The ion beam is, in
fact, stopped within the sample thickness and the maximum penetration depth is
calculated with FLUKA simulations, as explained in [3.4.3] The irradiated samples
are therefore considered as a resistor composed by two parallel resistances: the irra-
diated layer and the unperturbed bulk. As a first approach, the irradiated volume is
considered uniform, although the dpa is non constant across it. For coated samples,
it is worth considering three layers: the unperturbed bulk, the irradiated layer of
the substrate and the coating, as shown in Fig. 4.2

_ Rcoating

Rbulkﬁpristine Rhu\kJ)ristine

(a) Uncoated sample (b) Coated sample

Figure 4.2: Multi-layers models for measuring the electrical resistivity of the
irradiated samples.

The resistance of the unirradiated bulk is calculated according to Eq.

Phulk_pristine d

lelk,pristine = (44)

w (ttotal — tirradiated)
where ppuik_pristine 15 measured before the irradiation for every samples and tpuk_pristine
is the difference between the sample thickness and the thickness of the irradiated
layer t;,radiated , calculated with FLUKA simulations.

For the uncoated samples, the total resistance Rpgrque is measured, and the
resistance Rpuik_irradiated a0d the resistivity ppuk_irradiatea Of the irradiated layer are

obtained with Eq. 4.5 and

Rparallel Rbulk,pristine

Rbulk,irradiated - (45)
Rbulk,pristine - Rpa’rallel
w tirradiated

Poulk_sirradiated — Rbulk,irradiatedT (46)

For coated irradiated samples, both the coating resistivity and the resistivity of
the irradiated substrate are unknown. It is therefore important to define a bulk
resistivity increase factor px, as shown in Eq. 4.7}

Poulk_irradiated
= Pbulkirradiated (4.7)

Phbulk_pristine
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For a given fluence or dpa, px is known from the irradiated uncoated samples mea-
surement. At this point, it possible to calculate the irradiated and unirradiated bulk

resistance and their parallel resistance, as shown in Eq. 4.8} [£.9] [£.10}

ppmstzne (48)

w (ttotal - tirradiated)

Rbulk,p'ristine =

Pz Ppristine d
Rbulk,irradiated =0 (49)
w tirradiated
R o Rbulk,irradiated Rbulk,pristine 4.1
bulk_parallel — ( . O)

Rbulk,pm'stine + Rbulk,irradiated
At this point, the only unknown is the coating resistance and its resistivity, that

are calculated with Eq. and

o Rbulk,parallel Rparallel 4
Rcoating - . ( 11)
Rbulk,parallel - Rparallel
w tcoating
Pcoating = RcaatingT (412)

The main limitation of this method is that it relies on a parallel resistor model,
which becomes inappropriate when one of the resistances grows much over the values
of the other layers in the model. As the irradiated layers resistivity increases, the
difference between Ryuk pristine and Rparaiier in Eq. becomes very small and it is
then difficult to measure. The systematic uncertainty is calculated by combining the
standard uncertainties of all the parameters involved in the calculation (e.g. voltage,
current, dimensions,etc.), as recommended in [134]. The relative uncertainty of the
irradiated resistivity is lower than 30% if the resistivity increase factor py remains
below 3. For higher values, the uncertainty rapidly increases, but it should be
considered that it may become also wrong the assumption that the current is flowing
in both layers. The uncertainty on the resistivity of the irradiated coating is about
15 — 30%, depending on the bulk material.

4.2 Density

The density of the material is an important input for FLUKA simulation in order
to calculate the ion penetration depth, as shown in [3.4.3|. It is calculated with
the ratio of the sample weights and their volumes, obtained by measuring the three
dimensions.

4.3 Raman spectroscopy

The Raman spectroscopy is a widespread technique to characterize microstructural
changes, and it is thus applied to investigate the microscopic evolution of graphitic
materials under irradiation. In this section, the main features of the technique are
reviewed.

The Raman effect is classified as a light scattering phenomenon. When a Rayleigh
scattering event occurs, the interaction of the electromagnetic radiation with matter
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is elastic, and the scattered radiation is detected at the same energy of the incoming
light. Raman events are instead inelastic scattering of light, and different energy
components are detected in the scattered beam.

The intensity of the Raman scattering is typically 10~® with respect to the inci-
dent light. For this reason, the deployment of this technique is inherently related to
the development of high intensity light sources such as lasers .

From a quantum-mechanics point of view, the light scattering process is described
as a two-photon process. An incoming photon is absorbed by the crystal lattice,
which is promoted to a virtual energy state with an infinitesimally short time. When
a transition from this virtual state occurs, a photon is emitted. For a Rayleigh
scattering, the system comes back to the ground state, and the emitted photon has
the same energy of the absorbed one. When the final state is an excited state, the
photon transfers some energy to the system, and it is emitted at a lower energy.
In some cases, the system belongs to an exited state, and it comes back to the
ground level after emitting a higher energy photon. The last two cases are both
considered as Raman scattering, and they are respectively called Stokes and Anti-
Stokes signal [135H137]. The transitions corresponding to the different phenomena
are illustrated in Fig. [4.3]

Virtual levels

s a

hvg hv, hvg

— — —>
h(vo-v,) hv, h(vo+ v,)
Vibrational
Y levels
A4 A 4
Stokes Rayleigh Anti-Stokes
Raman Raman

Figure 4.3: Representation of the energy level transitions in the different scattering
phenomena. Modified from [135].

In Raman spectroscopy, the transitions described in Fig. refer to quantized
vibrational states. The quantum of lattice vibration is called phonon, in analogy
with photon for the electromagnetic field. The phonon energy is expressed as shown

in Eq. [4.13}

Ephonon = hyphonon (4 13)

where Vphonon 18 the frequency of the normal mode represented by the phonon,
and h is the Plank’s constant. A transition between the vibrational states can be

regarded as a creation (Stokes) or annihilation (Anti-Stokes) of a phonon [138]. For
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the conservation of energy, the energy of the emitted photon is lower or greater of
an amount corresponding to the energy of the phonon involved in the scattering
process.

The photon energy Eppoton is also proportional to its frequency vpnoton, as shown

in Eq. £.14}

Ephoton - hyphot(m (414)

The energy change of the scattered photon is therefore detected as a frequency shift.
The Raman spectra is the collection of intensities of the scattered light as a
function of the frequency shift. It is often represented as a shift of wavenumber [[136],

which is simply defined as shown in Eq. [4.15}
v=— [em™! (4.15)

where c¢ is the speed of light.

Raman spectra collect information on the elementary lattice vibrations of a sys-
tem, and it therefore represents a fingerprint of the tested material, but it is also
sensitive to the crystalline structure .

It is important to mention that not all the vibrations are active for Raman spec-
troscopy. The transition between the initial and final energy level of the molecules
must, in fact, respect the quantum-mechanical selection rules. These criteria are
deducted from the conservation laws of energy and momentum, and the symmetry
rules of the crystal lattice . The general condition for the detection of a mode
with Raman spectroscopy is that the polarizability of the system must change during
the vibration [140].

The next section focuses on the interpretation of the Raman spectra for graphitic
materials, which are relevant for this work.

4.3.1 Raman spectra of graphitic materials

The Raman spectra of graphite is characterized by a limited number of well-defined
peaks. If a green laser with an excitation wavelength of 514.5 nm is used, the
resulting spectra is composed by the following peaks [141H144]:

e The D band at ~ 1350 em !
e The G band at ~ 1580 cm ™!
The D’ band at ~ 1620 ¢m !

The 2D band at ~ 2700 ¢m ™!

e The 2D’ band at ~ 3250 c¢m ™!

On the top of these, other bands are observed at ~ 2450 em ™! and ~ 2950 cm 1.

The visualization of these modes is related to the graphite crystal structure,
which allows understanding its light scattering properties.

A graphite crystal is simply an AB stacking of hexagonal planes of carbon atoms.
The in-plane bonds of carbon atoms are characterized by strong covalent bonds,
which lead to excellent thermal and electrical properties. The links between planes
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are formed by weak van der Walls interaction, resulting in a strong anisotropic
behaviour of graphite crystals [145]. The graphite crystallographic structure is rep-
resented in Fig. 4.4, The unit cell, shown in red, is composed by four atoms.
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(a) 3D view of the graphite crystal structure. (b) Top view of the graphite crystal structure.
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Figure 4.4: Graphite crystal structure.
With four carbon atom in the unit cell, graphite is characterized by three acoustic

and nine optic branches, whose phonon dispersion relations are shown in Fig. [4.5
for the high symmetry points of the first Brillouin zone (BZ) [139].
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Figure 4.5: Phonon dispersion relations in the BZ ||

The G peak detected at ~ 1582 em ™! corresponds to a doubly degenerate (iTO
and LO) optical phonon mode at the center of the BZ ( I'). This mode clearly
identifies the in-plane bond stretching of sp? bondings and it is represented in
Fig. 4.6(a)l For perfect crystal, only phonons with a wave vector ¢ = 0 respect the
momentum conservation for inelastic scattering of visible light. When defects are
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present, this rule is relaxed and other modes become active. The D band is indeed
related to the disorder in the graphite crystal. It comes from LLO phonons around the
K point of the BZ and it is linked to a double-resonance process involving electronic
transition [142]. This mode represented in Fig. is the breathing of sp? bonds.
The ratio of the intensity of the D peak relatively to the G band Ip /I is related to

the crystallite size [146].

SRR

(a) In-plane bond stretching of sp? (b) Breathing of sp? bondings.
bondings.

Figure 4.6: Graphite modes corresponding to the G and D bands in Raman
spectrum of graphite. Modified from [143].

The aforementioned first-order peaks are related to the in-plane crystalline order.

For graphite, it is also important to consider higher-order processes, where two
or more phonons are involved in the scattering . In the second order spectrum,
a significant peak is indeed detected at ~ 2700 em~!. This peak represents the
so-called 2D band, as it is the overtone of the D peak. This band is present also for
perfect graphite and it is not activated by defects, as in a two-phonon process the
momentum conservation does not require ¢ ~ 0 .

