A careful design and the identification of possible problems in these new machines is essential to ensure an appropriate road map for the high-
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Introduction

High-energy particle beams delivered by accelerators are useful for fundamental and applied research and also in many technical and industrial fields. Radiotherapy, ion implanters used for surface modifications of materials, industrial processing, biomedical and production of radioisotopes are the main applications. Accelerators with the highest energy (above several GeV) are used to explore the structure of matter, more particularly collider accelerators, the most powerful being the Large Hadron Collider (LHC) operated by the CERN, SuperKEKB in Japan, RHIC at Brookhaven National Laboratory in New York and the Tevatron at Fermilab in Illinois. In the high-energy physics field, accelerators help physicist to understand the fundamental structure of matter by devoted experiments and to confirm the predictions made by the so-called Standard Model of Particle Physics (Brüning & Collier, 2007), (Ellis, 2007). This theory was developed in the early 1970s and describes the 12 fundamental particles and their interactions. It encapsulates how the elementary particles and three of the four fundamental forces are related to each other. It has precisely predicted a wide variety of phenomena and, so far, successfully explained almost all experimental results in Particle Physics. But the Standard Model remains incomplete. It leaves many questions open: What is the origin of the mass of particles? Will we discover evidence for supersymmetry? What are dark matter and dark energy? Why is there far more matter than antimatter in the universe? How does the quark-gluon plasma give rise to the particles that constitute the matter of our Universe? High-energy accelerators could help to answer these questions thank to the particle collisions performed at the highest possible energies.

The European Organization for Nuclear Research (CERN), founded in 1954 and located at the Franco-Swiss border, is currently the world's largest particle physics laboratory. It aims at the exploration of the Universe laws, in particular the Standard Model, as well as at the investigation of the fundamental questions presented above. The LHC at CERN is the world's largest particle accelerator, which successfully achieved to produce and investigate collisions between protons and ions at an unprecedented high energy and rate. One of the main parameters to characterize the performance of a particle accelerator by the physicists is the luminosity of the beam which provides a measure of how many collisions are happening in the accelerator. The high luminosity of a collider is as important as the high energy to find rare events. Indeed, it represents the number of events per interaction cross section per second. Actually, luminosity measures how many particles can be squeezed through a given space in a given time. It depends on several parameters, such as the number of particles in the beam and the beam size at the collision points. In order to raise the discovery potential of the LHC, future machines are planned to increase the luminosity and the energy of the accelerator.

The luminosity optimization of the LHC, its upgrade (HL-LHC), and the goal value for future high-energy hadron colliders (FCC) highlight one of the potential main limitations of these machines: the dynamic pressure. Ideally, charged particles should be generated, accelerated, transported and manipulated without any residual gas molecules. However, these molecules are always present in a real vacuum chamber. The energetic charged particles interact with gas molecules and these interactions cause many unwanted effects, such as a loss of the accelerated particles, the change of a charge state, residual gas ionization and the creation of a charged particle cloud (electrons for positive accelerated particle beams or ions for accelerated electron beams). The space charge affects the beam quality leading to beam emittance growth, and beam instabilities. It is worth noting that all of these dynamic pressure phenomena represent one of the most important limitation to reach the ultimate luminosity, and thus limit the accelerator performances and represent a real barrier for high energy physic research. That's why, specifications to vacuum system and vacuum studies constitute an essential field for all accelerator community. In the LHC, in which protons are accelerated into the ring, electrons are generated from the beamresidual gas interactions and from the interactions of the synchrotron radiation emitted by the beam with the beam pipe walls (these electrons are called "photoelectrons" in this latter case). These primary electrons impact the surfaces producing many secondary electrons that are accelerated by the electromagnetic field of the proton beam (the multipacting effect). All these processes finally lead to the so-called electron-cloud (EC) build-up.

EC effects have been recognized among the major performance limitations for the Large Hadron Collider (LHC). They were observed at the LHC during the first three years of beam operation (Run I, 2010(Run I, -2012)), and become more and more severe while moving to tighter bunch spacing necessary to reach the design luminosity within the pileup limits required by the LHC experiments. Detrimental effects are associated to this phenomenon, such as pressure rises or heat loads deposited on beam pipe walls and on the cold bore of the superconducting magnets (with the major risk of a "quench" of the magnets) and the emittance growth. Consequently, the nominal conditions for the beam operation of the LHC are not yet reached due to the fact that, owing to the electron cloud, the optimal luminosity is not yet achieved. Moreover, electron-cloud effects are amplified by the photon-, electron-, and ionstimulated desorption from particle-surface interactions with vacuum chamber walls, inducing pressure instabilities with fast pressure increases in the beam vacuum chamber, which lead to premature beam dumps. The interaction between particles and a surface participates in all these fundamental processes: the EC build-up depends on the Secondary Electron Yield (SEY) of the surface and the gas release is related to the desorption induced by particles impinging the walls. Consequently, the surface properties of the beam pipes play an important role in all these phenomena. That is why specifications of the vacuum system (including the nature of the materials used for the beam pipe walls) are one of the most important parameters for the design of particle accelerators.

The work performed in the frame of this thesis focuses on the study of the dynamic pressure in the LHC. The main aims are: -to identify the parameters driving the pressure evolution in the LHC during beam operation, such as the electronic density of the EC or synchrotron radiation; -to perform in situ experiments during beam operation to detect the presence of ions and estimate their influence on pressure rises; -to record experimental data, with a dedicated set-up, on the properties (desorption yield, SEY, surface chemistry) of a technical surface (namely the copper of the LHC beam screen); -to develop a simulation tool to compute the dynamic pressure in high-energy particle accelerators.

The thesis is organized in five sections. Chapter I introduces the main concepts and mechanisms involved in the stimulated desorption processes, and the EC formation. Chapter II presents a general survey of CERN and of the accelerator complex. Results on the pressure evolution, the ion and electron currents recorded in situ with the VPS system during LHC run II (2018), for standard fill physics, are also reported. In Chapter III, the ion-induced desorption yield of the OFE-copper beam screen is investigated for various ions at different energies. Chapter IV deals with the measurements of the surface properties of copper. Investigations are performed in order to understand the beam-induced surface modifications (beam "scrubbing"). Particularly, the relationship between the decrease of SEY under electron bombardment and the surface chemistry evolution is studied. The surface contains a lot of physical and chemical imperfections which make difficult the predictions of phenomena in which particle-surface interactions occur. This complexity renders challenging an accurate quantification, prediction and extrapolation of the various associated processes. For that, several simulation codes have been developed to allow the understanding of the electron cloud build-up mechanism (such as PyECLOUD developed at CERN (Iadarola et al., 2017)) or the prediction of pressure level in accelerators (VASCO developed at CERN by Rossi [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF]). In Chapter V, a new simulation code, called DYVACS (Dynamic VACuum Simulation) providing the pressure evolution in the LHC under dynamic conditions, is presented. Up to know, to our knowledge, DYVACS is the only tool leading to compute the pressure of four major gases (H2, CO2, CO and CH4) in an accelerator during beam operation as a function of beam parameters, vacuum chamber geometry, surface properties (SEY, desorption yields) of beam pipe walls, pumping system, electron-cloud build up and residual gas ionization by both the proton beam and electrons. A detailed description of the simulation model is presented, as well as a comparison between simulation results and experimental in situ measurements in the VPS performed during the LHC run II.

1. Dynamic pressure in particle accelerators: basics principles Regarding particle accelerator users, charged particles should be generated, accelerated, transported, and manipulated without any residual gas molecules. In reality, residual gas molecules are always present in a vacuum chamber. Even if the static pressure (without particle beam operation) can reach very low values (down to 10 -11 mbar in the LHC vacuum system), the influence of residual gases on the beam operation is a major issue: pressure can increase by several orders of magnitude when the proton beams circulate in the LHC ring. This dynamic pressure is due to non-thermal desorption effects. The charged particles of the beam interact with gas molecules and these interactions cause many effects such as loss of the accelerated particles, change of their charge state, residual gas ionisation, production of charged particles and pressure rises (Bosser et al., 1999). Not only the residual gas affects the beam, but the beam itself may cause an increase of gas density by a beam-induced gas desorption in the vacuum chamber. Many phenomena occur in the beam pipe such as photon-, electron-, and ion-stimulated desorption, inductive heat, radiation damage of vacuum chamber material, (Malyšev, 2020). Therefore, the evolution of pressure in a beam line when particles circulate in an accelerator is called the dynamic pressure. It is related to several complex phenomena, interconnected each other and all originate from different interactions between the primary beam or secondary particles both with the residual gas and the vacuum chamber wall. In this latter case the nature of the material constituting the beam line may play also a role in the dynamic pressure.

For the field of accelerator physics, the understanding of the beam interactions inside a vacuum chamber is fundamental to provide solutions to mitigate pressure rises induced by electron-, photonand ion-molecular desorption, and also beam instabilities produced by ions or electron clouds. This chapter is devoted to present an overview of the fundamental phenomena leading to pressure rises, including desorption mechanisms stimulated by several secondary particles created inside the beam pipe:

(i) Ions: They are produced from the residual gas that is ionized by the particle beam (and eventually by electrons); (ii) Electrons: Three "kinds" of electrons can be defined as a function of their creation process.

First, they are produced by the ionization of the residual gas; then these electrons impinge the beam pipe wall to induce secondary electrons; finally, synchrotron radiation emitted by the accelerated charged particles interact with the vacuum chamber walls producing emission of photoelectrons from the surface; (iii) Photons created by synchrotron radiation.

This section starts with a brief description of the origin of the residual gas in particle accelerators. Then the importance of desorption mechanisms is presented to explain the pressure evolution in a beam pipe in order to emphasise their importance for the accelerator operation. This discussion is applied in the LHC context to highlight dynamic pressure effects in the LHC operation and to give a framework for the measurements performed during the LHC RUN II presented in Chapter 2.

1.1 Residual gas in accelerators 1.1.1. Residual gas composition

The origin and the composition of residual gas in a vacuum chamber (apart from leak or backstream from pumping systems) can be explained as:

-Gas composing the environment before the pumping work; -Gas permeation from the outside atmosphere through the vacuum chamber walls; -Gas diffusion from the bulk of the vacuum chamber walls and in-vacuum components; -Atomic diffusion on the surface and recombination into molecules; -Thermal desorption of gas molecules from the surface; -Products of chemical reactions.

The pressure in a vacuum chamber becomes stable at the adsorption equilibrium, i.e. when the desorption and adsorption rates of the gas molecules are equal. Figure 1-1 reminds all different phenomena, from the pumping system starts (gas volume evacuation) to the pressure equilibrium state versus time (gas permeation through the walls). The values on vertical and horizontal axes were added as a rough indication (Malyšev, 2020).

Figure 1-1: Typical pumping curve and contribution of each phenomenon, volume, surface desorption, diffusion and permeation (Malyšev, 2020) Gas compositions in typical baked vacuum chambers under Ultra High Vacuum (UHV) conditions at room temperature are: H2, CO, CO2, CH4, CxHy (Malyšev, 2020). A residual gas analysis of a typical vacuum system is performed in Chapter 3.

1.1.2. Copper, a material of interest for beam ducts.

All materials that are used to build vacuum chambers and vacuum components desorb gas into the vacuum system by a spontaneous process of gas molecule releasing from the inner surface. This process called thermal desorption, varies strongly as a function of the material used for vacuum chambers and components.

To build vacuum chambers devoted to particle accelerators, some properties of materials have to be validated: high mechanical strength and rigidity to prevent its own collapse under low pressure, low vapour pressure in the whole temperature range of operation and also a very low specific outgassing rate q is required. The most common materials used for vacuum chambers and beam pipes are stainless steel (SS), Non-Evaporable Getter (NEG) coating for distributed pumping application,Ti-and TiN-coating, ferrites for devices that requires fast voltage ramp up (kickers), aluminium alloys and copper (Cu). For instance, to address all these specific properties, CERN selected Oxygen-Free Electronic copper (OFE copper) colaminated onto stainless steel to manufacture the LHC beam screen. This is a 99.99% pure copper with 0.0005% oxygen content to avoid undesirable chemical reactions with other materials in the local environment. The advantages of copper are: a high electric and/or thermal conductivity, a low outgassing rate and it is a non-magnetic material.

Cupric oxide (CuO, tenorite) and cuprous oxide (Cu2O, cuprite) are the two stable oxide forms of copper. CuO has a monoclinic crystal structure and a bandgap of 1.2-1.9 eV (Johan et al., 2011). This metal oxide has a black color and a high absorptivity and a low thermal emittance (Maruyama, 1998). On the other hand, Cu2O with a brownish-red color has a cubic crystal structure and a bandgap of 2.0-2.2 eV (Serin et al., 2005). Both of these oxides are semiconducting in nature and exhibit p-type characteristic due to copper vacancies in the structure. It has been observed that an oxide film with a thickness of several angstroms thick forms spontaneously on the surface of a freshly cleaned copper when exposed to ambient air. The growth rate of this film is initially rapid, but becomes logarithmic with time; hence, continued growth is very slow. The film is essentially cuprous oxide, Cu2O. However, a thin cupric layer on top of the Cu2O film is sometime reported (Chawla et al., 1992). The thin oxide film formed at room temperature in air is quite stable and protective. This film was modelled as a two-layer structure with an inner layer of Cu2O and an outer layer comprising adventitious hydrocarbon (CnHm) and bound hydroxyl (-OH) and water (H20), with determined thicknesses of approximately 1.6 and 0.8 nm, respectively (Chawla et al., 1992).

It is important to keep in mind that accelerator walls are technical surfaces, and thus, surface contaminant layers are always present on these real surfaces. So that, the surface properties can be only marginally related to the properties of the corresponding clean metal: although thin, the surface contamination layer, when present, may affect the surface properties much more than the metallic material underneath.

It is worth noting that a vacuum system designer has to consider that the outgassing rate of materials for UHV chambers is not an intrinsic value but rather it changes with time and depends on the 'history' of the material surface.

Thermal desorption

Desorption is a phenomenon whereby a substance is released from or through a surface. This occurs in a system being in the state of sorption equilibrium between the gas phases inside the vacuum chamber and the adsorbing surface of material. Molecules of the residual gas inside the vacuum chamber can interact with the walls and stay "sticked" during a time depending on the molecules, the nature of the material and the temperature. When the pressure of gas is lowered in a vacuum chamber, some of the sorbed molecules are released into the volume of the chamber. This is the socalled thermal-desorption which plays a major role in outgassing phenomenon. For this latter, the surface and the bulk of the material are also both sources of gas molecules: (i) those from the surface have to overcome an energy barrier before being released; (ii) those from the bulk have, in addition, to diffuse along the material lattice before encountering the surface.

-Considering the residual gas inside the vacuum chamber: The Hertz-Knudsen equation describes the sticking of gas molecules on a surface by expressing the time rate of change of the concentration of molecules on the surface as a function of the pressure of the gas, and other parameters equation (1-1) (Kolasinski, 2012).

1 𝐴 𝑑𝑁 𝑑𝑡 ≡ 𝜑 = 𝛼𝑝 √2𝜋𝑚𝑘 𝐵 𝑇 = 𝛼𝑝𝑁 𝐴 √2𝜋𝑀𝑅𝑇 (1-1)
where 𝐴 represents the Surface area (in m 2 ), 𝑁 is the Number of gas molecules, 𝜑 is the Flux of the gas molecules (in m -2 s -1 ), 𝛼 represents the sticking coefficient of the gas molecules onto the surface, 0 ≤ α ≤ 1, 𝑝 is the gas pressure (in Pa), 𝑀 is the Molar mass (in kg mol -1 ), 𝑚 is the Mass of a particle (in kg), 𝑘 𝐵 is Boltzmann constant, 𝑇 is the temperature (in K), 𝑅 is the gas constant (J mol -1 K -1 ), 𝑁 𝐴 is the Avogadro constant (mol -1 ). Increasing sticking probability and pressure tends to increase the surface coverage whereas increasing the temperature of the molecules (i.e their kinetic energy) results in a reduced rate.

-Considering the gas from the vacuum chamber surface Adsorbed molecules have to overcome an energy barrier before being released. Thus, we can define the "mean residence time" (or "sojourn time") at room temperature which represents the time during which a molecule stays on the surface before being released. The mean residence time is given by the Frenkel law:

𝜏 𝑑 = 𝜏 0 𝑒 𝐸 𝑑 𝑘 𝐵 𝑇 (1-2)
where 𝜏 0 is the period of vibration of the molecules in the potential well, usually assumed to be about 10 -13 s (≈ ℎ 𝑘 𝐵 𝑇 ) (Paolo Chiggiato, June 18th2017). Increasing the temperature leads to a reduction of the residence time of the molecules i.e. bakeout is used to deplete the molecules from the material, conversely, lowering the temperature increase the residence time i.e. cryogenic pumping.

-Considering the gas from the vacuum chamber material bulk For most solid materials, the method of manufacture and preparation can significantly reduce the level of outgassing. Gas molecules are dissolved into the bulk of materials during the production processing and during their exposure to air. In vacuum, the lighter molecules diffuse and, after reaching the surface, they are released. Only H atoms have enough mobility in metals to attain the surface where they recombine to form H2. H2 has to diffuse along the material lattice before encountering the surface. Atomic hydrogen migration through the bulk material can be described by the Fick law of diffusion, with the diffusion coefficient D (m 2 s -1 ) depending on the temperature with an exponential law. 𝐷(𝑇) = 𝐷 0 × 𝑒 -𝐸 𝑏 𝑘 𝐵 𝑇 (1)[START_REF][END_REF](3) where the parameter Eb represents the binding energy of absorption sites for atomic hydrogen, and D0 is a constant depending on gas species and media (D0~5.8 × 10 -7 𝑚 2 /𝑠 (Chêne, 2009) for H diffusion in stainless steel). Eb is not dependent on the hydrogen concentration. Increasing the temperature results in an increase of the diffusion, hence thermal outgassing.

The surface of metals exposed to air is covered by an oxide layer. In general, the properties of the oxide are dependent on the whole material history. The diffusion coefficient for atomic hydrogen can be much different from the one of an unoxidized substrate, e.g. if the heating treatment is performed in air, the natural oxide layer increases its thickness and changes composition [START_REF] Bernardini | Air bake-out to reduce hydrogen outgassing from stainless steel[END_REF].

Outgassing reduction methods

To reduce outgassing, specific treatments are required: (i) cleaning process, (ii) bakeout, or (iii) coating vacuum chambers.

(i)

In an UHV system a low residual gas density can be achieved and preserved only by obtaining surface free of organic additives, oils, greases, and packaging residues, which were used, for instance, during the manufacturing process (Taborelli, 2017). Therefore, before insertion into the machine and operation, a systematic cleaning process is applied to supress contaminant, and thus to reduce the outgassing rates. (ii)

Bakeout is a well-known method to reduce outgassing. The main outgassing component is water, which is desorbed from the chamber wall. After a bakeout at 150-200°C water is mostly removed and the outgassing process is dominated by hydrogen. Following a bakeout at 200°C during 24h, the specific outgassing rate ofH2 is about 3.10 -14 mbar.l/(s.cm 2 ) for a baked OFS copper () (Paolo Chiggiato, June 18th2017). (iii)

Coating vacuum chambers lead to use specific properties of a new material. For instance, coating film of non-evaporable getter (NEG) materials are used to capture a noticeable amount of hydrogen and other gases. NEG materials leads to build a distributed pumping speed in pipes but a thermal activation process in high vacuum is needed (from 180°C to 200 °C for Ti-Zr-V composition (Drbohlav et al., 2005))

Residual gas ionization

During beam operation, the beam particle collides the molecules of the residual gas. The interactions of high energy particles with gas atoms, molecules, or any other type of a target are determined in terms of an interaction cross section, 𝜎, a probability for the beam particles to interact with the atoms of target.

The LHC static pressure (without beam circulating in the ring) is on the order of 10 -11 mbar of N2 equivalent and can reach 10 -8 mbar during a standard physics fill operation. The first step of this evolution starts with the residual gas ionization. The proton beam circulating in the LHC vacuum chamber ionizes the residual gas molecules producing electrons as well as positive ions. The ionization cross sections for 7 TeV protons are typically in the range of 10 -22 m 2 (or 10 6 barn) (Collins et al., 1999). Figure 1-2 shows how the ionisation cross section scales with the proton energy (Malyšev, 2020). The ionisation cross sections for H2, CH4, H2O, CO, and CO2 as a function of beam energy for protons (top horizontal axis Ep) and electrons and positrons (bottom horizontal axis Ee) (Malyšev, 2020).

The local electron and ion production rate per unit volume in the beam chamber induced by beam ionization is given by: 𝑑𝑛 𝑖𝑜𝑛 𝑑𝑡 = 𝜎 𝑖𝑜𝑛 𝑛 𝑔𝑎𝑠 𝜙 𝑝 (1-4)

where 𝜎 𝑖𝑜𝑛 is the ionization cross section of the residual gas, 𝑛 𝑔𝑎𝑠 is the residual gas density (supposed to be uniform in space and constant on the time scale of few beam revolutions) and 𝜙 𝑝 is the beam particle flux per unit area. The common composition of residual gas molecules under ultra-high vacuum is summarized in Table 1.1 with their ionization cross section values.

Gas species composing the residual gas Cross section (x10 -22 m 2 ) H2 0.37 CH4 2.1 CO 1.8 CO2 2.8 Table 1.1 Ionization cross sections for a proton beam of 7 TeV (Collins et al., 1999).

These numbers refer to single charged particles at ultra-relativistic energies (𝛽 𝑟𝑒𝑙 ~1). In the case of beams with fully ionized atoms, 𝜎 𝑖𝑜𝑛 increases roughly with the square of the atomic number of the beam particle and of the gas atoms and it is higher for lower beam energies (Rudd et al., 1985). Thus, from the ionization of residual gas, positive ions are produced and then repelled by the positive space charge of the proton beam and accelerated away from the beam, impinging the beam screen. In the LHC, the ion energies at impact are typically in the range of several 100 eV in drifts, free of magnetic-field, and up to 1 -2 keV in arcs with magnetic fields (O. B. Malyshev, 2000).

In the same way, the primary electrons also produced by the ionization of the residual gas are attracted by the passing particle bunches and can be accelerated to energies up to several hundreds of eV (G. Rumolo et al., 2001). When not trapped by the beam and electromagnetic fields, they impact the surface of the beam screen and are the seeds to induce the so-called "Electron Cloud" (see section [START_REF][END_REF][3][4][5].

The impact of ions and electrons on the beam screen surface produces several phenomena:

-Secondary charged particles (electrons, ions) are emitted from the impinged surface; -Desorption of molecules from the surface are stimulated by electrons (Electron Stimulated Desorption or ESD) or ions (Ion Stimulated Desorption or ISD) because these projectiles transfer (part of) their kinetic energy onto the surface.

Additionally, as the protons trajectory is bent in the LHC, the protons emit synchrotron radiation (SR) under operation: the production of these photons induces also both a molecular desorption from the beam pipe walls (Photon Stimulated Desorption or PSD) and the production of secondary particles, namely photoelectrons.

Production of secondary charged particles

Electrons and ions can also be created by particle loss on the wall from ion or electron beams. This aspect has always been overlooked. Concerning LHC, only a small quantity of protons is lost. Its behaviour is discussed in the particle matter interaction part, section 2.3.3.

Secondary electrons and electron reflectivity 1.3.1.1 Secondary and backscattered electron emission

When a material is exposed to electron irradiation, electrons are excited from the material and exhibit a wide range of emission energies ranging from 0 eV up to the incident electron energy. The escape energies of electrons depend on their escape depth as well as the energy-loss scattering mechanisms and potential barriers they experience before leaving the material. Figure 1-3 shows a typical energy spectrum of emitted electrons in which two main peaks are found. Generally, for all incident energies, a large population of electrons are emitted with energies <50 eV. Most of these electrons have suffered numerous inelastic scattering interactions so that they have developed a well-defined energy distribution within the material before they reach the surface and escape.

A second large-energy distribution generally exists at energies near the incident beam energy that is comprised of elastically and quasi-elastically scattered electrons (i.e. backscattered without energy loss).

Therefore, emitted electrons can be divided into two categories: -Secondary electrons (SE), typically lower-energy electrons (<50 eV by convention) that originate within the material and are produced by numerous inelastic scattering events of the incident electrons or by higher-energy secondary or backscattered electrons; -Backscattered electrons (BSE), typically higher-energy electrons (>50 eV by convention) that originate from the incident electron source, but scatter either elastically (so they have the same energy as the primaries) or inelastically before leaving the target material (Seiler, 1983). In this latter case they produce a weak continuous signal between the two main peaks. It is worth noting than in the field of accelerator physics, these backscattered electrons may be referred to as "reflected" electrons. The Secondary Electron Yield (SEY or δ) is defined as the ratio of the sample emitted electron current (ISE) to the total incident electron current (I0) as:

𝛿 =

𝐼 𝑆𝐸 𝐼 0

(1-5)

A typical plot of SEY as a function of the incident beam energy is shown in Figure 1-4. Referring to the figure, important electron-yield parameters include the maximum SEY, δmax, along with its associated energies, Emax. Additional important parameters include the first and second crossover energies, Ec1 and Ec2 for which the electron yield values equal unity. As it can be seen on Figure 1-4, the SEY curve initially rises with increasing incident beam energy, E0, up to a few hundreds of electronvolts, and then declines as E0 is further increased. This initial rise and the gradual decline are due to the fact that the number of electron-electron excitations increases with increasing E0, and that the maximum incident electron penetration depth, R (for an electron of 1keV, the penetration depth in Cu is around 8 nm (Kanaya & Okayama, 1972)), also increases with increasing E0. However, the mean SE attenuation depth, λSE , remains more or less constant regardless of E0. Hence, for R≤ λSE, occurring at E0 below a few hundreds of electronvolts, the majority of SE is produced at a depth from which they can escape, producing a maximum SE yield, δmax at an energy, Emax. Furthermore, since the majority of SE is produced near the maximum penetration depth, as R is increased to higher energies beyond a few hundred eV, a diminishing number of SE is able to reach the material surface and escape. A Backscattered Electron Yield (BSEY) may be also defined as:

𝜂 = 𝐼 𝐵𝑆𝐸 𝐼 0 (1-6)
where IBSE is the BSE current from the sample. An example of the variation of SEY and BSEY as a function of the incident energy is presented in Figure 1-5. SEY is larger than BSEY:  contributes to about 20% of the total electron yield at 500 eV. Figure 1-6 shows the variation of BSEY with the incident energy for different elements. There is only a small dependence on the electron energy for E ≤ 10 keV but for E ≥ 10 keV there is an increase in  with decreasing energy for Z ≤ 25 and a decrease of  with decreasing energy for Z ≥ 30.  increases with increasing Z except for E=1 keV and Z ≥ 30 where it is essentially constant (Reimer & Tollkamp, 1980).

Figure 1-5: Total (black circles), SE (blue triangle) and BSE (red ) yields as a function of the primary electron energy for a gold sample (Thomson, 2005).

Figure 1-6: BSE yield as a function of the primary electron energy E for different elements (a) ; as a function of atomic number Z for E=1, 5 and 20 keV (b) (Reimer & Tollkamp, 1980).

In the low energy region (<100 eV) the population of the backscattered electrons increases strongly when the incident electron energy decreases as it can be observed for conditioned copper irradiated with low energy electrons (from 10 eV to 550 eV) in Figure 1-7 (Noël Hilleret et al., 2001).

a) b)

Figure 1-7: Normalised electron energy distribution for conditioned copper (Noël Hilleret et al., 2001).

The typical evolution of the secondary electron yield of copper during irradiation at room temperature by 500 eV energy electrons is shown in Figure 1-8, for an air exposed ("as received") sample and a "cleaned" sample (cleaning by Ar-sputtering) (R. Cimino et al., 2020). A low energy region is identified (0 eV≤E0≤18 eV) in which a decrease of SEY is first observed down to a low SEY value, then when the energy of the incident electrons overcomes ≈18 eV, SEY increases. In this low energy region, the decrease from 1 to zero is an artefact of the measurements that can be observed when the impinging electron energy is slightly higher than the work function (R. Cimino et al., 2020). For a clean metal, SEY starts from nearly zero, while from an as received sample SEY has a significant component of reflected electrons and remains higher. Above 18 eV, for the "as received" state, the curve exhibits the line shape typical for metal surfaces, with SEY rising up to a max=2.1 for Emax = 200 eV and decreasing for higher primary energies. Surface cleaning lowers the level of contamination due to the permanence of the samples in atmosphere and leads to a large reduction of SEY (max=1.3). Therefore, SEY is strongly influenced by the presence of contaminating layer or quantities of adsorbates on the surface. The presence of chemisorbed compounds, which modify the chemical bonds at the metal surface, interacting directly with the impinging electrons, strongly affects the SEY variation.

Figure 1-8: SEY curves of an "as received" and a "sputter cleaned" copper sample in the low energy range and the whole energy range (R. Cimino et al., 2020).

Phenomenological model for electron emission

In this section a brief description of the three-stage model of production, transport, and escape used to describe SE emission from both conductors and insulators is given. This three-stage electron emission model breaks down the complicated electron-material interactions into the following three sequential stages:

(i) Production. Incident electrons penetrate into and/or backscatter out of the material, exciting a population of secondary electrons as they lose energy to the material. The depth of penetration and the number of SE produced is dependent on the incident electron energy. In addition, higher-energy SE, produced by the incident electrons, undergo further inelastic scattering events, generating more SE, with progressively lower energies.

(ii) Transport. Fraction of the SE produced are transported toward the material surface and undergo further energy-loss mechanisms, dissipating their energy to phonons, plasmons, and other internal inelastic collisions. Most SE excited deeper within the material suffer too many energy-loss interactions, and are unable to escape. Due to the diversity and number of scattering processes, the SE transport process has generally been modelled as a diffusion process, where the probability for SE to reach the material surface decays exponentially with creation depth, and varies with the associated SE escape depth of the material ( (Lye & Dekker, 1957). Dominant SE scattering mechanisms vary from one material to other ones, but generally in metals, electron-electron collisions are thought to be the dominant mechanisms, followed by plasmon excitations (Dekker, 1958). For insulators, the large bandgap inhibits electron-electron scattering between SE that are excited into the conduction band with the valence band electrons of the material, leading to a greater mean escape depth (Grais & Bastawros, 1982). For this reason, the mean escape depth for insulators generally ranges from 10-50 nm, compared to 0.5-1.5 nm for conductors (Seiler, 1983). As a result, the yields for insulators are typically much higher than those of conductors.

(iii) Escape. SE that reach the surface are emitted, provided they have sufficient kinetic energy to overcome surface potential barriers. For grounded conductors, electrons must overcome the material work function. For insulators and semiconductors, the electron affinity must be overcome. Furthermore, for insulators, the surface potential induced by incident electron charging provides an additional energy barrier which must be overcome by escaping SE (Seiler, 1983).

The semi-empirical SEY models that have been developed over the past 50 years are based on the three-stage model described above, which incorporates the production, transport, and escape components, expressed mathematically for instance as [START_REF] Dionne | Origin of secondary-electron-emission yield-curve parameters[END_REF])

𝛿(𝐸 0 ) = 𝐵 𝜁 ( 𝐴𝑛 𝛼 ) 1/𝑛 (𝛼𝑑) (1/𝑛-1) (1 -𝑒 -𝛼𝑑 ) (1-7)
where B is the escape probability, 𝜁 is the secondary electron excitation energy,  is the secondary electron absorption constant (or inverse mean free path). A is the primary electron absorption constant, d is the maximum penetration depth and n is a power law exponent. In this expression, the penetration depth is related to the primary electron energy E0 by:

𝑑 = 𝐸 0 𝑛 𝐴𝑛 (1-8)
Other usual expressions given for instance by M. Furman (Furman & Pivi, 2002) or J.J. Scholtz (Scholtz et al., 1996) can be used to numerically express the variation of the secondary electron yield with the primary electron energy. A simple equation given by M. Furman produces a reasonable fit for a primary energy below 1000 eV. The Furman relation for the secondary electron yield is:

δ(E) = 𝛿 𝑚𝑎𝑥 𝑠 × ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 -1 + ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 (1-9)
where s is an adjustable parameter that must be > 1. It was estimated equal to 1.35 for the LHC from several measured data sets (Furman & Pivi, 2002). There are only two free parameters: the energy at which the true yield is maximum, Emax, and the effective maximum secondary emission yield, max. This expression corresponds to the SEY of electrons sometimes called "true" secondary electrons.

In the low energy region (<100 eV) reflected electrons become more important and the fit formula proposed by Furman have to be corrected for the contribution of elastically backscattered electrons.

The reflected electron contribution (η 𝑒𝑙 ) has been assessed from previously shown experimental data on the secondary electron energy distribution for copper. This contribution can be written:

η 𝑒𝑙 (E) = 𝑅 0 ( √𝐸 -(√𝐸 + 𝜖 0 ) √𝐸 + (√𝐸 + 𝜖 0 ) ) 2 (1-10)
where 𝑅 0 𝑎𝑛𝑑 𝜖 0 are fitting parameters (a reported value of 𝑅 0 is 0.7 and 𝜖 0 is 150 eV)(R Cimino et al., 2004).

An example of a SEY curve and plots of the elastic components (δ 𝑒𝑙𝑎𝑠 ) and the "true secondary component" (δ 𝑡𝑟𝑢𝑒 ) given by equations (1-9) and (1-10) respectively, are shown in Figure 1-9 (Iadarola, 2014), or can be find in (Schulte at al., 2004).

Figure 1-9: SEY curves for max=1.7: elastic component (elas) , "true secondary" component (true) and total SEY (Left); Zoom of the low energy region (Right). [Iadarola Thesis, 2014] 1.3.1.3 Conditioning by electron irradiation During the production and installation of the vacuum parts of an accelerator, the inner surface of the beam pipes is exposed to air. Even though the pipes are carefully cleaned before installation to ensure their UHV compatibility, the resulting surface consists in a layered structure including oxides, hydroxides, carbonaceous species and other adsorbates on top of the bulk material. Many of these chemical components are known to increase the secondary electron yield of the bulk material (N. Hilleret et al., 2003), (Bojko et al., 2000) and some are desorbed under electron irradiation (see section 2.4.2) thus leading to a high multipacting effect and pressure rises during machine operation.

Nevertheless, electron bombardment of the inner surface of the beam pipes is also responsible for a beneficial effect called "surface conditioning" leading to a reduction of SEY and therefore inducing a mitigation of the multipacting process and electron cloud build up. Therefore the surface conditioning by electron bombardment (or "scrubbing effect") has been extensively studied in the laboratories in the last decades (R. Cimino et al., 2012), (Larciprete et al., 2013), (Bernard Henrist et al., 2002). Several characteristic surface modifications were observed during electron irradiation. The secondary electron yield of several materials used in accelerators is found to decrease under electron bombardment (R. Cimino et al., 2012), (Petit et al., 2019).

Typical conditioning curves, i.e. evolution of the maximum SEY with respect to electron irradiation dose, of air exposed LHC beam screen samples are given in Figure 1-10 from (R. Cimino et al., 2012) for different energies of incident electrons. For impinging energies above 200 eV, it is seen that the maximum SEY of the sample decreases from an initial value around 2.1 down to an ultimate SEY (maximum SEY at the saturation of the decrease) of about 1.1. The saturation of the SEY decrease is obtained for doses higher than 5x 10 -3 C/mm 2 .

Figure 1-10: max as a function of the dose for different impinging electron energies on colaminated Cu of the LHC beam screen (R. Cimino et al., 2012).

Several chemical modifications of the copper surface were observed which may be responsible for the corresponding SEY decrease. Surface cleaning by electron stimulated desorption has been reported by several studies and is visible through the, at least, partial removal of some surface contaminants such as carbon containing species and copper oxides (R. Cimino et al., 2012). Therefore, part of the SEY decrease occurring during electron bombardment can be ascribed to the removal of these products. However, this cleaning process is believed to be dominant only for low irradiation dose, since the released gas quantity from the surface is observed to progress much more slowly for high irradiation doses than at the beginning of conditioning (Bernard Henrist et al., 2002). In addition, neither the native copper oxide Cu2O nor a pure metallic copper surface exhibit a maximum SEY as low as the one observed after the conditioning of air exposed copper (Petit et al., 2019), (Larciprete et al., 2013), (Gonzalez et al., 2017).

Accordingly, surface cleaning alone cannot be held responsible for the full SEY decrease observed during conditioning. Indeed, carbon graphitization, i.e. transformation of the chemical environment of carbon from sp3 to sp2 (graphite-like) hybridization state, is also observed during electron irradiation (Petit et al., 2019), (Larciprete et al., 2013), (R. Cimino et al., 2012). The secondary electron yield of highly oriented pyrolytic graphite (HOPG, purely sp2 carbon) has been measured to be as low as 1.05 (Figure 1-11) (R. Cimino et al., 2012). The modification of carbon into a more graphitic one has thus been proposed as an explanation to the low SEY obtained for a fully conditioned air exposed copper surface (R. Cimino et al., 2012). after a dose of 3x10 -2 Cmm -2 at 10 eV, (c) after a dose of 3x10 -2 Cmm -2 at 500 eV, and (d) on a freshly cleaned HOPG surface (R. Cimino et al., 2012).

Furthermore, it has been shown that the higher ultimate SEY obtained for conditioning at energy below 20 eV is due to the incomplete graphitization of the carbon layer (R. Cimino et al., 2012). These results suggest an energy threshold for this chemical transformation leading to an energy dependence of the scrubbing efficiency. Finally; it is possible to describe the electron scrubbing of technical Cu surfaces as occurring in two steps, where the first step consists in the electron induced desorption of weakly bound contaminants that occurs indifferently at 10 and at 500 eV and corresponds to a partial decrease of max, and the second step, activated by more energetic electrons and becoming evident at high doses, which increases the number of graphitic like C-C bonds via the dissociation of adsorbates already contaminating the "as received" surface or accumulating on this surface during irradiation.

Synchrotron radiation, photon reflectivity, photoelectron production

Synchrotron radiation (SR) is an electromagnetic radiation (i.e. photons) emitted when charged particles are accelerated, in the beam direction (in linacs) , or radially (in circular colliders), e.g. when they are submit to an acceleration perpendicular to their velocity. In charged particle accelerators, different types of magnets (e.g. dipoles, quadrupoles, sextupoles, etc.) are used to control the charged beam trajectory (or orbit) and the focusing beam parameters and are often the sources of SR. This section focuses only on SR induced by a proton beam.

The energetics of emitted photon spectrum is typically represented by the so-called "critical energy" c which is the photon energy dividing the total emitted in two equal regions. The critical energy for a proton beam is expressed by the equation (1-11):

𝜀 𝑐 = 3 2 ℏ𝑐 𝜌 𝛾 3 = 3 2 ℏ𝑐 𝜌 ( 𝐸 𝑚 𝑝 • 𝑐 2 ) 3 = 3.5835 × 10 -7 𝐸[𝐺𝑒𝑉] 3 𝜌[𝑚]
(1-11)

where ℏ is the reduced Planck constant, c is the speed of light, ρ is the bending radius (2803.95 m for the LHC),  is the relativistic factor, 𝐸 is the beam energy (GeV), 𝑚 𝑝 is the proton mass at rest (𝐺𝑒𝑉/𝑐 2 ).

The critical energy for electrons is 2.218x10 3 E 3 / ρ and is much larger since electron are much lighter than protons (938 MeV/c 2 against 511 keV/c 2 ). Note that about 90 % of emitted photons have an energy lower than the critical energy. The photon flux induced by an accelerate proton beam, Г ̇, is given by the equation:

Г ̇= 5√3𝑒 12ℎ𝜀 0 𝑐 𝛾 𝜌 𝐼 = 7.017 × 10 13 𝐸[𝐺𝑒𝑉] 𝜌[𝑚] 𝐼[𝑚𝐴]
(1-12)

where e is the elementary charge, 0 is the vacuum permittivity, I is the beam current and E is the beam energy.

The created photons travel tangentially to the beam orbit and hit the accelerator walls with a very small grazing angle of incidence (5 mrad in LHC) and they are either reflected or absorbed by the wall. Some of the absorbed photons produce photoelectrons, according to the wall surface Photoelectron Yield (PY), i.e. the number of electrons produced per incident photon. PY depends on many parameters, like the photon energy, the angle of incidence, the surface roughness… Photoelectrons typically have a very low energy, and once emitted travel very slowly in the accelerator beam pipe.

The minimum photon energy needed to create a photoelectron from an irradiated surface strongly depends on the material work function (W) that is typically 3-5 eV (4.7 eV for copper). Consequently, for an incident photon energy above this value, electrons are emitted from the copper beam screen surface. At the nominal energy of the LEC, i.e. 7 TeV, protons curved by a 8.4 Tesla field in a dipole emit SR with a critical energy, c, of 43.9 eV (V. Baglin et al., 2011). Figure 1-12 shows the photon flux produced in an LHC dipole for different proton energies (V. Baglin et al., 2011).

Figure 1-12: Synchrotron radiation spectra of an LHC dipole evaluated at different beam energies.

For 450 GeV protons, all photons have an energy below the work function, so that no electrons are emitted from beam screen surfaces when they are impinged by photons. On the contrary, for energies above 2.5 TeV, the photons emitted by the beam are energetic enough to produce photoelectrons. For a 7 TeV proton beam, a major part of incident photons induces electrons, but the majority of these photoelectrons have a low energy.

The photon reflectivity and the PY depends on the material and surface history. For an air baked Cu co-laminated onto stainless steel surface, the reflectivity and photon yield are 21.7% and 0.096 e/ph, respectively, for photons with a 45 eV critical energy impinging the surface at a grazing incident angle of 11 mrad (V. Baglin et al., 1998). An example of reflectivity curves recorded on an LHC Cu sample is shown in Figure 1-13 as a function of the photon energy for several incidence angles (Schäfers & Cimino, 2013).

Figure 1-13: Photon reflectivity versus photon energy for selected incidence angle and detection angle (Schäfers & Cimino, 2013).

As it is shown, the reflectivity decreases with increasing incidence angle and incident photon energy.

The PY of an LHC copper sample plotted as a function of the impinging photon energy for three different incident angles of Θ= 3°, 5°, 10° is presented in Figure 1-14 (Schäfers & Cimino, 2013).

Figure 1-14: Total photoelectron yield of a flat Cu surface versus monochromatic photon energy between 130 and 1600 eV for various incidence angles (Schäfers & Cimino, 2013).

The PY curves are essentially proportional to the sample absorption structure, which is not a smooth structure, but presents singularities at absorption edges. Increasing the photon energies causes an increase of photoelectrons produced per impact photons. The photoemission process is surface sensitive and probes the metallic surface within the nanometer range. Photons can directly interact with the solid and eject core electrons or valence band electrons from it. Therefore, this process is widely used in surface science to evaluate the surface contamination of any material by X-ray photoelectron spectroscopy (XPS).

Ex-situ air baking of this surface, surface roughness or surface machining, i.e. sawtooth structure in the beam screen wall corresponding to 0.5 mm step height and 10 mm periodicity, reduce also significantly the reflection coefficient and PY (Baglin et al., 1998), (Mahne et al., 2004). This sawtooth structure (see Figure 1-15) is located in the LHC beam pipe in the equatorial plane to efficiently adsorb the photons at perpendicular incidence in order to minimise the heat load budget due to the SR. 

Ion matter interaction, sputtering and ion reflectivity

Since this section deals with the effects of ion irradiation on materials, it is necessary to understand how ions interact with matter, i.e., how the energy of the projectile ions is transferred to the atoms of the target, and what are the main effects of the ion impacts on materials.

Ion matter interaction Basic mechanisms

Two basic energy transfer mechanisms occur when ions pass through matter:

(i) Elastic collisions with the nuclei of atoms, in which energy is transmitted to the target atoms, referred to as nuclear energy loss, Sn. This mechanism which dominates at low energies (typically below 10 keV/amu), produces cascades of collisions with nuclei before the ion come to rest and get implanted into the solid. Note that the established designation "nuclear" is a misnomer since nuclear energy loss is not due to nuclear forces. It is caused by the scattering of projectiles by the screened nuclear potential of the target atoms. Nuclear (elastic) collisions produce lattice disorder by the displacement of atoms from their positions. Point defects and defect cascades can thus be produced generating structural modifications such as topological or chemical disorder, swelling, phase transformations or amorphization (Wesch & Wendler, 2016), [START_REF] Bilgen | Phase transformations induced by heavy ion irradiation in Gd2O3 : Comparison between ballistic and electronic excitation regimes[END_REF].

(ii) Inelastic interactions with electrons, in which the ion causes excitation or ionization of target atoms. This mechanism which dominates at high energies (typically >1 MeV/amu), is referred to electronic energy loss, Se. In this process, the energy is transferred into electrons and gets transferred to the lattice through electron-phonon interaction.

The quantity of energy lost by electronic and/or nuclear processes per unit length during the ion trajectory is the so-called stopping power given by the equation:

𝑆 𝑛,𝑒 = ( 𝑑𝐸 𝑑𝑥 ) 𝑛,𝑒 (1-13)
where E is the ion energy, x is the penetration of the ion in the material and the subscripts n and e refer to nuclear and electronic processes, respectively. The total energy loss per unit length is given by the equation (1-14).

𝑆 = 𝑆 𝑒 + 𝑆 𝑛 (1-14)
In fact, Se and Sn are forces and not powers since they are calculated as an energy divided by a distance (1 Newton = 1 Joule/meter), but they are always called stopping powers instead of stopping forces.

𝑑𝐸 𝑑𝑥

is sometimes called also "energy loss" since it represents the energy lost per unit length, and is a negative value but the Se and Sn are always given as positive quantities.

The energy lost by heavy ions in radiative processes, such as bremsstrahlung and Cerenkov radiation, or the energy lost in nuclear reactions (inelastic interactions with the nuclei) are extremely rare and they are usually ignored when considering the interactions between ions and matter.

Figure 1-16 shows the two different regimes (nuclear and electronic) that take place as a function of the ion velocity, v.

Figure 1-16: Electronic (Se), nuclear (Sn) and total (ST= Se+Sn) stopping powers of bromine ions in silica as a function of the ion velocity.

Another important parameter that has to be considered when working with ion irradiations is the ion range. It is the total distance travelled by the incident ion in the target material. Since the ion does not travel in a straight path along its incident direction, the projected range is defined as the projection of the ion path along its incident direction and corresponds to the penetration of the ion measured from the surface.

Analytical expression of the nuclear energy loss

There are different models to calculate the nuclear stopping power depending on the interatomic potential which is considered. One widely used is the Ziegler, Biersack and Littmark (ZBL) model (Nastasi et al., 1996). The ZBL nuclear stopping power for an ion with energy E is given as (Seah et al., 2005):

𝑆 𝑛 (𝐸) = 84.78𝑍 1 𝑍 2 (𝑍 1 2/3 + 𝑍 2 2/3 ) 1/2 M 1 M 1 + M 2 × 𝑠 𝑛 (𝜀) (1.15)
where Z1 and M1 are the atomic number and mass of the incident ion and Z2 and M2 are those of the target atoms. The reduced energy ε is given by:

𝜀 = M 2 𝐸/(M 1 + M 2 ) 𝑍 1 𝑍 2 𝑒 2 /4𝜋𝜖 0 𝑎 (1.16) with 𝑎 = ( 9𝜋 2 128 ) 1/3 a 0 (𝑍 1 2/3 + 𝑍 2 2/3 ) 1/2
(1.17

)
where a0 is the Bohr radius (a0 = 5.29•10 -11 m). sn was derived by Matsunami et al (Matsunami et al., 2010) as an analytical fit to the Lindhard, Scharff and Schiott theory (Lindhard et al., 1963):

𝑠 𝑛 (𝜀) = 3.441𝜀 1/2 𝑙𝑛(𝜀 + 2.718) 1 + 6.355𝜀 1/2 + 𝜀(6.882𝜀 1/2 -1.708) (1.18)

Analytical expression of the electronic energy loss

Two different regions take place in the electronic regime (Figure 1-16) depending on the ion velocity which determines the effective charge of the ion (i.e. the projectile state of ionization) (Nastasi et al., 1996).

(i) When v < 𝑣 0 𝑍 1 2/3 : the Lindhard, Scharff and Shiott model (LSS model) and the Firsov model describe this regime, considering the formation of quasi-molecules. 𝑣 0 is the Bohr velocity, i.e. the velocity of electrons in the innermost atomic orbitals of hydrogen atoms according to the Bohr model. This value is 𝑣 0 = 2.19•10 6 m/s. The electronic stopping power in this regime can be calculated by the Lindhard Scharff formula:

𝑠 𝑒 (𝐸) = 8√2𝜋𝑒 2 𝑎 0 𝑁 𝑣 0 𝑍 1 7/6 𝑍 2 𝑀 1 1/2 (𝑍 1 2/3 + 𝑍 2 2/3 ) 3/2 𝐸 1/2 (1.19)
where a0 is the Bohr radius (a0 = 5.29•10 -11 m), Z1 and M1 are the atomic number and mass of the incident ion and Z2 and M2 are those for the target atoms, N is the atomic density of the target. The electronic stopping power has a dependence of Se ∝ v or Se ∝ √𝐸 on the ion velocity or energy, respectively.

(ii) When v>𝑣 0 𝑍 1 2/3 : at high energies all the electrons are stripped from the ion, which becomes a bare nucleus, and a pure Coulombic interaction takes place between the ion (without electrons) and the electrons of the target atoms. The Bethe-Bloch model describes this regime and the electronic stopping power is given by the Bethe-Bloch formula:

𝑠 𝑒 (𝐸) = 4𝜋𝑒 4 𝑁 𝑚 𝑒 𝑍 1 2 𝑍 2 𝑣 2 ln ( 4𝐸 𝐼 ) (1.20)
where I is the mean ionization energy of the target atoms (the average excitation energy of an electron in the target atoms) and N is the atomic density of the target. The dependence of Se on the ion velocity or energy is: Se ∝ 1 𝑣 2 or Se ∝ 𝑙𝑛𝐸 𝐸 , respectively.

Sputtering yield

The sputtering yield, i. e. the number of atoms ejected from a solid surface per incident ion impact, could be also expressed with Se and Sn contribution. The sputtering yield Y is given as a function of incident ion energy E (Seah et al., 2005):

𝑌 = 0.042𝑄𝛼 * 𝑈 0 𝑆 𝑛 (𝐸) 1 + 𝐴𝑆 𝑒 (𝜀) [1 -( 𝐸 𝑡ℎ 𝐸 ) 1/2 ] 𝑠 (1.21)
where U0 is the surface binding energy, Eth is the threshold energy for sputtering,  is the reduced energy, * is a dimensionless factor that provides the proportion of energy from the incident ion backreflected to be available for sputtering, Q is a target element-specific factor determined by fitting experimental date, A and s are fitting parameters. Because sputtering consists in removal of target atoms by projectiles, this phenomenon could increase the number of ions and expand their lifetime.

Ion reflectivity

When a solid is bombarded with particles, some of the particles are backscattered from the surface, while others penetrate the solid. The collisions with target atoms cause changes in the direction of the path, so that a fraction of the penetrating particles is directed back through the surface and reflected, whereas the remaining particle fraction comes to rest in the solid. These fractions depend on the energy of the incident particles and on their angle of incidence. The energy of reflected particles also depends on their path length in the solid (Langley et al., 1984). The reflection coefficient is defined as the number of backscattered particles divided by the number of incident particles. Increasing the energy of the projectile particles decreases strongly the reflection coefficient, so that particle reflection at low incident energies has only to be considered. For instance, reflection coefficient for proton impinging on copper is equal to 0.8 and 0.1 for incident ion energy of 50 eV and 2000 eV respectively. For higher energies, the reflection coefficient drops rapidly below 10 -2 (Langley et al., 1984).

For heavier projectiles, the reflection coefficient quickly drops down to very low values reaching a maximum value of about 10 -2 for normal incidence. It is worth noting that most of the low-energy reflected particles are neutrals. The fraction of charged particles among the reflected particles is smaller than 15% for energies below 10 keV. In the range 0-1 keV, this percentage even drops down to less than 10%. Therefore, the ion reflectivity can be neglected in most situations.

Stimulated desorption

When a particle (electron, ion, or photon) interacts with adsorbed molecules on a surface, or diffused and recombine molecules on the surface, it may cause non-thermal desorption issues. This new section briefly describes particle stimulated gas desorption mechanisms. Non-thermal outgassing, i.e., the outgassing stimulated by the impact of energetic particles, is the predominant source of gas during the operation of accelerators and storage rings. In vacuum science, it is necessary to avoid this non-thermal desorption. But, since this is not always possible, a proper understanding is required to mitigate and to quantify the impact of these phenomena on the vacuum. In the following sections, three non-thermal desorption mechanisms are described, depending on the nature of the particles that interact with the absorbed gas on the surface: (i) electron stimulated gas desorption (ESD), (ii) ion stimulated gas desorption (ISD), (iii) photon stimulated gas desorption (PSD). The purpose of these sections is not to exhaustively discuss the microscopic mechanisms, but to give a simple description of the physical processes that explain electron, ion, and photon induced desorption.

Ion stimulated gas desorption (ISD)

The main fraction of ions which are created in accelerators comes from beam losses for an ion beam with energies close to the beam energy used in the accelerator (MeV to GeV range), or from the ionization of residual gas atoms which have energies in the range of eV to keV in the LHC (O. B. Malyshev, 2000), (Collins et al., 1998), (O. Malyshev, 1999).

ISD mechanism

For slow ions, according to the theory of binary collisions of Winters and Sigmund (Winters & Sigmund, 1974), three contributions to the desorption of the adsorbed species can be considered:

(i) Direct knock-off processes by incoming ions (Figure 1-17 mechanism 1), (ii) Sputtering by reflected primary ions from the substrate (Figure 1-17 mechanism 2), (iii) Sputtering due to momentum transfer from sputtered substrate atoms. The projectile ion causes an outward flux of substrate atoms in the direction of the surface. Then, atoms from the substrate may knock off adsorbate atoms at the topmost layer on their way out (Figure 1-17 mechanism 3). Implantation or reflection of the incident ion could also happen. (Noël Hilleret, 2007).

Mechanism 1 Mechanism 2 Mechanism 3 Figure 1-17: Schematic representation of the ion-induced desorption mechanisms, where the black disk represents the projectile ion, the red disk an adsorbate atom, and the white disk a substrate atom.

The first two contributions decrease with increasing ion kinetic energy while contribution 3 increases. The last case is described in section 1.3.3 which deals with the slowing down of ions in matter. In the particular case of light primary particles, the energy dependence is weak and the yield can even increase towards lower energies (see desorption yield measurement in Chapter 3). The removal of adsorbed species from the surface by ion impacts can of course not only lead to removal into the vacuum (sputtering or ion impact desorption) but also can be relocated into the bulk material, i.e. recoil implantation (Niehus et al., 1993). This model is well adapted to study the desorption of chemisorbed gases on metals (i.e. binding energies in the eV range). However, in the case of physisorbed gases with binding energies in the meV range, e.g. the desorption of condensed gases, other desorption processes like electronic sputtering can be predominant (Hulla, 2009), (Johnson & Schou, 1993)).

For swift heavy ions (with energies of MeV or even higher) which are often partially or totally stripped, the situation is completely different. The slowing down of fast ions in matter is dominated by the electronic stopping process and is described by thermal spike models [START_REF] Bender | Untersuchung der Mechanismen schwerioneninduzierter Desorption an beschleunigerrelevanten Materialien[END_REF]. Furthermore, for higher energies (~GeV), the picture is made more complex by the generation of showers releasing highenergy electrons and photons which can also desorb molecules along their trajectory. (Noël Hilleret, 2007). This highlights the importance of the adsorbate binding energy in the determination of the dominant process leading to desorption. High energy ion induced gas desorption is not treated in this work.

ISD definition

The ion stimulated desorption, ISD yield or 𝜂 𝑖 , describes the number of gas molecule released per incident ion in the case of ion bombardment:

𝜂 𝑖 = 𝑁 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑁 𝑖𝑜𝑛𝑠 = Q 𝑚𝑜𝑙 𝑞 𝑒 𝑛 𝑞 𝑘 𝐵 𝑇 𝐼 𝑖𝑜𝑛𝑠 (22)
where Q 𝑚𝑜𝑙 is the flux of molecules desorbed due to ion bombardment [Pa m 3 /s], 𝑞 𝑒 is the elementary charge

[C], 𝑛 𝑞 is the ion charge number, 𝑘 𝐵 is the Boltzmann constant [J/K], 𝑇 is the temperature [K],
and 𝐼 𝑖𝑜𝑛𝑠 is the ion current [A].

ISD dependency on different parameters

There are only few data published on ISD. In the following are presented some literature results about the ISD dependence on different parameters.

(i) Evolution of ISD as a function of the accumulated dose

Figure 1-18 represents the ISD yields as a function of the accumulated ion dose for 5 keV Ar + beam in copper and aluminium samples. We can note that the ISD yields slightly reduce with fluence (Lozano, 2002) for unbaked samples, and at a fluence of 2x10 14 ions/cm 2 the ISD yields of H2 are about 3 and 3.5 molecules per incident argon ion for copper and aluminium respectively. Then, at a higher fluence (2x10 15 ions/cm 2 ), these values decrease to 1.5 and 1.3 molecules per incident argon ion. aluminium and copper samples bombarded with Ar + ions at 5 keV (from (Lozano, 2002)).

(ii) ISD for different materials

In Figure 1-18, similar ISD yields are measured for different technical materials (here Al and Cu). The same orders of magnitude were measured for stainless steel and titanium alloy [START_REF] Achard | The effect of bakeout temperature on the electron and ion induced gas desorption coefficients of some technological materials[END_REF]. No large difference of the ISD yields is thus observed in the literature as a function of the investigated materials.

(iii)

Bakeout effect on ISD Figure 1-18 represents the ISD yields as a function of accumulated ion dose for a 5 keV Ar + beam in copper and aluminium unbaked samples a) and baked samples b). An ISD reduction is observed after applying bakeout treatments. For copper at 10 15 ions/cm 2 the ISD yield of H2 for unbaked sample is around 2 while the value for a bake sample is around 1.7. It was found that the effect of 24 hour baking at 300 °C can reduce the ISD yields by a factor from 3 to 6 for stainless steel, OFHC, and titanium alloy [START_REF] Achard | The effect of bakeout temperature on the electron and ion induced gas desorption coefficients of some technological materials[END_REF].

(iv)

Influence of ion energy A typical behaviour of the ISD yields as a function of ion energy can be found in Mathewson (Mathewson, 1976) or in G. Hulla PhD thesis (Hulla, 2009) (Figure 12345678910111213141516171819). In the first study, the ISD yields for all measured gases increase with the incident ion energy and tend to saturate at energies higher than 3 keV. In the second investigation, copper was irradiated with different ions of energy between 500 eV and 7 keV. The same behaviour is globally observed: for instance, the ISD yield of H2 increases up to approximately 3 keV, then reaches a plateau at intermediate energies, and seems to slightly decrease at the highest energies. 

(v) Influence of ion mass

The ISD yields increase with the mass of ions bombarding the surface according to Hilleret investigations on stainless steel samples with ion impact energy of 5 keV (Figure 1 -20).

Figure 1-20: ISD yield from 316LN stainless steel bombarded with 5 keV ions as a function of incident ion mass (Noël Hilleret, 1978).

However, the behaviour of ISD as a function of ion mass seems not to be so clearly defined : for instance, irradiation with H 2+ ions leads to higher ISD yields than Ar + irradiation for the same incident energy, whereas Ar + is a heavier ion than H 2+ (Figure 1-21 from (Hulla, 2009)). This effect could be due to the chemical reactivity of incident ions containing H or O atoms compared to noble gas ions that are chemically inactive. Consequently, the influence of the mass of noble gas ions, hydrogen containing ions, or oxygen containing ions must be considered separately. Thus, the ISD yields increase with the mass of the type of ions (noble gas, hydrogen containing or carbon containing) bombarding the surface. Hilleret explains that ISD yields depend on the incident ion mass but also on the molecule binding energy to the surface. The efficiency of incident heavy ions is higher as the binding energy of desorbed molecules is lower. Therefore, the efficiency of heavy ions to desorb CO is greater than that necessary to desorb CH4 or H2 (Noël Hilleret, 1978).

(vi)

Influence of temperature Hilleret reports ISD measured at 4.2K, 77K and 300K for stainless steel. He shows that the bombarded surface temperature does not affect the ISD yields with an exception of ISD for H2 at 4.2K, which are lower by a factor of 8 (Noël Hilleret, 1978), [START_REF] Barnard | Desorption of H2 and CO2 from Cu by 5 keV Ar+ and H+2 ion bombardment[END_REF], (John Barnard Vacuum 47 (1996) 347-350).

(vii)

Role of molecular surface coverage Hilleret shows that ISD of H2 increases linearly with the molecular surface coverage up to about 10 20 molecules/m 2 , reaches a maximum and starts to decrease above about 10 21 molecules/m 2 . The energy of the incident ion affects only the magnitude of the desorption yield but de curve shape does not show any significant variation. Above a coverage of 10 22 molecules/m 2 the nature of the substrate does not influence the hydrogen desorption yield.

Electron and photon stimulated gas desorption (ESD and PSD)

As mentioned previously, photons (by SR) and electrons (secondary electrons and photoelectrons) are produced in many high energy accelerators and storage rings. These particles induce desorption by impinging the walls of vacuum chambers. This phenomenon is one of the main issues to mitigate in order to ensure the vacuum stability in particle accelerators. Consequently, in the recent decade, ESD and PSD were extensively studied by many co-workers. A most complete review of available studies on this topic can be find in (Malyšev, 2020).

ESD and PSD mechanisms (i)

ESD mechanism Desorption is the result of an electron excitation as described in the MGR model (after the initials of the proposers, D. Menzel, R. Gomer and P. Redhead). The MGR model, designed to explain the induced dissociation processes on surfaces, is a two-step mechanism. First, the interaction with an incident electron initiates a Franck-Condon (FC) transition from the ground state to some excited state (possible higher energy states). Thus, it consists in the excitation of a binding electron of the adsorbate towards an antibounding state after excitation by an incident electron. Multi-level excitation or deexcitation processes are not considered in this model (Ramsier & Yates, 1991). In a second step, the ion formed has a high probability of being neutralized by tunnelling of an electron from the substrate resulting in the desorption of a neutral atom (during the desexcitation process, the kinetic energy of the desorbing particle may become large enough to permit escape). In the absence of neutralization, the same process leads to the emission of a positive ion (a fraction between 10 -2 to 10 -4 of the total amount of desorbed species) (Noël Hilleret, 2007).

(ii)

PSD mechanism PSD can also be considered as a two-step process. First, photons with energy > 5 eV (usually , the lower limit of 10 eV was chosen, since below that energy the photoelectric yield is very low (Gröbner et al., 1989)) cause a photoelectron emission. Then, the photoelectron stimulates gas desorption. Indeed, direct photon desorption is negligible (Gröbner et al., 1989). Hence, a knowledge of electron induced desorption yields with a reliable calculation of the expected photoelectron production can provide valuable parameters to estimate PSD. To study the PSD from various surfaces and materials a SR source is necessary: this could be generated at charge particle accelerators only ( [START_REF] Andritschky | Synchrotron radiation induced neutral gas desorption from samples of vacuum chambers[END_REF]. Thus, it is easier to measure ESD in a laboratory and to use the results to predict the behaviour of materials exposed to SR and estimate the PSD.

Because their mechanisms are similar, ESD and PSD are presented together in the following section. Only major trends are presented here since the investigation of EDS and PSD is not performed in themselves but only implemented in the simulation code developed in this work.

ESD and PSD definition

In large vacuum systems, such as accelerators and synchrotron radiation sources, desorption induced by electrons, photons and/or photoelectrons determines the performance and ultimate pressure of the system. The ESD yield, 𝜂 𝑒 , is defined as the number of gas molecules desorbed per impinging electron on the surface:

𝜂 𝑒 = 𝑁 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑁 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 = Q 𝑚𝑜𝑙 𝑞 𝑒 𝑘 𝐵 𝑇 𝐼 𝑒 (1.23)
where Q 𝑚𝑜𝑙 is the flux of molecules desorbed due to electron bombardment [Pa m 3 /s], 𝑞 𝑒 is the electron charge

[C], 𝑘 𝐵 is the Boltzmann constant [J/K], 𝑇 is the temperature [K], 𝐼 𝑒 is the electron current [A].
The synchrotron radiation (SR) generated by accelerated particles irradiates inner surfaces of vacuum chambers and, thus, affects the dynamic pressure of accelerators. SR induces three main effects:

-Photon reflectivity, -Photoelectron production, -Photon-stimulated gas desorption.

Photoelectron production is reported in section 1.3.2 as an electron source that it is necessary to consider in other phenomena, such as ESD or EC formation. Photon reflectivity is also already mentioned in section 2.3.2. In this section, only the PSD dependence is discussed.

The PSD yield, 𝜂 𝛾 , is defined as the number of gas molecules desorbed per impinging photon on the surface:

𝜂 𝛾 = 𝑁 𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 𝑁 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 = 𝑄 𝑚𝑜𝑙 𝑘 𝐵 𝑇 Γ 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 (1.24)
where Γ 𝑝ℎ𝑜𝑡𝑜𝑛𝑠 represents the photon flux [photons/s], Q 𝑚𝑜𝑙 is the flux of molecules desorbed due to photon bombardment [Pa m3/s], 𝑘 𝐵 is the Boltzmann constant [J/K], and 𝑇 is the temperature [K]

1.4.2.3 ESD and PSD dependence on different parameters

(i) ESD and PSD as a function of Dose

It is important to measure the evolution of the gas desorption yields with the electron (Gómez-Goñi & Mathewson, 1997) or photon dose, as yields usually decrease with dose. This effect is known as" beam cleaning", "beam conditioning" or "beam scrubbing" and represents the depletion of gas from the first layers of the material and eventually subsequent diffusion of hydrogen atoms trough the material lattices.