The shape of this band is however related to the disorder perpendicular to the
basal planes of the graphite crystal. The 2D band is indeed modelled by a single
peak centered at ~ 2700 em~! for turbostratic graphite, where the stacking order
of the basal planes is not respected. This structure is typically characterized by
an interlayer distance greater than 0.342 nm, while for crystalline graphite this
quantity is almost 0.335 nm [141]. The resulting interaction between basal planes
is weaker, and structure resembles the one of graphene (or 2D graphite). When two
graphene layers stacked in the correct AB sequence are measured, four Lorentzian
peaks are used to model the 2D band. As the number of layers increases, the band
shape approaches the one of 3D graphite, where two Lorentzian peaks form the
2D band. The peaks are named 3DA and 3DB (or 2DA, 2DB) and for perfect
stacking their intensity ratio is 0.5 . If their ratio is higher than 0.5, it means
that a third peak could be ideally used for the fitting. This peak is centered at
~ 2700 em™!, and it represents the contribution of turbostratic graphite. It is
therefore an intermediate situation, where the volume of graphite investigated by
Raman spectroscopy can be partially made of 2D and 3D graphite. [147]. The
changes of 2D Raman band of graphite when passing from turbostratic graphite to
perfect 3D graphite is represented in Fig. [.7]
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Intensity

2200°C

2600 2650 2700 2750 2800
Raman shift (cm™)

Figure 4.7: Fitting of the 2D band of graphite, as a function of the thermal
treatment temperature. For high temperature, the band is fitted by only two peaks
(3DA and 3DB). As the temperature decreases, the contribution of turbostratic
graphite increases, and a third peak is needed for the fitting. For completely
turbostratic structure, a single peak fits the curve [147].

4.3.2 Experimental parameters

The spectra presented in this work are obtained with a Renishaw InVia spectrometer
in back-scattering geometry. A green laser with a wavelength of 514.5 nm and a
power of 10 mW is focused on the samples with a microscope lens at 50x. The
collected light is filtered from Rayleight scattering, and the Raman components
are analysed with a diffraction grating and a Charge Couple Device (CCD). The
duration of the accumulation is set to 10 s and 1-3 accumulations are performed on
the same point. The instrument is calibrated with Si before each use.

The samples used for this measurement are the disk ones. For each sample, five
spectra are measured in different positions. The background is subtracted to these
spectra before doing an average of the five points. The resulting spectrum is then
fitted to extract the relevant parameters to understand the disorder of the graphite
structure. The details of the Matlab code developed for the fitting procedure is
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detailed in Ap. B}

4.4 Thermal annealing

After the ion irradiation and the post-irradiation examination, the graphitic samples
are thermally treated at different temperatures to investigate the microstructural
evolution of the irradiated crystals.

When the temperature allows overcoming the activation energy @) for defect
diffusion, they become mobile and they interact between themselves, as explained
in[1.3] In particular, vacancies and interstitials can either recombine or migrate to
crystal boundaries, where they self-annihilate. The diffusion of defects can, however,
also facilitate their clustering. The effect of annealing is therefore not unique, but it
is related to the quantity and the structure of defects present after irradiation, and
hence to the irradiation conditions [14§].

If the defects annihilation is relevant, a recovery of the initial crystal order is pos-
sible. Raman spectroscopy is sensitive to lattice defects concentration, as explained
in and it is therefore adopted to investigate the defect annealing. The ratio
Ip/1g is analysed to study the concentration of defects .

4.4.1 Experimental parameters

The annealing is performed in a tubular ceramic oven, connected to a pumping sys-
tem that ensure a pressure of about 10~ mbar. The heating ramp is set to 4 °C/min
and the maximum temperature is kept for 30 minutes before starting the cooling. A
Raman analysis is performed after each thermal treatment. The investigated tem-
peratures range goes from 100°C to 350°C. A summary of the annealing treatment

is given in Tab. 1.2

Maximum temperature [°C] | Dwell [min| | Heating rate [°C/min]
100 30 4
150 30 4
200 30 4
250 30 4
350 30 4

Table 4.2: Summary of annealing parameters.

The same procedure is implemented on samples irradiated at different fluences,
in order to assess potential differences in the defect produced at different dpa levels.

4.5 Focused ion beam-scanning electron micro-
scope

For the investigation of the coating microstructure, a Zeiss Crossbeam 540 Focused
Ion Beam-Scanning Electron Microscope (FIB-SEM) is adopted. The equipment
consists of a column for Ga™' ions and a column for field emissions of electrons.
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The SEM operates with a typical accelerating voltage of 5-10 kV, an aperture
size 30-120 um, and a working distance of 4-15 mm. An In-Lens Secondary Electron
Detector is used to obtain topological information of the top surface of the samples.

Ga™ ions are focused on the material surface with currents from 1.5 nA to 15 nA
to mill parts of the volume. The investigation of the interface between the coating
and the substrate requires a removal of a volume of around 20 x 15 x 7 um3. SEM
images of the milled area are acquired with an external secondary electron detector
(SESI). For unirradiated samples, a platinum (Pt) layer is applied to avoid surface
damage. Pt was not applied on the irradiated samples, to avoid its detection in
further test.
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Chapter 5

Pristine material characterization

In this chapter, the characterization of the materials before irradiation is presented.
Each sample is characterized before irradiation for a precise comparison with the
irradiated properties. Some of the materials tested are not developed and produced
specifically for HL-LHC collimators, and their properties are characterized for the
first time. The knowledge of the main features of different materials is also important
to understand their response to radiation damage.

5.1 Graphite-based materials

This section is dedicated to the characterization of the relevant properties of un-
coated samples. All the graphite-based materials relevant for this work are there-
fore characterized: MoGr Nb8304Ng, polycristalline isotropic graphite R4550, CFC
FS140, and MoGr MG6541Fc.

5.1.1 Electrical resistivity

The electrical resistivity is a key properties for the correct operation of collimators,
as explained in In Tab. [5.1] the average values of electrical resistivity p
of the four materials under study is reported. The presented results refer to the
platelet samples before being irradiated, with a thickness of ~ 150 — 200 pum. As
a comparison, the electrical resistivity of the same materials measured on thicker
samples ppux 1S reported . The highest deviation from the values measured for
thick samples is registered in the case of CFC. This behaviour is ascribed to the
small size of the sample compared to the size of the pores in the material, which can
be in the order of hundreds of micrometers. The current flow may be hindered by
pores crossing through the whole thickness and reducing the effective cross section,
and it increases the resistivity. For the other materials, the deviations between the
two techniques can be related to the inhomogeneity of the block from which it is
cut. If the samples are indeed obtained from a denser and more compact area, this
would result in a lower electrical resistivity with respect to the bulk measurement.

The lowest resistivity of MoGr is ascribed to the production process, and to
the catalytic graphitization achieved with the presence of Mo during the sintering
process, as explained in Sec. 2.4.3] The MoGr grade Mg6541Fc shows a lower
resistivity compared to the other grade, thanks to the higher sintering temperature.
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Material p mQ-m] | ppur MQL-m| | | p— pour | /p[%]
MoGr Nb8403Ng | 1272+155 1390 9
Gr R4550 110854358 12600 14
CFC FS140 10687+604 8200 23
MoGr Mg6541Fc 956£51 962! 0.6

1 This value refers to eddy current measurement with a commercial
Sigmatest, as no DC measurement are available [133].

Table 5.1: Electrical resistivity of uncoated material before irradiation for platelets
(p) and thick samples (ppuik)-

5.1.2 Raman spectroscopy

All the irradiated samples are characterized before and after irradiation to emphasize
the evolution of the microstructure induced by the ion beam. Raman spectroscopy
is performed only on the graphitic surfaces and not on the coated ones, because
metals do not give a signal [150].

Fig. shows the spectra of all the samples characterized: MoGr Nb8304Ng,
polycristalline isotropic graphite R4550, CFC FS140, and MoGr Mg6541Fc. Six
samples for each material are selected. It is important to notice that the differences
between samples of the same material mainly regard the intensity of the D peak.
This parameter is strongly related to the microstructure evolution under irradiation,
and it is therefore important to know its value for each of the samples before testing.

The main features characterizing the materials are, however, similar for the set
of investigated samples. For this reason, the average spectrum of each material is
considered for the microstructural analysis, as represented in Fig. It is possible
to observe that the spectra reflect what is expected for graphite-based materials, as
all the peaks are theoretically predicted, as explained in [£.3.1] The main peaks and
their average peak positions are presented in Tab. [5.2] and compared to the value
predicted in literature.

Material Xp Xa Xpr Xap Xop
fem™] | fem™Y] | fem™'] | fem™'] | [em™]

MoGr Nb8403Ng 1353 1581 1622 | 2693-2729 | 3248
Gr R4550 1352 1581 1621 2709 3247

CFC FS140 1352 1580 1621 2710 3247
MoGr Mg6541Fc¢ 1351 1580 1621 | 2692-2728 | 3247
Literature ﬂ141|—|144ﬂ 1350 1580 1620 2700 3250

Table 5.2: Average peak positions of the Raman spectra for the analysed samples
and expected values in literature for graphite-based materials.

MoGr grades do not show any additional peaks compared to pure graphite.
MoC are, in fact, not active for Raman spectroscopy . TiC are instead visible
in Raman spectra , but the small quantity of Ti added is not detected, as
shown also elsewhere by means of X-ray diffraction . The Raman spectra allows
therefore a comparison of the graphite matrix, which is influenced by the different
production routes of the materials.

68



5.1. GRAPHITE-BASED MATERIALS

= MoGr Nb8304Ng = Gr R4550

R -
e -2
0.8----#3 1 08p|-——-#3 1
> -4 > 4 .
3 ————#5 G 45
ro) ————#6 [0} o #
z 0.6 1 z 0.6 [ 1
° o
Q Q
3 LS
(] E 1 © L , 1
£ 0.4 £ 0.4
o o
z z
02r 8 0.2+ L 1
. ML A A"
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Raman shift [cm'1] Raman shift [cm'1]
(a) MoGr Nb8304Ng. (b) Graphite R4550.
1 : T 1
—— CFC FS140 MoGr MG6541Fc
I ————#1
A ———-#2
08----#3 1 0.8[~———-#3
- 4 - -4
-é - #5 ‘§ -—--#5
S - S gl
£ 0.6 z 0.6
° °
Q Q
N N
© © t
£ 0.4 g 0.4
o o
P4 . z |
0.2 JAJ L 1 02r 1
JL
| 0 1
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
Raman shift [cm'1] Raman shift [cm'1]
(c) CFC FS140. (d) MoGr Mg6541Fc.

Figure 5.1: Raman spectra of all the analysed set of samples for the different
materials.

The first order Raman spectrum, between ~ 1200 — 1700 cm ™!, contains some in-

teresting information regarding the graphitization level of the materials. In Fig.|5.3(a)}
the intensity ratio of the D peak with respect to the G peak Ip/Ig is reported for
the different materials. The error bars refer to the scattering observed between the
set of tested samples. It is possible to observe that MoGr grades are similar between
them, and they are characterized by a lower intensity of the D peak with respect
to Gr and CFC. This parameter indicates that a higher structural order is reached

along the basal planes of MoGr [141] [143].

A coherent information comes from Fig. [5.3(b), where the full width at half
maximum (FWHM) of the G band is represented. The two MoGr grades present
narrower peaks, which correspond to a higher graphitization level [153].