ESD yields of unbaked OFHC copper as a function of the electron dose (irradiation performed for 300 eV-electrons) reported by Malysev (Malyšev, 2020) is presented in Figure 1-22 and desorption yields are reported in Table 1-2. The main desorbed gas species are H2, CO2,C2H6, H2O (because no bake-out), CH4, and CO (O. B. Malyshev et al., 2010). ESD yields decrease with increasing electron dose. For a low dose, e.g. 3x10 12 e-/cm 2 , the ESD yields range from 5x10 -2 to 2 molecules/electron. At a higher dose, e.g. 10 18 e-/cm 2 , the desorption yields decrease down to 6x10 -5 to 6x10 -3 molecules/electron. Figure 1-22: ESD yield of unbaked OFHC copper as a function of the electron dose at E=300 eV [START_REF] Billard | Some Results on the Electron Induced Desorption Yield of OFHC Copper[END_REF] Dose (e-/cm 2 ) H2 (molec/e-) CH4(molec/e-) CO(molec/e-) CO2(molec/e-) 2 × 10 12  4 × 10 -2 5 × 10 -2 5 × 10 -1 1 × 10 18 6 × 10 -3 6 × 10 -5 5 × 10 -4 6 × 10 -4 Table 1-2: ESD yields of unbaked OFHC copper after 24-hour pumping as a function of the electron dose at 300 eV reported by Malysev (Malyšev, 2020) from Billard [START_REF] Billard | Some Results on the Electron Induced Desorption Yield of OFHC Copper[END_REF] The PSD yields as a function of the accumulated photon dose for baked copper are presented in Figure 1-23 and some values are reported in Table 1-3 (Mathewson et al., 1991). As observed for the variations of ESD yields as a function of the electron dose, the PSD yield decreases with accumulated photon dose: it is less than 10 -3 molecules/photon for a dose higher than 10 17 photons/m.

Figure 1-23: PSD yield of baked copper (at 150°C) as a function of the photon dose by exposing to 2.95 keV critical energy synchrotron radiation in dedicated beam line in the DCI positron storage ring at LURE Laboratory, Orsay, France (Mathewson et al., 1991).

Dose (γ/m) H2 (molec/γ) CH4(molec/γ) CO(molec/γ) CO2(molec/γ)
1 × 10 17 3 × 10 -3 2 × 10 -4 1 × 10 -3 1 × 10 -3 1 × 10 21 7 × 10 -4 3 × 10 -5 2 × 10 -4 3 × 10 -4 Table 1-3: PSD yields of copper vacuum chamber as a function of the photon dose reported by Mathewson by exposing to 2.95 keV critical energy synchrotron radiation in dedicated beam line the DCI positron storage ring at LURE Laboratory, Orsay, France (Mathewson et al., 1991).

ESD and PSD depend on the choice of the material. The main materials of interest for accelerator studies are copper and stainless steel. For stainless steel, at a dose 10 18 e/cm 2 , ESD yields cover a range from 10 -3 to 3x10 -1 molecules/e-(O. B. Malyshev et al., 2011) for baked samples. The PSD yields on stainless steel, vary from 8×10 -3 to 2×10 -2 molecules/photon (Herbeaux et al., 2001) for unbaked vacuum chamber.

(ii) ESD as a function of the electron energy and PSD as a function of the critical energy

The ESD yields depend on the energy of incident electrons, as demonstrated in a few studies (O. B. Malyshev et al., 2010). The ESD yields at 50 eV are 10-100 times lower than those measured at 5 keV for the same amount of desorbed gas. An example of the increase of initial ESD yields, i.e. the yield when almost no conditioning is occurred, with incident electron energy is shown in Figure 1-24 for unbaked copper irradiated with electrons at a dose of 1.4x10 14 e/cm 2 . The ESD yields rise by 3 orders of magnitude when the electron energy increases from 20 to 300 eV. [START_REF] Billard | Some Results on the Electron Induced Desorption Yield of OFHC Copper[END_REF].

Results of initial PSD yields measurements as a function of C are reported in Figure 1-25.

Figure 1-25: PSD yields as a function of the critical energy for baked OFHC copper. (Gómez-Goñi et al., 1994) PSD yields are directly proportional to the critical photon energy C when C ≤1 keV (Gómez-Goñi et al., 1994) , and weakly increases with C when 1 keV< C <10 keV (Gómez-Goñi et al., 1994), (Billy et al., 2001). They range between 10 -5 molecules/photon and a few 10 -3 molecules/photon.

(iii)

Effect of bakeout on ESD Initial ESD yields for H2, CH4, CO, and CO2 for baked samples are lower than those for unbaked samples. The highest ESD yield is always for H2 (for both unbaked and baked samples) followed by CO, CO2, and CH4. The ESD from 1400 eV electron irradiation for H2 for an unbaked OFHC Copper is reported by M-H Achard to be 0.6 molecules/electron (Figure 1-26, [START_REF] Achard | The effect of bakeout temperature on the electron and ion induced gas desorption coefficients of some technological materials[END_REF]). For the same samples baked at 200 °C, the yield decreases down to 0.1 molecule/electron, and for a sample baked at 400°C, the H2 yield is equal to 2x10 -2 molecules/electron.

Figure 1-26: The effect of the bakeout temperature on the ISD and ESD yields for OFHC Cu bombarded with 15 N2 + ions and electrons at 1.4 keV [START_REF] Achard | The effect of bakeout temperature on the electron and ion induced gas desorption coefficients of some technological materials[END_REF].

The effect of bakeout on the initial PSD yields of copper is presented in Figure 1-27. It can be seen that, after the bakeout, the water yield decreases by a factor of 36, while the other yields decrease by factors between 1.5 for H2 and 2.5 for CH4. (iv) Effect of surface composition (contaminant -oxides) ESD yields of a clean sample are lower than those resulting from an "as received" one. Some chemical treatments induce a reduction of thickness of the oxide layer. In fact, the total ESD yield decreases as a function of the thickness of the oxide layer (Nishiwaki & Kato, 2001). From 5 to 1 mm thickness of oxide layer, the total ESD yield is divided by a factor 2 or 3.

(v)

Effect of vacuum chamber temperature The temperature of the vacuum chamber may increase during the machine operation due to SR, impedance losses, electron multipacting, heat from warmer components (e.g. hot cathode vacuum gauges or magnets), ... (Malyšev, 2020). The main conclusion of the Gomez-Goni work is that the vacuum chamber temperature is not critical in most cases for accelerator vacuum system design. The dependence of the ESD yields with temperature was analysed and only the H2O yield was substantially increased by increasing temperature (Gómez-Goñi & Mathewson, 1997). The change of PSD and ESD yields with temperature is quite small compared to desorption yield uncertainties and the significant reduction due to an accumulated electron dose (Malyšev, 2020).

(vi)

Effect of incident angle on PSD PSD has its lowest value at normal incident (Θ=90°) and it increases with decreasing incident angle. B.A. Trickett demonstrated that there is an insignificant difference in PSD obtained for large incident angles in the range 60°<Θ<90°; however, for smaller angles the difference in PSD is rapidly increasing for PSD measurements from copper as a function of the incident angle at critical photon energy of C =7 keV (Trickett et al., 1992) .

ISD versus ESD and PSD

1) Because ESD is a part of the PSD process, the data obtained with ESD allow to estimate the behaviour of PSD depending on various parameters (cleaning, heat treatments, coatings, dose, energy and temperature).

2) The ISD represents one or two orders of magnitude more desorbed molecules than ESD, and ESD represents one order of magnitude more than PSD (depending on the photoelectron emission yield).

3) The ISD yields are less sensitive to cleaning and bakeout for tested metals, while the ESD yields vary by an order of magnitude between bake and unbaked samples (except using glow discharge to take out contaminant and the oxide layer of the sample, but then these results cannot be compared to industrial vacuum chambers used and installed in accelerators). 4) The ISD behaviour as a function of ion energy is not clear, but it seems to increase with low energy ions (lower than 5 keV), and then reaches a saturation value, while ESD and PSD increase with electron energy and critical photon energy. The behaviour of ISD as a function of energy is directly related to ion-matter interactions. 5) The temperature of the experimental chamber does not significantly affect the stimulated desorption. 6) The ISD seems to increase with incident ion mass 7) ISD, ESD and PSD decrease with accumulated dose (a larger variation is observed for ESD) Table 1-4 summarizes the order of magnitude of the stimulated desorption yields for H2, CO, CO2 and CH4 from copper according to all reference paper quoted in this chapter. Clearly, the stimulated desorption yields can be generally classified as follows:

ISD > ESD > PSD ESD unbaked 5x 10 -2 to 2 10 -2 to 1 5x10 -2 to 1 10 -3 to 5x10 -2 baked 10 -2 to 1 5x10 -4 to 5x10 -2 10 -3 to 5x10 -1 5x10 -4 to 10 -2 PSD unbaked 5x10 -3 to 10 -2 10 -4 to 10 -3 10 -4 to 2x10 -3 10 -4 to 3x10 -4 baked 10 -4 to 5x10 -3 10 -5 to 10 -3 2x10 -5 to 10 -3 5x10 -6 to 10 -4 Table 1-4: Stimulated desorption yields of H2, CO, CO2 and CH4 for copper irradiated by ions, electrons or photons.

1.5 Electron Cloud formation in particle accelerators

Electron Cloud build-up mechanisms

Electron multipacting is a resonant phenomenon resulting from the emission of electrons from surfaces submitted to an oscillating electric field in vacuum (Vaughan, 1988). If the synchronism condition is satisfied between emitted electrons and the electric field, an avalanche multiplication of electrons can occur, leading to an exponential increase of the electron density in the device. The underlying mechanism is called multipactor effect. Such a phenomenon is usually responsible for several deleterious effects, such as voltage breakdown in radio frequency (RF) devices, outgassing, surface heating. Electron multipacting is found to occur in various fields including nuclear fusion systems (Hillairet et al., 2017), communication satellites (Gonzalez-Iglesias et al., 2016) or particle accelerators [START_REF] Zimmermann | A simulation study of electron-cloud instability and beam-induced multipacting in the LHC[END_REF].

In the case of a particle accelerator operated with closely spaced bunches, multipactor effects can happen in the beam chambers leading to the formation of so-called Electron Clouds (ECs) with several negative effects on the machine performances. EC effects have been observed in several accelerators all over the world, much more commonly in those operated with positively charged particles (e. g. positrons, protons, heavy ions), and are presently among the major performance limitations for high energy colliders, like the Relativistic Heavy Ion Collider (RHIC) in the USA (Fischer et al., 2008) the KEKB electron positron collider in Japan (Fukuma, 2013), and now SuperKEKB, the DAFNE electron positron collider in Italy [START_REF] Zobov | Operating experience with electron cloud clearing electrodes at DAFNE[END_REF] and the CERN Large Hadron Collider (LHC) (e.g. (Giovanni Rumolo et al., 2017), (Malyšev, 2020)).

The qualitative picture of the development of an electron cloud for a bunched circulating beam is as follows:

-A beam injected in the vacuum pipe of an accelerator generates electrons by one or more mechanisms (e.g. ionization of the residual gas in the beam chamber or photoemission from the chamber wall due to the synchrotron radiation emitted by the beam, see section 2.3.2). These electrons are referred to as "primary or seed" electrons; -These electrons are attracted by the particle bunch and can be accelerated to energies up to several hundreds of eV. An important point is that a significant amount of electrons in the beam vacuum pipe must be produced to induce an EC build-up (see the electron cloud flux calculation in Chapter 5). This is particularly the case in accelerators operating with closely spaced bunches, the primary electrons generated by the passage of a given bunch may survive in the vacuum chamber until the passage of the following bunch; -As these electrons hit the chamber surface, they produce secondary electrons (with an energy up to few tens of eV), which are added to the existing electron population.

These steps are repeated over the passage of the bunches of the beam. This can trigger an avalanche multiplication effect which builds up the EC during the passage of an entire bunch train. The resonance condition that allows the formation of an electron cloud depends on several parameters. Regarding beam features, the electron cloud build-up mainly depends on the bunch intensity, the bunch length, the beam size and the filling pattern, especially the bunch spacing within a train. The geometry of the vacuum chamber and the presence or absence of a magnetic field are also determining conditions for the development of a cloud. Other parameters involve surface properties such as the nature of the material, the roughness, the conditioning state of the surface. A particular relevance is the Secondary Electron Yield (see Chapter 4) for the development of an electron cloud, since it governs the multiplication of primary electrons inside the beam pipe. In a first approximation, for a given primary electron energy, a surface with an SEY below 1 behaves as an electron absorber, while it is an electron multiplier for an SEY above 1. Typical materials encountered in the vacuum system of accelerators have a maximum SEY at machine installation equal or greater than 2, thus leading to an exponential multiplication of electrons inside the vacuum pipe.

Impact of the electron cloud on the accelerator performance and mitigation techniques

Several detrimental effects arise from the presence of an electron cloud in the beam pipe. These instabilities can result in beam emittance growth (see e.g. (G. Rumolo et al., 2001) (Roberto Cimino & Demma, 2014)), namely an increase of the beam size, eventually causing beam losses, and resulting in a reduction of the luminosity of the machine. In addition, electron bombardment of the inner surface of the vacuum pipe is responsible for pressure increase driven by electron stimulated desorption (ESD) of adsorbed species as mentioned previously. Finally, in the case of machines including cryogenic parts, such as the LHC, the power deposited onto the vacuum pipe by electron bombardment has to be dissipated by the cryogenic system which has a limited capacity. Consequently, various counter-measures have been developed to limit the occurrence of the electron cloud in accelerators. A relevant strategy consists in reducing the number of electrons emitted from the chamber walls by adding clearing (positively biased) electrodes in the beam chamber (Suetsugu et al., 2009) or reducing the SEY of its inner surface. The latest solution is achieved either by coating the beam pipe surface with a low SEY material, such as graphitic carbon or Non-Evaporable Getter (NEG) (Yin Vallgren et al., 2011), (P. Chiggiato & Costa Pinto, 2006) or by roughening the surface, for instance by laser engineering (Calatroni et al., 2017). Finally, one can also profit from a spontaneous decrease of the cloud intensity with the operation time of the accelerator. This phenomenon, known as beam conditioning or beam scrubbing, relies on the modification of the beam pipe surface driven by its irradiation by electrons from the cloud itself.

The strategy chosen for the LHC is a combination of several of the above-mentioned possibilities. In the room temperature parts of the machine, the beam pipe inner surface is coated with a NEG alloy (Ti-Zr-V) (Vincent [START_REF] Baglin | The LHC vacuum system : Commissioning up to nominal luminosity[END_REF]) which provides both a large and distributed pumping speed as well as a secondary electron yield below the multipacting threshold of the considered areas (B. Henrist et al., 2001). However, to behave as a getter pump, the NEG film needs to be activated to dissolve the native oxide layer into the bulk and expose a pure metallic surface to the volume to be pumped. This step requires in-situ heating for 24 hours at 180 °C of the NEG, and thus of the beam pipe itself (P. Chiggiato & Costa Pinto, 2006). In the cryogenic parts of the LHC such a bake-out is not possible because the vacuum pipe is tightly surrounded by the magnet coils and embedded in the cryostat. Therefore, basing on numerous studies on the conditioning of copper (material of the inner surface of the beam pipe in the arcs) (Noël Hilleret et al., 2001) the mitigation of the detrimental effects of the cloud in the arcs relies on the beam conditioning of the inner surface of the pipe. [START_REF] Zimmermann | A simulation study of electron-cloud instability and beam-induced multipacting in the LHC[END_REF]. A simulation study of electron-cloud instability and beam-induced multipacting in the LHC (LHC-Project-Report-95). https://cds.cern.ch/record/323928 [START_REF] Zobov | Operating experience with electron cloud clearing electrodes at DAFNE[END_REF]. Operating experience with electron cloud clearing electrodes at DAFNE. arXiv:1306.5944 [physics]. http://arxiv.org/abs/1306.5944

2. In situ measurements in the LHC: evolution of pressure and electrical currents

For the vacuum scientist and the accelerator community, the understanding of the beam interactions with the vacuum chamber is fundamental to provide solutions to mitigate pressure rises induced by electronic, photonic and ionic molecular desorption, and also beam instabilities induced by ion and electron clouds. This chapter presents in situ measurements of pressure evolutions and electrical currents performed during the LHC RUN II (May, July and October 2018). The proton beam circulating in the LHC vacuum chamber ionizes the residual gas producing electrons as well as positive ions. However, the behaviour and the role of ions, created by ionisation of the residual gas by both the proton beam and the electron cloud, isn't well known. These ions are accelerated away from the beam and reach the vacuum chamber wall inducing, among other phenomena, desorption.

This section starts with a short presentation of the Large Hadron Collider with a specific attention given to its beam properties and its filling pattern. Then a focus on the Vacuum Pilot Sector (VPS), a drift section located between point 7 and point 8 of the LHC, will be done; a system where all the measurements were performed. In the section 2.3 a detailed description of the experimental measurements and a presentation of the results will be shown. And finally, in order to discuss the dynamic pressure in the VPS, discussions around the ion current production, the electron cloud buildup and the electron conditioning of beam screen surfaces are done.

Particle accelerators are instruments dedicated to explore a wide range of processes related to high energy physics, materials science, molecular biology and medical applications. CERN operates the largest particle physics laboratory in the world with the aim of testing different theories in high energy physics and probing the fundamental structure of matter. Figure 2-1 shows a schematic of the CERN accelerator complex which is a succession of machines that accelerate beams of protons and/or lead ions to increasingly higher energies. To present the LHC, only the proton accelerator chain will be presented. Protons are produced by a duoplasmatron source and accelerated up to 50 MeV kinetic energy in the LINear ACcelerator 2 (LINAC2) before being injected into the Proton Synchrotron Booster (PSB). In the four superimposed rings of which the PSB is made, protons are accelerated up to 1.4 GeV and transferred to the Proton Synchrotron (PS), which is the oldest machine of the accelerator complex. The PS plays a central role in the preparation of the Large Hadron Collider (LHC) nominal beam. In fact, it is responsible for producing the required 25 ns bunch spacing through a series of Radio Frequency (RF) manipulations. Then the LHC-type beam is extracted at 26 GeV/c and stored in the SPS ring. Here the beam is accelerated up to 450 GeV and sent to the LHC, where the beam is further accelerated and collisions take place when the maximum beam energy (6500 GeV in 2018) is reached.

The Large Hadron Collider

Presentation

The LHC is is currently the world's largest particle accelerator. It was built by the European Organization for Nuclear Research (CERN) from 1998 to 2008 and is hosted in a 27 km underground tunnel, on average 100 m deep, across the Franco-Swiss border. It is designed to accelerate and collide two counter-rotating particle beams, called beam 1 or blue beam (external line), and beam 2 or red beam (internal line), of either protons up to an energy of 7 TeV, or lead nuclei up to 574 TeV per nucleus. The collision products are analysed by four major experiments located in large caverns excavated at the LHC intersection points (ATLAS, CMS, LHCb and ALICE) where each event produces various decay products that can be identified in surrounding detectors. This data is used to verify or eliminate fundamental physical theories. It allows scientists to investigate the properties of the Higgs boson (discovered in 2012), evaluate the validity of the super-symmetric theories, the matter-antimatter asymmetry of the Universe and answer other open questions about high energy physics.

Even though the beams circulated for the first time in 2008, the LHC physics program started officially in March 2010 with colliding proton beams at an energy of 3.5 TeV. Figure 2-2 shows the LHC timeline from 2011 to 2020 and later its projection. The long-term operational schedule of the LHC is divided into runs and long shutdowns (LS), each of which lasts between two and four consecutive years. The beam operations take place during the runs, while the LS are reserved for maintenance and upgrades of the LHC and the injector complex. The LHC operated at 3.5 TeV until 2012, when it was decided to increase the energy to 4 TeV. The combined analysis of events recorded in 2011 and 2012 led to the Nobel-prize winning discovery of the Higgs boson, as announced by the two main experiments ATLAS and CMS. After a long consolidation campaign of two years (LS1), the beam operation restarted on April 2015, planning for a 4-year long run called Run 2. Thanks to the consolidation and maintenance activities performed during this shutdown, the LHC could operate at an increased energy of 6.5 TeV per beam, the highest ever reached in an accelerator, and with beams having the designed bunch spacing of 25 ns (i.e. in 2011 and 2012 LHC ran with 50 ns). Due to several challenges (e.g. Electron Cloud formation, fast losses) that had to be faced, 2015 has been considered a year of commissioning and learning, dedicated to prepare a solid basis for physics production in the rest of Run 2 [START_REF] Bruce | LHC Run 2 : Results and Challenges[END_REF]. The quantity that measures the ability of a collider to produce the required number of particle collisions is called Luminosity (L) [START_REF] Muratori | Concept of luminosity[END_REF].

For Gaussian particle distributions colliding without any transverse offset, and if ideal head-on collisions of bunches is assumed, Luminosity can be written as:

𝐿 = 𝑁 1 𝑁 2 𝑓𝑛 𝑏 4𝜋𝜎 𝑥 𝜎 𝑦 (2.1)
where N1, N2 is the number of particles per bunch, nb is the number of bunches, f is the revolution frequency (11.2 kHz in the LHC), x and y are the horizontal and vertical root mean squared (r.m.s.) beam sizes at the collision points. We can also express the Luminosity in terms of emittance () and βeta amplitude function at the injection point (  ):

L = N 1 N 2 fn b 4πεβ * (2.2)
Luminosity is a measurement of the number of collisions that can be produced in a detector per cm 2 and second. The usual unit is fb -1 s -1 . The higher the luminosity the more data the experiments can gather to allow for the measurements of rare processes. Figure 2-3 shows the integrated luminosity (i.e. the inverse femtobarn fb -1 is the unit used to measure the cumulative number of events over a given period) delivered to ATLAS for 2011-2018. It can be observed that the integrated luminosity has been constantly increasing during the Run 2 (i.e. apart from 2015 which is considered as a year of commissioning). Following successful upgrades, operation and tuning of the machine, the LHC nominal luminosity, 10 34 cm -2 .s -1 , was reached in June 2016. 

Machine layout and configuration

A detailed description of the main features and subsystems of the LHC can be found in (O. S. [START_REF] Brüning | LHC Design Report[END_REF]. In the following, the more relevant attributes for the present thesis work will be briefly recalled. The LHC is designed as a proton-proton collider with separate magnet fields and vacuum chambers, with common sections (where the two beams circulate in the same chamber) only at the insertion regions where the experimental detectors are located. Eight Long Straight Section (LSS) linked by eight arcs compose the LHC ring. Each LSS serves a different purpose, as pictured in Figure 234. Four of these sections host the main experimental detectors (located in a approximately 50 m long, 30 m wide and 35 m height cavern). In these areas, the beams share a common beam pipe (approximately 300 m long) along the interaction regions (IRs).The remaining four LSS, which do not have beam crossing, are used for the RF cavities, the beam cleaning systems and the beam dump systems. It is worth noting that since there is not enough room for two separate rings of magnets in the tunnel (which was previously hosting the LEP collider), the LHC uses twin bore magnets which consist of two sets of coils and beam channels within the same mechanical structure and cryostat. The two high luminosity experimental insertions are located at diametrically opposite straight sections: the ATLAS experiment is located at point 1 and the CMS experiment at point 5. Two additional experimental insertions are located at point 2 and point 8 which also contain the injection systems for Beam 1 and Beam 2, respectively. Insertion 3 and 7 contain the collimation systems. Insertion 4 contains two RF systems, one independent system for each LHC beam. The straight section at point 6 contains the beam dump insertion where the two beams are vertically extracted from the machine using a combination of horizontally deflecting fast-pulsed magnets and vertically-deflecting septum magnets.

In the LHC lattice, the straight sections are interspaced with circular arcs. They are made by 23 classical FODO cell, 106 m long. Each half-cell consists of three bending dipole magnets 14.3 m long (Main Bend, MB) and one 3.1 m long quadrupole magnet (Main Quadrupole, MQ). These main magnets are interleaved by corrector magnets in different configurations used to cancel field distortions, correct chromatic effects and introduce amplitude detuning (e.g sextupoles, octupoles and other higher order magnets). The MBs, which fill about 65% of the LHC circumference, are used to bend the paths of the particles along the ring. The MQ magnets instead cover a smaller fraction of the machine circumference, about 7%. They have the purpose to keep the protons focused horizontally and vertically using the principle of alternating-gradient focusing. The ones that focus in the horizontal plane are called Quadrupole Focusing (QF) and the ones that focuses in the vertical plane are called Quadrupole Defocusing (QD). Due to the high beam rigidity, the main magnets of the LHC are superconducting which allows for vastly increased field strengths compared to conventional magnets. The section of the LHC arc dipole is shown in Figure 2-5 where one can see the separate bores for the two counter-rotating beams. The Nb-Ti superconducting coils are cooled with liquid helium at 1.9 K, which is also the temperature of the circular vacuum pipe called the cold bore (inner diameter: 50 mm), directly in contact with the coils. A beam screen is inserted into the cold bore, hold with low thermal conductance Cu-Be supports and cooled by a superfluid helium. The beam screen operating at 5-20 K. The function of the beam screen is to intercept the beam-induced heat loads to held the cryogenic budget in reasonable value. These head loads are related to different phenomena through which energy is transferred from the beam to the surrounding chamber. The most relevant are synchrotron radiation, the resistive wall effect (impedance) and the electron cloud. In order to increase the surface conductivity (and therefore to reduce impedance related effects) the beam screen is colaminated with copper. The LHC beam screen (Figure 23456) is made by a 1 mm thick non-magnetic stainless steel tube with a 75 µm thin layer of copper coating on its inner surface which minimizes the wall resistivity. The racetrack-shape beam screen, 36.8 mm and 46.4 mm of vertical and horizontal apertures respectively, is inserted into the cold bore. In order to limit the dynamic pressure rise, the beam screen contains pumping slots over 4.4 % percent of its surface to allow cryo-pumping by the 1.9 K cold mass. The width of these slots in the LHC arcs is 1.5 mm [START_REF] Collins | Mechanical design aspects of the LHC beam screen[END_REF]. The drawback of this configuration is that multipacting electrons could penetrate through the slots inducing a significant heat load onto the cold bore. For this reason baffle plates, i.e. shields installed 2 mm behind the pumping slots, were added on the outer side of the beam screens, such that the electrons are intercepted before reaching the cold bore of the dipole magnets, at the expense of a pumping speed which is reduced by a factor of two [START_REF] Malyshev | THE CAPTURE FACTOR AND PUMPING SPEED FOR SLOTS IN THE LHC BEAM SCREEN WITH BAFFLES[END_REF], [START_REF] Krasnov | Molecular pumping properties of the LHC arc beam pipe and effective secondary electron emission from Cu surface with artificial roughness[END_REF]. 

LHC beam properties and filling pattern

In the LHC, the circulating beam is not uniformly distributed along the ring but organized in a set of bunches as shown in Figure 234567. From the SPS, bunches are injected into the LHC in several trains, separated by gaps of at least 925 ns in order to allow for the LHC injection kicker rise time. Each train is composed by one up to four batches, i.e. group of several bunches spaced by 25 ns (corresponding to about 7.5 m since the particle velocity is extremely close to the speed of light). In 2018, batches were composed of 48 bunches (with about 1.15x10 11 protons per bunch) leading to a total of 2556 bunches per LHC ring (with 3x48=144 bunches per train injection). Between each batch there are gaps of 225 ns, which account for the SPS injection kicker rise time. An abort gap of at least 3µs is also present at the tail of the LHC beam in order to enable a safe extraction towards the beam dump. At the head of the LHC beam there is a pilot bunch (with 1/10 of the nominal bunch intensity) and a short train of 12 bunches which are the first injected in the machine for safety and tuning reasons. The beam produced following this scheme is referred to as standard beam in 2018. For this configuration, the main beam and machine parameters are reported in Table 2-1. However, there is a large flexibility concerning the choice of the filling scheme. Indeed, over the years, several beam patterns have been tested to optimize the machine performance. More details on the available operational beams can be found in [START_REF] Rumolo | Protons : Baseline and Alternatives[END_REF]. -12b-31e-2x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b- An overview of the main steps of a typical fill for proton physics, where beams are brought into collision for the LHC experiments, is provided in Figure 2345678, where the energy, the total beam intensities and the bunch length are shown. A proton fill begins right after the previous beam has left the accelerator, meaning that the superconducting magnets field has to be ramped down first. Multiple injections of trains from the SPS are necessary to fill the much larger LHC. Afterwards, the machine is ready to ramp the beam energy from injection (450 GeV) to top energy (6.5 TeV). The beam size at the interaction regions in the LHC is decreased (squeezed) to increase the collision rate. To avoid instabilities during the energy ramp up step, the bunch length is also tuned. The machine parameters are adjusted to optimize the performance, before the "stable beam" condition is declared and the experiments begin data collection. From this time, the beam intensity starts to decrease notably afterwards, mainly because of collisions at interaction points. Furthermore, the energy spread of the beam decreases since the protons with higher energy emit more synchrotron radiation than those with less energy. Since the bunch length and energy spread are linked through the synchrotron motion, the former also decreases in the process. The machine is meant to operate for several hours in this way, until the intensity (i.e. the instantaneous luminosity) becomes too low and a planned dump takes place. Sometimes however, the beam has to be dumped earlier than planned for machine safety reasons. 

Electron Cloud build-up and heat loads in the LHC arc beam screens

Electron Cloud (EC) effects have been identified among the major performance limitations for the Large Hadron Collider (LHC). In the early years of 2000, observations of pressure rise, beam instability and emittance growth in the SPS pointed to the presence of the EC which limited the capability of this accelerator of handling LHC-type beams (Arduini et al., 2003). EC effects have been also observed in the LHC during the Run 1 (2010-2012), becoming more and more severe at the beginning of the Run 2 (2015-2018) when operating with tight bunch spacing of 25 ns rather than longer bunch spacing of 50 ns (more information about the commissioning can be found in this paper [START_REF] Baglin | The LHC vacuum system : Commissioning up to nominal luminosity[END_REF]). The experience with 25 ns beams has shown that EC effects leads to a major challenge for the LHC operation. Indeed, starting from the 2015 proton run, a strong dynamic heat load due to the EC has been observed in the cold sections of the LHC (G. [START_REF] Iadarola | Performance limitations from electron cloud in 2015[END_REF].

The secondary electron emission of surfaces that are exposed to electron irradiation tends to decrease gradually. This effect is called "scrubbing" or "SEY conditioning". In the case of electron clouds, it means that they can be self-mitigating. Dedicated measurements have taken place for example at the SPS, these show a rapid decrease of electron emission after only a few hours. Therefore, in order to mitigate these detrimental effects, regular scrubbing runs (lasting from few days to two weeks) were carried out almost every operational year in order to achieve the necessary reduction of the SEY of the vacuum chamber and ensure a satisfactory beam quality. This strategy has proved successful and the SPS could produce nominal LHC beams without any visible beam degradation coming from EC as from 2011. However, the post LS1 experiences showed that higher intensity beams were still suffering from strong EC effects, causing both poor lifetime and coherent instabilities at the tails of the batches. For this reason, the option of coating different SPS components with a thin film of amorphous-carbon (a-C) was also developed. Indeed, previous experimental studies showed that the a-C coating, which provides an SEY value around 1, can guarantee the full suppression of the EC in contrast to the case of uncoated chambers. In 2018, the scrubbing period was scheduled for LHC during one week from April 19 to April 25 (Figure 23456789).

Even after years of conditioning of the beam screens, EC effects remain very visible, affecting beam stability and beam quality preservation, and generating a significant heat load on some beam screens of the superconducting magnets. Therefore the heat load generated by EC in the cold magnet became one of the major concern for the operation near and beyond nominal beam current. While this effect is typically negligible in room temperature accelerator components, it can become a potential threat to the cryogenic components of the LHC superconducting magnets, like the dipole and quadrupole magnets of the cryogenic arcs. Inside the 1.9 K cold bore of the superconducting magnets, the thermal loads caused by the circulating beam are intercepted by a perforated beam screen, held at an intermediate temperature of 5-20 K, for which only a limited cooling capacity is available for the heat load induced by the EC. This can result in a limitation of the maximum beam intensity that can be stored and, therefore, on the luminosity. Therefore, a great effort has been put to study the EC formation in the main cryogenic arc components and its dependence on different beam parameters combining both numerical simulations and experimental studies [START_REF] Skripka | Comparison of Electron Cloud Build-Up Simulations Against Heat Load Measurements for the LHC Arcs With Different Beam Configurations[END_REF]. A picture of the LHC heat load situation in 2018 is given in Figure 2-11 which shows the normalized heat load distribution of each of the 8 arcs, for injection energy (450 GeV). From these measurements, it appears that the heat load is inhomogeneous along the ring, and the machine appears to be splitted into two parts: arcs 34, 45, 56 and 67 have an average heat load lower that for arcs 12, 23, 78 and 81.

By comparing the measured heat loads to the computation results performed with the PyECLOUD code to simulate the electron cloud build-up, the differences between arcs would be related to different SEY values depending on regions of the LHC ring. However, up to now, the origin of these differences are not clearly identified. Finally, ionization of the residual gas inside the LHC beam pipe causes production of electrons as well as of positive ions, which then move under the action of the beam field forces and their own space charge. The presence of electrons, from which a multipacting process may get started, eventually leads to the build-up of a quasi-stationary EC. This EC-build up is initiated by gas ionization and/or photoemission. In this latter case occurs, the EC growth when the photon energy from SR is sufficiency high to produce photo-electrons (when the proton beam energy is larger than 2.8 TeV to produce photons with energy above the material work function) and be amplified via beam-induced multipacting. So, to investigate the pressure changes, electron and/or ion creations related to the LHC operation, we performed measurements in a sector of the LHC ring dedicated to the monitoring of these phenomena: the vacuum pilot sector.
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2.2 The Vacuum Pilot Sector

Scheme

The Vacuum Pilot Sector (VPS) was installed by B. Henrist, E. Buratin and V. Baglin on the left side of the interaction point 8 (LHCb experiment ) in a room temperature area, originally made of standard drift 80 mm ID vacuum chambers, in vacuum sector A5L8 between the quadrupoles Q4 and Q5 [START_REF] Henrist | The LHC Vacuum Pilot Sectors Project[END_REF]. It allows monitoring the pressure and electron cloud during machine operation. In addition, the VPS allows investigations of new surfaces, coatings, and chemical treatments of materials aiming at improving the LHC beam performance and studying LHC upgrades. This facility is composed of a double vacuum sector (two separated beams) about 18 m long (Figure 2-12). Dedicated detectors are installed along the sectors at four different places (stations). The symmetry is kept everywhere to be able to compare the results on both lines. Each station is composed of two parallel opposite vessels with similar equipment (Figure 2-13). However, each station could have different surface materials under test and possibly different apparatus. A strong pumping must be set up between each station to limit gas transfer from one to the other. This is achieved by the use of 2 m long NEG coated beam pipes and ion pumps on both sides of each station. 

Liners

The following experimental stations, all equipped with detectors, were installed for each beam: station 1, NEG coating activated at 230°C (24h); station 2, carbon coating surface; station 3, unbaked copper representing the surface in the LHC installed in 2017; and finally station 4 unbaked copper representing the surface in the LHC installed in 2016. For impedance and aperture reasons, the nominal diameter of the beam pipe seen by the beam must be kept constant to 80 mm. To provide room for the detectors, a larger vessel is used in which 80 mm diameter liners are inserted (Figure 2-14) to mount the detectors. Such a liner must be correctly grounded at each extremity to have an electrical continuity and let the image current of the proton beam passing through it. The use of liners gives the opportunity to exchange them easily with new ones to study different surface treatments and materials. The central zone of the liners is perforated with slots (84 holes of 12x3 mm section) for gas analysis purpose. The central ports can be equipped with gas analysers and hot cathode vacuum gauges. 

Detectors and electrodes for electrical measurements

Eight square windows are available in each liner to install different type of detectors. Electron flux measurements can be performed with different kinds of grids and electrodes:

-Detector equipped with a single grid, to acquire electrical signals of electron cloud. Its transparency can be adapted (0.2%, 5%, 7% or 10%, with a hole radius of 1 mm). Usually, a positive voltage bias of 9V is applied to the collector in order to recapture secondary electrons emitted when the incident electrons impinged the electrode surface (Figure 2 -15). A specific electrode exists also with a variable bias from +1000V to -1000 V. -Detector with a double grid: a first grid with 7% of transparency, then a grid (75% of transparency) polarizable down to -1000V to perform an energy filter of electrons, and the electron collector polarized at +9V. This detector is used to record the energy spectrum of the electron cloud (Figure 2-16). An electromagnetic simulation with the CST software was performed in order to check if the electric field induced by the electrode with a 7 % transparency grid disturbs particles from the beam line (Figure 2-17).

Figure 2-17: CST simulation of the electric field induced by an electrode with a 7% transparency grid and an applied bias voltage of +127V.

For a bias voltage of +127V, the field radiated by the electrode hardly leaves the holes of the grid and does not exceed +3V on the grid surface. For a bias voltage of -1500 V, the field on the grid surface does not exceed -8V. In conclusion, this type of grid very strongly decouples the electrode from the beam tube. The particles captured by the electrode under these conditions are therefore as close as possible to the wall, the interior of the tube being inaccessible. Therefore, the electrode detects only particles hitting the vacuum chamber walls. Each station hashas a 7% transparency pickup on the up position to record the electron activity with time. A low current multiplexer, using 20 lines, measures the pickup signals during operation (Keithley number 7001, 7158 and 6485). Pressure, gas composition and beam parameters can also be monitored and the signals are recorded during a proton run to follow the behaviour of the different surfaces.

Strategy for electrical measurements

When a material is exposed to high-energy electron irradiation, secondary electrons are emitted from the material. Therefore, the measuring electrode must be positively biased to ensure any SE emitted from the electrode are returned to the electrode to record a correct electron intensity. If this method is not applied, the recorded current Ielectrode will be Ielectrode = Ie--ISE where Ie-is the primary electron current and ISE the emitted SE current. In this latter case, the incident electron current will be underestimated because ISE is negative (Figure 2-18). Therefore, to properly measure an electron current, the electrode must be positively polarized to attract the secondary electrons (SE) emitted from the surface while being bombarded by incident electrons, otherwise the measured intensity will be wrong. Conversely, to detect positive ions, following the ionization of residual gas in the vacuum chamber, a negative bias must be applied to the electrode. However, in this bias scheme, an electrode subjected to both electron and ion fluxes will record a positive current due to either positive ions or SE, or both of them. Nevertheless, an electrode bias with a sufficient high negative value should allow us to repel all incident electrons and minimize the SE production, and finally to collect only positive ions. This strategy depends strongly on the electron energy distribution in the beam pipe.

My investigation was focused more specifically on the impact during LHC operation of ions produced by ionisation of the residual gas in the station 4 of VPS (beam 1 and baked copper liner). A negatively biased copper electrode was used to collect positive charges (electrode K6517A with 7% transparency). This electrode could be polarized from a voltage Vbias = +127 to -127 V first, and after modifications during a technical stop, from +1000 V to -1000 V. The possibility to apply a negative bias voltage give us the opportunity to detect positive ions. In the same station, the pressure (with a Bayard Alpert gauge) and the electron current were also monitored by positively biased electrodes polarized at +9 V: the K11 electrode with a 0.2% transparency grid (simple grid) and the K12 electrode, called also the Electron Kicker Detector (EKD, double grid) initially used as an energy filter to obtain the electron spectrum.

The variation of collected currents with both energy and beam intensity during a fill will be discussed in detail in the next part. As it can be seen in Figure 2-19, the electrical signals recorded by the different electrodes and the pressure signal have similar evolutions during a standard fill. It is worth noting that to plot the electron current (that is a negative value), the y-axis is reversed to show the variation of electron intensity in the same way the other recorded data (that are positive values). This convention will be applied in all plots in this work.

Negatively biased

Secondary Electrons

𝑰 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 = 𝐼 𝑒-+ 𝐼 𝑆𝐸 𝑰 𝒆- V BIAS < 0 PRIMARY ELECTRONS

Positively biased

PRIMARY ELECTRONS

V BIAS > 0

𝑰 𝒆𝒍𝒆𝒄𝒕𝒓𝒐𝒅𝒆 = 𝐼 𝑒- 𝑰 𝒆- Secondary Electrons 𝑰 𝑺𝑬 < 0 Electrode Electrode
The maximum value of the electron current is different between electrodes due to the fact that: (i) the grid transparency is not the same (7% for K6517A and 0.2% for K11); (ii) they are installed in the same station 4 but at different positions relatively to the beam. It should be emphasized that when the K6517A electrode will be polarized negatively to detect ions, electron measurement at the same spot will be lost. However, the ratio between the electron current measured by the K6517A and the K11 electrodes (with a Bias Voltage of +9V for both) on one side, and the ratio between the intensity measured by the K6517A and K12 electrodes (upper grid not polarized and collector at +9V) on the other side, remains constant on all fills measured. Thus, when the K6517A is negatively polarized to measure ions, the electron current, which should have been measured by this electrode, can be extrapolated from current measurements carried out at the same time with the K11 and EKD electrodes using the following expressions:

I K6517A (+9V)= 24.3xIK11(+9V) (2.3) I K6517A (+9V)= 1.42xIEKD(+9V) (2.4)
Where factors 24.3 and 1.42 were experimentally determined measuring simultaneously the current with K11 and K6517A bias both at +9 V. Since this electrode was also used to carry out other studies, measurements of ions were performed with the negatively biased electrode only during periods when it was available during my stay at CERN, mainly in May, July and October 2018. This is the reason why the positive current was not always recorded during all fills in 2018.

Measurements in the VPS

Pressure and electrical currents during a standard fill for physics

Figure 2-20 shows measurements performed during the fill 7319 (standard fill with the beam structure: 25ns_2556b_144bpi_20inj corresponding to a beam with 25ns bunch spacing, composed of 2556 bunches, with 144 bunches per injection step injected in LHC in 20 injections). For this fill, the K6517A electrode was polarized at -600 V. The pressure, the electron current and the positive current follow exactly the same behaviour along the time. Two major bumps of recorded signals are observed: the first one during the beam injection and the second one during the energy ramp up. Four parts are distinguished:

(i) Injection of protons into the ring. More protons circulate, more ionization of residual gas is produced and an increase of both pressure and electrical current is observed. After the injection a slight decrease of the beam intensity is observed due to proton losses along their path; (ii)

Energy ramp-up. The evolution of measurements during this step depends on two main effects; first, pressure and electrical signal variations are related to modifications of the energy spread (depending on both the bunch length and the RF) due to RF noise injected to mitigate longitudinal beam instability; then from 2.8 TeV, the main contribution comes from photoelectrons interacting also with the residual gas and the chamber walls;

(iii) Stable Beam; (iv)
Beginning of proton-proton collisions. In these two latter steps, the proton intensity decreases due to proton losses leading to the decrease of both electrical signals and pressure.

The same variation in pressure and electrical currents is also observed. The electron current is a measurement of the electron cloud (EC) build-up phenomenon produced in the beam chamber by the ionization of the residual gas or by the photoemission from the liner wall due to the synchrotron radiation emitted by the beam. In this case, the EC participates to the pressure increases in station 4 via electron induced desorption. A linear relationship is observed between the pressure and the intensity of the EC, which emphasizes the link between both physical phenomena. This link explains also why both signals evolve in the same manner. 3). This method makes it possible to overcome the reduction in beam intensity along the fill and to be able to compare the results obtained at different durations of the fill. Intensity recorded by the K11 electrode (polarized at +9V) is always negative since it measures electrons. When the bias applied to the K6517A is negative, a positive current is detected (the ratio IK11/IK6517A is negative), whereas when it is negative, the reverse is observed (the ratio IK11/IK6517A is positive).

Shown in

The same evolution is observed whatever the beam energy (450 GeV or 6500 GeV). In addition, the values obtained during bias scanning are very reproducible regardless of the time at which the scan is performed. The positive current observed with negative bias can be related to both incident ions and electrons or emitted secondary electrons not attracted by the electrode. On the contrary, when the bias becomes positive, more and more SE are collected and the electrode intensity corresponds progressively to the primary electron current. For a bias of +9V, the intensity of both electrodes are the same (the intensity ratio is equal to one). However, the intensity of the K6517A electrode increased with increasing bias, and it becomes higher in absolute value than the intensity recorded by the K11 electrode. This result indicates that a bias of +9 V applied on K11 is not sufficient to attract all SE emitted from the surface upon electron irradiation. Indeed, the SE with an energy larger than 9 eV are not collected if the polarization is set at +9V, which induces an underestimation of the incident electron current. It would be therefore necessary to increase the bias of electrodes up to 100 V to improve the measurements of the primary electron current. Unfortunately, it was not technically possible to change the positive bias setting of electrodes. 

Conditioning or not conditioning?

To limit the EC build-up, a period of scrubbing is carried out after a long shutdown, to achieve surface conditioning as mentioned previously. The EC phenomenon is deliberately exacerbated during this period, which makes it possible to "graphitize" the surfaces of the vacuum chambers to reduce the SEY of the beam screen walls during the process, thereby ultimately limiting pressure increases and the heat load on the beam line walls.
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Increase of pressure during beam injection (without synchrotron radiation)

When the changes in pressure during the injection (Ebeam=450 GeV) for the standard filling pattern of a standard fill for physics are carefully analysed, differences are observed depending on fills. Figure 2-26 shows a comparison of pressure changes for fills 7105, 7127 and 7128 as examples. They are recorded during the same period with the same filling pattern, so the differences are not due to conditioning effects or different beam patterns. An increase in pressure is actually observed during the injection of the proton bunches during fill 7105 (the maximum pressure reaches a value of 9.5x10 -10 mbar), but it remains very low for fill 7127 (3.10 -10 mbar) or even almost non-existent in fill 7128. On the contrary, the increase of pressure during the energy ramp is always observed for all fills. In order to explain this phenomenon, the influence of several parameters was studied, in particular: (i) the initial pressure before injection; (ii) the proton beam intensity; (iii) the number of protons per bunch (nppb).

2.3.3.1

Influence of the initial pressure before injection Figure 2-27 shows an example of the maximal pressure reached at the end of the injection step as a function of the initial pressure, for several selected fills, performed during the same period. Some general information about fills used can be found in the Annex 4. The initial pressure varies in station 4 (Beam1) from 8x10 -11 to 1.2x10 -10 mbar. It can be observed that no correlation exists between the maximal pressure and the initial one: for example, in the selected fills, the highest pressure (10 -9 mbar) is recorded for a low initial pressure (9x10 -11 mbar). and7128) recorded at the same period so with same general characteristics (intensity, energy, etc.). The beam intensity is almost identical at the end of the injection for the two fills (2.8x10 14 p + for fill 7105 and 2.75x10 14 p + for fill 7128), but the evolution of pressure is not the same: it increases up to 10 -9 mbar for fill 7105, while no pressure variation is observed for fill 7128. 

Influence of the number of protons per bunch

The influence of the number of protons per bunch (nppb) has been repeatedly identified as an important parameter that controls the creation of electron clouds (e.g. in (Giovanni Iadarola, 2014b)). Figure 2-29 compares the nppb during injection and the pressure variation in station 4 (the intensity of the beam 1 is given for information) as a function of the number of bunches injected in the ring, for standard physics fills 7105, 7128, 7242 and 7252 (see Annex 4 for beam characteristics). The nppb is here calculated from the intensity of the beam at a given time divided by the number of bunches circulating in the ring at the same time. So it represents an average value of the nppb.

In both cases (fills 7105, 7252), when the nppb exceeds a threshold (1.12x10 11 p+/b), the pressure rises, whereas it remains low and does not evolve below this limit (while the beam intensity is almost the same). 1.0x10 -9
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Fill 7128 The nppb therefore appears to be a key parameter that controls the EC formation, and, consequently, the pressure rises during the beam injection step due to electron stimulated desorption. However, is the threshold the same for all fills? Figure 2-30 and 2.31 show the evolution of the nppb for a set of standard fills recorded at two different periods. It can clearly be seen that the fills for which a rise of pressure is observed are those for which the nppb exceeds a threshold: 1.14x10 11 p+/bunch for fills 6633 to 6654, recorded between May 3 and May 7, 2018 and 1.119x10 11 p+/bunch for fills 7080 to 7274, recorded between August 23 and October 9, 2018. The first value is obtained for fills just after the scrubbing run, the second, towards the end of the physics run period. A surface conditioning effect that would exist just at the start of the physics run period could explain these different thresholds. In the second investigated period, the formation of EC build-up (and therefore the associated pressure increase) is very sensitive to the nppb: a tiny variation above the threshold value (some 10 8 p + /bunch more), leads to the EC formation and the pressure increase. It is worth noting than once the nppb exceeds the threshold, the rise of pressure starts and continues even if the nppb returns below this threshold further. To conclude, limiting the nppb during the beam injection step below this threshold would avoid a pressure rise. 9,2018). Red lines and symbols correspond to fills for which a pressure increase during injection is observed, blue ones are related to fills for which no pressure increase occurred (a). Zoom to show the threshold between both regimes (b).

Decrease of pressure during p-p collisions (with synchrotron radiation)

The step corresponding to p-p collisions was also investigated (therefore in the presence of synchrotron radiation). The effect of synchrotron radiation (SR) is superimposed to that produced by EC since the beam energy during this period is 6500 GeV, i.e. above the SR production threshold. In this step, the pressure which was maximum at the end of the energy ramp gradually decreases, as does the electron current measured on the various electrodes. Figure 2-32 shows that the electron current measured on the three electrodes of station 4 (the electron currents have been normalized to be directly compared since the transparency of these electrodes is different) decreases in the same way, independently of the measuring electrode. This decrease in current indicates that the electron density, and therefore the EC phenomenon, is decreasing progressively during the p-p collision period. The stimulated desorption by electrons therefore decreases, also leading to the drop-in pressure. However, it can be seen that the recorded electrical currents (and therefore the electronic density) decrease faster than the pressure. This phenomenon is observed for all investigated fills, as for example during fills 7105 and 7128 (Figure 2-33). If). If the evolution of the pressure is compared to the electronic density, both are superimposed at the beginning and that the pressure is proportional to the intensity of the electron current. This evolution continues until the electron density decreases faster than the pressure. The nppb also decreases gradually due to the collisions between the two beams which take place at the different points of interaction (LHCb, ATLAS…). Figure 2-34 shows that the pressure decreases rapidly in station 4 with the nppb for several fills. However, a change in the slope of the pressure as a function of nppb can be distinguished from an almost identical threshold for all selected fills. This threshold is estimated at 1.2x10 11 -1.0x10 11 p + /bunch. It could separate two different regimes (indicated in Figure 2-34) in which the pressure decrease is controlled by two different processes.
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1.4x10 In view of these observations, the following scenario can be imagined: (i) after the energy ramp, the photoelectron production due to the SR is high for a high beam intensity. The conditions are therefore met to produce an intense EC and a high electron density in station 4 leading to a significant electron stimulated desorption and a high pressure. The electron density gradually decreases with the nppb (and with time), and the pressure decreases linearly with electron density (linear multipacting regime). Additionally, fluxes of photons produced by SR are also intense, and the photon desorption is superimposed to the electron desorption. But, as long as the electron density is high (above 10 11 p+/bunch), the electron desorption dominates and drives the pressure. Moreover, electrons are more efficient than photons to desorb molecules: (ii) Then, when the electron density becomes weak, the photon stimulated desorption becomes preponderant, and the pressure is then controlled by the latter (photon desorption regime). The pressure evolution in the step of p-p collisions therefore obeys two regimes: first a regime in which the stimulated electron desorption predominates (high nppb), then the photon desorption takes the place when the nppb falls below a threshold (EC disappears). This aspect will be discussed in more details in chapter 5 with the DYVACS simulation. The positive current measured is low, which is indicated by the fact that the signal from this electrode is very noisy. However, as previously presented, the positive current of K6517A electrode follows the same evolution as the pressure and the electron current: a first peak during the injection followed by a second bump during the energy ramp, then a slow decrease during the proton-proton collisions step. As explained, the current collected by electrode K6517A when it is negatively polarized is the sum of several contributions (ions, electrons or SE, see Figure 2-18) depending on the applied bias. To determine if ions are actually detected, it is necessary to discriminate these contributions. For this purpose, I calculated the intensity that would be measured by a negatively polarized electrode by determining the current of SE as a function of: (i) the energy distribution of incident electrons impacting electrode; (ii) the SEY of the electrode. The comparison with the experimental measurements that will eventually record the ion current in addition to primary electrons and SE, will be useful to conclude to the presence of ions in significant quantities.

2.3.5.2

Calculation of the secondary electron contribution to the positive current The total current ITot collected by the electrode when the bias is negative is given as:

ITot (E,Vbias, ) = Ie-(Vbias, E) -ISE(Vbias, E, ) + Iion when Vbias <0 (2.5)
The electron currents are negative and the ion currents are positive. The total intensity is the sum the of different contributions: what enters the electrode is added (primary electron current and ions intensity) and what leaves the electrode is subtracted (such as the SE intensity). Finally, the following definitions were used:

-Ie-corresponds to electron current impinging the wall (Ie-< 0); only electrons with sufficient energy E to overcome Vbias are collected (since Vbias <0); -ISE represents the current due to secondary electrons (SE) emitted from the surface when electrons impinge the electrode; Usually ISE =  • Ie-where  is the secondary electron yield (SEY) of copper (the electrode material); ISE < 0; -Iion is the positive ion current collected by the electrode; it is assumed to be independent of the applied negative bias.

If the SEY is larger than 1, the term (Ie--ISE) will be always positive for a negative electrode polarization. Hence, it is not straightforward to separate ion and SE contributions from the total current (ITot) in this case. Moreover, the ion current should be very low compared to the electron signal since the equilibrium ion densities were estimated to be many orders of magnitude smaller than electron densities (Giovanni Rumolo & Zimmermann, 2001) The contribution of primary and secondary electrons to ITot (i.e. when Vbias < 0) was computed using a Mathematica code. The calculation outcome is compared to the experimental signals in order to determine if a sufficiently large ion flux impinging the beam pipe walls gives a detectable ion current.

-

Calculation of the intensity measured by a negative biased electrode

The intensity measured by the electrode if all incident (or primary) electrons are collected is given by:

𝐼 𝑒-= K ∫ 𝑛(𝐸)𝑑𝐸 ∞ 0 (2.6)
Where n(E) is the normalized energy distribution of the electrons impinging the wall and K a constant to convert an electron density to a current. An energy spectrum of electrons impacting the copper liner in the station 4 was previously recorded by Elena Buratin [START_REF] Buratin | Energy spectrum of electrons impacting the copper liner in the station 4[END_REF], (Buratin et al., 2020), with the EKD electrode, during the stable beam period of a standard fill at 6.5 TeV (Figure 2 -36). This spectrum exhibits two components: (i) the low energy peak (around 3-5 eV), which constitutes the main population, corresponds to electrons reaching the wall without having been accelerated by a proton bunch (secondary electrons and photo-electrons at low energy); (ii) the high energy bump (at ≈150-200 eV) is related to electrons actually accelerated by the beam and contributing to multipacting.

To perform the computation, this energy spectrum is described as the sum of two "lognormal" distributions:

n(E) = 𝑛 1 (𝐸) + 𝑛 2 (𝐸) (2.7) 𝑛 𝑖 (𝐸) = 𝐾 𝑖 (√2 * 𝜋) * 𝑤 𝑖 * 𝐸 * ⅇ (- (Log[ 𝐸 𝐸𝑐 𝑖 ]) 2 2 * 𝑤 𝑖 2 )
(2.8)

A lognormal distribution was chosen because it corresponds to the initial energy distribution of the secondary electrons produced under the impact of incident electrons [START_REF] Iadarola | Electron cloud studies for CERN particle accelerators and simulation code development[END_REF]. It is thus a simple way to analytically express the electron energy distribution in the beam pipe. Equation (2.8) was used to fit the experimental energy spectrum; the values of parameters (Eci, wi and Ki for both distributions) are reported in This experimental spectrum can be compared to those calculated by the PyECLOUD code. As an example, Figure 2-37 shows a normalized energy spectrum of the electrons impacting the wall in a drift section (22 mm in radius) of the LHC as a function of the bunch population, calculated for a SEYmax of 1.5 (25 ns bunch spacing, 7 TeV proton beam) [START_REF] Skripka | Comparison of Electron Cloud Build-Up Simulations Against Heat Load Measurements for the LHC Arcs With Different Beam Configurations[END_REF]. The same features are observed between the calculated and the experimental spectra: a peak at very low energy, which corresponds to electrons that hit the wall before being accelerated by a passing bunch; a second maximum can be observed at larger energies, corresponding to electrons that are accelerated by the beam. This maximum shifts towards higher energy for increasing bunch population. For a nppb equals to 1.1x10 11 p + , (corresponding to our experimental conditions) the maximum is about 220 eV, which is slightly larger than the maximum of the second peak measured in station 4 (120-150 eV). Nevertheless, the calculated intensity of peak 2 is in good agreement with the experimental one.

Figure 2-37: Normalized energy spectrum of electrons impacting the wall calculated by the PyECLOUD code, in a drift section vs bunch population at 7 TeV with a 25 ns bunch spacing and a maximum SEY of 1.5 [START_REF] Skripka | Comparison of Electron Cloud Build-Up Simulations Against Heat Load Measurements for the LHC Arcs With Different Beam Configurations[END_REF].

When the electrode is polarized with a negative bias, the electrons with an energy E lower than the bias (in absolute value) are repelled, only those with higher energy reach the electrode. When a negative bias is applied to the electrode, the intensity of incident electron current is then written as:

ȁV bias ȁ = 40𝑉 𝐼 𝑒-(E > │𝑉 𝑏𝑖𝑎𝑠 │) = K ∫ 𝑛(𝐸)𝑑𝐸 ∞ │𝑉 𝑏𝑖𝑎𝑠 │ 𝐼 𝑒-(E > │𝑉 𝑏𝑖𝑎𝑠 │) = 𝐾 ∫ 𝑛(𝐸)𝑑𝐸 ∞ │𝑉 𝑏𝑖𝑎𝑠 │
(2.9)

As it can be seen in Figure 2-39, the intensity of primary electrons calculated with Equation (2.9) decreases progressively with the bias applied to the electrode, since the population of electrons declines as their energy is further increased and the majority of electrons comes from the low energy part of the electron energy distribution.

- V bias (V)

Figure 2-39: Normalized intensity of primary electrons as a function of Vbias applied to the electrode calculated with Equation (2.9).

The negatively bias electrode acts as a retarding field, hence the energy Ei of electrons impacting the electrode surface is 𝐸 𝑖 = 𝐸 -│𝑉 𝑏𝑖𝑎𝑠 │. Therefore the SE current emitted from the surface by these impinging electrons is given by:

𝐼 𝑆𝐸 (𝐸, 𝑉 𝑏𝑖𝑎𝑠 , ) = 𝐾 ∫ 𝛿(𝐸 -│𝑉 𝑏𝑖𝑎𝑠 │) × 𝑛(𝐸)𝑑𝐸 ∞ │𝑉 𝑏𝑖𝑎𝑠 │ (2.10)
where 𝛿 is the secondary electron yield (SEY) of the copper surface. The electron current measured by an electrode with a negative bias is finally provided by:

𝐼 𝑒--𝐼 𝑆𝐸 = K ∫ 𝑛(𝐸)[1 -𝛿(𝐸 -│𝑉 𝑏𝑖𝑎𝑠 │)]𝑑𝐸 ∞ │𝑉 𝑏𝑖𝑎𝑠 │ (2.11)
-

Influence of the Secondary Emission Yield

An usual expression of SEY given by Scholtz in (Scholtz et al., 1996b) can be used to numerically express the variation of the secondary electron yield as a function of the primary electron energy:

δ(E) = 𝛿 𝑚𝑎𝑥 𝑠 * ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 -1 + ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 (2.12)
For the LHC beam chambers, s = 1.35 can be used [START_REF] Iadarola | Electron cloud studies for CERN particle accelerators and simulation code development[END_REF]., (Noël Hilleret et al., 2001). max corresponds to the maximum value of SEY and Emax the corresponding energy. SEY plots for different values of the Emax is and max parameters are presented in Figure 2-40. The progressive decrease of SEY at high energy is related to the surface conditioning or "scrubbing". This effect is observed when the surface is exposed to prolongated electron irradiation and occurred for the copper wall in the LHC as described in chapter 4. The calculated total electron current (Equation (2.11)) can be normalized to the total incident electron current as:

𝐼 𝑛𝑜𝑟𝑚 = ∫ [𝑛(𝐸)(1 -𝛿(𝐸 -│𝑉 𝑏𝑖𝑎𝑠 │))]𝑑𝐸 ∞ │𝑉 𝑏𝑖𝑎𝑠 │ ∫ 𝑛(𝐸)𝑑𝐸 ∞ 0 (2.13)
This normalization will allow us to compare directly the computed electrical current to the experimental one (with the electrode polarized with a negative bias). Figure 2-42 shows the intensity of the calculated electron current which should be measured by the electrode, when a negative bias is applied to the electrode, as a function of max. The energy spectrum used for this calculation is the one presented in Figure 2-36. The intensity becomes positive for SEYs larger than 1.5, indicating that the contribution of SE (i.e. positive current contribution) is predominant for the highest values of SEY. As shown, a first rapid increase of the calculated intensity is observed for bias ranging from 0 to about -25 V where a maximum value is reached, then it decreases progressively to vanish from -500 V. Therefore, for  > 1.5, plots exhibit a peak shape, with a maximum centered between -15 V and -25 V depending on . This result indicates that no electron signal should be detected for a bias lower than -500V. u.) -
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Influence of the electron energy distribution

The advantage to describe analytically the electron energy distribution is that the fitting parameters of the spectrum can be modified to investigate the influence of the electron distribution shapes on the computed intensity. Figure 2-43 shows different energy spectra with different parameters (displacements on peak 2 towards higher energy or greater contribution of accelerated electrons than those of the experimental spectrum).

Figure 2-44 shows an example of calculated intensities with new energy spectra as a function of negative bias. These calculations were performed with the SEY expression for which the maximum value is 1.7. As seen in these plots, when the contribution of the accelerated electrons increases (i.e. increase in the intensity of peak 2) but their average energy remains the same, a rise in the intensity of the electron current (dotted blue lines in Figure 2-44) is observed. On the other hand, if the energy of the accelerated electrons is progressively increased (the maximum of peak 2 shifts towards higher energy), their contribution increases strongly for low absolute values of the bias leading to a large broadening of the electrode intensity (red lines in Figure 2-44). The larger the primary electron energy is, the lower the negative bias must be. Figure 2-44: Normalized intensity calculated for a maximum SEY equals to 1.7 and from several spectra obtained with different parameters for peak 2: the position of the peak is shifted at a higher energy (red lines) or its intensity is modified (blue and red lines).

Comparison between experimental and calculated values

The computed current (corresponding to the contribution of both primary and secondary electrons) and the experimental one (that may include additionally an ion contribution) must be normalized to the primary electron current in order to compare them. It means that the positive signal recorded with the electrode K6517A, when it is negatively polarized, is divided by the primary electron current measured with the K11 electrode (positively polarized to record the total primary electron current), corrected using equation (2.3).

The current was recorded by the electrode K6517A during a scanning of Vbias from 0 to -1000 V after the energy ramp up (6500 GeV) of fill 7328. After normalization, this signal was plotted on Figure 2-45 as a function of bias and compared to the plots calculated with different electron energy spectra. The better agreement is obtained with the experimental spectrum presented previously in Figure 2-36, indicating that the high energy component of the electron energy distribution is located around 100-150 eV and not at a higher energy. Despite the discrepancy appearing for the low values of bias (from -600 to -1000V, see further), the experimental spectrum is the only one that correctly reproduces the shape and the experimental variations observed in the bias range between 0 and -200 V. Thus, this result confirms the use of the experimental electron energy distribution in station 4 to perform our calculations thereafter.

- The range in which the bias varies between 0 and -200V can be examined in more details. In order to go further, the current was recorded for several scanning of Vbias from 0 to -127 V after the energy ramp up (6500 GeV) for fill 6640 (two scans) and fill 7328. Comparisons between experimental outcomes and calculations with several SEYs are presented in Figure 2-46 (computation performed with the experimental electron energy spectrum).

-140 -120 -100 - As it can be seen in Figure 2-46, normalized electrode intensity plots initially rise with decreasing bias voltage (Vbias) up to a maximum value reached for Vbias ≈ -20 V, and then declines as Vbias is further decreased. For the scans recorded during fill 6640, the experimental data are in good agreement with the curves calculated with a maximum SEY between 1.7 and 1.8, whereas for fill 7328, the SEY seems to be lower (1.7). In this bias range [0; -140V], the positive intensity is dominated by the secondary electrons emitted from the electrode surface while being bombarded by primary electrons. The positive current recorded by the electrode during different fills does not change very much over time for a given negative bias. For example, the bias scanning carried out during fill 6640 is little different from that recorded during fill 7328, while the first one was carried out in May 2018 and the last one in October 2018. This result indicates that the conditioning of the electrode surface in station 4 is not significant.

For an extended scanning from 0 to -1000 V performed during fill 7328, a discrepancy between calculated and experimental signals occurs from Vbias = -500 V: whereas the calculated signal for the electrons vanishes at the lowest Vbias values, experimental measurements reach a low but constant value, which could correspond to a positive ion current (Figure 2-45).

To confirm the presence of ions, several current measurements were performed during several fills, just after the energy ramp up, with -1000 V ≤ Vbias ≤ 0 V (Figure 2-47). It clearly shows that below -400 V, a constant positive value is reached. As the signal from primary electrons and SE should be null at the lowest Vbias, the remaining signal can only be related to positive ions. The measurements are normalized to the incident electron current (obtained with the electrode K6517A). Thus, the measured ion current corresponds to 2.5% of the incident electron current. If this constant ion current is added to the calculated electron current, it is seen that the maximum SEY of the copper electrode should be between 1.6 and 1.7 (Figure 2-47). It is worth noting that these positive ions can also produce an electron emission, which may affect the determination of the ion intensity (see Chapter 3).

- 

Discussion on VPS measurements 2.4.1 Pressure and electrical currents

Pressure, electron and ion currents follow the same evolution during a standard fill for physics. However, differences of behavior can occur in a specific step. For instance, during the injection step of the proton beam into the ring, an increase in pressure and electrical currents is measured in station 4 for some fills but for others fills no significant change is observed, whereas the filling pattern scheme seems to be the same. By analyzing our measurements recorded during the proton injection step (for a beam of 450 GeV and the standard filling pattern), it can be shown that an EC build up appears if the number of protons per bunch becomes greater than a threshold (of the order of 1.12x10 11 p + / bunch). This means that the electronic density must increase rapidly to produce a significant rise in pressure, induced by stimulated electron desorption (and possibly by induced ion desorption).

If the EC build up does not appear, the electronic density remains low and the ionization of the residual gas by the proton beam is not sufficient to provide the electron flux necessary to produce desorption and a significant pressure rise. Likewise, the flux of ions generated by the ionization of the residual gas is also too low to be detected (the flux of ion induced by the proton beam is calculate in Chapter 5 and represents around 3.10 10 ion/m/s). Significant ion current is measured only when the electron density itself is high. The predominant source of ion production is therefore the ionization of the residual gas by the electrons of the EC.

In conclusion, the ionization of the residual gas by the proton beam is not enough on its own to produce a large quantity of electrons and therefore a rise of the pressure during the proton beam injection step. Pressure increase and ion production in the beamline are thus driven by the electron density of the EC.