The information derived from the first order peak fitting are used to calculate
the crystallite size L, in graphite. In particular, the ratio of the integrated inten-
sities (i.e. the areas) Ap/Ag is proportional to the crystallite size, as shown in

Eq. i (153).
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Figure 5.2: Average Raman spectra before irradiation of the four material tested.
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Figure 5.3: Parameters obtained from the first order spectra of the different
materials.

-1
Lo[nm] = (2.4 -1071%) )} <@) : (5.1)
Ag

where A is the wavelength of the laser light in nm.

In Tab. [5.3], the crystallite sizes of the four materials under study are reported.

The MoGr grades are characterized by bigger crystallite size, despite the higher
scattering of the results. This condition is reached thanks to the catalytic graphiti-
zation of Molybdenum during the production process . The L, obtained with
this formula are however lower with respect to the typical values obtained with XRD
on MoGr, which range between 240-320 nm [103|. The intensity of the D peak also
points to a higher order in CFC graphite matrix compared to isotropic graphite.
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Material La [nm]

MoGr Nb8403Ng | 125464
Gr R4550 273
CFC FS140 4247
MoGr Mg6541Fc | 97+34

Table 5.3: Crystallite size of the materials tested obtained from Raman spectra

and using Eq. [5.1]

The D peak intensity is fed, however, by any defect that breaks the symmetry of
C-networks along the basal plane . A possible parameter adopted to understand
the type of defect is the ratio between the intensity of the D peak and the one of
D’. Three different type of defects are identified by the Ip/Ip ratio :

e [p/Ip is maximum (=~ 13) for defects associated with sp3 hybrization,
e [p/Ip is ~ T for vacancy-like defects,
e [p/Ip is = 3.5 for grain boundaries.

Tab. reports the values of the Ip/Ip for the materials characterized. Tt is
possible to observe that the two MoGr grades are characterized by higher values
of the Ip/Ip ratio, which are therefore related to vacancy-like defects. This can
explain why the average crystallite sizes found in MoGr are lower with respect to the
measurement, done with XRD. The vacancy-like defects responsible for the increase
of the D peak intensity do not allow the determination of the MoGr crystallite sizes,
which are underestimated. The D peak in graphite and CFC is instead related to
grain boundaries and the estimation of their crystallite size by means of the Ip/Ig
ratio is reliable.

Material Ip/Ip
MoGr Nb8403Ng 7.5
Gr R4550 3.3
CFC FS140 3.9
MoGr Mg6541Fc 6

Table 5.4: Intensity ratio of the D peak with respect to the D’ for the tested
materials.

The higher degree of graphitization of the MoGr grades is also evident from the
second order band. In Fig.[5.4(a)] the 2D band of one representative sample of MoGr
is shown. The raw data are deconvoluted with two peaks, whose intensity ratio is
shown in Fig. . Both materials present a peak ratio that is very close to the
one expected for 3D graphite with a perfect stacking order. According to , this
would correspond to a out-of-plane lattice parameters ¢ equal to 0.671 nm, which
corresponds to what is found with XRD [103].

For graphite and CFC, a single-peak fitting of the 2D band is used. Their out-
of-plane structure is therefore turbostratic and characterized by a higher lattice
parameter.
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Figure 5.4: Second order peaks of MoGr grades and parameters obtained from the
peak fitting.

The microstructural information extracted from the Raman spectroscopy are
coherent with the observed macroscopic properties such as the electrical resistivity.
The two MoGr grades show, in fact, a higher graphitization level, which reflects
the lower resistivity values found. The defects detected with the spectroscopy, like
vacancies or grain boundaries, are responsible for the reduction of electron mobility,
and thus for the increase of resistivity . The same reasoning applies to CFC
and graphite: this last material is, in fact, the most disordered structure and the
highest electrical resistivity. The two grades of MoGr show a similar level of order
along the basal plane, as shown by the intensity of the D peak. The grade MoGr
Nb8304Ng present a slightly higher crystallite size with respect to the Mg6541Fc.
The electrical resistivity of the two materials indicates that the MoGr Nb8304Ng
resistivity is higher. It has been shown, however, that the intensity of the D peak in
MoGr can be ascribed to in-plane defects such as vacancies, and the determination
of the grain size is therefore not feasible. This indicate that the electrical resistivity
of MoGr is mainly influenced by the electron scattering at the grain boundaries,
and not by point defects. This is coherent to what is observed for polycrystalline

graphite [156].

5.2 Coatings

HL-LHC secondary collimators are coated with 6 pm of Mo to decrease their impedance.
In this section, the effects of the coating production process and the substrate on
the electrical properties are analysed. As a comparison, Cu coating is also analysed
as an alternative for other BIDs.

5.2.1 Electrical resistivity

In Tab. the electrical resistivities of 6 pm thick Mo coatings produced with
DCMS on the four different substrates are presented. Despite the high dispersion
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observed over the set of samples, it is possible to state that the measured resistivity
of the Mo coating is well above the value of the Mo bulk (53.4 n€) - m [157]). It
is worth mentioning that the resistivity of coating also depends on the substrate
material. In particular, higher resistivities are measured for graphite and CFC. The
Mo coating on CFC copies the morphology of the substrate, which is characterized
by millimetric-size porosity that are not filled by the coating. These discontinuities
obstacle the current flow and lead to a high resistivity value. For this reason,
this option is discarded as a possible alternative to Mo-coated MoGr for HL-LHC
secondary collimators.

Material p [nQ - m]
Mo on MoGr Nb8403Ng | 120457
Mo on Gr R4550 4144228

Mo on CFC FS140 407483
Mo on MoGr Mg6541Fc | 236440

Table 5.5: Electrical resistivity of Mo coating produced with DCMS on four
different substrates.

In Tab. the electrical resistivities of 6 um Mo coatings produced with HIP-
IMS are reported for the two substrates investigated: the polycrystalline graphite
and the MoGr Nb8403Ng. A decrease of electrical resistivity is registered for both
substrates. The reported values match the expected value for bulk Mo.

Material p [nQ - m]
Mo on MoGr Nb8403Ng 48+10
Mo on Gr R4550 d6E8

Table 5.6: Electrical resistivity of Mo coating produced with HIPIMS on graphite
and the MoGr Nb8403Ng substrates.

The lower electrical resistivity of coating produced with HIPIMS compared to
DCMS is reported in literature [15§]. This results is related to the microstructure
of the coating, as discussed in Sec. [5.2.2]

In Tab.[5.7 the electrical resistivity of Cu-coated graphite and MoGr Nb8403Ng
is reported. The coating is produced with HIPIMS and it is 3 wm thick. In order to
increase the coating adherence, a 0.5 um interlayer of Ti is applied. The contribution
of this interlayer is included in the resistivity of copper, leading to a slightly higher
value with respect to the resistivity of bulk copper(17 n-m).

Material p [n2 - m)]
Cu on MoGr Nb8403Ng 27410
Cu on Gr R4550 19+1

Table 5.7: Electrical resistivity of Cu coating produced with HIPIMS on graphite
and MoGr Nb8403Ng substrates.

These results obtained with a DC method are in a good agreement with the
measurement performed with a resonant RF cavity. A higher resistivity value is,
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however, detected for HIPIMS Mo-coated graphite. This may be related to the
different geometries of the samples adopted for the analysis. The thin samples
measured with the DC method, could reach a higher substrate temperature during
the coating deposition, leading to a better grain aggregation [127].

5.2.2 Microstructure

The microstructure of the coating is observed before irradiation to understand the
different electrical behaviour of coating and the potential impact on the radiation
resistance.

In Fig. [5.5] the top surface and the cross-section images of the Mo coating on
MoGr is presented. The DCMS coating presents a rough surface, characterized
by a well-separated domed end, as shown in Fig. In the cross-section view
of Fig. , the coating manifests an irregular columnar structure through the
whole coating thickness. It is possible to observe pores and imperfection at the
grain connection. On the contrary, the coating obtained with HIPIMS presents a
faceted surface, as in Fig.[5.5(b)] The FIB cut in Fig. [5.5(d)|shows a columnar dense
structure, where grains are well connected.

For thin films, the contribution of the grain boundary scattering strongly affects
the electrical resistivity. In this case, the higher resistivity of the DCMS coating,
as presented in Sec. [5.2.1] is not related to smaller grain dimension, but to the
poor connection of grains [127]. This condition is mathematically modelled as
a transmission parameter, representing the transmission of current at the grain
boundaries .

Similar considerations apply for coated graphite, as shown in Fig. |5.6f The
coating realized with HIPIMS present a smoother and more compact texture with
respect to DCMS.

The microstructural difference reflects the production process applied for the film
deposition. The coating morphology is often related to the production parameters
through the use of a structure zone diagram (SZD) [160]. The most simple model
represents the coating microstructure as a function of the ratio between the substrate
temperature during coating Ts and the melting temperature Ty, of the sputtered
metal, as shown in Fig. With an estimated Ts ~ 250 — 300 °C' for DCMS
coating and the Mo melting temperature Ty, = 2623 °C, the ratio Ts/T,
approaches 0.2. This value ranks in the first zone of the SZD model shown
in Fig. and it well resemble the coating structure represented in Fig. and
in Fig. [5.6(c), This film growth is related to the reduced atom diffusion in this
temperature range, and the lateral grain size is influenced only by the nucleation
density .

The structure of the HIPIMS coatings in Fig. and in Fig. resemble

the one in zone 2-3, but their structure cannot be simply related to deposition
temperature, and the SZD in Fig. is no longer valid for HIPIMS process .
The higher quality of the coating is indeed related to the higher fraction of ionized
particles in the sputtered flux: the ion flux gives a more efficient momentum transfer
to the atom, thus enhancing their diffusion on the substrate surface . A
higher density, a lower roughness, and a better adhesion are detected for coating
produced with HIPIMS [161] [164H166|. Ions are more easily generated in the
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Figure 5.5: Microstructure of Mo-coated produced with DCMS or HIPIMS on
MoGr Nb8304Ng.

HIPIMS glow discharge because of the higher plasma density. The achievement of
this condition requires higher power, which may potentially damage the target. For
this reason, during the HIPIMS film deposition, a pulsed power is applied to the
system to guarantee an effective cooling of the target .

On the top of these nano-size discontinuities related to grain boundaries, in
DCMS coating it is also possible to observe micrometric spherical clusters on the
surface, as shown in the blue rectangle of in Fig. This feature is not present
for HIPIMS coating. It is worth underlining that both substrates are characterized
by pores and surface inhomogeneities. The filling of these pores is also influenced
by the coating process, and it is represented in Fig. . The flux of ions
characterizing the HIPIMS process is reaching the substrate mainly perpendicularly
to its surface. For DCMS process, the pore might be covered before being filled.
This behaviour induces a protuberance similar to the spherical features detected on
the surface, and it leaves the pores partially empty.