During the energy ramp-up, the photoelectrons produced by the SR add to the electrons originating from residual gas ionisation to finally produce multipacting. The maximum photon flux calculated in the VPS is around 6x10 14 ph/m/s (see Chapter 5). The conditions for the formation of an EC build-up during a standard fill for physics at top energy are still met to produce an EC since a rise in pressure (and electron currents) is always observed during this step. When the beam is stable and the sequence of p-p collisions begins, the electron desorption drives the pressure, the photon-desorption does not seem to have a visible effect as long as the EC is observed. The decline of electron density during this step induces the decrease in pressure. It is worth noting that as the EC is always formed at the end of the energy ramp, ionization of the residual gas by electrons provides also ion fluxes of sufficient intensity to be detected.

In conclusion, the evolution of the electron density related to the EC build up drives both the increase of the pressure (production of neutral particles by electron stimulated desorption) and ions (the residual gas is mainly ionized by electrons). To confirm this conclusion and to go further, the ion current intensity experimentally measured must be discussed.

Intensity of ion current

We found that the ion current measured in station 4 of VPS represents in average 2.5% of the incident electron current, i.e. two orders of magnitude lower than the electron amount. It is usually considered that the ion amount is 5 orders of magnitude lower than the equilibrium electron density and thus their effects are negligible (Giovanni Rumolo & Zimmermann, 2001). So our experimental ion current is higher than it would be expected.

Using both analytical and simulation methods, Rumolo and Zimmermann investigated the questions whether the positive ions accumulated up to a sufficiently high density level affect the proton beam stability and the possible interplay of ions and the electron cloud. So, to estimate the ion density in the station 4 of VPS, the analytical approach developed in [Rumolo and Zimmermann CERN-SL-2001-014 AP] was used. It allows us to compute in a first approximation the order of magnitude of the ion current in the VPS in a simple way and compare it with our experimental results.

The process to produce ions implies the residual gas ionization in the beam pipe by both the high energy proton beam and the electrons from the EC. The density of residual gas molecules is given by:

𝑛 𝑔𝑎𝑠 = 𝑃 𝑘 𝐵 𝑇 (2.14)
where P is the pressure inside the beam pipe, kB is the Boltzmann's constant and T is the gas temperature. In station 4 of VPS, the maximum pressure is ≈1.5x10 -9 mbar at top energy and the residual gas density is thus ngas = 6x10 13 m -3 at room temperature, i.e. one order of magnitude higher than the equilibrium density of the electron cloud (10 12 m -3 -10 13 m -3 ). It is worth noting that the density of high-energy protons when the LHC ring is filled during a standard fill for physics is ≈6x10 12 m -3 (one beam), similar to the electron density. So the average numbers of beam particles and electrons are comparable. However the ionization cross section of main residual gases in the beam pipes (i.e. H2, CH4, CO and CO2) for 150 eV-electrons is ≈ 100 times larger than the ionization cross section for 6500 GeV-protons, as it can be seen in Where 𝜌 𝑒 and 𝜌 𝑝 are the density of electrons and protons respectively, 𝜎 𝑖𝑜𝑛 𝑒→𝑔𝑎𝑠 and 𝜎 𝑖𝑜𝑛 𝑝→𝑔𝑎𝑠 are the ionization cross sections of residual gas by electrons and protons, 〈𝑣 𝑒 〉 and 〈𝑣 𝑝 〉 correspond to the average velocity for 150 eV-electrons (7.3x10 6 m.s -1 ) and 6500 GeV-protons respectively.

For ionization of H2 gas, following results were obtained: . More ionizations are produced if the residual gas is CO than H2 due to higher ionization cross sections. The ionization rate by electrons is higher than the one by protons (this later represents only between 13% and 27% of the total ionization rate as a function of residual gas), which indicates that electrons from the EC are more efficient to ionize the residual gas than high energy protons. Therefore, once the electron cloud is established, it will increase the rate of ion production in the beam pipe. We used the rough analytical estimate of the ion survival times and ion energies given in (Giovanni Rumolo & Zimmermann, 2001) for the LHC beam pipes and compute them for the VPS vacuum chambers, since the beam pipe radius of LHC is ≈22 mm whereas the one of VPS liner is 40 mm. This larger radius can influence both the energy and the survival time of ions. It should be underlined that no magnetic field is applied in the VPS, so that our calculations are performed for free-field vacuum chambers.

The kinetic energy of ions impacting the chamber wall is given by:

𝐸 𝑖𝑜𝑛 = 𝑒 2 𝑄𝑁 𝑏 2𝜋𝜖 0 𝐿 𝑏𝑠 𝑙𝑛 ( 𝑟 𝑏 𝜎 𝑟 ) (2.17)
where Q is the ion charge (+1), e the electron charge (1.6x10 -19 C), 𝜖 0 is the permittivity of free-space (8.85x10 -12 F.m -1 ), Nb is the number of proton per bunch (1.1x10 11 p + per b), Lbs is the spacing between two bunches (7.5m), rb is the beam pipe radius (40 mm in the VPS) and r is the approximate rms transverse beam size taken equal to 0.3 mm according to [START_REF] Rumolo | Interplay of Ionization and Sputtering with the Electron Cloud[END_REF]. It is assumed that the ionization takes places in the vicinity of the beam, the bunched structure of the beam is neglected and no other field is acting on the ions apart from the beam field itself.

We find an ion impact energy equal to 206 eV (against 181 eV for the standard beam pipe of LHC).

Therefore, an increase of the chamber radius induces a higher ion impact energy. Ion impact energy calculations were also performed by [START_REF] Malyshev | The Ion Impact Energy on the LHC Vacuum Chamber Walls[END_REF] for H2 + and CO + ions. There, values between 100 and 200 eV are found for field-free drift spaces, in good agreement with our present results. An important feature is that the ion energy does not depend on the ion mass.

The survival time t of an ion launched with zero initial velocity at radial position r0 assuming a cylindrical symmetry is given by (Giovanni Rumolo & Zimmermann, 2001) :

∆𝑡 = ∫ 𝑑𝑟 √2𝐶𝑙𝑛 ( 𝑟 𝑟 0 ) 𝑟 𝑏 𝑟 0 (2.18)
Where 𝐶 = 𝑒 2 𝑄𝑁 𝑏 2𝜋𝜖 0 𝐿 𝑏𝑠 1 𝑚 𝑝 𝐴 , A is the atomic mass number (1, 16, 28 and 44 for H2, CH4, CO and CO2 respectively), mp is the proton mass. Figure 2-48 shows typical survival times as a function of radial starting position for the LHC standard beam pipe and the VPS beam pipe, for H2, CH4, CO and CO2. The survival times for all gases remain below 10 µs. The heavier the ions, the longer they stay in the beam pipe. However, ions survive in the VPS room chambers twice as long as in the standard pipes. More complete simulations taking into account the bunched nature of the beam, the dynamics of the ions under the influence of the beam field and additional magnetic fields and the space charge force of electrons show that the survival times are divided by three compared to those calculated with the analytical method. These results lead to typical values of 0.7 µs for H2 and 1.5 µs for CO in the VPS.

The evolution of the ion density (ion) in the VPS beam pipe was determined by the differential equation:

𝑑𝜌 𝑖𝑜𝑛 𝑑𝑡 = 𝜌 𝑔𝑎𝑠 𝜏 𝑖𝑜𝑛 - 𝜌 𝑖𝑜𝑛 𝜏 𝑠𝑢𝑟 (2.19)
where 𝜏 𝑖𝑜𝑛 -1 is the total ionization rate and 𝜏 𝑠𝑢𝑟 corresponds to the maximum survival time of ions in the beam pipe. We used 0.7 µs and 1.5 µs for H2 and CO respectively for 𝜏 𝑠𝑢𝑟 . Integrating equation (2.19) and with ngas = 6x10 13 m -3 , ion(t) and its equilibrium value can be numerically determined. The solution is given by:

𝜌 𝑖𝑜𝑛 (𝑡) = 𝜌 𝑔𝑎𝑠 𝜏 𝑠𝑢𝑟 𝜏 𝑖𝑜𝑛 𝑒 - 𝑡 𝜏 𝑠𝑢𝑟 (-1 + 𝑒 - 𝑡 𝜏 𝑠𝑢𝑟 ) (2.20)
The time profile of the ion density inside the beam pipe for H2 and CO is shown Figure 2-49. The density of residual gas particle is high, providing a large ion source. However, the ion loss rate is also high and the equilibrium value is thus rapidly reached. At equilibrium, the ion density (between ≈3x10 7 (H2) and ≈2x10 8 m -3 (CO)), Figure 2-49) is thus 4-5 orders of magnitude lower than the electron density. Using the same model, the ion current on the wall was estimated to be 6-7 orders of magnitude lower than the electron current for a different accelerator geometry as presented in [Rumolo and Zimmermann CERN-SL-2001-014 AP]. The final number of ions thus obtained is not expected to affect the evolution of the electron cloud. A typical loss rate value of 10 14 m -3 .s -1 gives an ion current of 1.6x10 -5 A m -3 . By taking into account the volume in front of electrode K6517A in the VPS, the theoretical ion current that could be recorded is in a range between 7.2x10 -11 and 10 -9 A. The ion current experimentally measured are from two to four times higher than the upper calculated limit. So, another source of ion should explain the unexpected high values of ion currents recorded in the VPS, which is not yet identified at present.

Secondary emission yield

From the measurements performed in the VPS, the secondary electron yield in station 4 was estimated to be 1.6. This value appears to be higher than expected. The SEY parameter was inferred for LHC arc beam screens by comparing the heat load measured at 450 GeV with the operational 25 ns beam configuration against EC build-up simulations performed with the PyCloud code. Results predict lower SEY values after beam surface conditioning in the different LHC arcs: between 1.18 and 1.32 (G Iadarola et al., 2019). It is worth noting that the SEY determined is not the SEY of the liner copper wall, but it corresponds to the one of the electrodes used to measure the electrical currents. Its transparency is low (7%), so that the amount of electrons that impact its surface is lower than the one impacting the beam pipe walls. Therefore, the conditioning effect could be less efficient than inside the liner. However, no large decrease of the pressure and of the electron current in the station 4 was observed during machine operation from May to October. No large decrease of SEY is thus expected during this period, and the SEY should be similar at the end of RUN 2 compared to May.

Another issue must be discussed. During the LHC Long Shutdown 2 in 2019, beam screens have been extracted from low heat load and high heat load dipole magnets and undergone surface analysis (Valentine Petit, 2020). It was found that, exclusively on the beam screens from the high-load magnets, cupric oxide (CuO) was present, as opposed to the native cuprous oxide (Cu2O) which is typically found on these surfaces. Moreover, the beam screens from the high-load magnets showed an extremely low concentration of carbon. The maximum SEY of extracted beam screens is globally between 1.6 and 1.8 for low heat load extracted beam screens and between 1.8 and 2.0 for high heat load extracted beam screens (samples with CuO detected at the surface). The beam screens were extracted with a procedure that preserves at most the in-situ conditioning state of the beam exposed surface by reducing their air exposure. Nevertheless, one month has elapsed between extraction and analysis, and even if a storage in static vacuum was carried out to prevent deconditioning, these SEY values are not necessarily representative of values at the end of machine operation. SEYs should be lower than those finally measured.

But it is clearly shown that modifications of the SEY and of the conditioning behaviour are closely associated to surface chemistry changes. The mechanisms leading to these surface alterations are presently not completely understood and show that complex conditioning phenomena occurring during machine operation lead to unexpected SEY values.

Summary

Following results were obtained in this chapter by analysing measurements performed in station 4 of VPS (beam 1, unbaked copper) during standard fills for physics:

-During proton beam injection step (standard filling scheme), in cases where the number of protons per bunch threshold of ≈1.12 x10 11 p+/b were exceeded, the electron cloud build-up started; -Pressure evolutions during the p-p collision step were driven by both the photo-and electronstimulated desorptions; -A good agreement with the experimental electron energy spectrum, reproducing correctly the shape of the experimental variations, was shown. Moreover, the high energy component of the electron energy distribution is located around 100-150 eV. -Positive ions were detected with higher values than expected (2.5% of the incident electron current); -A SEY of 1.6 was determined for the copper surface of the electrode ; no specific conditioning effects were highlighted during the last period of RUN II (from May to October 2018); -The pressure increase and the ion production were mainly driven by electrons from the electron cloud.

All measurements performed in the VPS and the different outcomes show the importance to take into account several phenomena in order to understand the pressure evolution in the LHC. These aspects are discussed in the next chapters.

The relationship between the surface chemistry and the SEY evolution must be addressed to understand the evolution of surface conditioning upon particle irradiation. It's the topic of Chapter 4.

The impact of ions on molecule desorption and electronic production must be investigated (i) to identify their influence on the global pressure rises and (ii) to acquire data on the ion stimulated desorption in order to perform simulations. This point is treated in chapter 3.

Finally, it will be possible to reproduce the pressure evolution (dynamic pressure) in the LHC by taking into account all phenomena (ionization by electron cloud, ion, electron and photo stimulated desorption) by using an analytical model based on the VASCO code developed at CERN (Rossi, 2004).

The new code called DYVACS (Dynamic Vacuum Simulation) is presented in chapter 5.

Ion Stimulated Desorption

This chapter is dedicated to the process of ion stimulated desorption (ISD), i.e. molecules released from the surface of a solid by the impact of an incoming ion. The ion-induced pressure instability is a limitation to achieve high beam intensity, and hence the ultimate luminosity requirements for physics studies in accelerators.

In the LHC, this instability may be due to the interaction of proton beams with the residual gas generating positive ions. These ions, accelerated by the beam space charge, bombard vacuum chamber walls with impact energies typically of 500 eV and 300 eV for H2 + and CO + respectively when a magnetic field is applied (in dipoles or quadrupoles) and does not exceed the value of about 300 eV in free-field spaces (as previously mentioned) (Malyshev, 2000). Ion impacts lead to the desorption of common gaseous species cryopumped on beam screen: H2, CH4, C2H4, C2H6, CO and CO2 (Hulla, 2009). When recycled in the gas phase, molecules can in turn be ionized by the circulating beam, and initiate a pressure runaway process till 10 -8 mbar (N2 eq.) and, consequently, leading to the loss of the stored beam inside the LHC ring. For this reason, perforations were produced in the beam screens to guarantee vacuum stability. The analysis of one of these so-called "pressure bumps" revealed the following gas composition: mainly H2 and CO, but also CH4 and CO2. However, this composition can show considerable variations, especially in the proportion of H2 in the residual gas.

In order to design the pumping system and to adapt both the nature and surface treatments of the beam pipe wall to the beam currents, simulation tools (e.g. VASCO code (Rossi, 2004)) exist to calculate pressure profiles in accelerator vacuum systems. A key input for these programs is the desorption yield of the surface, i.e. the number of molecules released by incoming ions. One of the limitations of these simulations results from the lack of data concerning the ion-induced desorption yields dependence on the nature, the mass, and the energy of the incident ions of interest interacting with the beam screen surface.

This section is devoted to the improvement of our knowledge of these desorption yields. The ioninduced desorption of the LHC beam screen has been studied at room temperature for various primary ions: noble gas ions, such as Ar + , and ions produced by the ionization of the common gases encountered in accelerator vacuum systems, i.e. H2 + , CH4 + , CO + and CO2 + . The dependence of the desorption yields on the mass, energy and nature of the incident ions is presented and discussed. In this context, the decrease of the ion-induced desorption yield as a function of the incident ion dose, the so-called "beam-surface scrubbing" has been also investigated for the LHC beam screen.
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Setup Systems and Design

The experimental setup for the ISD measurements is shown in Figure 3-1. It is located at the Meyrin CERN site, building 30, in the laboratory of Vacuum Studies and Measurements team. The schematic of the ISD setup (Figure 3-2) shows from right to left : (i) the gas injection system to introduce Ar, H2, CH4, CO, and CO2 inside the ion gun (cf. section 3.1.2); (ii) a differential pumping system (cf. section 3.1.3) consisting of two Turbo Molecular Pumps (Pfeifer Group), one Turbo Molecular Pump (Edwards Group), and one conductance providing a base pressure inside the experimental vessel in the low 5.10 -10 mbar (N2 eq.) range (without beam and without gas injection in the gun), (iii) the UHV experimental chamber equipped with a load lock to change samples without pressure break down. The sample stage holds three samples that can be fasten simultaneously on the sample holder and positioned under the ion beam by adjusting the z-position (sample holder lift). Each sample is detachable for rapid sample change out. Additionally, a mobile gas injection system is used to introduce noble gases like He, Ne, Ar and other gases such as H2, CH4, C2H4, C2H6, CO, CO2, N2, for the purpose of RGA calibration into the UHV-chamber (cf. section 3.1.4). The total pressure in the system is measured with Penning gauges and inside the UHV-experimental chamber with a Bayard-Alpert ionization gauge (BA). The partial pressure in this chamber is monitored with a Residual Gas Analyser-RGA.

Qualification and commissioning of the ISD experimental setup was performed. For instance, setting of the ion gun parameters via several tests was carried out to optimize the experimental conditions.

First, a bake-out process of the experimental set up must be performed during 24h to reach a low pressure inside the experimental chamber, in order to obtain a high sensitivity of pressure variations during desorption experiments. Table 3-1 shows the temperatures of bake-out used for the different parts of the ISD set up and the pressure evolution indicating the efficiency of the process. The Bayard Alpert gauge, the RGA head and body were also baked out up to 350 °C. At the end of the bake-out process, the gauges were degassed. During the cooling down, RGA was also degassed.

System Temperature (°C) P before bake-out (mbar -N2 eq.)

P after bake-out (mbar-N2 eq.)

Injection line 200 --Ion source 200 4x10 -7 <10 -9 Differential pumping chamber 300 8x10 -9 <10 -9 Experimental chamber 250 2x10 -7 5x10 -10 Table 3-1: Temperature of bake-out performed on the different systems of ISD setup and pressure before and after bake out.

After a cooling down period of two days, the bake-out decreases the pressure inside the experimental chamber from 2x10 -7 down to 5x10 -10 mbar (N2 eq.).

Ion gun and beam monitoring

The ion source used is IQE 12/38 from SPECS group. Positive ion species of all inert gases as He, Ar, Ne, Xe, Kr, N2 can be generated as well as reactive ions by use of O2 or H2. In the present case, electrons are first emitted from a heated filament (constituting the cathode) and they are accelerated to the anode (in the form of a grid cylinder). Electrons enter the inner grid cylinder forming the ionization chamber with an energy of about 100 eV, corresponding to the maximum value of the probability for single electron stimulated ionization for the common gases [START_REF] Benvenuti | Low pressure limit of the bayard-alpert gauge[END_REF]. A voltage between 0-5000 V is applied to the anode. Within the anode, the electrons may hit gas particles, ionize them and form an electron-ion plasma. A conical extractor electrode accelerates the ions out of the plasma area and forms the ion beam. The extractor has a voltage slightly negative compared to the anode voltage and therefore draws ions out of the ionization chamber. The ratio between the anode and extractor voltages is almost constant over the range 0-5000 V, so the Extractor parameter on the power supply is expressed as a percentage of the anode voltage. Therefore, the extractor voltage automatically changes as one adjust the beam energy. Typical beam currents for the working distance used in this set-up are in the range of less than 1 pA up to 300 nA for a beam spot around 3mm in diameter.

Because the geometry (i.e. the angle of incidence and the working distance between the source and the sample) is significantly different from the nominal conditions specified for the IQE 12/38 ion gun, it is necessary to set our own ion gun parameters (Table 3-2): ➢ Energy parameter: it corresponds to the ion beam energy; ➢ Emission value: it refers to electron emission current from the filament. For a high ion current request, a high emission current is suggested; ➢ Extractor parameter: it corresponds to the extraction voltage needed to extract ions from the gun just after the ionization. The optimum extraction voltage varies with the accelerating voltage (given by the potential difference between grid and ground) and also varies slightly with emission current and gas pressure in the ion gun. However, the optimum voltage for extraction is approximately proportional to the accelerating voltage. It represents a percentage of the energy value and depends on the gas type and pressure. A high percentage is recommended to achieve a high ion current. ➢ Focus: two parameters (Focus 1 and Focus 2), associated to a double lens system, allow to set the ion beam focus. Two kinds of focus mode can be used: (i) "Fine beam mode", refers to a small spot, where the Focus values should be around 77%, (ii) "High current beam mode" where Focus 2 equal zero. For our application, because the working distance is higher than the one from the specified dimensions of the IQE 12/38, Focus 2 parameter was chosen to be equal to zero and Focus 1 varied to measure the higher current on the sample. ➢ PosX and PosY: these parameters refer to the position of the spot by means of deflection centring voltages in the two directions: "X-position" and "Y-position". From the specifications of the IQE 12/38, they correspond to a beam shift from -5 to +5 mm from the centre (0; 0), for the constructor working distance. To set these different parameters for our experimental conditions, measurements of the ion current on a copper sample as a function of the extractor parameter and different Focus 1 values were performed as a function of the gas nature, pressure and beam energy. Figure 3-3 shows an example for a 5 keV Ar + beam with an injection pressure of 5x10 -5 mbar (N2 eq.).

Figure 3-3: Ion intensity measured on the sample as a function of focus 1 and extractor parameters for 5 keV Ar. For more readability only the maximum current value is reported for F1 of 74% and 80%

In this example, for a 5 keV-Ar + beam, the maximum ion current (≈130 nA) is achieved for the following parameters: Extractor = 94% and Focus 1 = 77%.

Once the beam parameters are correctly set, the location of the sample relatively to the ion beam impact inside the UHV-experimental chamber must be monitored by performing a z-position scanning of the sample holder (Figure 34). The incident ion beam enters into the detector assembly through an aperture (6 mm in diameter) in front of the sample. Ions are collected on the biased samples and secondary particles (electrons or ions) emitted from the samples can be detected by a collector in copper (fasten on the sample holder) as a function of applied bias. Samples and collector move together along the z-direction (Figure 3-5). First, when the beam is masked by the collector (low z-shift), no ion current is detected on the sample whereas a maximum intensity is recorded by the collector. Then, the sample intensity rises progressively with increasing z-shift from 40.3 m to 42.3 mm (and conversely the collector current decreases), up to reach a constant value, from 42.3 mm to 47.2 mm, indicating that the beam is centred into the aperture. Then the sample current declines down to vanish at a position of 48.2 mm, whereas the collector intensity recovers its initial maximum intensity (28nA).

Increasing z-shift, the sample intensity gives us a measurement of the beam size. It starts from 40.3 mm and stops around 42.3mm. So, the size of the beam corresponds to 42.3-40.3=2 mm in diameter. Therefore, the plateau length is larger (here about 5mm) than the beam size. This point must be checked to avoid that the ion beam passing through the aperture interacts directly with the collector. In addition to this method, an analytical approach was used to estimate the beam size through the collector hole. The beam is assumed to be an elliptical function following a Gaussian distribution for beam intensity. By computing the intersection between the collector hole and the beam, the intensity profile was simulated and compared to the experimental one to fit gaussian parameters (Figure 345678).

The beam intensity distribution on the sample, the beam size and the beam position relative to the hole could be sketch (see more detail in Annex 1). The white dashed line represents 99% of the size limit of the beam spot and the white circle corresponds to the collector hole projection. This method makes it possible to display two different cases. In the first one, almost all of the beam passes through the collector, in this case the measurement is considered as correct (Figure 3456789). In the second case, a significant part of the beam interacts with the collector. In this latter case, the measurement is not considered as correct since gas desorption comes from the collector and not from the sample (Figure 3-10). 

Collector hole
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Figure 3-10: Example of beam spot non-centred into the collector hole. On the left, comparison between the experimental value of intensity profile in green dotes and the calculated one in vertical direction in black, in horizontal direction in red. On the right, calculated beam intensity distribution and spot size into the collector aperture.

In this section, all data measured should correspond to the case one. Unfortunately, during the measurement period, after the setup mounting, bake-out, and beam characterization, only few measurements were checked and were selected to be included in this study. The world's health crisis doesn't allow us to carry out measurements at CERN during the year 2020. For this reason, only preliminary results are presented.

Differential pumping

A very low pressure in the 10 -10 mbar range is required Inside of the experimental vessel to monitor the desorption yields. Since the ion gun pressure has to be in the 10 -5 -10 -4 mbar range to obtain a reasonable ion current emitted by the gun, a differential pumping system becomes necessary to avoid a too high pressure in the experimental chamber.

When an Ar gas amount corresponding to 5.10 -5 mbar (N2 eq.) pressure is injected into the ion gun, the pressure inside the UHV-chamber is approximatively 10 -8 mbar (N2 eq.). From the ion gun to the experimental chamber, the beam travels through a conductance of 4.02 mm in diameter. Two pumping system are located upstream and downstream of this conductance. Table 3-3 gives the pressure at different location along the set up and for different configurations: (i) after bake-out, (ii) with the gas injection and gun on.

Step Experimental chamber Differential pumping zone Gas injection zone After bake-out From 5x10 -10 mbar to 2x10 -9 mbar P<10 -9 mbar P<10 -9 mbar Gas injection, beam off ≈10 -8 mbar 8x10 -8 mbar From 5x10 -5 to 10 -4 mbar Gas injection, beam on ≈2x10 -8 mbar 8x10 -8 mbar From 5x10 -5 to 10 -4 mbar Table 3-3: Pressure distribution in the experimental ISD setup for different cases As shown in Table 3-3, the pressure inside the experimental chamber during the setup operation increases from 5.10 -10 mbar to 2.10 -8 mbar (N2 eq.) for a gas injection of 5.10 -5 mbar (N2 eq.).

3.1.4 System calibration (pumping speed, RGA, Sensitivity factors)

Pumping speed calibration

The pumping speed S of a Turbo Molecular Pump and the sensitivity factors of a Residual Gas Analyser are specific for various gases and depend on experimental devices. A calibration operation of these components for each experimental setup is thus necessary. The calibration of the pumping speed could be done through a pipe with a well-known conductance and two gauges. During the calibration the connection valve to the beam system is closed and the gas is injected through the load-lock system. During injection of a certain amount of gas into the UHV-chamber the pressure is monitored before and after the conductance and RGA current intensity were recorded.

The conductance C can be calculated from equation:

𝐶 = 𝑣 𝑚 𝐴 4 with 𝑣 𝑚 = √ 8𝑘𝑇 𝜋𝑚 (3.1)
Leading to:

𝐶 = 𝐴 4 √ 8𝑘𝑁 𝑎 𝑇 𝜋𝑀 (3.2)
where 𝑣 𝑚 is the mean speed of particles, A is the surface, and C the conductance, k is Boltzmann coefficient, m the molecule mass, Na the Avogadro number, and T the temperature. where P is the pressure in the vessel.

From the pumping configuration of the experimental chamber shown in Figure 3-11, the effective pumping speed Seff in the experimental chamber is calculated using the following equations:

𝑄 = 𝑄 1 + 𝑄 2 (3.5) 𝑆 𝑒𝑓𝑓 = 𝑆 𝑒𝑓𝑓1 + 𝑆 𝑒𝑓𝑓2 (3.6) 1 𝑆 𝑒𝑓𝑓1 = 1 𝑆 1 + 1 𝐶 1 (3.7) 𝑄 2 = 𝐶 2 (𝑃 -𝑃 2 ) (3.8) 𝑆 𝑒𝑓𝑓2 = 𝑄 2 𝑃 = 𝐶 2 (𝑃 -𝑃 2 ) 𝑃 (3.9) 𝑆 𝑒𝑓𝑓 = 𝑆 1 × 𝐶 1 𝐶 1 + 𝑆 1 + 𝐶 2 (𝑃 -𝑃 2 ) 𝑃 (3.10)
where S1 represents the pumping speed of the left turbo molecular pump of the system, C1 and C2 the two conductances, P the pressure of the experimental chamber, P2 the pressure at the right side (Figure 3-11) and Seff the effective pumping speed in the experimental chamber. 3 -5).

Differences between the values obtained by both methods represent an uncertainty of less than 4%. However, the analytical estimation uses the nominal pumping speed for S1 of turbomolecular pump given by the manufacturer. For further studies, only values computed via Molflow will be considered because they are more accurate taking into account the real geometry of the system (not a simplified one).

RGA calibration

During the injection of a pure gas, the total pressure is given by the Bayard Alpert gauge. Hence it is possible to calibrate the intensity of the RGA for various gases assuming that the BA gauge is precalibrated. Plotting the current measured by the RGA as a function of the pressure in the system shows a linear function. Its slope yields the conversion factor in A/mbar to convert the current measured from the RGA to a partial gas pressure, as it is shown in Figure 3-12 for H2. 4.0x10 -7

∅ =
6.0x10 -7

8.0x10 -7

1.0x10 -6

1.2x10 -6

1.4x10 -6

1.6x10 -6

1.8x10 -6

2.0x10 During the RGA calibration process, the calculation of the pumping speed for several gases has been also performed by a gradual injection of gas into the UHV-chamber, starting from a pressure of 10 -10 mbar (using the secondary electron multiplier mode) up to 10 -6 mbar. Usual coefficients were used to convert the total pressure given in nitrogen equivalent by the BA gauge in pressure of different gases. To obtain the pressure of different gases, the total pressure in nitrogen equivalent was multiplied by a coefficient of 2.2, 0.7, 0.9, and 0.7 for H2, CH4, CO, and CO2 respectively. To evaluate the contributions of H2, CH4, CO and CO2 to desorption via RGA measurements, the cracking patterns of these gases must also be considered. For instance, the cracking of the CO2 molecule gives a contribution to the mass 28 (corresponding to CO + ). This contribution is measured and corresponds to 42% of the total current intensity of the peak 44. The RGA peak corresponding to the mass 16 is the overlap of O, C2H4 and CH4 molecules. Therefore, it is more relevant to record the signal corresponding to the mass 15 (corresponding to the CH3 molecule, cracking of CH4) to measure the contribution of the CH4 molecule. To determine the partial pressure of the gas during the ion induced desorption process, the following equations were thus used:

𝐼 𝐻 2 = 𝐼 𝑚=2 𝐼 𝐶𝐻 4 = 𝐼 𝑚=15 𝐼 𝐶𝑂 = 𝐼 𝑚=28 -𝐼 𝑚=44 × 0,42 𝐼 𝐶𝑂 2 = 𝐼 𝑚=44 (3.11)
Finally, using the effective pumping speed Seff, the RGA conversion factors and the cracking patterns of gases, desorption yields can be calculated from RGA measurements and total pressure.

Samples and measurements

3.2.1. Measurement principle 3.2.1.1.

Current measurement

Ion stimulated desorption of neutral species can be studied with the experimental set up presented previously. Additionally, secondary particles (ions or electrons) emitted by the sample under ion beam irradiation can also be detected as a function of the bias applied to the collector.

Figure 3-13 shows the case for which a positive and a negative bias is applied respectively to the sample and the collector. In this configuration, secondary positive ions eventually emitted from the sample are repelled and can be detected by the collector whereas secondary electrons are recaptured by the sample. In the energy range considered, reflected ions are negligible (Chapter 1). For these measurements, the sample and the collector were biased at +45 V and -9 V respectively.

In a second case, a positive and a negative bias is applied to the collector and the sample, respectively (Figure 3 The secondary electron yield induced by the ion beam (IISEY) is given by:

𝐼𝐼𝑆𝐸𝑌 = 𝐼 𝑒- 𝐼 𝑖𝑜𝑛 𝑏𝑒𝑎𝑚 = 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 (3.17)
In this case, the sample and the collector were respectively biased at -9 V and +45V.

All current measurements were performed with Keithley model 6485 picoammeters.

Desorption yield measurement

The desorption yield ɳ is equal to the ratio between the number of desorbed molecules and the number of incident ions (equation (3.18)). We assumed an ideal gas model ( with P is the pressure, V the volume of the vacuum chamber, kB the Boltzmann's constant and T the temperature. Finally, the number of desorbed molecules corresponds to the pressure variation when the ion beam bombards the sample and it is given by:

𝑁 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 = ∆𝑃. 𝑉 𝑘 𝐵 . 𝑇 (3.20)
In a real vacuum system, the outgassing rate of the walls is in a steady state with the pumping speed. The variation of the partial pressure of a gas i is given by the corresponding variation of the RGA intensity ∆𝐼(𝑅𝐺𝐴) 𝑖 calibrated with the coefficient K(RGA)i and the desorption yield of species i, is therefore given by: The minimum measurable desorption yield is directly proportional to the pumping speed Si of the system, hence increasing the pumping speed to improve the pressure in the experimental chamber can decrease the system sensitivity. To prevent the case where the desorption yield could not be measured due to a large pumping speed value, another conductance of 10.35 mm diameter was used between the turbomolecular pump and the experimental chamber (Figure 3-2).

ɳ 𝑖 = ∆𝐼 ( 

Samples

OFE copper colaminated onto stainless steel (dimensions: 15mm x 17 mm long with 2 mm thick) from the CERN's stock, were cut. For laboratory studies, a standard OMICRON flag shape sample (Figure 3-15) is required to be used it in various setups. The cleaning procedure of samples used to investigate the ion induced desorption yield is similar to the one used for the LHC beam screen surface. The beam screen cleaning procedure before their installation in the LHC starts with a visual control, then a first cleaning with acetone is performed, degreasing by immersion in an ultrasonic agitation bath of a commercial alkaline detergent solution (NGL 17.40 from NGL cleaning Technology, 20 g/L), at a temperature of 50°C is done. Then, the beam screens were rinsed in tap water, followed by immersion in a continuously purified ultra-pure water bath. Finally, the samples were sprayed with ethanol to wet porosities and speed up the drying. Then, the drying phase start at 60°C during 60 min. After cleaning, all samples were stored in a polyethylene bag, in air. For each irradiation experiment a new sample is used.