If the substrate inhomogeneities are too big and they cannot be covered by the
coating, they appear as surface irregularities on the coated layer, as shown in the
red rectangle of in Fig. [5.6(b)

For summarizing, the Mo coating morphology of graphitic substrates is charac-
terized by three level of discontinuities:
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Figure 5.6: Microstructure of Mo-coated produced with DCMS or HIPIMS on
graphite R4550.

ZONEI: ZONET: ZONEIN | ZONEII

Ts/Tm

Figure 5.7: SZM model for coating, neglecting the contribution of impurity and
influence of gas pressure [160].

e The grain boundaries, whose connection is determine by the coating process

e The spherical protuberance of coating related to small substrate inhomo-
geneities

e The main substrate profile which is replicated by the coating
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(a) HIPIMS. (b) DCMS.

Figure 5.8: Representation of porosity filling by HIPIMS and DCMS coating
processes. [167]

In Fig. 5.9, the FIB cross-sections of MoGr and graphite coated with copper are
shown. The coating presents an equiaxed structure, which resembles the zone 3 of
the SZD shown in Fig. This morphology is related to the presence of ions in the
sputtered atoms. A secondary nucleation is indeed promoted by ions, which stop
the columnar grain growth in favor of equiaxed structure .

&

(a) HIPIMS Cu-coating on MoGr Nb8304Ng. (b) HIPIMS Cu-coating on graphite R4550.

Figure 5.9: Microstructure of Cu-coated produced with HIPIMS on MoGr
Nb8304Ng and graphite R4550.
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Chapter 6

Irradiated material
characterization

This chapter is dedicated to the investigation of the radiation-induced changes of the
material properties. The evolution of materials under the ion beam is analysed in
terms of fluence and the corresponding dpa, to allow a direct comparison with other
irradiation tests. In particular, the electrical resistivity of graphitic samples and
metallic films is presented. The microscopic investigation of the radiation damage is
accomplished with Raman spectroscopy for graphite composites, and with Focused
Ion Beam-Scanning Electron Microscope (FIB-SEM) for the coatings.

6.1 Graphite-based materials

6.1.1 Electrical resistivity

The electrical resistivity is a key property of absorber materials, and it is very
sensitive to the creation of defects during irradiation. The irradiated layer is char-
acterized by a non-uniform dpa along the ion trajectory, as explained in Sec. [3.4.3]
The dpa value close to the surface is, in fact, almost two orders of magnitude lower
with respect to the maximum dpa at the end of the ion range. For this reason, it
is worth reporting the average and the peak dpa reached in irradiated layer of the
samples, as shown in Tab.

Fluences % Peak dpa bulk | Average dpa bulk
1-10%2 8-107° 5-107°
1-10% 8-1074 5-107°
2-10% 1-1073 1-1074
7-10% 6-1073 3-107*

1.4-10% 1-1072 7-107*
4.10™ 3-1072 2-1073

Table 6.1: Irradiation fluences and the corresponding peak and average dpa along
the ion trajectory.

In Fig. [6.1] the evolution of the electrical resistivity as a function of the average
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dpa is shown. All the materials exhibit an increase of resistivity as a function of the
dpa. The absolute resistivity of MoGr grades remains below the one of Gr and CFC
up to an average dpa of 3-107%. At higher dpa, the resistivity of MoGr Nb8403Ng
approaches the value of graphite. The higher resistivity value is, however, detected
for CFC at maximum dpa.

The error bars refer to the standard deviation detected for the measured voltage
over 20 measurements. Despite the good repeatability of the measurements, when
the irradiated layer becomes resistant, a small variation in the voltage measurement
significantly impacts the resistivity calculation.
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Figure 6.1: Electrical resistivity of the four bulk materials investigated as a
function of the average dpa in the irradiated layer.

It is interesting to observe the evolution of the irradiated resistivity normalized
to its pristine value as a function of dpa, as shown in Fig. [6.2] At the initial stage
of irradiation all the materials present a similar trend. MoGr Nb8403Ng and CFC

register, however, a steeper increase that starts at 5- 107 dpa for MoGr Nb8304Ng
and at 3 -10~* dpa for CFC FS140.
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Figure 6.2: Normalized electrical resistivity of the four bulk materials investigated
as a function of the average dpa in the irradiated layer.
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6.1.2 Raman spectroscopy

Raman spectroscopy is a very useful technique to detect the microstructural or-
der of graphite crystals, as explained in [5.1.2] During irradiation, the projectile
particles displace the atoms from their ideal lattice positions, inducing vacancies,
interstitials or clusters of defects, thus modifying the response of material during
the spectroscopy experiment.

The penetration depth of laser at 514.5 nm in graphite is around =~ 40 —
100 nm [168H170]. For this reason, the Raman spectroscopy is a very useful tool
to investigate radiation damage induced by ions. The response of the material is,
in fact, coming only from the irradiated layer (= 50 pm). From the dpa simula-
tions, it is possible to calculate the average dpa rate in the area probed by the laser.
Fig. [6.3] represents the dpa rate as a function of the ion penetration depth, and,
in particular, it focuses on the area of interest for the Raman spectroscopy. The
dpa rate is constant over the first hundreds of nanometers, and it ranges around
1.2 —1.4-107° dpa/h. By knowing this value, it is possible to calculate the corre-
sponding dpa values for the different fluences, which are shown in Tab.

1072 -
MoGr Nb8304Ng
Gr R4550
2 | |[——CFCFS140
1073 ¢
S MoGr MG6542Fc
(@]
-C 10—5
— 4 2
L 40
< 161 ‘-’-’-’Jc
D_ 14::;:‘:|:f:
()]
& 2l —— ]
10°°
1078 ' '
0 20 40 60

Depth [pm]

Figure 6.3: Dpa rate as a function of the ion penetration, with a zoom in the area
of interest for Raman spectroscopy test.

Fig. 6.5] [6.6], and show the spectra of the four graphitic samples irra-
diated at different fluences (i.e. at different dpa). The thicker line represents the

average spectrum, calculated as explained in Ap. [B] while the thinner lines are all
the five spectra measured. For all the materials, an increase of the D peak inten-
sity and a small shift to higher frequency values is observed. For MoGr Nb8304Ng
(Fig. at higher dpa, the D peak develops a shoulder which is not observed in
the pristine samples, but it is detected in ion-irradiated highly oriented pyrolytic
graphite (HOPG) , . This change is accompanied for all the materials by a
small increase of the D’ peak. The D and G peak remain, however, well separated,
and they do not merge to form an asymmetric band. This transition to a single

asymmetric peak is related to amorphization [168] [172], which can be therefore
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Fluence % dpa
1-10'2 7-1077
1-10% 7-107°
2.1013 1.5-10°°
7-108 5-107°

1.4-10™ 1-1074
4.10M 3-1071

Table 6.2: Irradiating fluences and corresponding dpa in the area investigated by
Raman spectroscopy.

excluded for the analysed samples.

At high fluences, however, some of the samples require the introduction of an
additional peak for the first order spectra fitting at ~ 1500 cm ™!, as underlined in
Ap. [Bl This additional band is included in graphite starting from a dpa of 5- 107,
and in CFC and MoGr MG6541Fc at the maximum dpa. This feature is not detected
for MoGr Nb8403Ng. This band is related to amorphous bonds, and in particular to
the presence of interstitial atoms between adjacent basal planes which are involved
in sp3-like bonds .

In the second order spectra, the two MoGr grades shown in Fig[6.4 and Fig.
maintain the characteristic doublet peak of the 2D band, as before irradiation. For
graphite and CFC, in Fig. and Fig. which already before irradiation present
a single 2D peak, the shape remain unchanged, but its intensity relatively to the G
peak decreases with irradiation.
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Figure 6.4: Raman spectra evolution for MoGr Nb8304Ng for different levels of
dpa.
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Figure 6.6: Raman spectra evolution for CFC FS140 for different levels of dpa.
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Figure 6.7: Raman spectra evolution for MoGr MG6541Fc¢ for different levels of
dpa.

A quantitative analysis is performed after fitting the spectra of the irradiated
samples. The error bars represent the expected variation observed on the single
samples, as explained in Ap. [B]

A first important parameter is the intensity of the D peak compared to the one of
the G peak. The increase of the D peak during irradiation does not necessarily corre-
spond to a decrease of the crystallite size, but it can also represent an accumulation
of vacancies in the graphite planes .

The initial disorder level of the analysed material is very different, as shown
in and it also varies between samples of the same materials. It is therefore
worth analysing the relative increase of the D peak intensity normalized to its pris-
tine value to understand the radiation-induced changes.

The plot in Fig. shows the peak intensity ratios Ip/Ig of the four different
materials normalized for their pristine values as a function of the dpa. Although
some oscillations are present, an increase of I/ is registered for all the materials .
The initial decrease observed for MoGr MG6541Fc may be related to the annihilation
of some defects present in the pristine structure of the material.

It is interesting to note that the two MoGr grades have the higher variation.
These materials are characterized by a better graphitization level before the irra-
diation. This consideration applies also to CFC, whose initial D peak intensity is
lower with respect to graphite, but its increase during irradiation is faster. The
correlation between the damage evolution and the pristine graphitization level is
indeed extended to all the material studied.
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Figure 6.8: Evolution of the peak intensity ratios Ip/Is normalized for their
pristine values as a function of the dpa for the different materials investigated.
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Fig. [6.9 shows the normalized ratios Ip/Ig as a function of Ip/Ig before irradi-
ation for the highest irradiation fluence. The graphs indicates that at the highest
damage level (i.e. the highest dpa) there is an exponential decrease of the induced
damage as a function of the initial disorder level in the structure. If the error bars
are considered, the difference is less marked for the two MoGr grades, but it is
clearly visible when the most (MoGr) and the less (graphite) graphitized materials
are compared.
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Figure 6.9: Peak intensity ratios Ip/I¢ normalized for their pristine value as a
function of their initial values at the highest dpa.

In spite of the faster damage accumulation, it is worth mentioning that, in terms
of absolute values, the MoGr grades maintain a lower I /I ratio during irradiation,
except for the MoGr MG6541F ¢ that approaches the level of graphite at the highest
dpa, as shown in Fig. |6.10

Fig. |6.11] shows the FWHM of the G peak normalized to the values before ir-
radiation as a function of the dpa. This is another parameter that relates to the
crystalline order along the basal planes, and its increase confirm that the materials
become more disordered as the irradiation proceeds. The difference between mate-
rials is less pronounced compared to the evolution of the ratio Ip/Ig, and it is not
strictly dependent on the initial graphitization level.

The relation between the FWHM of the G peak and the Ip /I ratio is represented
in Fig.[6.12 Before irradiation, all the samples of different materials are represented
along a line, according to the different graphitization level. The irradiated samples
seem to belong to the same line that is describing the pristine materials. This
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Figure 6.10: Peak intensity ratios Ip/Is as a function of the dpa.

behaviour is related to an accumulation of vacancies along the basal plane and it
confirms that any onset of amorphization is detected. When amorphization occurs,
in fact, the in-plane bonds present a different angle and distances, which leads to
peak broadening much faster with respect to the increase of the D peak and thus to

an upward deviation from the represented lin

e [172].
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Figure 6.11: Evolution of the FWHM of the G peak as a function of the dpa level
for the four material investigated.
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for all the material before and after irradiation.
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The irradiation has an effect, although limited, also on the second order param-
eters. For the MoGr grades, which present a two-peaks 2D band, the parameter of
interest is the relative intensity of these two peaks Iopa/lopp. In Fig. [6.13(a), the
Iypa/Irpp ratio of the MoGr NB8304Ng is represented as a function of the dpa. An
initial decrease is detected, as for the Ip /I ratio in Fig. , while at higher dpa it
increases. The variation is however negligible if the uncertainty is considered. For
the MoGr MG6541Fc represented in Fig. , a monotonic increase of the ratio
is observed. This parameter gives an insight on the graphite order perpendicular to
the basal planes, and it is related to the out-of-plane lattice parameters ¢ . An
increase of this ratio is related to the accumulation of interstitial atoms between the
basal planes, and it leads to an increase of the distance between planes.
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Figure 6.13: Intensity ratio of the two components of the 2D band as a function of
the dpa for the two MoGr grades. The graphs also include, for each of the
irradiated samples, the corresponding value measured before irradiation, which are
marked as "pristine’.

For graphite and CFC, which present a single peak 2D band before irradiation,
it is useful to analyse the variation of the intensity ratio of the 2D peak intensity
with respect to the G peak. The Iyp/Ig ratio, normalized for its pristine value, as
a function of the dpa is shown in Fig. [6.14] The decrease of this ratio, despite some
oscillation at intermediate dpa, indicates a disordering of the structure.
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6.1.3 Thermal annealing

In this section, the evolution of Raman spectra of MoGr NB8304Ng and graphite
R4550 after thermal treatment at different temperatures is presented. The sen-
sitivity of Raman spectra to radiation-induced defects can be used to detect the
temperature-related evolution of the irradiated microstructure. In particular, it is
interesting to investigate the minimum temperature needed to activate defect dif-
fusion and annihilation in different graphite matrices. This study is performed on
samples irradiated at different dpa to assess if different defects clusters are present,
and therefore if the activation temperatures are different.

In Fig. and Fig. [6.16] the spectra of MoGr and graphite irradiated at dif-
ferent dpa are reported after annealing at different temperature. For both the ma-
terials, it is possible to observe a decrease of the D peak intensity, as reported in
literature [175], while an effect of the FWHM of the G peak is not detected.
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Figure 6.15: Evolution of Raman spectra of MoGr Nb8304Ng irradiated at
different dpa as a function of the annealing temperature.
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Figure 6.16: Evolution of Raman spectra of graphite R4550 irradiated at different
dpa as a function of the annealing temperature.
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The analysis performed in Sec. shows that the ratio Ip/Ig is the most af-
fected by irradiation. This parameter represents the concentration of defects in the
materials, and it is worth analysing its changes as a function of the annealing tem-
perature. For a meaningful analysis, it is decided to focus on the samples irradiated
at dpa higher than 1-107%, where the radiation-induced increase of the Ip /I ratio
is more relevant.

Fig. represents the evolution of the Ip /I ratio as a function of temperature
for two samples of MoGr irradiated at different dpa. It is interesting to notice that
for the sample irradiated at the lowest dpa (Fig. [6.17(a)|) the unirradiated value
of Ip/Ig recovers after a thermal treatment at 200-250 °C, while at higher dpa
(Fig.[6.17(b)) a temperature of 350 °C is needed. This behavior might indicate the
formation of more stable and complex defects at higher dpa.
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Figure 6.17: Evolution of Ip/I5 as a function of temperature for MoGr Nb8304Ng
samples irradiated at different dpa levels.

Similar considerations apply to the irradiated graphite samples, as shown in
Fig.[6.18, The temperature needed for a complete recovery of the pristine structure
are, however, lower: the small increase of Ip/Is observed at low dpa is, in fact,
already recovered at 100 °C, while for the higher dpa a temperature of 250 °C is
needed to approach the pristine value.

For both materials, the temperature of complete annealing of the radiation-
induced damage reveals that the increase of Ip/Ig is not related to a reduction
of the crystallite size, but to an accumulation of defects in the crystals. The re-
crystallization of graphite is in fact relevant at temperature higher than 1500 °C,
which are far above the annealing performed on the irradiated samples. The an-
nealing of graphite below 300 °C is generally assigned to a mutual recombination of
unstable in-plane point defects .
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Figure 6.18: Evolution of Ip/I as a function of temperature for graphite R4550
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6.2 Coatings

6.2.1 Electrical resistivity

For coated samples, the electrical resistivity of the metallic film is calculated as
explained in In Fig. [6.1] the evolution of electrical resistivity as a function
of the dpa for four coating materials is investigated. Contrary to what is observed
for uncoated graphitic materials, the creation of dpa in the thin coating layer is
uniform, and it is therefore not necessary to distinguish between average and peak
dpa. For all the coating produced with HIPIMS, in Fig. [6.19(a)], [6.19(b)}, [6.19(d)| ,
the increase of resistivity is not proportional to the dpa. The most relevant increase
of resistivity is instead detected for the Mo coating produced with DCMS technique.
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Figure 6.19: Electrical resistivity of the coating materials investigated as a
function of the dpa.

A similar information comes from the electrical resistivity normalized to its pris-
tine values, as shown in Fig. for all the coating. All the coating produced with
HIPIMS present an electrical resistivity a factor of 2-4 higher with respect to their
pristine values, but there is not a visible trend as a function of the dpa. On the con-
trary, the coating produced with DCMS shows a relevant increase of the electrical
resistivity, which increases as a function of the dpa.
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Figure 6.20: Normalized electrical resistivity of the coating materials investigated
as a function of dpa.

6.2.2 Microstructure

In this section, the microstructure of the coating after irradiation is presented. In
particular, the analysis focuses on the samples irradiated at the maximum fluence,
whose dpa level correspond to the expected dpa reached in the coating of secondary
collimators at the end of the HL-LHC era.

The HIPIMS Mo coating on MoGr Nb8304Ng is shown in Fig. [6.21} the top
panels show the irradiated coating, and, as a comparison, the pristine state is re-
ported in the bottom figures Fig. and Fig. . The top-view shown
in Fig. reveals a smooth and well-connected structure which resembles the
pristine materials. The cross-section of this coating is presented in Fig. [6.21(b)|
The columnar and dense structure is preserved and there are no macroscopic de-
fects. The adhesion to the substrate is also ideal as before irradiation. The vertical
dimensions should be computed by multiplying the marked scale by 1.178 to take
into account the tilt correction, as detailed in [176].

The same considerations apply to the HIPIMS Mo coating on graphite shown
in Fig. [6.22] and no observable changes are detected after irradiation. Some minor
porosities are however present close to the interface with the bulk material, as shown
in the cross-section of Fig. [6.22(b)l This feature is also visible in non-irradiated
materials, in correspondence of surface irregularities of the graphite substrate, and
it is thus not strictly ascribed to radiation damage.
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(c¢) Top-view pristine. (d) FIB cross-section pristine.

Figure 6.21: Microstructure of HIPIMS Mo-coating on MoGr Nb8304Ng irradiated
at the maximum dpa (1073). The bottom panels represent the same coating before
irradiation.

In Fig. the microstructure of the Mo coating produced with DCMS is pre-
sented. This coating is characterized by porosities already before irradiation, which
are visible also in the cross-sectional picture of Fig. Other defects which can
be ascribed to radiation are not present.

Finally, in Fig. [6.24] the Cu coating is shown. Here, as well, there are no changes
in the coating morphology.
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(¢c) Top-view pristine. (d) FIB cross-section pristine.

Figure 6.22: Microstructure of HIPIMS Mo-coating on Gr R4550 irradiated at the
maximum dpa (1073).
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(a) Top-view irradiated.
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(c) Top-view pristine. (d) FIB cross-section pristine.

Figure 6.23: Microstructure of DCMS Mo-coating on MoGr MG6541Fc irradiated
at the maximum dpa (1073).
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(a) Top-view irradiated. (b) FIB cross-section irradiated.

(c) Top-view pristine. (d) FIB cross-section pristine.

Figure 6.24: Microstructure of HIPIMS Cu-coating on MoGr Nb8304Ng irradiated
at the maximum dpa (1073).
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Chapter 7

Discussion

In this chapter the results presented in Ch. [0] are discussed to gather a deeper
understanding of the radiation damage induced by ions on the materials investigated.
First, the attention is placed on the microscopic analysis performed on graphite-
based materials with Raman spectroscopy. The typical features of the irradiated
spectra are used to assess the defect structure and the dependence on the initial
material state. The electrical resistivity changes are then analysed and correlated
to the microscopic behavior of both graphite and metallic coating. Finally, the
presented data are compared to the expected damage level in HL-LHC collimators,
to try to infer the impact on operation.

7.1 Influence of initial microstructure on the ra-
diation damage

One of the main effects of radiation in inorganic materials is the displacement of
atoms from their lattice position, and the creation of vacancies and interstitials. In
this work, the effect of radiation damage on the microstructure of graphitic materials
is studied by analysing the evolution of the Raman spectra under irradiation.

The shape of the first order band permits to exclude the amorphization of the
of the materials investigated, according to the analysis presented in .

The main changes registered for all the materials investigated are the increase
of the Ip/Is ratio and the FWH M as a function of the dpa. These effects are
well reported after ion-irradiation of Highly Oriented Pyrolytic Graphite (HOPG)
[169] and polycrystalline graphite [178], but also for neutron-irradiated carbon
fibres and proton-irradiated graphite [179].

Although the Ip/Is ratio has been correlated to the crystallite size , the
increase of the D band intensity under irradiation cannot be related to the crystal
size reduction, as underlined by a parallel investigation of the Raman spectra and
the diffraction pattern obtained with TEM .