Measurement Procedure

After the setup bake out (details in section 3.1.1), and degassing of both the gauges and RGA, an initial pressure of 5.10 -10 mbar (N2 eq.) inside the experimental chamber was achieved. Using the load lock chamber, two samples were mounted on a 360 rotatable sample holder around the z direction (Figure 3-2). After pressure recovery, the sample is first aligned with the ion beam. Then, the needle valve of the injection system is progressively open to reach a pressure value in the gun of 5.10 -5 mbar (N2 eq).

The beam set parameters pre-registered in the program requested is launched (the emission current of the ion gun filament increased). After pressure stabilisation, and RGA monitoring, the gun is turning on, the ion beam goes through the collector hole and bombards directly the sample surface.

For each energy, the ion beam parameters have to be readjusted (see section 3.1.2). The impact position on the sample itself can be changed only in vertical direction (z_shift). During irradiation, the total pressure, the partial pressures and the ion beam current are recorded to estimate the gas desorption yield. On the same time, electron and ion currents are recorded on the samples and the collector to determine the SIY and the IISEY as explained in section 3.2.1.

Data monitoring

During the experiment, the pressure in the gun, in the differential pumping zone and in the experimental chamber area is recorded each 5 ms. The current on the sample, 𝑰 𝒔𝒂𝒎𝒑𝒍𝒆 , and the one collected by the collector, 𝑰 𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒐𝒓 , are measured in the same time. Using the mid mode of the RGA, some mass time evolution is recorded (masses 2, 15, 16, 26, 27, 28, 29 ,30, 40, 44) to obtain information about the following molecules: H2, CH4, C2H4, CO, C2H6, Ar and CO2. In order to have an almost simultaneous recording of the different mass signals, the RGA was remotely controlled by a dedicated LabView programme. A limited number of masses is selected to follow the dynamic desorption phenomenon in order to obtain a good accuracy (enough data recorded for each mass during a short time). To insure the reproducibility of measurement, it is necessary to keep the same pumping speed, conversion factor and coverage rate (HILLERET, 1978). To guaranty these conditions, all measurements were performed just after the RGA calibration.

Preliminary results and discussion

Only preliminary results are presented in this section because the COVID-19 pandemic prevented us from performing all planned measurements.

Typical results obtained during an experiment of ion induced desorption

An example of raw data recorded during copper irradiation with a 500 eV-Ar + beam for a period of 60 min is shown in Figure 3-16 (evolution of total pressure in the experimental chamber with time) and in Figure 3-17 (variation of ion beam current measured on the sample). First, 6 min after the beginning of the experiment, Ar gas is injected into the gun using the needle valve. The pressure increases from 10 -9 to 1.7x10 -8 mbar in the experimental chamber. When the pressure is stable (after 21 min) the gun is turned on and the copper surface is bombarded by Ar ions with a beam intensity of 3.2x10 -8 A. A pressure rise is immediately observed, with a variation of 2x10 -9 mbar, indicating a process of gas desorption from the irradiated sample. During irradiation, the beam current slightly decreases down to 2.9x10 -8 A. When the gun is turned off, the pressure drops instantaneously down to its initial value before irradiation. During the experiment, the partial pressure of several gases was recorded with the RGA. Figure 3456789101112131415161718shows an example of the pressure evolution for the selected masses 2, 16, 28 and 44. The composition of desorbed gases before and under irradiation can thus be determined. The largest pressure increase under irradiation is observed for mass 28 (CO and /or N2) for which the variation of partial pressure is 2.8x10 -10 mbar whereas for H2 (mass 2) the desorbed amount corresponds to a partial pressure variation of 1x10 -10 mbar. It is worth noting than for Ar irradiation, mass 15 was not recorded using the mid mode of the RGA because this experiment was initially only devoted to perform a preliminary test. 

Beam on Beam off

Figure 3-18: Variation of partial pressure for four selected masses during irradiation of a copper sample with a 500 eV-Ar + beam.

Figure 3-19 shows RGA spectra recorded during the same experiment from mass 1 to 50 before the gas injection (beam off) in blue, after gas injection (beam off) in red, and during irradiation (beam on) in black. No signals were detected for masses higher than 50. Before injection, the mass spectrum exhibits gases commonly present in vacuum chambers, mainly H2, H2O and CO2. Hydrogen is at 2 (H2 + ) and at 1 (H + ). Water gives primary peaks at 16, 17 and 18 due to O + , HO + and H2O + species. Carbon dioxide produces a peak at 44 (CO 2+ ) and at 12 (C + ). CH4 gives also a peak at 16 superimposed to the O + signal (and C2H4) but a small peak at 15 indicates CH3 coming from CH4. No molecular oxygen or nitrogen is detected (no visible peak at 32 (O 2+ ) or at both 28 (N 2+ ) and 14 (N + )). The low intensities of peaks related to H2O indicates that the bake-out of the experimental chamber was efficient.

When Ar is injected (beam off), a huge signal of Ar is detected with the appearance of peaks at 20 (Ar 2+ ), 40 (Ar + ) and 36 (isotope 36 of Ar). Moreover, peaks at 12, 26 and some small peaks corresponding to hydrocarbons increase or appear during the gas injection. Only high purity gases are used for the experiments, so these species correspond to a hydrocarbon pollution coming from the injection line or from the hot electron filament of the ion gun. When the beam is on, the differences between the spectra recorded during irradiation in black and the one after gas injection (but beam off) in red, illustrate the desorption of species induced by the Ar beam. We can clearly identify the following desorbed molecules: H2 (1, 2), CH4 (12, 13, 14, 15, 16), C2H4 (26, 27, 28, 29), CO (28), and CO2 (44).

In the following section, the investigation is focused on the desorption yields of these gases via several irradiation experiments. It is worth noting that the injection gas is detected during the ISD experiments. Thus, it could be tricky to measure the desorption yield of a molecule which is also used as gas injection to generate the ion beam. It will not be possible in our experimental conditions to determine the desorption yield when the nature of the incoming ion is the same than the one of the desorbed molecules. For instance, when irradiation is performed with CO + ions, its desorption yield is artificially increased and it reaches higher values than the expected ones corresponding to CO desorption.

To study ISD on copper surface, CERN beam screen samples were irradiated with Ar + , H2 + , and CO + ions at 500 eV, 1 keV and 2keV respectively in the experimental setup presented previously. The desorption yields of mass 2 for H2 + , mass 16 and mass 15 (when it was available) for CH4 + , mass 28 and mass 44 for CO2 + were calculated from equations (3.22) by using for each gas the increase of partial pressure recorded 3s after starting ion irradiation. This time is considered to be necessary to achieve the equilibrium of the system (three times the ratio of the volume of the experimental chamber over the pumping speed S). For longer irradiation times, the effects of surface conditioning can reduce significantly the desorption yields. The influence of the nature, the energy and the dose of incident ions on the desorption yield was investigated.

Influence of the nature of the incident ion on the desorption yield

First, the effect of the incident ion mass on the desorption yield was investigated. The desorption yields corresponding to H2, CH4, CO, CO2 and mass 16 are shown in Figure 3-20 for incident ions: Ar + CO + and H2 + with an energy of 500 eV.

Figure 3-20: Desorption yields of H2, CH4, CO, CO2 and mass 16 induced by a 500 eV-beam of H2 + , CO + and Ar + respectively, on a copper beam screen.

For an incident Ar + beam, the desorption yields are between 0.03 (CO2) and 0.3 (CO) molecules per incident ion, and they are ranked as follows: H2 > CO > CH4 ≈ CO2. The desorption yields induced by CO + are higher (between 0.4 and 2 molecules per incident ion) and are ranked as follows: H2>CO2> CH4  In this latter case, the desorption yield of CO was estimated to be around 7 but this value is not considered since the injected gas (CO here) is detected together with the desorbed CO.

Measurements were also performed using 1 keV ion beams of CO + and Ar + (Figure 3-21) and 2 keV ion beams of H2 + , CO + , and Ar + (Figure 3-22). For both ion energies, the desorption yields are higher than those obtained with 500 eV ion beams. Desorption yields induced by H2 + are globally larger than those induced by CO + and Ar + regardless the ion beam energy. We can observe also that whatever the beam energy, for a particular incident ion, a preferential desorption occurs as a function of the nature of this ion. For an Ar + beam, H2 and CO are more desorbed than other molecules. Then, mass 16, and finally CO2 are desorbed. For an incident CO + beam, we can note that from the largest to the smallest quantity, H2 appears in first, followed by CO2 (in contrast with Ar + beam), then mass 16, and finally CH4.

Energy dependence of the desorption yield

The energy dependence of the desorption yield was also investigated. Figure 3-23 and Figure 3-24 present the desorption yields induced by Ar + and CO + , respectively, as a function of the beam energy. Surprisingly, the variation of the desorption yields with the incident ion energy is not monotonous.

Regardless the nature of the incident ion, the desorption yields rise from 500 eV to 1 keV, then decrease for an ion energy of 2 keV. However, the values are higher for an incident ion energy of 2 keV than at 500 eV.

One effect could be assumed to explain the unexpected increase of the desorption yield observed with 1 keV ion beams: incoming ions interact with the collector aperture, leading to a higher amount of desorbed molecules because the setting parameters of the ion beam at 1000 eV were not correct. Unfortunately, we did not have time to check the setting of the ion gun parameters to improve the ion beam quality.

Dose dependence of the desorption yield

The investigation of the dose dependence of the desorption yield was carried out with 1keV CO + beam by using a long irradiation time. The RGA mass signal of desorbed molecules was recorded and the corresponding desorption yield was calculated.

Figure 3-25 shows the variation of desorption yields as a function of ion dose for a copper beam screen irradiated with 1keV CO + ions. At an accumulated ion dose between 8x10 13 and 10 15 ions/cm 2 , all desorption yields start to decline due to a surface cleaning effect produced by the ion beam bombardment of the surface (the so-called "conditioning effect"). The behaviour of the desorption yield with the cumulated dose is similar to the results in the literature presented in Figure 3-26 (Hulla, 2009). After an initial continuous decrease with increasing ion dose, a saturation of  occurs above a fluence of ≈4x10 15 ions/cm 2 as shown in Figure 3-27. A similar trend is observed in the literature, e.g. in (Hulla, 2009) or in (Lozano et al., 2003), see Figure 3-28. In this latter study, a baked-out copper sample was irradiated with 3keV Ar + ions, and a saturation is observed around a dose of 2x10 15 ions/cm 2 . As shown in Figure 3-27, CH4 et CO2 saturate for higher doses, while H2 still continues to be desorbed contrary to results of (Lozano et al., 2003) for this latter gas. This difference is related to the fact that samples in (Lozano et al., 2003) were baked-out before the experiments. In the present study, samples were not baked-out and H2 molecule desorption is always detected for long irradiation times. Unlike heavy molecules, H2 has a high diffusion coefficient in a solid. So, it continues to diffuse from the bulk material to the inner surface, therefore constituting an almost infinite source of gas. 

Measurement of secondary ions and secondary electrons induced by ion irradiation

To complete this study, after measuring the desorbed molecules induced by incident ions interacting with the beam screen surface, emission of secondary particles (ions or electrons) from the copper sample under ion irradiation was investigated in the same time. As explained in section 3.2.1, using two different bias schemes of sample and collector, it is possible to measure either the secondary ion yield (SIY equation (3.15)) or the ion induced secondary electron yield (IISEY equation (3.17)). SIY and IISEY are lower than SEY for copper (between 2 and 1 as a function of the surface conditioning).

The relative quantity of emitted secondary ions depends on the mass and energy of the incident ion. SIY increases with increasing energy: more energetic the beam is, more secondary ions are produced (from 0.3% to 3.2% when the Ar + ion energy increases from 500 to 2000 eV).

The SIY value induced by a 2 keV Ar + beam is lower than the one produced by a H2 + beam at the same energy, illustrating the effect of the nature of the incident ion. It looks essential to keep in mind that under ion irradiation, besides desorption, sputtering phenomenon, i.e. the measurement of the loss of target material and the flux of sputtered particles, also takes place. This potential source of ions will be discussed in section 3.3.6. Concerning IISEY, the measurement (0.217) is in good agreement with the literature: a 2 keV H2 + bombardment of Cu induced 0.15 electrons per incident ion in (Zalm & Beckers, 1985) and 0.162 in [START_REF] Baragiola | Electron emission from clean metal surfaces induced by low-energy light ions[END_REF].

3.3.6. Discussion

Comparison with the literature

There are very little data regarding ionic desorption yields on copper surfaces. We can mention the rather old works of Matthewson (Mathewson, 1974b) or Hilleret et al (HILLERET, 1978), and more recently the investigations of Lozano et al (Lozano et al., 2003) or Hulla (Hulla, 2009). Moreover, comparisons can prove to be difficult because the results are very dependent on the surface condition of the material (nature of the contaminants on the surface, baking-out, surface molecular coverage and roughness). Indeed, it can be also difficult to compare results obtained from measurements performed in different experimental setups. As explained in (Hulla, 2009), before the desorbed gas is detected in the gauge, it can hit the experimental chamber walls for several times with a sticking coefficient greater than zero which can differ for several experimental systems. Therefore, only an effective desorption coefficient can be determined and its values could be compared only for several samples with different ion irradiation in one experimental setup Nevertheless, it is interesting to compare the orders of magnitude obtained in the different experiments and try to highlight significant trends in the ion desorption yield. Results obtained in the present work were compared, when it was possible, to those presented in one of the most complete studies (Hulla, 2009), as presented in Figure 3-29 and in Figure 3-30. Desorption yields induced by Ar + are in good agreement with those measured by Hulla. On the contrary, desorption yields induced by CO + (and H2 + ) are larger. One major difference is that the investigated samples in (Hulla, 2009) were baked-out unlike those of the present work. It is likely that the chemical nature of the desorbed molecule and its binding energy to the substrate is different between a baked-out and an unbaked sample (bake out at 200 °C releases 30 monolayers from the surface out of which 4 from CO (Herbeaux, 1999)). In (Achard et al., 1978), baked and as received samples were irradiated with 1400 eV K + . For the as-received samples, H2 and CO values of the order of 10 or 20 molecules/ion were obtained, CO2 ≈4 molec/ion and CH4 ≈1 molec/ion. Heating to 600°C reduced H2 and CO between 1.5 and 2.5 molec/ion. CO2 and CH4 were in the low 0.1 to 0.01 molec/ion range. In (HILLERET, 1978), the desorption yield between baked metals is divided by a factor 4 for mass 28 and by a factor 80 for mass 16 for any incident ions at 5 keV compared to those of unbaked samples. So, clearly, a baking-out reduces the ion desorption yields.

There is a general trend for the desorption yield to increase with the mass of the incoming ion whatever its state (baked or unbaked) (Achard et al., 1978) (Lozano et al., 2003) (HILLERET, 1978). However, it is not possible to compare directly results obtained with a noble gas incoming ion to those determined with reactive species as incident ions, since in this latter case chemical effects can occur, leading to an enhancement of the ion desorption process (Eckstein, 2007). In summary the following trends are observed: (i)

In the investigated energy range, the ISD yield is in the range 0.01 molec/ions << 10 molec/ions; (ii)

In the present work, measured desorption yields are the same order of magnitude than those measured in the literature. (iii)

Incoming chemically reactive ions produce higher desorption yields than noble gas ions at a given energy.

It is worth noting that the ion-induced desorption phenomenon can be considered as a transfer of energy between the incident ions and the desorbed molecules. Thus, the energy transmitted to the desorbed molecules corresponds at least to the sum of the desorption energy and the kinetic energy they possess after their desorption. Depending on the incident ion mass, and on the energy, the particle matter interaction could be completely different. Let us consider a 500 eV Ar + beam interacting with a Cu solid sample. The collisions between the primary Ar + and Cu atoms in the solid can be divided into collisions between the primary particle and the nuclei of the target (elastic interactions), and those between the primary ion and the electrons of the target (inelastic interactions). The first type of collisions leads to a large scattering process which can promote some desorption mechanisms while the second interaction induces ionization in the target leading to other desorption mechanisms.

Thus, the dependence of  on the energy and on the nature of incident ions is complex because the desorption of molecules is driven by different processes, such as the nature of the energy loss (electronic vs nuclear) of the incident ions into the solid, the ejection of secondary particles during bombardment by charged particles, the phenomenon of sputtering, to which must be added chemical reactions occurring at the surface if the incident ion is chemically active. These different points are briefly discussed in the next section.

Ion-matter interaction

The desorption of molecules induced by ion irradiation has its origin in the ion-matter mechanism according to the incident ion mass and energy, and also on the target composition and coverage, i.e. the layer of adsorbed molecules and contaminants deposited on the surface (e.g. due to cleaning processes or storage conditions).

During the ion-matter interaction, a lot of phenomena take place which are closely related. As seen in chapter 1, the total energy loss of an incident ion is expressed as the sum of the energy loss describing the momentum transfer to target particles (Sn) called "nuclear energy loss" (or nuclear stopping power), and another one describing the electronic transitions due to the interaction between the incident ion and the electrons of the target, (Se), called "electronic energy loss" (or electronic stopping power). The preponderance of Se or Sn in the loss of ion energy depends on the mass and the energy of the incoming ion. To compare the energy losses of the different incident ions used in the present work, computations with the TRIM code (Ziegler & Biersack, 1980) were performed.

The TRIM code (Transport of Ions in Matter) calculates the interactions of a projectile (ion or neutral atom) with a solid comprising atom at rest. The calculations are based on the Monte Carlo method: an energetic projectile impacts the surface of a solid and the trajectory of the projectile, all displaced atoms (recoil atoms) in the solid and the energy loss of incident ions are calculated. To describe the physics of the ion-atom and atom-atom interaction, this code used some assumptions: only binary collisions are taken into account, diffusion mechanism is consider in classical mechanics (no quantum processing), the target is considered amorphous (no crystallographic effects), atoms moved only by ballistic collisions, and the effects of electron excitation are only taken into account for slowing atoms, the overlapping of collision cascades are not taken into account (limitation at high fluence) and there is no defect recombination mechanism considered (the solid is assumed to be at 0 K).

To perform the simulation, inputs required are: the mass and charge of the incident ion, the composition, thickness, and density of the target, the displacement threshold energy of the target atoms, and eventually the binding energy. Figure 3-32: Electronic and nuclear energy loss of Ar + and H + in a copper target as a function of ion energy, calculated with the TRIM code (Ziegler & Biersack, 1980) Therefore, when the total energy loss computed by TRIM is dominated by the electronic energy loss at the entrance of the sample, e.g. H + in Cu, the associate trajectory of ion in the target material near the surface remains parallel to the incident ion direction, whereas when elastic collisions are majority, e.g. Ar + in Cu, a large scattering of ion trajectory is observed (Figure 3-31). So, for a given energy, the ion range is larger for H + than for Ar + since the elastic collisions dominate in this latter case.

These different trajectories of the projectile and of all displaced atoms between light and heavy ions induce a significant difference concerning the desorption process. For light ions, energy is transferred by electronic interactions to cause desorption, while for heavier ions the nuclear interactions (purely ballistic effect) promote desorption via a different mechanism.

Because the TRIM program calculates Se and Sn only for single-atomic ions, an indirect calculation is required in the case of molecular ions. After incident molecular ions (with mass mmol) enter into a target, they dissociate into single-ions and create single-collision cascades (H. H. [START_REF] Andersen | Heavy-ion sputtering yields of gold : Further evidence of nonlinear effects[END_REF]. For an implantation energy on a scale of tens of keV (the range of interest in this work is from 0.2 to 2 keV) almost all incident ions dissociate within a few near-surface atomic layers (Chernyaev, 2003). Hence it can be assumed that each of the molecule components has the same speed v before impact, related to the total kinetic energy Emol for a non-relativistic molecule.

𝑣 = √ 2𝐸 𝑚𝑜𝑙 𝑚 𝑚𝑜𝑙 (3.25)
Hence, the energy of each component, Eion, can be expressed using the component mass, mion and the incident molecular ion mass, mmol (Chernyaev, 2003) as:

𝐸 𝑖𝑜𝑛 = 𝑚 𝑖𝑜𝑛 × 𝐸 𝑚𝑜𝑙 𝑚 𝑚𝑜𝑙 (3.26)
The energy loss of a molecular ion at the energy Emol is then assumed to be the sum of the energy losses of each component at the energy Eion. Figure 3-33 represents the ratio of electronic to nuclear energy loss for molecular ions of interest calculated for different energies. For light ions, the Se/Sn ratio value is spread in a larger range as a function of ion energy than for heavy ions. For these latter, since the electronic energy loss is almost negligible, this ratio (below one) is almost the same for any energy (in the energy range that we consider), because the nuclear energy loss dominates. Thus, in this latter case, the desorption mechanism should be driven by ballistic effect of incident ions. For light ions, electronic effect on desorption should be predominant.

Sputtering effect

The sputtering, i. e. the erosion of solid surfaces by ion beams, contributes to the desorption yield. In first approximation, if the incident ion energy is high, the sputtering should be large, and thus more molecules should be removed from the target material. For instance, Ar + beams from 500 to 2000 eV on a copper surface lead to 1.5 to 4 sputtered particles per incident Ar ion (Hans Henrik [START_REF] Andersen | Sputtering yield measurements[END_REF]. First description of sputtering includes therefore only ballistic effects related to the nuclear energy loss. However, to better describe the sputtering produced by light primary ions for which electronic effects grow in importance at high energies, an electronic stopping power contribution was also introduced. Thus, when Se and Sn contribute to the sputtering yield Y, the variation of Y with the ion incident energy E is given by (Seah et al., 2005):

𝑌 = 0.042𝑄𝛼 * 𝑈 0 𝑆 𝑛 (𝐸) 1 + 𝐴𝑆 𝑒 (𝜀) [1 -( 𝐸 𝑡ℎ 𝐸 ) 1/2 ] 𝑠 (3.27)
where U0 is the surface binding energy, Eth is the threshold energy for sputtering,  is the reduced energy, * is a dimensionless factor that provides the proportion of energy from the incident ion backreflected to be available for sputtering, Q is a target element-specific factor determined by fitting experimental data, A and s are fitting parameters.

Se() is the inelastic stopping power (electronic energy loss):

𝑆 𝑒 (𝜀) = k𝜀 1/2 (3.28)
Where k is expressed as:

𝑘 = 0.0793 (𝑀 1 + 𝑀 2 ) 3/2 𝑀 1 3/2 𝑀 2 1/2 𝑍 1 2/3 𝑍 2 1/2
(𝑍 1 2/3 + 𝑍 2 2/3 ) 3/4

(3.29)

The nuclear stopping power is given by (Seah et al., 2005):

𝑆 𝑛 (𝐸) = 84.78𝑍 1 𝑍 1 (𝑍 1 2/3 + 𝑍 2 2/3 ) 1/2 M 1 M 1 + M 2 × 𝑠 𝑛 (𝜀) (3.30)
where Z1 and M1 are the atomic number and mass of the probe ion and Z2 and M2 are those for the target atoms. The reduced energy ε is given by:

𝜀 = M 2 𝐸/(M 1 + M 2 ) 𝑍 1 𝑍 2 𝑒 2 /4𝜋𝜖 0 𝑎 (3.31) with 𝑎 = ( 9𝜋 2 128 ) 1/3 a 0 (𝑍 1 2/3 + 𝑍 2 2/3 ) 1/2 (3.32)
where a0 is the Bohr radius.

From an analytical fit to the Lindhard, Scharff and Schiott theory (Lindhard et al., 1963) given by Matsunami et al. (Matsunami et al., 2010), the nuclear stopping power can be expressed as a function of the reduced energy ε:

𝑠 𝑛 (𝜀) = 3.441𝜀 1/2 𝑙𝑛(𝜀 + 2.718) 1 + 6.355𝜀 1/2 + 𝜀(6.882𝜀 1/2 -1.708) (3.33)
As proposed initially by Hulla, Equation (1.21) which is used to calculate sputter yields induced by ions can be simplified to fit desorption yield  with the electronic and nuclear energy losses:

𝜂 = 𝑘 𝑝 𝑆 𝑛 (𝐸) 1 + 𝐴𝑆 𝑒 (𝜀) (3.34)
where kp is a proportionality factor (between energy loss and desorption yield units) as well as a weighting factor for the nuclear energy loss Sn, while A is a weighting factor for the electronic energy loss Se.

However, as previously shown by Hulla,Equation (3.34) does not work to fit desorption yields induced by light ions or low energy ions. Desorption yield for H2 + incident ion can only be fitted with the electronic energy loss, given by:

𝜂 = 𝑘 𝑝 𝑆 𝑒 (𝐸) (3.35)
Hulla proposed also another equation to fit desorption yields of heavier incident ions: By considering only the physical sputtering, it is difficult to interpret the differences observed in desorption yields measured from H2 + , CO + and Ar + irradiations. If a target is bombarded with chemically reactive species, chemical effects have to be considered and another effect could occur: the "chemical" sputtering.

Chemical dependence of desorption yields

Regarding all results from Figure 3-20 to Figure 3-22, we can suggest that the desorption yield is strongly dependent on the chemical nature of incident ions because, for a same beam energy, the desorption yield is different and, for same specific ion beams, a molecule is preferentially desorbed.

Concerning the chemical nature of incident ions, we can highlight that Ar is an inert gas (no chemical reactions occur with species present at the surface of the target), on the contrary CO is a reactive species, so that chemical reactivity could affect the results.

It was already suggest that chemical reactions between that target and projectile atoms may form species which are more loosely bound to the surface and more easily sputtered (see e.g. (Tu et al., 1981). This causes an increase of the sputtering yield. Since energetic ions bombarding a solid may come to rest near the surface of this solid, ions having the possibility to chemically react with the atoms of the surface may lead to the formation of surface molecules with different binding energies. The development of such an altered surface layer may lead to a different sputtering behaviour. The sputtering yield can be modified and the composition and distributions of sputtered species will be different. The causes of these modifications may be divided into two groups: -Presence of trapped ions. The incident ions may be implanted and chemically bound, forming an altered surface layer. The altered surface layer will modify the spread of the collision cascade, especially if the mass of the trapped ions is very different from the mass of the target atoms, thus modifying the sputtering yield of the original target atoms -Changes of binding energies. The compound formed in the surface layer and on the surface will generally lead to the formation of molecules with a binding energy to surface atoms which is different from that of the original solid. For example, a lower binding energy will result in an increase of the sputtering yield.

To go further on this study, it could be interesting to investigate the influence of the ion mass by using incident beams of other rare gases (Ne, Kr…) to avoid the chemical effect and to determine if the desorbed species will be the same regardless the ion mass. The same study could be performed comparing the H + induced desorption to another hydrogen containing ion, like CH4 + to highlight chemical effects.

Copper or copper oxide?

All the previous considerations correspond to an ideal case in which a perfect sample is composed of a pure bulk Cu metal with a monolayer of gas molecules adsorbed on its surface. But the coverage and the nature of the extreme surface of the target can tell us another story. For instance, a layer of a native oxide copper (mainly Cu2O) is always present at the surface OF Cu substrate after air exposure. The thickness of this layer is about 1.5 nm. The presence of this oxide layer may influence all phenomena occurring near the surface. For example, Figure 3-36 illustrates the energy loss in copper if a Cu2O layer of 1.5 nm has grown on the surface. For low energy ions (200 eV Ar), incident ions dissipate their energy only in the oxide layer. Even for a higher energy (e.g. 2000 eV Ar) one third of the ion path takes place in Cu2O. So, the presence of this oxide layer could influence phenomena occurring at the surface of the material, especially for low energy ion irradiations. 

Summary

The aim of this work was first to perform a commissioning of the ISD setup at CERN and to obtain preliminary results to validate the design of this setup. If improvements are necessary such as a differential pumping and an ion gun setting, encouraging preliminary results were obtained. Ar + , CO + and H2 + ion irradiations with an incident energy between 500 eV and 2 keV were performed on copper beam screens. The ion-induced desorption was studied and only few gases were detected from RGA measurements: peaks related to H2, CH4, H2O (the sample was not baked-out), CO, and CO2 were clearly identified. All measured desorption yields  are in the range 0.01 molec/ions << 10 molec/ions, in good agreement with the literature. Chemically active ions are more efficient to desorb molecules from copper surface than noble gas ions. Further measurements should be performed to verify the repeatability of these results.

The ion-induced desorption process is not a straightforward phenomenon. Regarding the preliminary results obtained in the present work, the desorption yield is strongly dependent on the chemical nature and/or on the mass of incident ions. For a specific ion beam, some molecules are preferentially desorbed. The desorption mechanism therefore depends on the way in which the energy of the projectile is transferred to the target material, i.e. on the part of Sn and Se in the incident ion energy loss.

These results may have some implications for the role played by the ions generated via ionization of residual gas through proton beams circulating in the LHC. These ions, accelerated by the beam space charge, impact the vacuum chamber walls and lead to the desorption of gaseous species like H2, CH4, C2H4, C2H6, CO and CO2 additionally to the desorption induced by electrons or photons. Even if the ion flux remains limited (see chapter 2) compared to those of electrons (from the electron cloud) or photons (due to the synchrotron radiation) in the LHC beam lines, the ion desorption yield is one or two order of magnitude higher. The ion-induced desorption is therefore more efficient (and so more dangerous for the beam stability) to produce pressure rises. However, as long as the quantity of ions remains low, the pressure rises in the LHC should not be associated with the production of ions and remain driven mostly by electron and photon stimulated desorption. Finally, in the Future Circular electron-positron Collider (FCC-ee), ion-clouds could be produced, leading to beam instabilities, which play the same role that the electron-clouds in the LHC. These ion-clouds could induce large ion induced desorption and pressure rises. So, this phenomenon deserves to be further investigated in anticipation to the building of this future accelerator.

An important point is that the results regarding the molecular desorption strongly depend on the surface state (surface chemistry, nature of contaminants, roughness). For a sample cleaned with the procedure described in section 3.2.2 and stored in air, the first monolayers on a copper surface consist of hydrocarbons, oxides, hydroxides and other contaminants so that the desorption yields will be modified. In cleaning processes, certain cleaning detergents and tap water baths add such contaminants, and can leave sometimes a very thick contaminating layer representing about 4 or 5 monolayers [START_REF] Mathewson | ISR cleaning procedure tests[END_REF]. On an "uncleaned" surface, the major surface impurity is about 80 at % of carbon. After a cleaning process (cleaning and passivation), 30 at % of carbon is still detected (Mathewson, 1974b). So, solvent cleaning is unable to provide a contaminant-free surface. The chemisorption of an impurity could lead to a reduction of the surface binding energy, and thus to an increase of the sputtering yield. According to (Mathewson, 1974b), carbon compounds and CO are desorbed during the argon discharge cleaning, so that it can affect also directly the desorption yield.

We can conclude that it is necessary to investigate the "real" surface of materials, i.e. the coverage and the nature of the extreme surface to improve the understanding of the non-thermal outgassing and all phenomenon depending on surface properties. It becomes therefore essential to analyse the chemistry of the LHC beam screen surface and its evolution during the operation of the accelerator.

The following section (Chapter 4) is devoted to this topic.

Influence of the surface chemistry on the electron emission

Electron emission is a major phenomenon involved in the formation of the electron-cloud in accelerators of positive particles. The secondary electron yield (SEY) depends strongly on the nature of materials and on the surface chemistry, and consequently the electron-cloud formation is determined by the surface properties. This strong surface dependence of SEY implies that the surface contamination layer, and the native oxide layer always formed on a metallic surface, may affect the SEY value much more than the metallic material underneath, considering the escape depth of secondary electrons (few nanometers) from the material surface.

Our laboratory must hold its own tools allowing experimental studies in the field of materials. That is why we have developed instrumental devices for the materials characterization, which are now essential to understand the complex phenomena occurring in the beam pipes of accelerators in operation. The ultimate ambition is to propose innovative materials to mitigate detrimental effects. Many SEY studies have been performed in the accelerator community since SEY has been recognized to be one of the most important surface parameters for related studies. Most of such studies analyses SEY stability and its modification after electron bombardment and an abundant literature is available on this topic. Therefore, the aim here was first to validate the set-up developed in our laboratory and devoted to SEY measurements, by reproducing the results that exist elsewhere. Then, we proposed an alternative method for the analysis of the surface chemistry to the X-ray Photoelectron Spectroscopy which is traditionally used: Time-of-Flight Secondary Ion Mass Spectrometry with high energy gold nanoparticles to probe the surface. We investigated the conditioning of copper beam screen induced by electron bombardment and identified the role played by the modifications of the surface chemistry in this phenomenon. Finally, we focused our study on the influence of copper oxide on the SEY.

Methods of surface characterization

Time-of-Flight Secondary Ion Mass Spectrometry

Mass spectrometry is a physical analytical technique that provides atomic and molecular identification of a sample. Its principle is based on the separation of positively or negatively charged ions and/or molecules according to their mass-to-charge ratio (m/z). Several methods of ion production are used, one of them is the bombardment of a solid surface by a primary ion beam (Figure 4-1). This bombardment produces a complex sequence of interactions leading to the sputtering of solid and to the emission of atoms, clusters and also molecules of ions or neutral species. The majority of particles ejected from the surface are neutral: only a small amount up to a few percent exists in the ionized state (see chapter 1). Ionization occurs in a region close to the emission of particles from the surface: these processes are therefore partly related to the matrix and to the chemical environment of the emitted particle. The probability of ionization depends on a large number of chemical and physical parameters which may vary for the same ionic species. Despite this difficulty, this method makes it possible to analyze and characterize solid surfaces and many techniques have been developed such as the Time-Of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS). Here, we will only briefly present the method which is discussed in many reference books such as in [START_REF] Park | Multi-dimensional TOF-SIMS analysis for effective profiling of disease-related ions from the tissue surface[END_REF].