The damage induced by ion irradiation in this study should be therefore regarded
as the effect of the increased concentration of defects, which affects the phonon cor-
relation length . The annealing of the initial microstructure, which is detected
both for MoGr and graphite already at relatively low temperature (350 °C), confirms
that the reduction of the crystallite size should be ruled out, as the re-crystallization
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temperature of graphite happens at much higher temperature. Complex clusters
that break the basal plane are also more difficult to recover, and they are therefore
excluded for the present studies .

Detectable changes of Ip /I ratio are detected at dpa values as low as 5- 1072,
similarly to what is observed in [172]. In the following, the differences between
materials are analysed to understand if the initial microstructure influences the
development of the radiation-induced defects.

The MoGr grades, which exhibit a more ordered structure before irradiation,
show the most relevant changes under irradiation, as demonstrated by the increase of
the normalized Ip /¢ ratio in . It is important to understand if this corresponds
to a higher number of defects that are retained in the graphitic matrix.

In HOPG irradiated with ions, a square-root dependence of the Ip/Is ratio as
a function of the irradiation dose (i.e. the dpa) is experimentally found. According
to the so-called dislocation-accumulation model , , this behaviour is related
to an increase of vacancy concentration Cy proportional to the irradiation dose,
implying that the contribution of the vacancy-interstitial mutual annihilation is ne-
glected. The initial microstructure of HOPG resembles a single graphite crystal,
whose Raman spectra is characterized by the absence of the D peak. For the ma-
terials presented in this analysis, it is important to consider the contribution of
the pristine Ip /I ratio, which is therefore subtracted from the irradiated value to
highlight only the contribution of the radiation-induced defects. In Fig. [7.] the
incremental increase of Ip/Ig as a function of the dpa is shown and compared to
the HOPG data found in literature [172].

From these data, it is possible to conclude that the defects accumulation in
the materials is similar. At this level of dpa, the initial microstructure plays a
minor role. In particular, the contribution of pre-existing defects, such as grain
boundaries, is not relevant in absorbing the radiation-induced defects, as reported
in literature . It is, however, interesting to note that the graphite, whose initial
microstructure is more disordered, shows the lower value of vacancy concentration,
and the almost perfect crystalline structure of HOPG the highest. This difference
may become important at higher dpa values, when the defect concentration is higher.

It is worth mentioning that the defects that contribute to the increase of the
D peak are characterized by a planar structure with sp? bonds [183]. Different
configuration may arise from the rearrangement of the basal planes. Interstitial
atoms that create bonds between two basal planes are not characterized by sp?
bonds, and they do not activate the D peak. In this work, graphite, CFC and MoGr
MG6541Fc present, however, a new peak at 1500 ¢m~! when irradiated at higher
dpa, which is related to interstitial atoms between adjacent basal planes , .
These defects are not contributing to the increase of the D peak.

The MoGr Nb8304Ng is the only one that does not develop this additional peak
upon irradiation. It is, however, characterized by another peculiar feature. After
irradiation at the maximum dpa, in fact, its D band is characterized by an asym-
metric shape, which is likely a convolution of two peaks, as shown in Fig. This
band shape is observed in ion-irradiated HOPG, when irradiated along the edge of
the basal planes , but also in flexible graphite . In particular, the low-
frequency peak is related to the graphite edge, and the high-frequency peak to the
radiation-induced peak. The splitting of the D-band is also observed in non-planar
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Figure 7.1: Incremental increase of the Ip/Ig ratio as a function of the dpa for the
materials presented in this work. As a comparison, the effect of ion irradiation on
HOPG is taken from [172].

graphite , thus suggesting that the MoGr Nb8304Ng basal planes are partially
bending and folding during irradiation. After the thermal annealing, the intensity
of the D is significantly reduced, and it is not possible to observe if the band is still
split into two peaks. It is, however, worth noticing that the position of the D peak
in MoGr irradiated at the maximum dpa is shifted towards higher frequency also
after the annealing at 350 °C. This may indicate that the high frequency component
of the D band is still present although it is hardly detected due to its low intensity.
The defect related to the splitting of the band are therefore more stable and difficult
to be removed by annealing.

This analysis leads to the conclusion that in-plane defects accumulation during
irradiation is similar for all the materials involved in this work, as demonstrated by
the relative increase of the Ip /I ratio. The use of such parameter for the analysis of
the radiation-induced damage is however not conclusive. The full analysis of the first
order Raman spectra underlines, in fact, some differences. In particular, the MoGr
Nb8304Ng presents a two-peak shape of the D-band, which has been previously
observed in highly-oriented materials after irradiation [L85] [187]. Interestingly, this
is not detected for the other MoGr grade, whose initial structure has a similar
graphitization level. This material develops a new peak at 1500 cm™!, similarly
to graphite and CFC, whose initial microstructure is, however, characterized by a
higher disorder both along and perpendicularly to the basal planes. The onset of
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Figure 7.2: Two-peaks fitting of the D band in irradiated MoGr Nb8304Ng.

the peak at 1500 cm™! has also been detected in HOPG, but in correspondence
with higher values of the Ip/Ig, typically approaching 1 . This peak has been
related to interstitials between the basal planes. This evidence is supported by the
increase of the Ispa/lapp ratio in the second order band of MoGr MG6541F ¢, which
is related to an increase of the inter-layer spacing. In this sense, the information
coming from the first and second order Raman spectra are coherent. This finding
is supported by the fact that interstitials demonstrate an affinity with disordered
region , where the AB stacking is not perfect.

7.2 Correlation between microscopic damage and
macroscopic properties

7.2.1 Graphite-based materials

As already mentioned in Ch. [I} the radiation-induced defects decrease the carrier
mobility because they are scattering centers, thus increasing the electrical and ther-
mal resistivity. The macroscopic effects of defects are, however, not only dependent
on their concentration but critically influenced by their configuration. For this rea-
son, at the same irradiation level (e.g. at the same dpa), the change of properties
depends on the pristine state, that, in turn, influences the defects configuration.
The relative increase of electrical resistivity is similar for all the materials anal-
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ysed in this work up to an average dpa rate of 5-107°. At increasing fluences, the
MoGr Nb8304Ng starts showing a steeper increase, as shown in Fig. [6.2] If the
analysis is limited to this MoGr grade, graphite and CFC, the increase of electrical
resistivity is inversely proportional to the initial value. This finding is coherent with
neutron irradiation studies on pyrolytic graphite electrical resistivity, where changes
are more significant for materials with lower initial resistivities [49]. An exception
is represented by the MoGr MG6541F ¢, that presents the lowest pristine resistivity,
but its increase during irradiation is similar to the one of graphite.

For comparing the microstructural information obtained with Raman spectroscopy
to the changes of electrical resistivity, it is important to recall that the dpa rates
in the regions probed with the two techniques are different. Close to the irradiated
surface, the ions induce a dpa of 1.2 — 1.4 - 107° dpa/h, whereas the average dpa
along the ion trajectory, taken into account in the resistivity measurements, is about
9-107° dpa/h. For comparing the same dpa, it is therefore necessary to consider the
samples for Raman characterization and those for electrical resistivity irradiated at
different fluences, as summarized in Tab. [7.1]

Fluence % dpa Raman spectra | dpa electrical resistivity
1-10% 7-10°7 5-107°
1-10% 7-107° 5-107°
2103 1.5-107° 1-1074
7-10% 5-107° 3-1074
1.4-10" 1-107* 7-107*
4 .10 3-107% 2-1073

Table 7.1: Irradiating fluences and corresponding dpa in the area investigated by
Raman spectroscopy and electrical resistivity measurements.

The different dpa rate limits the comparison, as few samples are irradiated at the
same dpa. It is interesting to note that the steeper increase of electrical resistivity
of MoGr Nb8304Ng at dpa higher than 5 - 107° does not correspond to a faster
increase in the incremental Ip /I ratio, as shown in . It is, however, important
to notice that this MoGr grade develops a two-peak shape of the D band, which is
likely related to bending of the basal planes which may be responsible for the faster
degradation of electrical conductivity.

In order to assess the reason of the different behaviour of the two MoGr grades
under irradiation, it is worth recalling the main differences between the two materi-
als. For what concerns the composition, the MoGr Mg6541Fc¢ is characterized by a
slightly lower volume percentage of metallic powders, and by the addition of short
C-fibres (250 pm). In past experiment, the presence of C-fibres seemed to reduce
the increase of electrical resistivity in MoGr during irradiation . The grade in-
vestigated in this work, however, is produced at higher temperature, and the short
C-fibres may have dissolved during the sintering. In this case, the presence of C-fiber
could not be directly correlated to the enhanced radiation resistance. As mentioned,
this grade is also characterized by a higher sintering and annealing temperatures,
which are decreased in the MoGr Nb8304Ng to reduce its compaction and thus the
outgassing rate. The beneficial effect of higher post-sintering temperature of MoGr
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under irradiation is also detected with proton irradiation [125]. Further studies are,
however, needed to confirm this hypothesis.

7.2.2 Coatings

The increase of electrical resistivity of the metallic coating produced by HIPIMS
does not show a clear dependence on the dpa.

In order to investigate this behaviour, it is worth verifying the sensitivity of the
results to the assumptions of the model. The electrical resistivity of the coating
is indeed calculated by considering a three-layer resistor in parallel: the irradiated
coating, the irradiated bulk and the unirradiated bulk, as explained in [4.1.1] The
coating resistivity is considered the only unknown, as the irradiated bulk resistivity
is calculated by assuming the same resistivity ratio px (pPpuik_irradiated/ Poulk_pristine) Of
the uncoated samples irradiated at the same fluence. The distribution of the dpa is,
however, slightly different in the coated samples, and thus the resistivity variation
could be affected. The coating resistivity can be expressed as a function of px, as

shown in Eq. [7.]], which is obtained by rearranging Eq. [4.8] [1.9] 4.11]

o wtcoating Rparallel
pcoating - d

7.1
Rparallel w (ttotal - tirradiated + tirradiated/pX) ( )

1—

Ppristine d

If all the other parameters are fixed (e.g. they are measured), the variation of
the normalized coating resistivity as a function of the value assumed for px is shown
in Fig. [7.3] The coating resistivity after irradiation would be lower if higher values
of px are considered. The coating and the bulk are in fact modelled as two par-
allel resistors. If the bulk is more resistive than expected, the contribution of the
coating must be lowered to guarantee the same total resistance. At low px, which
correspond to low fluences, a small variation can significantly affect the calculated
coating resistivity. When irradiation proceeds, and the irradiated substrate material
resistivity increase, its contribution to the total substrate resistance becomes negli-
gible. At this point, even a big variation of px with respect to the value assumed
in the model, would not affect the coating resistivity values.

In light of these consideration, it is excluded that flat trend of the coating resis-
tivity as a function of the dpa could be related to a wrong assumption of py.