Figure 4-1: Production of secondary ions by sputtering of a sample bombarded with a primary ion beam ToF-SIMS uses a pulsed primary ion beam to desorb and ionize species present on the surface of the sample. The resulting so-called "secondary" ions are then accelerated in a time-of-flight mass spectrometer, in which they are analysed in mass by measuring their time of flight from the surface of the sample to the detector. There are thus three different modes of analysis: (i) mass spectra making it possible to determine the elementary and molecular species present at the extreme surface (depth of information limited to a few monolayers at most); (ii) imagery to visualize the distribution of these species on the surface; (iii) the depth profiles allowing to determine the distribution of these different chemical species as a function of the depth from the extreme surface. This method of analysis can detect the entire mass spectrum and probe the extreme surface. The secondary ions extracted from the surface of the sample (they indeed come out with a very low kinetic energy) are accelerated to a fixed potential. Flight time is directly dependent on the mass to charge ratio (m/z) of the ion by the following relation:

𝑡 𝑇𝑜𝐹 = 𝐿 √ 1 2𝑉 𝑚 𝑧 (4.1)
where tToF is the time of flight of the ion, L the length of the flight path, V the accelerating voltage, m is the ion mass and z its charge. Time of flight measurement is determined simply by the length of time the secondary ions travel to the detector.

The essential parameter of the secondary emission of intact molecules is the energy density deposited in the first layers of the sample surface (approximately the first 10 to 20 nm). Maximum molecular ionic emission yields are obtained for an energy per nucleon of 1 MeV/uma regardless of the atomic mass of the projectile. The emission yield increases with the mass of the projectile [START_REF] Della Negra | Multiparameter coincidence experiments to investigate desorptionmechanisms with heavy ions of Kr, Ag, U in the energy range of 0.1 MeV/u TO 5 MeV/u[END_REF]. In fact this maximum of the secondary emission is related to the density of energy transferred into the target by the electrons which depends on their speed and therefore on the speed of the primary ion. The higher this is, the more the energy is diluted in a large volume linked to their path and the density decreases. The second parameter is the charge of the ion, the higher it is, the greater the secondary emission, whatever the energy of the projectile. This parameter is related to the electronic interaction which increases with the charge of the ion [START_REF] Wien | The charge state dependence of desorption. A way to study the BIBLIOGRAPHY[END_REF]. A solution consists to bombard a very small (nanometric) surface simultaneously with several atoms, therefore to use clusters as a surface probe. This difference between high energy atomic ions (e.g. Ga + ) and clusters such as C60 + of a few MeV is shown schematically in Figure 4-2 [START_REF] Postawa | Microscopic Insights into the Sputtering of Ag{111} Induced by C 60 and Ga Bombardment[END_REF]. When the Ga + ion hits the sample surface, the projectile dissipates its kinetic energy along the way it travels and penetrates deep into the sample. As a result, very little material is ejected from the surface and, in addition, there is intermixing of sample layers and chemical damage in the sub-surface. However, for C60, the cluster dissociates into individual C atoms with 15keV/60, or 250 eV, of kinetic energy once it impinges on the solid surface. The total kinetic energy of the C60 + cluster ion is deposited closer to the surface and over a larger surface area by formation of a crater. Therefore, it delivers enhanced yields and causes less topography and interlayer mixing. In addition, there is no disappearance of useful molecular information, since now the damage created during a single ion impact is largely removed by its own impact, leading to erosion of material without loss of chemical information. It should be noted that the formation of this crater does not correspond to a destruction of molecules: in fact, the bombardment by energetic clusters or nanoparticles promote the emission of intact molecules from the extreme surface. Therefore, chemical analysis of organic contaminants deposited on a surface can be performed. These advantages of C60 + clusters are also found for ion sources providing gold nanoparticles.

It is also possible at present to obtain beams of gold nanoparticles made up of several hundred gold atoms. The bombardment of surfaces by these new beams makes it possible to obtain a further gain of a factor of 1000 compared to an atomic beam of the same energy in the range of ten keV with a low damage rate concentrated on the front of the projectile which remains intact throughout the penetration into the solid. In the field of keV, gold nanoparticles have several peculiarities: they penetrate deeper than atomic ions of the same speed and remain intact within the material.

Figure 4-2: Cross-sectional view of the temporal evolution of a typical collision event leading to ejection of atoms due to 15 keV Ga and C60 bombardment of a Ag111 surface at normal incidence. The atoms are colored by original layers in the substrate. The projectile atoms are black [START_REF] Postawa | Microscopic Insights into the Sputtering of Ag{111} Induced by C 60 and Ga Bombardment[END_REF]).

In the present work, we used the ANDROMEDE facility [START_REF] Lai | Enhanced sputter and secondary ion yields using MeV gold nanoparticle beams delivered by the Andromede facility[END_REF] (see Annex 4) to analyse samples of copper beam screen. 12-MeV Au400 4+ ion beams are accelerated by a NEC Pelletron® 4MV electrostatic accelerator to bombard samples. The emitted secondary ions (both positive and negative ions) are analysed with the ToF spectrometer EVE In this set-up, it is possible to record a mass spectrum with only one single ion impact. Consequently, the secondary ion emission yield is strongly enhanced and the sensitivity of chemical surface analysis is improved. A high detection efficiency for molecules deposited in very small quantities on metal surfaces (lower than the monolayer) is reached. Moreover, the limited number of primary ions (about 10 7 nanoparticles/cm 2 ) required to analysis the samples prevents excessive damage of the surface. Only the extreme surface (i.e. the molecules deposited on the surface and the materials surface corresponding to a depth of ≈10 nm) is analysed. It is worth noting that all ion mass spectra presented in this work were normalized to the total number of primary ion impacts.

X-ray Photoelectron Spectroscopy

Surface analysis by X-ray Photoelectron Spectroscopy (XPS) is accomplished by irradiating a sample with monoenergetic X-rays and by analyzing the energy of the detected electrons. Mg-K (1253.6 eV) or Al-K (1486.6 eV) X-rays are usually used. These photons have limited penetrating depth in a solid on the order of 1-10 µm. They interact with atoms in the surface region, causing electrons to be emitted by the photoelectric effect (Figure 4-3). The emitted electrons have measured kinetic energies (Ek) given by:

Ek = h -Eb -s (4.2)
where h is the energy of the impinging photons, Eb is the binding energy of the atomic orbital from which the electron originates (called photoelectron) and s the spectrometer work function.

Measuring the kinetic energy of the emitted electrons allows thus to evaluate their binding energy. This one may be regarded as the energy difference between the initial and final states after the photoelectron has left the atom.

In the case of XPS, the high energy of the X-ray photons enables to extract electrons from core levels. Each element has its own set of binding energies. Furthermore, difference in the chemical bond of the atom, e.g. pure metal versus oxide, may lead to variation of the binding energy of its electrons due to the effect of the partial charge of the valence shells induced by the chemical bond, which influences the energy of the core level. In parallel, while incident photons can penetrate over micrometers in the material, only electrons emitted within few nanometers (5 to 10 nm) below the surface can effectively leave the solid. Consequently, XPS is a surface-sensitive technique used both for identifying the elements present in the near-surface region, and determining their chemical state. It must be pointed out that XPS cannot directly detect hydrogen.

In addition to photoelectrons emitted in the photoelectric process, Auger electrons may be emitted because of relaxation of the excited ions remaining after photoemission (Figure 4-3). This Auger electron emission occurs after the photoelectric event. In the Auger process, an outer electron falls into the inner orbital vacancy, and a second electron is simultaneously emitted, carrying off the excess energy. The Auger electron possesses kinetic energy equal to the difference between the energy of the initial ion and the doubly charged final ion, and is independent of the mode of the initial ionization. Thus, photoionization normally leads to two emitted electrons: a photoelectron and an Auger electron.

Auger spectra have unique peak shapes and positions, are useful for both elemental identification as well as chemical state analyses, and are complementary to XPS spectra. Sometimes, depending on Z, fluorescence (and not Auger) is the dominating mechanism for energy conservation.

Figure 4-3: XPS photoemission process: an incoming photon causes ejection of a core electron having a binding energy Eb (a); Auger emission process: to relax the generated ion, an outer electron fills in the inner vacancy and an Auger electron (here a KL23L23 electron) is emitted with the energy excess.

The experimental system used for XPS analysis in the present work is the K-ALPHA system from Thermo-Fisher, equipped with a monochromatic Al k X-ray source (h=1486.6 eV) and an Ar + ion gun for XPS sputter depth profiling. For each analysis, a full energy spectrum is acquired for identification of the constituent elements and additional sweeps are then performed in narrower energy regions to obtain high energy-resolution spectra. Spectra displayed in the following in normalized intensity were obtained after normalization of the signal to its maximum intensity. The relative concentration, in atomic percent, of an element x is obtained from the area below its corresponding line Ix after background subtraction weighted by the respective sensitivity factor Sx and normalized over all the detected elements i.

Principle of SEY measurements

The experimental set up for SEY measurements is an in-house build set-up developed at IJCLab (Figure 4-4). It consists of a single UHV chamber (base pressure: 7x10 -10 mbar) equipped with an electron gun providing a pulsed electron beam (with a pulse length of 30 ms) in the energy range 10 to 1500 eV, with an intensity from few nanoamperes to 10 µA. The sample is carried by a single manipulator allowing for a precise positioning of the sample in the chamber.

The SEY was measured by the sample bias method that is a two-step SEY measurement. The principle used is schematized in Figure 4-4. First, the primary current 𝐼 𝑝 is acquired for each primary electron energy E by applying a positive sample bias (V=+50 V). In this case, the current measured on the sample is 𝐼 𝑀 (+50𝑉) = 𝐼 𝑃 . The emitted secondary electrons (SE) are trapped and recaptured by the sample. The sample polarity is then switched to a negative value (V=-20 V) and IM is acquired while shooting with the electron gun on the sample with the same energy settings as during Ip acquisition. The SE current (ISE) is given by:

𝐼 𝑆𝐸 = 𝐼 𝑝 -𝐼 𝑀 (-20𝑉) (4.3)
The SEY  is then obtained by:

𝛿 = 𝐼 𝑆𝐸 𝐼 𝑝 = 𝐼 𝑝 -𝐼 𝑀 (-20𝑉) 𝐼 𝑝 = 1 - 𝐼 𝑀 (-20𝑉) 𝐼 𝑀 (+50𝑉) (4.4)
Figure 4-4: SEY measurements set-up and SEY measurement principle with the sample bias method.

It is worth noting that measuring the primary current by positively biasing the sample induces an error on the absolute value of the SEY (about 10%), since elastically backscattered electrons can escape from the surface even with the positive sample bias, leading to an underestimate of Ip and hence an overestimated SEY. The primary current was kept low enough to limit the sample conditioning during the SEY measurement (around 100 nA). The beam spot on the sample surface is typically 2.8 mm in diameter.

Sample preparation 4.2.1. Cleaning process of copper beam screen

Copper samples were indifferently cut in a polycrystalline OFE copper sheet (1-2 mm thick) or in a beam screen (OFE copper colaminated on stainless steel) from the CERN stock. The size of the samples is 10x10 mm 2 . Two different cleaning procedures were used before the experiments. The first one (the CERN procedure called "cleaning A") is used before the installation of beam screens in the LHC. It consists in a degreasing by immersion in a commercial alkaline detergent solution (NGL 17.40 from NGL cleaning Technology SA), assisted with ultrasonic agitation. After the detergent bath, the beam screens are rinsed in tap water, followed by immersion in a continuously purified ultra-pure water bath. Finally, the beam screens were sprayed with ethanol to speed up the drying phase performed in an oven at 60°C. We discovered by analysing samples that they were additionally passivated by immersion in a chromic acid solution. After cleaning, all samples were wrapped in an aluminum foil and stored in a polyethylene bag in air. The second cleaning procedure ("cleaning B") was performed at IJCLab. First, a degreasing is carried out by immersion of samples in a detergent solution (Simple Green) in an ultrasonic bath, then the samples are rinsed in deionized water. A final rinse in pure ethanol is performed, the samples are dried in an oven at 60°C for 1 h and wrapped in an aluminium foil, and then stored in air The storage time before the samples were actually used for experiments varies between 1 to 12 months. The sample state after cleaning and storage is referred to as "as-received".

Other investigated materials

Additional materials were provided by the CERN: (i) an amorphous C-coating deposited on a Cu beam screen; the thickness of the carbon layer is 100 nm; a Ti thin film (150-250 nm in thick) is deposited on the copper prior the C-layer to enable the C-deposit and to play also a role of getter for hydrogen. It is well known that the amorphouscarbon possesses a low SEY (≈1.2 (Rosanna [START_REF] Larciprete | Evolution of the secondary electron emission during the graphitization of thin C films[END_REF]). Therefore, it can be used to mitigate the building-up of the electron cloud by making a deposit on the surface of vacuum chambers exposed to the radiation; (ii) a copper sample irradiated by a pulsed laser to produce rough surfaces; this process is another solution to limit the multipacting phenomenon: a SEY value below 1 can thus be reached [START_REF] Valizadeh | Low secondary electron yield engineered surface for electron cloud mitigation[END_REF]. Scanning Electron Microscope (SEM) images and elemental analysis by Energy Dispersive X-ray Spectroscopy (EDS) of the C-coating are presented in Figure 4-5. In addition to C and Cu, elemental analysis exhibits the presence of Ti related to the presence of the Ti-layer. SEM images of the copper surface treated by laser irradiation are shown in Figure 4-6, revealing the organized surface microstructures induced by the laser processing. 

Surface conditioning

The energy distribution of the electron cloud in a LHC dipole is dominated by slow electrons (E < 30 eV), but exhibits a higher energy contribution varying from 100 to 500 eV. It was shown that slow electrons are not efficient in scrubbing. Therefore, the surface conditioning was performed by irradiation with electrons at two energies (500 eV and 150 eV) in this work. The current is monitored at the beginning and at the end of the irradiation to check its stability during the time scale of the conditioning process. The pressure in the UHV chamber typically raises up to 2x10 -8 mbar during the irradiation experiment.

Analysis of contaminants

First, ToF-SIMS analysis with Andromede were used to monitor the presence of organic and inorganic pollutants on the surface of the samples, and to compare the effectiveness of the two cleaning procedures. Figure 4-7 shows the two spectra recorded on the as-received samples. For the beam screen sample cleaned by procedure A, certain elements (Na + , K + ), probably resulting from the detergent cleaning process, were found on the surface. The presence of Cr which comes from the passivation step is also detected. The shape of the Cr-peak clearly indicates that the chromium is strongly bound to the surface of the sample. It is incorporated into the bulk rather than simply deposited on the surface. The two copper peaks can be seen very clearly (corresponding respectively to the two isotopes 63 and 65 of copper). The presence of these two peaks visible in the spectrum indicates that the sample is relatively clean. If a significant layer of contaminants were present, the copper would be masked and consequently the copper peaks would not be observed in the spectra, since the Cu signal comes out in the analysis of the 10 first nm. For the sample cleaned with procedure B, no Cr signal is detected, indicating that the Cr observed after cleaning with procedure A comes indeed from the passivation step and not from subsequent sample contamination after cleaning. All samples cleaned with procedure A therefore contain Cr at the surface. This feature was confirmed by XPS analysis. With procedure B, we also find traces of elements coming from detergent (Ca + for example). As for the samples cleaned with procedure A, the peaks corresponding to copper are clearly visible.

When looking at the highest m/z ratios, we can sometimes detect traces of organic pollution on certain samples, the peaks of which overlap with those from the sample (Figure 45678). This aspect reminds us that we are studying technical surfaces. Therefore, surface contaminant layers are always present on real surfaces, may indeed have insulating properties, influencing most of the surface properties of a technical surface. For both cleanings, the spectra exhibit the presence of a layer of copper hydroxide and copper oxide (Figure 4-8). In the following, we selected the less polluted samples for the SEY investigation. .9 shows typical SEY curves recorded on different materials (a sample of copper beam screen, an amorphous carbon coating and a laser-treated copper). We see that similar SEY curves are obtained: they initially rise with increasing primary beam energy up to an energy Emax for which the maximum SEY max is reached, and then the SEY declines as the energy is further increased. The SEY plots were fitted with equation (4.5) to determine the values of Emax and max.

δ(E) = 𝛿 𝑚𝑎𝑥 𝑠 * ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 -1 + ( 𝐸 𝐸 𝑚𝑎𝑥 ) 𝑠 (4.5)
Emax is equal to 260 eV, 280 V and 460 eV, max is equal to 2.67, 1.35 and 0.93 and the s parameter is equal to 1.58, 1.61 and 1.33 for the as-received Cu beam screen, the amorphous carbon coating and the laser-treated copper, respectively.

Figure 4-9: Secondary electron yield curves as a function of the primary electron energy, for an asreceived copper beam screen, a C-coating deposited on copper and a copper surface treated by laser irradiation.

SEY evolution as a function of the electron dose

The evolution of the secondary electron yield of an as-received beam screen sample during its irradiation at room temperature by 500 eV electrons is shown in Figure 4-10. SEY is observed to decrease over the full considered energy range when the irradiation dose increases. The maximum SEY, initially equal to 2.67, decreases down to 1.13 after a dose of 4.8 10 -2 C/mm 2 . For larger irradiation doses, no further evolution of SEY is observed. These results are in good agreement with those previously published in the literature: the initial value of the SEY for an as-received copper is reported to be between 2.5 and 2.1 and for a conditioned sample the SEY decreases down to a value between 1.2 and 1.1 (Cimino et al., 2012), (R. Larciprete et al., 2013), (V. Petit et al., 2019). It is worth noting that the cleaning procedure has no impact on the SEY evolution.

Figure 4-10: Secondary electron yield curves as a function of primary electron energy, for an asreceived copper beam screen conditioned with a 500 eV electron beam at different irradiation doses.

Lines are fits to experimental data with Equation (4.5). In the as-received state, the Cu 2p line exhibits several contributions. The main one located at 932.5 eV (Cu 2p3/2) corresponds both to metallic copper and cuprous oxide (Cu2O). This native oxide grows spontaneously on an air exposed copper surface and is reported in the literature to be about 1.6 nm thick (Chawla et al., 1992). Another contribution is found at 934.6 eV and is ascribed to copper hydroxide Cu(OH)2 which is also expected to form during air exposure. The thickness of this outer hydroxide layer was estimated to approximately 0.8 nm (Chawla et al., 1992) In the fully conditioning state, the XPS analysis indicates that the decrease of the secondary electron yield corresponds to significant modifications of the surface chemistry. The Cu 2p line shows that the Cu(OH)2 contribution disappeared and the Cu LMM line suggests that copper hydroxide was converted into Cu2O. The disappearing of the peak at 288.2 eV on the C 1s line implies the removal of O-C=O groups. The main C 1s peak is shifted towards 284.8 eV, indicating the transformation of the adventitious carbon layer (sp3) into a more graphitic form (sp2), as already observed in previous studies, for instance in (Cimino et al., 2012). This phenomenon is called sometimes "graphitization". The O1s line exhibits always the contribution corresponding to Cu2O. The hydroxide anion component disappeared, in agreement with the Cu2p line. However, a new contribution occurs at 532.5 eV. Figure 4-13 shows the XPS analysis of a carbon coating layer provided by the CERN: we found the main C 1s peak related to the sp2 hybridization, and the O 1s line at 532.5 eV which is ascribed to the oxidation of graphene [START_REF] Ederer | Determination of amino groups on functionalized graphene oxide for polyurethane nanomaterials : XPS quantitation vs. functional speciation[END_REF]. Consequently, the graphitic carbon layer formed under electron irradiation contains also a high amount of oxygen. . These profiles allow us to determine the position of the interface between the uppermost layer of graphitic carbon and the Cu2O oxide, and between the copper oxide and the metallic copper. The chemical composition profile is presented in Figure 4-16. The thickness of the C-layer is estimated to be less than 0.5 nm with no clear interface (the C content gradually decreases as a function of the depth) whereas the thickness of the copper oxide layer is found to be ≈1.4nm for an etching time considering constant. Ion etching reduces Cu oxide into Cu, so the copper oxide layer could be underestimated. To avoid it, the etching was carried out at the lowest energy that the Ar + gun can provide (200 eV). The influence of the carbonand the copper oxide-layer thicknesses seems to be determinant to reduce the SEY of an electron conditioned copper sample. screen. The total depth analysed by sputtering was estimated to 9 nm; the depth scale was calculated by assuming a constant abrasion rate.

4.4.3.2.

ToF SIMS analysis of the fully conditioned state ToF-SIMS analysis with energetic gold nanoparticles were also performed with the ANDROMEDE facility on a fully conditioned sample and compared to results obtained with an as-received beam screen. It is worth noting that the conditioned sample was exposed to air before the analysis. The positive ion mass spectra shows that the peaks related to copper (Cu + , Cu 2+ and Cu 3+ ) have a lower intensity for the conditioned sample than for the as-received sample. This result indicates that a layer has formed on the surface of the conditioned sample, thus limiting the signal from the copper. This effect is confirmed by observing more particularly the two peaks corresponding to 63 Cu + and 65 Cu + : they show a strong asymmetry for the as-received sample, especially on the lower m/z side, whereas this shape is not observed for the peak related to the conditioned sample. This feature shows that a significant amount of copper ions is emitted by the as received sample from a greater depth (thus with a slightly longer time of flight) than for the conditioned sample. For this latter, the layer produced on the surface leads to a lower emission yield of copper ions. Additional information can be obtained by zones of spectra corresponding to CuO + and CuOH + ions, and Cu2O + and Cu2OH + ions, respectively (Figure 4-18): the signal corresponding to copper oxides and copper hydroxides disappears in the spectra related to the conditioned sample, indicating a strong modification of the oxide layer induced by electron irradiation. From the analysis of the negative secondary ion spectra, a significant increase of carbon (Cn -) and carbon cluster (CnH -) emission for the conditioned sample is observed . Comparison of the conditioned sample spectrum with a graphene spectrum obtained under the same conditions (Figure 4-19) suggests that a film of hydrogenated graphene covers the irradiated surface as the carbon cluster distribution is similar.Thus, in agreement with the XPS results, the ToF-SIMS analysis shows that a carbon layer whose bonds are that of graphene (sp2 hybridization) is formed on copper surface under electron bombardment. It is worth noting that this carbon layer is not composed only of carbon, but it contains also high amounts of hydrogen and oxygen. Negative secondary ion mass spectrum for a copper beam screen after electron conditioning process displaying intense carbon cluster peaks. (top); Negative secondary ion mass spectrum for a 6-8 monolayer graphene foil (bottom); in both cases, the samples were bombarded by 12 MeV Au400 4+ nanoparticles and the recorded spectra correspond to a dose of 3×10 7 nanoparticles/cm 2 .

Deconditioning effect

A conditioning experiment of an as-received beam screen sample was performed with a 150 eV electron beam: a similar SEY evolution to the one obtained for irradiation with 500 eV electrons is observed . During this experiment, a deconditioning step was performed in situ in the UHV chamber by keeping the sample under vacuum at 5x10 -9 mbar for 68h, then conditioning the sample again. This deconditioning is demonstrated by the increase of the maximum SEY from 1.49 (reached after an irradiation with a dose of 2x10 -3 C/mm 2 ) to 1.93 after 68h in the UHV chamber. After the last electron bombardment at the highest dose, the SEY reaches the lower value of a fully conditioned copper. This result indicates that even under UHV conditions, deconditioning effects occur, leading to a SEY increase. At 5x10 -9 mbar, the time required to deposit a gas monolayer on the surface is about ten minutes. In this case, the rise of SEY is thus due to the formation of gas monolayers on the surface. This result underlines the fact that even when stored under UHV, keeping the surface in a fully conditioned state is difficult. As-received 6.7x10 -4 C/mm 2 2.0x10 -3 C/mm 2 68h at 5x10 -9 mbar 68h at 5x10 -9 mbar + 5.0x10 -2 C/mm 2 Cu Beam Screen E= 150 eV
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Figure 4-20: Secondary electron yield curves as a function of primary electron energy, for an asreceived copper beam screen conditioned with a 150 eV electron beam at different irradiation doses.

A deconditioning step was performed in situ in the UHV chamber by keeping the sample under vacuum at 5x10 -9 mbar for 68h, then conditioning the sample again by electron irradiation. Evolution of the SEY during this step is illustrated by arrows.

An important issue concerns the deconditioning that occurs when a conditioned surface is exposed to air. A large variety of deconditioning kinetics and significantly different deconditioning states are reported because they are highly influenced by the storage conditions (Valentine Petit, 2020).

Understanding the mechanisms to recover rapidly the original in situ conditioning state for the operation of a particle accelerator is thus a key point.

Figure 4-21 shows SEY plots recorded on a copper beam screen sample subjected to a specific treatment: first, this sample was fully conditioned with 500 eV electrons (see Figure 4-10) and the surface chemistry was analysed in this final state (see Figure 4-12); then it was stored in an Al-foil and exposed to air for 8 months. Finally, a new conditioning experiment was performed in the same conditions than the first one. It can be seen that the initial max value (2.15) is lower than the one of an as-received sample (2.57), indicating that the effect of the previous conditioning is still present. The sample can be fully conditioned again as evidenced by the final low value of SEY (1.2) reached for the highest irradiation dose.

The reduction of the maximum SEY as a function of irradiation dose is quite similar for primary electron energies of 500 and 150 eV (Figure 4-22), as demonstrated previously in (Cimino et al., 2012). The conditioning rate is almost identical for both electron energies. The same trend is also observed for the fully conditioned-deconditioned sample: the initial conditioning has a limited effect on the conditioning rate of the second conditioning performed after a long time of air exposure. However, for this sample, the maximum SEY for a given electron dose remains lower than the one measured on the same sample during the first conditioning experiment. The low stable value of max is finally the same in both cases. Figure 4-22: Evolution of the maximum SEY of as-received beam screen samples as a function of the irradiation dose for different primary electron energies (150 and 500 eV) and for a different initial conditioning state (green plot).

It is worth noting that XPS analysis were performed on the fully conditioned sample after 60 days of air exposure . No significant evolution was observed for the Cu 2p, O 1s and C 1s lines by comparing the spectra just after conditioning and after 60 days of air exposure. This result indicates that the graphitic C-layer formed during electron irradiation remains stable under air. For the unirradiated part of the sample, a larger amount of the Cu(OH)2 is observed on the Cu 2p line after air exposure. It shows that the hydroxides preferentially grow on pure copper and copper oxide layer rather than on the carbon layer. 

Influence of the oxide layer

A major issue to take into account is that a native copper oxide (between 1.5 and 2 nm of thickness) is always present on a copper surface. This oxide layer can contribute significantly to the properties of the surface of the material, for example in terms of SEY. Indeed, the mean escape depth of secondary electrons in insulators and semiconductors ranges from 10 to 50 nm, compared to only 0.5-1.5 nm for conductors (see chapter 1). As a result, the yields for insulators are typically much higher than those of conductors. To underline this important aspect, Figure 4-24 shows a simulation of the electron irradiation in copper with its native oxide (1.5 nm in thickness) as an uppermost layer, for an incident electron energy of 500 eV and 200 eV, respectively. The maximum electron range in the materials is 3 nm with 500 eV and ≈1.9 nm at 200 eV. Consequently, for low energy electrons (below 200 eV), the secondary electrons are emitted mainly from the oxide layer.

Figure 4-24: Trajectories of electrons in copper with a 1.5 nm uppermost layer of copper oxide Cu2O, for incident energies of 200 and 500 eV (in blue the incident electrons, in red the backscattered electrons) simulated with the Monte Carlo software CASINO [START_REF] Hovington | CASINO : A new monte Carlo code in C language for electron beam interactions-part III: Stopping power at low energies[END_REF].

4.4.5.1.

SEY of an oxide layer produced by air oxidation

To investigate the role played by the copper oxide layer, we performed SEY measurements on a copper beam screen oxidized in air at 350°C for 5 minutes. Grazing incidence X-ray diffraction pattern (Figure 4-25) shows that the oxide layer formed during this thermal treatment is composed of a mixture of the cupric oxide CuO (≈15%) and the cuprous oxide Cu2O (≈85%) which is predominant. The SEY curves recorded on this oxidized sample are shown in Figure 4-26. The maximum SEY in the initial state (no conditioning) is lower (2.15) for the oxidized sample than the one determined for an as received beam screen (2.57). Another major difference is that the Emax is shifted to higher energy (575 eV instead of 260 eV). This feature is usually observed on the SEY curve for insulator or semiconductor materials. After electron conditioning with 500 eV electrons, a final value of max =1.03 is reached for the highest electron dose. Figure 4-26: Secondary electron yield curves as a function of primary electron energy, for a copper beam screen oxidized in air at 350°C for 5 minutes, and conditioned with a 500 eV electron beam at different irradiation doses. Lines are fits to experimental data with Equation (4.5).

It is worth noting that at a lower oxidation temperature range (250°-300°C) crystalline phase of Cu2O is formed in air ambient condition whereas for higher oxidation temperature of 330°C onwards, CuO phase starts to form [START_REF] Choudhary | Oxidation mechanism of thin Cu films : A gateway towards the formation of single oxide phase[END_REF]. Therefore, the uppermost oxide layer is constituted of CuO on top the Cu2O film. For air oxidation conditions, thermodynamics imposes that the intermediary oxide Cu2O is first formed on the metallic Cu, and only after the CuO oxide can be formed. So, CuO cannot be produced alone by air oxidation of copper at low temperature, especially since the formed layer has a poor mechanical strength and it is easily removed when its thickness increases. In this condition, it is difficult to distinguish the contribution of Cu2O from the one of CuO in the SEY evolution. Consequently, reference samples of Cu2O and CuO providing by the NEYCO Company were also investigated.

4.4.5.2.

SEY of Cu2O and CuO.

A study of the conditioning of the Cu2O oxide was performed. The SEY plots are presented in Figure 4-27. The initial maximum SEY is 2.49 and it decreases down to 1.07. The initial Emax is also shifted to a higher energy than the one of the as-received copper (415 eV instead of 260 eV). Figure 4-28 shows the evolution of max of the copper beam screen, the copper oxidized at 350 °C for 5 minutes in air and the Cu2O oxide, respectively, as a function of the irradiation dose. No significant differences can be observed in the conditioning rate for all investigated samples. Consequently, the presence of a Cu2O layer on the copper surface has no deleterious effect on the SEY of copper.  max Dose (C.mm -2 ) Figure 4-28: Comparison of the maximum SEY decreasing induced by electron bombardment for an as-received beam screen samples , a copper beam screen sample oxidized at 350°C in air for 5 min and Cu2O, as a function of the irradiation dose for a primary electron energy of 500 eV.

The SEY evolution as a function of the primary electron energy for the as-received CuO oxide is presented in Figure 4-29 and compared to the one of the as-received Cu2O. The SEY curve for CuO exhibits a particular shape. The maximum SEY is much lower (1.2) than the one of Cu2O (2.49) in the as received state. This result is in good agreement with those presented in Figure 4-30 [START_REF] Aguilera | CuO nanowires for inhibiting secondary electron emission[END_REF]. However, the conditioning of the CuO sample was not possible: incoherent measurements were recorded during the experiment. We thus suspected that charging effects occur under electron irradiation, which distorted the current measurements. The results obtained on this sample should be viewed cautiously and they are in disagreement with beam screen analysis performed by V. Petit (Valentine Petit, 2020). Finally, 

Summary

In conclusion, the investigation of the copper beam screen conditioning under irradiation with 500 eV electrons evidenced two processes: (i) a surface cleaning by electron stimulated desorption ; (ii) the formation of a graphene-like layer. Both processes lead to the decrease of the copper SEY down to value close to unity. Complementary surface analysis (Tof SIMS and XPS) showed that this thin carbon layer (less than 0.5 nm) contained high amount of hydrogen and oxygen.

The influence of copper oxides on the copper beam screen SEY was also investigated since due to the low escape depth of secondary electrons, which is the same order of magnitude than the thickness of the native oxide layer, they participate to the electron emission from the sample, especially for the lowest energies of incident electron. Results show that the presence of oxides does not contribute to a significant increase of the copper SEY, but they are rather beneficial to obtain low values of SEY. In a recent study, it was suggested that the unexpected presence of CuO leads to an increase the SEY of the beam screen surface and slows down the conditioning kinetics (Valentine Petit, 2020). It was claimed that the presence of CuO as well as of a very low amount of carbon in some of the LHC beam screens extracted from specific regions of the ring was the most probable hypothesis explaining the high heat load observed in some sections of the LHC during operation. However, the maximum SEY of CuO seems rather low (a little above 1). Further experiments are needed to understand the influence of this oxide on the copper beam screen conditioning.

Anyway, the SEY of copper remains larger than one in all these conditions. To reduce the SEY below one, specific mitigation techniques are required, for instance by coating with low SEY materials (such as TiN, NEG and amorphous carbon), or by modifying the surface geometry (making grooves). In this latter case, metal surface modifications upon pulsed laser irradiation, leading to highly organises surface microstructures, is a promising way. Very low SEY value can be reached with these methods, as shown in Figure 4-31. In the fully conditioned state, the SEY is equal to 0.95 and 0.47 for the Ccoating samples and the laser treated copper, respectively. 