It is worth mentioning that the aluminium sample holder guarantees a uniform
temperature for all the samples installed, as explained in Ap. [A] Therefore, it is
excluded that the samples irradiated at higher fluences undergo a different annealing
with respect the low-fluence ones.

In order to understand the flat behaviour of the HIPIMS coating resistivity, more
statistic is therefore needed.

The microscopic investigation presented in Sec. [6.2.2|does not show visible defects
in the microstructure for all the irradiated coated samples. The interface with the
bulk is not damaged and the adhesion is good. The changes in the resistivity could
be therefore related to electron scattering by point-defects.

The DCMS-Mo coating is instead presenting a sharper increase of resistivity,
starting from a dpa of 2 - 1074
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Figure 7.3: Ratio of the irradiated and pristine coating resistivity as a function of
the ratio of the irradiated and pristine bulk resistivity px. The solid points on the
curves correspond to the px and the corresponding peoating calculated in Ch. |§|

It is worth reminding that the different electrical properties observed in the
coating produced with DCMS and HIPIMS before irradiation are not related to
the grain size, but to the poor connection between grains obtained with the DCMS
method. The grains observed in the DCMS coating are indeed slightly bigger with
respect to the HIPIMS. After irradiation, the grain observed in the FIB cut are still
in the range of 0.5-1 pum.

It is well reported in literature that the grain boundaries act as sinks for point
defects . The HIPIMS coating presents a higher number of boundaries, which
can therefore absorb a higher number of defects. For metals, the mobility of point
defects is indeed already relevant at 100 °C, and their diffusion to grain boundaries
plays an important role.

7.3 Consequences on HL-LHC collimators

In this section, the irradiation conditions reached during the irradiation are reviewed
and compared to the expected radiation environment of the LHC.

As discussed in Chapter [} the radiation damage depends on a number of pa-
rameters.

A first important factor is the irradiation temperature, which affects the defects
mobility and hence their annihilation or clustering. The maximum temperature
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expected in the ion irradiation experiment presented in this work is around 100 °C.
The strong interaction of ions with matter guarantees a complete absorption of their
energy in a relatively thin layer. The combination of material properties and the
time-scale analysed in this work gives rise to a similar temperature increase in all
the material investigated. On the contrary, the high-energy protons circulating in
the LHC do not deposit all their energy in the collimator, and their interaction with
the absorber blocks is strongly affected by the atomic number and density of the
materials.

For the design scenario corresponding to steady-state losses, the maximum ex-
pected temperature in the most loaded secondary collimator in case this is equipped
with MoGr block is around 130 °C . In the design case corresponding to the
0.2 h beam life-time (fast losses), a maximum temperature of about 250 °C is ex-
pected, however collimators are cooled down in few tens of seconds.

The highest dpa reached in the Mo coating during the ion irradiation equals
the maximum dpa expected in the most exposed secondary collimators, after 12
years of operation in the HL-LHC configuration. Results presented in this work
reveal that the electrical resistivity of the coating is expected to increase by a factor
around two at most. In particular, the value found at the maximum dpa level slightly
overcomes the technical requirement specified for the coating . The microscopic
investigation also reveals that there are no visible changes in the microstructure and
the interface with the substrate remains unchanged.

The evaluation of the effects on uncoated graphitic materials is more compli-
cated. The most exposed primary collimator presents, in fact, a strongly localized
distribution of the impacting proton, which leads to a non-uniform dpa in the sur-
face layer of the absorber. A peak dpa of about 0.2 is reached in an area extending
for less than 500 pm in the direction perpendicular to the beam, represented as the
y axis in Fig. [7.4] The dpa value falls rapidly moving away from the beam axis.
At a distance of about 750 pum from the peak, the dpa values are in fact ranging
from 1072 to 10~%. The results presented in this work do not encompass the peak
dpa value reached in the most loaded area of the jaw. At a dpa 3-10~* the electri-
cal resistivity increases of a factor of about 10. The resulting resistivity of MoGr
Nb8304Ng is however still lower with respect to the ones of graphite and CFC. At
lower dpa values, the resistivity is almost two times the initial value. These dpa
levels are expected in less loaded collimators or in the lateral regions of the most
loaded collimator, typically at few tenths of millimeters away from the beam axis.

From a practical point of view, the collimator jaw is equipped with a motor,
the so-called 5" axis . Thanks to this mechanism, the collimator jaws can be
moved by £10 mm along the y direction and the less damaged absorber surface
would be exposed to the beam, thus minimizing the perturbation related to the
increased resistivity.

Another possible mitigation action, which can be easily implemented in collima-
tors, is the in-situ bake-out. The collimator tank is indeed equipped with heating
jackets that can heat the jaws at a temperature of about 250 C°. This bake-out is
implemented to reduce the collimator outgassing, and is regularly performed in the
LHC tunnel , . At this temperature, the annealing results presented in the
work reveal a significant decrease in the intensity of the defect-induced D band in
Raman spectroscopy, with an expected recovery of thermo-physical properties.
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Figure 7.4: Spatial distribution of dpa in a primary collimator. The z direction is
parallel to the beam axis.

The temperature increase induced by slow-losses is instead too low to activate a
relevant annealing of damage. In the fast-losses scenario, the maximum temperature
would be sufficient for thermal annealing, but the rapid cool-down of the collimator
jaw is probably minimizing this effect.
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Chapter 8

Conclusion

In view of the High-Luminosity upgrade of the Large Hadron Collider, a novel family
of metal carbide-graphite composite materials has been developed to equip the jaws
of primary and secondary collimators. The main scope of this material upgrade is
to decrease the electrical resistivity of the absorber blocks, which largely contribute
to the accelerator impedance. R&D programs such as EuCARD, EuCARD?2 [1] and
ARIES have supported the development of these composites, and in particular
of molybdenum carbide - graphite (MoGr).

The present work focuses on a novel grade of MoGr (MoGr Nb8304Ng) that
has been optimized for the installation in four primary collimators and eight sec-
ondary collimators. This grade is characterized by a lower sintering temperature
compared to former MoGr grades; this entails to a slightly more porous structure.
The combination of specific production parameters leads to a composite featur-
ing good thermo-electrical and mechanical properties and compatibility with the
UHV environment of the LHC . In this work, the electrical resistivity and the
microstructure of this material are characterized. The analysis of the Raman spec-
troscopy reveals an excellent graphitization level of the material, although planar
defects are detected in the matrix.

HL-LHC secondary collimator are equipped with MoGr coated with a thin molyb-
denum film to further reduce the resistivity of the absorber blocks. The work pre-
sented in this thesis significantly contributed to the characterization of thin film
deposition on graphitic substrates. In particular, it is found that the deposition
with DCMS leads to a higher electrical resistivity because of the poor connection
between the columnar grains. On the contrary, with HIPIMS process the nominal

resistivity of bulk Mo is reached [127].

During HL-LHC operation, the collimation system interacts with and safely dis-
poses of the halo particles, which in turn deposit their energy in the collimator
materials. The microscopic evolution of materials under irradiation is commonly re-
ferred to as radiation damage, as it negatively affects their macroscopic properties.
For this reason, the response of these materials is tested under irradiation.

This work focuses on the ion irradiation of materials for HL-LHC. Thanks to
the high displacement cross-section of ions, their high dpa rate allows reaching dpa
comparable with the HL-LHC level in few tens of hours. In particular, the materials
presented in this thesis are irradiated at the at the M-Branch of the UNILAC accel-
erator at GSI with “®Ca ions with an energy of 4.8 MeV /u. The dpa rate extracted
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from Monte-Carlo simulations is used to determine the duration of the irradiation.
In particular, the effect of a maximum dpa of 11073 in the coating is studied. This
dpa corresponds to the maximum one expected in the coating of the most loaded
secondary collimator after 12 years of HL-LHC operations. The samples are, how-
ever, also irradiated at lower dpa values to establish a relation between the dpa and
the material degradation.

The thermo-mechanical verification of the experiment design is also presented
to assess the maximum temperature reached during the irradiation and the thermal
stresses induced in the samples.

The analysis demonstrates that the maximum expected degradation of electrical
properties of the Mo coating is compatible with collimator operation. On top of this,
the microscopic analysis reveals that there is no visible damage of the coating and
the adhesion with the substrate is maintained. The effect of the coating production
process on the microstructure and electrical resistivity is analysed. The Mo coating
produced with HIPIMS guarantees a better grain connection compared to DCMS,
but the microscopic analysis shows that the grain size is actually smaller for the
HIPIMS coating. This feature may be responsible for the lower degradation of this
coating under irradiation. The higher number of grain boundaries could, in fact,
dissipates more efficiently the radiation-induced defects.

The configuration of primary collimators foresees bare MoGr absorber blocks.
The new MoGr Nb8304Nb grade has been studied under irradiation for the first
time. The material successfully survived the experiment, without any macroscopic
damage. The set of data reveals a monotonic increase of electrical resistivity as
a function of the dpa. A steeper increase is however detected at dpa higher than
5-107°. The comparison between the electrical properties and the microscopic
structure seems to indicate that the MoGr degradation at higher dpa could be
related to a partial bending of the basal planes, which is not detected for the other
materials investigated. In future tests, this aspect shall be monitored to understand
if it is specific to ion damage. The other MoGr grade does not present this feature,
and the increase of the electrical resistivity is much more limited. Two hypotheses
are addressed to explain this difference, but further studies are needed.

The observed degradation of electrical properties is analysed and compared to
the expected radiation level of HL-LHC. This material would maintain a lower elec-
trical resistivity with respect to the presently installed CFC up to a dpa level of
3 -10~*, which correspond to the dpa level reached in the most loaded secondary
collimators. If needed, the increase of resistivity can also be compensated by moving
the collimator jaw along the y direction, and thus exposing a less damaged surface
to the beam.

On top of this, the annealing test presented in this work strongly suggests the
use of the in-situ bake out of collimator to anneal the radiation-induced damage.

The presented data support the use of MoGr and Mo coating for the HL-LHC
collimators. The complete modeling of the irradiation-induced damage in these
materials would require, however, additional data to take into account the different
irradiation conditions.

The methods and the theories developed in this work will be applied in future
irradiation campaigns to extend the statistic and the understanding of the phenom-
ena. In particular, a new Ca-ion irradiation campaign has been carried out at GSI in
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March, 2021 on MoGr and graphite coated with Mo. This campaign focus on study-
ing the effects of the flux, and thus the dpa rate, on the microscopic and electrical
changes of materials. For this purpose, a new set-up for the electrical resistivity has
been realized to reduce the uncertainty of the measurement.

The effects of transmutation gas cannot be accessed with the presented ion ir-
radiation. This aspect is however accessible with the proton irradiation campaign
held in BNL in 2018 on Mo-coated MoGr, in the framework of the RaDIATE
collaboration. The post-irradiation examination of these samples is going on at
the time of the writing: the comparison with the presented results would help to
establish a correlation between ion and proton irradiation.
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Appendix A

Discussion of boundary conditions
applied to thermal simulations of
ion irradiation

The estimation of the maximum temperature reached by the samples during irradi-
ation is important to evaluate the thermal-induced stresses, but also to understand
if thermal annealing of radiation-induced defects is taking place.

The temperature is influenced by different parameters, and, in particular, some
deviation from the expected value could be related to the conductances calculation.
Their values is, in fact, determines by assuming a tightening torque, and by cal-
culating the corresponding pre-load induced on the screws. This calculation has
some uncertainties related to the assumed friction coefficient. On the top of this,
for anisotropic materials the through-plane thermo-mechanical properties are used
for the calculation of the conductance, according to Eq. [129]. The contribution
of the in-plane properties is therefore neglected in the model.

For this reason, the temperature change during irradiation is simulated with
different values of conductances at the interfaces between the sample, the holder,
and the clamp. A series of models are runs with conductances values ranging from
the 1% up to 100% of the real ones, and the corresponding temperature evolution is
shown in Fig.[A.1] The maximum temperature, assuming conductance values down
to the 1% of the calculated values, is 120°C.

The thermal conductivity of the irradiated samples degrades because of radia-
tion damage, and this can influence the temperature evolution. For this reason, a
simulation is run with thermal conductivities down to the 1% of the initial values,
for the lowest conductance case. The maximum temperature remains below 130°C.
In graphitic materials, the annealing of radiation-induced defects is negligible below
200 °C [148] [192H194]. The maximum temperature reached in the most conservative
simulation is however below this values, and the effect of thermal annealing can thus
be neglected in the present study.

The temperature along the sample holder is uniform, as shown in Fig. there-
fore the samples irradiated at different fluence seen the same maximum temperature.

For future irradiation campaigns, the effect of ion flux on the temperature evo-
lution is investigated. In particular, a model with a flux one order of magnitude

lower (¢ =8-10% i ) is studied. In Fig.[A.3} it is shown that for this flux the

cm? - s
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Figure A.1: Evolution of temperature on the irradiated sample as a function of
time for different values of conductances at the interface with the sample holder.
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Figure A.2: Temperature distribution along the sample holder.

maximum temperature remains close to the ambient one. According to the present
literature, the two temperature ranges are equivalent in terms of defect annealing
for graphite. For the metallic coating this difference might play a role, and it should
be considered when analysing the results.
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Figure A.3: Evolution of temperature on the irradiated sample as a function of

time for high (¢ = 8- 10° g) and low (¢ = 8- 108 g) flux.
cm? - 8 cm? - s

121



APPENDIX A. DISCUSSION OF BOUNDARY CONDITIONS APPLIED TO
THERMAL SIMULATIONS OF ION IRRADIATION

122



Appendix B

Raman spectroscopy analysis code

The analysis of the Raman spectra requires a deconvolution of the spectra in several
peaks, and a fitting procedure of the data in order to extract the parameters for
the microstructural characterization of the samples. The results presented in this
work are obtained with a procedure implemented in a Matlab code, which is detailed
below.

As explained in Sec. [£.3] five spectra per sample are collected. As a first step,
the background induced by photoluminescence is subtracted from the data.
The procedure relies on a polynomial fitting of the background; this procedure is
widely diffused and accepted . The baseline fit and subtraction is applied with
the code described in [196]. The user interactively selects the desired number of
points of the curves for the fitting. The mean value of the curve over five points,
centered on the selected ones, is calculated and then these values are used for a cubic
spline interpolation. In Fig.[B.I] one Raman spectrum of a graphite sample is shown
before and after the background subtraction, and the baseline is also represented.

Baseline removal position ¢

4000 T
|
1500 ——Raw data
——Baseline
3000 | Corrected|
2500 | ||
3 I
- 2000
g |
= .
< 1500 I :
£ j
1000 [ | J ||
500 | il i: \ ;J \ A |
I |- L S ¥, w0 o
i o
500 | | | | . . |
o 500 1000 1500 2000 2500 3000 3500 4000

Raman Shift [cm™]

Figure B.1: Raman spectrum of one of the graphite samples analysed. In the
graph, the raw data, the baseline interpolated with the aforementioned code, and
the data with the baseline removed are plotted.
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The five spectra are then averaged and the analysis is carried out for this spec-
trum. Before fitting the data, they are normalized by the maximum intensity, which
always correspond to the G peak at ~ 1582 em ™.

The different steps of the procedure are summarized in Fig. [B.2]

Raw data
( 5 spectra per sample)

v

Background removal

v

Average of the 5 spectra

v

Normalization

v

Peak analysis

Figure B.2: Procedure implemented for the analysis of the Raman spectra.

The resulting spectrum is then decomposed to individuate the single component
of the overlapping peaks with the code described in [197]. The curve is not fitted as
a whole, but five independent intervals are analysed:

e The D, G and D’ peaks are analysed together

The 2D band peaks are analysed together

The band at ~ 2450 cm ™! is fitted as a single peak

The band at ~ 2950 cm ™! is fitted as a single peak

The 2D’ is fitted as a single peak

The main input parameters required for the code are specified in Tab. for
the five groups of peaks analysed. The number of peaks, the peak shapes, and their
initial position are assigned according to the literature [144].

In Fig. [B.3|the result of the fitting is shown and compared with the experimental
data.

The fitting of the 2D band is done with two peaks in MoGr grades, while only
one is used for Gr and CFC. This choice comes from the experimental observation
that the 2D shape is repeatably different for the aforementioned materials, as shown
in Fig. As a trial, the 2D band of graphite and CFC is fitted also with a three-
peaks model, as described in [147]. This solution is however discarded. Although
a mathematical solution is found, the position and relative intensities of the peaks
are not coherent with what is expected in literature.

On the top of the peak deconvolution, the program gives as output all the peak
parameters (position, height, width, area), and the fitting error. These parameters
are used to quantify the level of order in the graphite structure.
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, band at ~ | band at =~ ,

D.GD 2b 2450 em™t | 2950 em ™! 2b
Center of the in- | 55, 2690 2450 2050 3250
terval [em™1]
Window of the | 5, 1000 200 200 200
interval [cm™]
# Peaks 3 1lor2 1 1 1
Peak shape Lorentzian | Lorentzian | Gaussian Gaussian Lorentzian
# Trials 40 40 10 10 10
Start guess | 1352-25 2690-30
position- 1580-30 or 2675-15 | 2450-50 2950-100 3250-100
width [em™!] 1620-5 2730-15
Minimum
width [em™!] 2 g 10 g 10

Table B.1: Summary of the input parameters to fit the peaks of the Raman
spectra of the analysed materials.
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Figure B.3: The average and normalized Raman spectrum of a graphite sample is
compared with the peak deconvolution obtained from the aforementioned code.

B.0.1 Irradiated materials

The aforementioned procedure is applied also to irradiated samples. At high dpa,
some samples require however a different fitting. In particular, an additional peak
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Figure B.4: 2D band of MoGr grades, graphite and CFC.

at ~ 1500 cm ™! is required to obtain a correct fit of the first order band. Without
this peak, the experimental curve cannot be reproduced, and the intensity of the G
peak is underestimated. In Fig. the experimental curve of a graphite sample
irradiated at the maximum fluences is shown and compared with two fitting, one
including the additional peak, and the other without. The curve that better replicate
the experimental one includes the peak at ~ 1500 cm~!. This peak is observed both
in soot , but also in ion-irradiated graphite .
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(a) Three-peaks fit of the first order spectra of (b) Four-peaks fit of the first order spectra of
irradiated graphite. irradiated graphite.

Figure B.5: Experimental curve and fitting of the graphite sample irradiated at
the maximum fluence.

B.0.2 Uncertainty calculation

For the characterization before irradiation, six samples of each materials are char-
acterized. The error bars of the peak parameters presented in [5.1.2| are therefore
calculated as the standard deviation of the values found in the different samples
tested.

For irradiated samples, this approach is not possible, as one sample of each
materials is tested for each fluence. The main source of uncertainty comes from the
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fact that the Raman spectra after irradiation are not taken exactly in the same point
as before irradiation, and the dispersion between the spectra obtained in different
points can affect the outcome. For this reason, one non-irradiated sample for each
materials is considered, and the fitting analysis is performed for the spectra acquired
in every position instead of on the average one. In this way, it is possible to estimate
the expected variation of the parameters used for the analysis. The normalized
spectra acquired in the five positions of one sample for the analysed materials are

represented in Fig.
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Figure B.6: Normalized spectra acquired in five different position of the samples
for the four different materials analysed.

For each of this spectrum, a fitting procedure is implemented, as explained in
the previous section. The average of the relevant parameters extracted from the
fitting is calculated, together with their standard deviation (SD) and the percentage
uncertainty. These values are presented in Tab. [B.2]B.3|[B.4IB.5| for the different
materials.

The percentage uncertainties are then used to calculate the SD of each quantity,
before and after irradiation. The flux is considered in fact uniform over the sample,
and it is thus reasonable to assume a similar SD for the irradiated samples.

The analysis presented in is based on the evolution of the parameters of
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Ip/le | FWHM¢ | Isp,/Iop,
Average 0.12 17.39 0.73
SD 0.03 1.25 0.18
Uncertainty [%] | 25 7 24

Table B.2: from the fitting of five Raman spectra of one sample of MoGr

Nb8304Ng.
Tn/Ie | FWHMG | Ion/lo
Average 0.36 21.98 0.75
SD 0.07 1.59 0.10
Uncertainty [%] 21 7 14

Table B.3: from the fitting of five Raman spectra of one sample of graphite R4550.

In/Ic | FWHMG | Iop/lc

Average 0.22 19.31 0.57
SD 0.05 0.68 0.04
Uncertainty [%] | 21 4 7

Table B.4: from the fitting of five Raman spectra of one sample of CFC FS5140.

Ip/le | FWHM¢ | Lsp,/Iop,
Average 0.10 17.23 0.64
SD 0.02 0.87 0.08
Uncertainty [%] | 22 5 12

Table B.5: from the fitting of five Raman spectra of one sample of MoGr
Mgb6541Fc.

interest normalized for their values before irradiation. As the ratio between pristine
and irradiated values is used, the rule of combined uncertainty is used, according to

Eq. B3 [130).

u= f(x1,29,....,xN) (B.1)
#0) =3 (L) e =Y e (B.2)

In this case, the function is simply the ratio of two quantities, and Eq. is
reduced to Eq. ratio.

=) (5

u =

y)
Yy
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