Simulation of the dynamic pressure: the DYVACS code

Ultra-High Vacuum is an essential requirement to achieve design performances and high luminosities in high-energy particle colliders. Consequently, the understanding of the dynamic pressure evolution during accelerator operation is fundamental to provide solutions to mitigate pressure rises induced by multiple-effects occurring in the vacuum chambers and leading to beam instabilities.

All measurements performed in the VPS and presented in this thesis show the importance to consider several phenomena in order to understand the pressure evolution in the LHC. The impact of ions on molecule desorption was investigated to identify their influence on the global pressure rises and to acquire essential data on the ion stimulated gas desorption process. The relationship between the surface chemistry and the SEY evolution, highlighted in chapter 4, explains the evolution of surface conditioning upon particle irradiation. All these results can be used as inputs to perform simulations of phenomena occurring in the vacuum chambers of particle accelerators. For instance, the computation of residual gas density profiles is an essential task to optimize beam pipes and vacuum system design. This chapter is dedicated to the development of a simulation code, to predict the pressure profiles in the vacuum chambers of particle accelerators as well as their evolution under dynamic conditions (i.e. as a function of time during beam operation). This new simulation code called DYVACS (DYnamic VACuum Simulation) is an upgrade of the VASCO code (Rossi, 2004) developed at CERN. In the following sections, it was applied to simulate the dynamic pressure in the VPS when proton beams circulate into the ring. The electron cloud build-up was implemented in the code via electron cloud maps. The photoemission and the ionization of the residual gas by electrons was also considered additionally to the ionization by the proton beam. Results obtained with the DYVACS code are compared to pressure measurements recorded during typical fills for physics during the run II of the LHC.

Presentation of the simulation model

General presentation of DYVACS

The aim of the DYVACS code is the calculation of the gas density evolution in a beam pipe by considering dynamic effects. Thus, we proposed a modification of the vacuum model implemented in the VASCO code (Rossi, 2004), in which it is assumed for vacuum calculation that the rate of change of the volume gas density (Figure 1) depends on: molecular diffusion, thermal desorption, beam induced dynamic effects (i.e. stimulated gas desorption), residual gas ionization by proton beams (for the LHC) and gas pumping systems (distributed along the pipe using NEG or not distributed using a pumping system).

Figure 5-1: VASCO (VAcuum Stability COde): multi-gas code to calculate gas density profile in a UHV system (Rossi, 2004) VASCO estimates the vacuum stability (for a maximum beam current) against pressure runaway induced by molecular desorption and the gas density profiles along the accelerator ring, in steady state conditions. It considers: -a cylindrical geometry (one dimensional approximation), and then the radius of this cylinder can be tuned; -the surface of materials: using data for the outgassing rate, stimulated desorption yield, or considering a distributed pumping system using NEG material; -the temperature effect: modification of the coverage, modification of desorption yields, or sticking coefficient at cryogenic temperature; -a multi-gas model: the cross-desorption by ions of one gas species of other adsorbed gas species; The ionization of the residual gas by electrons is neglected in VASCO.

DYVACS corresponds to an upgrade of the VASCO code by introducing new features. This new simulation code has been developed using Mathematica. By an analytically approach, it determines the evolution of pressure as a function of beam parameters, and simulates the pressure profile along UHV beam pipes as a function of time, i.e. from the beam injection to the beam bump. The residual gas density estimation is relevant to a specific moment in time, since some of the parameters are indirectly time dependent. Calculations are performed by considering a quasi-steady state, because the equilibrium of adsorption and desorption processes (surface phenomena) is reached more quickly compared to pressure variations. Moreover, electron cloud maps [START_REF] Iriso | Maps for electron clouds[END_REF] were implemented into the code to estimate the electron density as well as the ionization of the residual gas by electrons, which leads to an increase of both electron and ion-induced desorption.

Figure 5-2 summaries the different interactions considered in DYVACS. For the moment, this model was applied only for beam pipes at room temperature. The cryo-pumping for instance is not yet taken into account. It is assumed that the vacuum chamber is cylindrical, so that the calculations are performed for a one-dimensional approximation along the beam axis. In more details, this code considers: (i) the effects of the proton beam via the ionization of the residual gas as well as the photon desorption due to synchrotron radiation; (ii) the electron desorption due to photoelectrons, electrons coming from the electron cloud as well as electrons resulting from the ionization of the residual gas; (iii) the ionic desorption generated by the ionization of the residual gas by the proton beam and by the electrons. The electron cloud build-up and its evolution, shown in Figure 5-2 (sketch b), is described as an electron density evolution occurring step by step and calculated with the map approach. Figure 5-2 (sketch a) represents the stimulated desorption phenomena induced by photons, electrons and ions. According to experimental measurements and to the literature, the dominant gas species, present in a vacuum system, are dihydrogen (H2), methane (CH4), carbon monoxide (CO) and carbon dioxide (CO2). Our calculations are performed in the framework of the multi-gas model, so interactions between the different gas species are also taken into account.

More precisely this interaction occurs in the ion-induced desorption term: each of the gas species, once ionized, can desorb any species from the beam pipe walls. The equation for each species depends on the gas densities of other species, and all equations are interdependent. It is worth noting that the time scale of a specific LHC fill is divided in steps in which a quasi-steady state is established.

The DYVACS model

Considering the gas flow coming in and going out from the system, the mass-balance equation used to describe the evolution of each species with the gas density 𝑛 𝑗 (𝑛 𝑗 = (𝑛 𝐻 2 , 𝑛 𝐶𝐻 4 , 𝑛 𝑐𝑜 , 𝑛 𝑐𝑜 2 )) is presented in equation (5.1). The first term 𝐶 𝑗 𝜕 2 𝑛 𝑗 𝜕𝑥 2 refers to molecular diffusion. D 𝑖𝑜𝑛-𝑗 , D 𝑒-𝑗 , D 𝑝ℎ-𝑗 and 𝐷 𝑡ℎ-𝑗 describe the desorption phenomena: ion, electron and photon stimulated desorption, as well as thermal desorption, respectively. The origin of each particle (ion, electron and photon) is discussed in the chapter 1 of this thesis. The desorption is described in detail by equations (5.2) and (5.3). The last term 𝑆 • 𝑛 𝑗 refers to the pumping flux and is detailed in equation (5.4). where Cj is the specific conductance for j gas species (m 4 /s), n is the gas density (molec/m 3 ), S is the pumping speed per length unit (m 2 /s), and D 𝑖𝑜𝑛,𝑗 , D 𝑒,𝑗 , D 𝑝ℎ,𝑗 𝑎𝑛𝑑 𝐷 𝑡ℎ,𝑗 are coefficients which have the dimension of molec/m/s.

𝑪

The term describing the ionic desorption (equation (5.2)) can be splitted into two parts to derive the residual gas ionisation by the proton beam (in red) and by the electron cloud (in green).

D 𝒊𝒐𝒏-𝒋 = ∑  𝒊𝒐𝒏-𝒊→𝒋 (𝝈 𝒑→𝒊 • 𝑰 𝒃𝒆𝒂𝒎 𝒆 + 𝝈 𝒆→𝒊 • ρ 𝒆 • 𝒗 𝒆 ) 𝒏 𝒊 𝟒 𝒊=𝟏 (5.2)
The sum is done for i= H2, CH4, CO, CO2, ρ 𝑒 (e-/m) is the electron linear density, 𝑣 𝑒 (m/s) the mean velocity of electrons, ηion-i→j is the ion stimulated desorption yield of gas j induced by the ion i (multigas model), σp→i is the ionization cross section of gas i by protons (m 2 ), σe→i is the ionisation cross section of gas i by electrons (m 2 ), Ibeam is the proton beam current (A); e is the electron charge (C). It is worth noting that this ion desorption contribution is directly proportional to the gas density and it increases with the gas density, potentially ultimately leading to a pressure runaway.

Equation (5.3) describes all other desorption phenomena: electronic desorption (in green), photon stimulated desorption (in blue) and thermal desorption (in black). All of these phenomena are detailed in chapter 1. In general, thermal desorption is negligible and the level of the electron and photon contributions are defined by the surface state and the flux of the bombarding particles (increasing then decreasing during a LHC fill).

D 𝒆,𝒋 + D 𝒑𝒉,𝒋 + 𝑫 𝒕𝒉,𝒋 =  𝒆,𝒋  𝒆 +  𝒑𝒉,𝒋  𝒑𝒉 + 𝒂 • 𝒒 𝒕𝒉,𝒋 (5.3)
where Г is the electron (e) and photon (ph) flux respectively, collected to the wall per unit length (eor ph/s/m), qth is the thermal outgassing rate per unit length (s -1 m -2 ), and a represents the surface area of the chamber wall per unit length (m).

Finally, the pumping flux depends on the distributed pumping (in orange), from surfaces coated with a non-evaporable getter (NEG) or a cryogenic pumping (equation (5.4)):

𝑺 • 𝒏 𝒋 = 𝑺 𝒘𝒂𝒍𝒍 • 𝒏 𝒋 (5.4)
where Swall is the pumping speed (m 2 /s).

Because the model remains close to the one proposed in VASCO, the solution to the set of equations

(5.1) is given in the Rossi work (Rossi, 2004).

The computation of the pressure in the station 4 of the VPS was performed to validate the DYVACS calculations.

by the p beam by the EC

Residual gas ionization

It should be reminded that the VPS is made of standard drift 80 mm ID vacuum chambers, in vacuum sector A5L8 between the quadrupoles Q4 and Q5 (Henrist et al., 2014). It allows monitoring the pressure and electron cloud by electron current measurements during machine operation (see chapter 2). Therefore, the pressure evolution in the station 4 during the LHC run II, presented in chapter 2 can be compared to the simulation results obtained by DYVACS. This facility is composed of a double vacuum sector (two separated beams) about 18 m long (Figure 2 -12). First, to perform the DYVACS simulations, the Station 4 of the VPS was splitted into 6 segments (S1 to S6): the 1.7 m long NEG coated beam pipes (S1 and S6); the 30 cm long flange with ion pumps (S2 and S5) on both sides of each station; and finally the station 4 was splitted into two parts (S3, S4) because the liner is designed with pumping slots located at the middle; a gas flux is introduced to this point (located flux) to reproduce this configuration and to impose a static pressure in agreement with the in situ static pressure measurement (Figure 5-3). The boundary conditions used in DYVACS are the same than in VASCO. We have to ensure the continuity of flux and pressure between each segment. We considered also that NEG buffers isolate the station from parasite fluxes coming from the rest of the ring. For each segment, an input date file is completed with the pumping speed, the pumping flux, information about the material (the desorption yields), geometry information (radius of the chamber), temperature and gas conductance.

Values of gas desorption yields  or ionisation cross sections  can be found in [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF] (see also chapter 1). Then, for each segment, all phenomena detailed in equation (5.1) are implemented with the corresponding data.

The pressure evolution during a LHC fill can be computed step by step, by considering a quasi-steady state condition for a given point of the fill. An iterative loop is included for the electron-cloud build-up calculation. The input data file should be filled out with all information related to the beam: beam intensity, energy, filling pattern, number of protons per bunch (nppb), number of bunches injected into the ring). The beam parameters recorded in the input file are taken at different points in time (during beam injection, energy ramp-up, stable beam period) for a given LHC fill.

Each computation step is described in Figure 5-4. The parameters of the proton beam at a specific point in time of the fill are first selected in the input file.

In a first step, the calculation is performed without taking account the EC to compute the initial electron density.

The photon flux can be estimated from the equation (5.5):

 𝑝ℎ = 7.017 • 10 13 𝐸 𝑏𝑒𝑎𝑚 𝜌 𝐼 𝑏𝑒𝑎𝑚 (5.5)

Where Ebeam is the beam energy, =2803.95m is the bending radius for the LHC. A correction factor is used to take into account the distance between the last dipole and the VPS (see "the attenuation coefficient of the flux" section 5.4.3).

Concerning the electron flux, the initial electron density is first computed by considering only the ionization of the residual gas and the photoelectron production.

In a second step, the electron density build-up is calculated according to the map coefficients, starting from the initial electron density calculated in the first step. Therefore, the ion flux is determined by considering also the ionization of the residual gas by the EC. Finally, by applying the multigas model, the gas density and the pressure distribution are calculated in each segment by taking into account the data recorded in the input file and by solving equation (5.1). The partial pressure of each gas (H2, CH4, CO and CO2) and the total pressure are thus determined for this specific moment of fill. The ion flux (from ionization and desorption) the electron flux,  𝒆 (from gas ionization and electron cloud), and the photon flux,  𝒑𝒉 (due to synchrotron radiation) are also calculated.

A further point in time corresponding to new beam parameters (beam intensity, energy, ppb) are read in the data base and a new calculation of pressure is performed with these new conditions. It is thus possible to reproduce the pressure evolution during the LHC operation (see section 5.6). It is also possible to predict the time evolution of pressure for an accelerator for fictitious beams, starting with a static pressure in the accelerator and selecting all desorption coefficients corresponding to the materials of the vacuum chamber walls. More generally, DYVACS is able to simulate the dynamic pressure in future high energy accelerators, as long as the beam parameters are known The simulation of the evolution of the pressure for a specific fill can be performed in a relative short time. To highlight the quickness of DYVACS calculations, section 5.5 presents how in situ pressure measurements performed during the LHC run II was simulated dividing the beam pipe section in six segments, and using 25 computation loops was obtained only in a few minutes using a standard machine.

Split the installation into n segment

Input data, For Beam: intensity, energy, ppb, structure For vacuum chamber: gas conductance, cross section, desorption yield, pumping speed, A large number of sophisticated simulation codes (POSINST, ECLOUD, PyECLOUD, etc.) have been created and are still in the development phase in order to study the process of EC build-up and to understand its effects on beam dynamics. For instance PyEcloud simulates the build-up and dissipation of an electron cloud in a given region of a particle accelerator, by using realistic beam parameters and external magnetic fields. In order to compute the electron tracking, the program groups electrons (~10 5 electrons) in so-called macroparticles (MP). At each time step, the movement of these MPs is calculated according to the different electric fields. At each interaction of the MPs with the surface, the secondary electron emission is taken into account. The electron density for an EC obtained during the run II of the LHC represents about of 10 11 e-/ m (Rumolo & Zimmermann, 2001). These simulations therefore require significant CPU time. A complete EC simulation can last from a few hours to several days.

Input
Another approach by Iriso and Peggs was proposed to describe the evolution of the electron density at a point. It is averaged over the time interval between successive bunch passages and can be accurately described by a simple cubic map [START_REF] Iriso | Maps for electron clouds[END_REF]. The electron density after the bunch m+1 passes by (referred to as ρ 𝑚+1 ) is a function only of the interaction between the bunch and the electron density before the bunch m passed by (referred to as ρ 𝑚 ). Thus, the electron density was estimated from:

ρ 𝑚+1 = 𝑎ρ 𝑚 + 𝑏𝜌 𝑚 2 + 𝑐𝜌 𝑚 3 (5.6)
where ρ 𝑚 (10 11 e-/m) is the average linear electron cloud density after m th passage of bunch. The coefficients a, b, c are parameters extrapolated from simulations, and depend on the beam and beam pipe parameters. The linear term describes the growth and its coefficient a has to be larger than unity in case of electron multipacting; the quadratic term describes the parabolic decay due to saturation effects, therefore b has to be negative to give concavity to the curve ρ 𝑚+1 versus ρ 𝑚 ; the cubic term corresponds to perturbations.

Such a map approach has been proved, by numerical simulations, to be reliable also for LHC dipoles [START_REF] Demma | Maps for electron cloud density in Large Hadron Collider dipoles[END_REF]. Figure 5-5 shows an example of the time evolution of the electron density for one batch with 48 successive charged bunches, for a bunch spacing of 25ns, and with a=1.3, b=-1, c=0.5 using the map approach. In this figure, one can see that the bunch-to bunch evolution contains enough information about the build-up and the decay time, although the details of the electron density oscillation between two bunches are lost. The average electron density is thus given by equation (5.7):

𝜌̅ = 1 𝑇 ∫ 𝜌 𝑑𝑡 (5.7)
where T is the number of bunches multiplied by 25ns. The electron flux is finally averaged on a time 𝑡 𝐿 =89µs (corresponding to one revolution period in the LHC ring) and calculated from the number of batches (𝑁 𝑏𝑎𝑡𝑐ℎ ):

 𝑒 ̅̅̅ = 𝜌̅ × 𝑁 𝑏𝑎𝑡𝑐ℎ 𝑒 × 𝑡 𝐿 (5.8)
The coefficients a, b and c in equation (5.6) are generally determined by matching the results of the different simulation programs. An analytical approach described in the following sections was used to determine the linear and quadratic terms of the coefficients of the EC map [START_REF] Iriso | An Analytic Calculation of the Electron Cloud Linear Map Coefficient[END_REF]) [START_REF] Petracca | The Quadratic Coefficient of the Electron Cloud Mapping[END_REF]. In a first approximation, the cubic term which makes possible to optimize the shape of the curve is taken equal to zero.

Coefficient of the linear term of the EC map, ῝ a ῎

The linear coefficient is used to determine the average electron gain from one bunch to another. This coefficient therefore strongly depends on the SEY, the number of reflected electrons, their different energies as well as the number of collisions between electrons and the surface occurring between two bunches. The coefficient a is defined, excluding saturation, by: 𝑎 = 𝜌 𝑚+1 𝜌 𝑚

(5.9)

Vacuum tubes are assumed to be circular with a radius 𝑟 𝑡 and without an external magnetic field the electron motions are limited to the transverse direction. Roughly, the duration between two collisions of an electron of energy Eg is given by:

𝑡 𝑐 = 2 * 𝑟 𝑡 √2 * 𝐸 𝑔 𝑚 𝑒
(5.10)

Where 𝑚 𝑒 is the electron mass, 𝑡 𝑐 is the time of the electron mean free path for an electron energy 𝐸 𝑔 in a vacuum tube with a radius of 𝑟 𝑡 . From the electron energy spectrum recorded during the LHC run II, the electron energy gain produced by the bunch passage 𝐸 𝑔 ≈ 150 𝑒𝑉 (see Chapter 2). The average number of elastic collisions between two successive bunches spaced by time τ is given by:

𝑛 = 𝜏 - 𝑡 𝑐 2 𝑡 𝑐 (5.11)
For the sake of simplicity, the contribution of the so-called inelastically backscattered electrons (or "rediffused") is neglected. We distinguished the true secondary electrons with an average energy ESE of a few eV (≈5eV) and the reflected (or elastically backscattered) electrons of same energy as the incident electron energy. Thus, the total secondary electron emission rate 𝛿 𝑇 can be expressed by: 𝛿 𝑇 (𝐸) = 𝛿 𝑆𝐸 (𝐸) + 𝛿 𝐵𝑆𝐸 (𝐸) (5.12)

The coefficient a represents the reflected and secondary electron gain. Secondary electrons are created after each collision of reflected electrons from the surface and this gain is given by a geometric sequence of common ratio q and first term U1:

𝑞 = 𝛿 𝑇 -𝜀 (𝐸 𝑆𝐸 )𝛿 𝐵𝑆𝐸 (𝐸 𝑔 ) , 𝑈 1 = 𝛿 𝑇 𝑛𝜀 (𝐸 𝑆𝐸 )𝛿 𝑆𝐸 (𝐸 𝑔 ) with 𝜀 = √ 𝐸 𝑆𝐸 𝐸 𝑔 (5.13) 
Therefore:

𝑎 = 𝛿 𝐵𝑆𝐸 𝑛 (𝐸 𝑔 ) + 𝛿 𝑆𝐸 (𝐸 𝑔 )𝛿 𝑇 𝑛𝜀 (𝐸 𝑆𝐸 ) 1 -𝛿 𝑇 -𝑛𝜀 (𝐸 𝑆𝐸 )𝛿 𝐵𝑆𝐸 𝑛 (𝐸 𝑔 )
1 -𝛿 𝑇 -𝜀 (𝐸 𝑆𝐸 )𝛿 𝐵𝑆𝐸 (𝐸 𝑔 )

(5.14)

The first term represents the number of reflected electrons of energy Eg transmitted to the bunch m+1 and the second term gives the number of secondary electrons transmitted with an energy ESE. The evolution of the total emission yield as a function of the energy of the incident electron can be decomposed into two main components: the secondary electron yield and the component corresponding to reflected electrons. For electrons of energy E with a perpendicular incidence, the SEY of secondary electrons is given by (see chapter 1):

𝛿 𝑆𝐸 (𝑥) = 𝛿 𝑚𝑎𝑥 . 𝑠𝑥 𝑠 -1 + 𝑥 𝑠 with 𝑥 = 𝐸 𝐸 𝑚𝑎𝑥
(5.15)

Where 𝑠 ≈ 1.35 for LHC (Furman & Pivi, 2002). Emax is the energy of the incident electrons corresponding to the maximum SEY (𝛿 𝑚𝑎𝑥 ). For the calculations, we used Emax = 332 eV for 𝛿 𝑚𝑎𝑥 = 1.6 corresponding to the results obtained by in situ measurements performed in the VPS and presented in chapter 2.

The reflected electron component is given by (Cimino et al., 2004):

𝛿 𝐵𝑆𝐸 (𝐸) = 𝑅 0 ( √𝐸 -√𝐸 + 𝜀 0 √𝐸 + √𝐸 + 𝜀 0 ) 2 (5.16)
Where 𝑅 0 and 𝜀 0 are parameters defined on the basis of laboratory measurements. 𝑅 0 ≈ 0.7 and 𝜀 0 ≈ 150 𝑒𝑉 are usually used in the PyECLOUD simulations for the LHC (Wulff & Iadarola, 2019). The evolution of the secondary emission rate as a function of the energy of the incident electron is presented in Figure 5-6. The contribution induced by the secondary electrons and reflected electrons are represented in blue and orange colors respectively. For an incident electron energy of 150 eV, a chamber with a diameter of 0.08 m (corresponding to VPS), a time between two bunches of 25 ns, with ESE = 5 eV (see chapter 2) and according to equation (5.14), the linear coefficient of the EC map, a, was obtained equal to 1.4. This factor will be taken constant during all DYVACS simulations. In chapter 2, it has been observed experimentally that there was little or no surface conditioning in the VPS station 4 during LHC run II and therefore the maximum SEY can be considered as constant. We also assumed that the average electron energy of the EC is constant and ≈150 eV. Hence, the linear term, a, is assumed here to be constant.

Coefficient of the quadratic term of the EC map, ῝ b ῎

The quadratic term b allows one to take into account the phenomenon of electron cloud density equilibrium state (this term allows a steady state owing to the balance between creation and loss of the electrons) and it depends on the parameters of the beam and on the dimensions of the vacuum chamber. For the sake of simplicity, we considered the cubic coefficient equal to zero and calculations were done under the equilibrium state conditions of the EC. The quadratic term can be expressed by the equations (5.17) and (5.18) [START_REF] Iriso | Maps for electron clouds[END_REF]:

𝜌 𝑠𝑎𝑡 ≈ 𝑎𝜌 𝑠𝑎𝑡 + 𝑏𝜌 𝑠𝑎𝑡 2
(5.17)

𝑏 ≈ 1-𝑎 𝜌 𝑠𝑎𝑡 (5.18)
At the equilibrium state, the stability condition imposes that the number of protons and electrons is the same. The maximum density is defined for a bunch of T = 1 ns and 1.2×10 11 protons. The electron density at the equilibrium state is given by:

𝜌𝑠𝑎𝑡 = 𝑁𝑠𝑎𝑡 𝑐𝑇 = 4 × 10 11 𝑒 -/𝑚 (5.19)
where c is the speed of light. A more detailed calculation of the electron density at the equilibrium state can be found in Annex 3).

Figure 5-7 presents results from the literature of the electron density evolution for the LHC computed by different codes.

Another approach was used [START_REF] Heifets | Electron Cloud at High Beam Currents[END_REF], considering the mean equilibrium density for a bunch spacing T = 25ns corresponding to a neutralization of the field at the wall when averaged over time. This estimation gives a lower equilibrium density (about 10 10 e-/m) as on the right side of Figure 567.

But this value underestimates the electron desorption and the experimental pressure evolution cannot be reproduced by DYVACS in this case. So, an instantaneous value (4x10 11 e-/m) corresponding to a maximum electron density was preferentially used. However, the equilibrium electron density does not reach systematically the maximum value of 𝜌 𝑠𝑎𝑡 , it grows with the SEY up to reach the maximum equilibrium value of 𝜌 𝑠𝑎𝑡 . Figure 5-8 shows 12 pilot bunches and 3 batches recorded in VPS by Elena Buratin in 2018 during the injection step for a 450 GeV proton energy with 25 ns bunch spacing. In light blue, the EC signal of a NEG surface is shown. The EC signal starts when the first bunch passes (Buratin et al., 2020). During the inter-bunch time, the maximum saturation density gradually decreases, but reflected electrons, so-called survival electrons are still present. Thus, during the bunch to bunch evolution, these electrons, lead to an increase of the electron density.

Along the batch, after only few bunches, the EC density grows up to a quasi-stable value, the so-called electron density equilibrium state value. Then, between two batches, the EC signal totally disappears and the phenomenon is restored with the next batch.

To compute the b parameter, an average value of 𝜌 𝑠𝑎𝑡 is estimated taking into account the maximum value of the saturation density (equation (5.19)), and the decrease of the saturation density between two bunches considering electron losses by impact with the surface. In accordance with literature values obtained by Ecloud simulation and experimental measurements, [START_REF] Demma | Maps for electron cloud density in Large Hadron Collider dipoles[END_REF] [START_REF] Iriso | Maps for electron clouds[END_REF]) (Buratin et al., 2020), the average linear density is therefore <𝜌𝑠𝑎𝑡 >≈ 3.8 × 10 11 𝑒/𝑚.

From equation (5.18), the coefficient of the quadratic map is equal to b=-0.1 (10 -11 m/e-) for a=1.4. For a given filling pattern and vacuum tube radius, this coefficient b is very sensitive to the number of protons per bunch and to its duration. More the duration of the bunch decreases, more the electron density increases. Using c=0 for the last coefficient, the map can be plotted. Figure 5-9 represents the evolution of the electron density for a nominal LHC fill using 48 bunches followed by 28 empty bunches for the decay, with N=1.2x10 11 ppb, T=1ns, tau=25ns, 𝛿 𝑚𝑎𝑥 =1.6 with an initial electron density of 10 9 e/m. The initial density is computed in DYVACS taking into account the electrons resulting from the ionization of the residual gas and the photoelectrons produced by synchrotron radiation. The decay parameters are obtained from T. Demma paper [START_REF] Demma | Maps for electron cloud density in Large Hadron Collider dipoles[END_REF] using a=0.858, b=-0.1905 and c=0.0105 using the same map expression. It is shown that information about the oscillation of the electronic density between bunches is lost with the map representation. Figure 5-9: Evolution of the electron density for a nominal LHC fill using 48 bunches followed by 28 empty bunches for the decay, with N=1.2x10 11 ppb, T=1ns, tau=25ns, 𝛿 𝑚𝑎𝑥 =1.6 (so SEY for Ee-=150 eV)=1.4) and an initial electron density 10 9 e/m. EC parameters: a=1.4, b=-0.1, c=0. Decay parameters a=0.858, b=-0.1905 and c=0.0105. In DYVACS, the temporal structure of the beam is simplified. From the total number of bunches for one ring turn, the bunches are grouped successively. In the case of a standard fill for LHC run II 48 bunches are followed by 28 empty bunches. The average electron density of the EC is given by:

𝜌 𝑚 = 1 𝑇 ∫ (𝜌 -𝜌 0 )𝑑𝑡 𝑇 0 (5.20)
Where T is the duration of one ring revolution for a proton from the beam and 𝜌 0 is the initial electron density due to the ionization of the residual gas plus the photoelectron production.

Figure 5-10 shows the average electron density of the EC for 2556 bunches (48 bunches per batch spread in the ring) in the VPS conditions with 25 ns bunch spacing.  :e-density ( 10-11 e/m) )

Number of bunch

Figure 5-10: Average electron density of the EC for 2556 bunches (48 bunches per batch spread in the ring, followed by 28 empty bunches) in the VPS conditions with 25 ns bunch spacing.

The average electron density increases due to the ionization of the residual gas by batches of 48 bunches, the photoelectrons and by taking into account the electron map evolution. The first bump is smaller than others because the initial electron density is lower. Thus, to initiate the process of multipacting (see Chapter 1), less electrons are available. But after one batch, the number of empty bunches is not enough to decrease the density until the initial electron density value. Therefore ρ increases up to reach an equilibrium state value, and then forms a plateau.

Implementation of Electron Cloud mapping factors and number of protons per bunch

The initial electron density is calculated by considering the electrons resulting from the ionization of the residual gas by the proton beam and the photoelectrons resulting from the interaction of synchrotron radiation with the surface of the chambers. The maximum pressure in each segment is calculated by the first iteration of the VASCO program and is used to determine the initial electron density resulting from ionization by protons. At an energy of 6500 GeV, a decrease of the pressure is observed (see chapter 2) with a significant correlation with the decrease of the electron density measured experimentally by electrode K11 on station 4 of the VPS. This evolution corresponds to a significant loss of protons and consequently modifies the parameter b of the EC map. We made the simplification that the parameter a, which depends on the SEY and on the energy spectrum of the EC, does not vary during the LHC run II (see conclusions of Chapter 2).

The evolution of the quadratic coefficient b can be expressed as a function of the ratio of the measured currents:

𝑏 = 𝑏 0 𝜌 𝑠𝑎𝑡0 𝜌 𝑠𝑎𝑡 ≈ 𝑏 0 𝐼 0 𝐼 (5.21)
Where b0 = -0.1 (m/e-) for Np = 1.2x10 11 ppb, ρsat0 ~ 3.8x10 11 e / m, I0 corresponds to the electron current measured by the electrode K11 for the first mapping computation and I is the in situ electron current.

Figure 5-11 shows the evolution of the electron current for different fills as a function of the number of protons per average bunch. This number of protons per bunch is calculated using DYVACS by taking the total number of protons over one turn divided by the number of bunches over one turn. Initially, we considered only the decreasing observed at 6500 GeV. For the same number of protons per bunch, different fills do not measure the same electronic current and therefore the coefficient b differs. Fills 6633 and 6636 are the two oldest fills that we analyzed. They were recorded just after the "scrubbing period" with a large number of protons per bunch (1.15 and 1.19x10 11 ppb respectively against an average value of 1.09x10 11 ppb for other fills) and can be explained by different beam characteristics in terms of bunch length and / or beam transversal dimensions, beam intensity…. As it is seen in Figure 5-12, the decrease of the factor b for the different fills is very sensitive to the number of protons per bunch. This decrease is significantly different from that obtained by applying the analytical equation (5.13). Indeed, the analytical approach is an approximation which does not consider parameters as the bunch length, or the transversal beam size. This analytical formula leads to compute a first value of b, then, in situ measurements of the electron current are directly used to reproduce the electron density evolution. It is possible to find the evolution law of the b factor as a function of the SEY (if it is known). As it is seen, for fill measurements performed just after the scrubbing period (Fill 6633 and Fill 6636), b as a function of the number of ppb describes a line graph shifted at the right side of the figure. For more recent fills, considering that a lower SEY is reached due to the conditioning effect obtained after the scrubbing, all b values are the same. For these fills, the same SEY should thus be considered as it was shown in Chapter 2.

5.4. Implementation of desorption parameters, and flux computation 5.4.1. Ion stimulated desorption implementation 5.4.1.1.

Gas Ionization cross sections

In DYVACS, the increase in pressure generated by ions is related to the ionization by the proton beam (i) and by the electrons of the EC (ii).

(i)

The variation of the ionization cross sections as a function of the energy of the proton beam is not taken into account. In the DYVACS program, we selected the highest cross sections, at 6.5 TeV. The gas flow produced by the impact of these ions on the surface is expressed by ∅ 𝑖 , the linear flux, for a gas i:

∅ 𝑖 = 𝐼 𝑒 ∑ 𝜎 𝑃,𝑗 𝑎𝑙𝑙 𝑔𝑎𝑠 𝑗 𝜂 𝑗→𝑖 𝑃 𝑗 (5.22)
where ∅ 𝑖 is expressed in Pa.m 3 . s -1 m -1 , 𝜎 𝑃,𝑗 is the ionization cross section of protons for gas j, I is the beam current (A); e is the electron charge (C), η is the ion stimulated gas desorption coefficient, and P is the partial pressure of the considered gas.

(ii) Considering the ionization of the gas by electrons, the ionization cross section of the residual gas by the EC can be computed using equation (5.23).

σ 𝑒 = 4π ( ℎ/2𝜋 𝑚 𝑒 𝑐 ) 𝑍 2 𝛽 2 [𝑀 2 (𝑙𝑛 ( 𝛽 2 1 -𝛽 2 ) -𝛽 2 ) + 𝑐]
(5.23)

Where β = 𝑣 𝑒- 𝑐
with 𝑣 𝑒-is the electron velocity, c is the velocity of light, M is the molecular mass and Z is the atomic number of the considered gas [START_REF] Rieke | Ionization Cross Sections of Gaseous Atoms and Molecules for High-Energy Electrons and Positrons[END_REF].

The ionization cross sections for a proton beam of 6.5 TeV and for electrons are given in 

2.48x10

-20

3.60x10

-20

Table 5-1: Ionization cross sections (m 2 ) of gas j by a proton beam of 6.5TeV and by 150 eV electrons.

For the calculation of the ion flux, we considered from in situ measurements of the energy spectrum of the EC, that about 40% of the electrons have an average energy of 150 eV (see electron spectra in Chapter 2) and thus, have the possibility to induce desorption (see Erreur ! Source du renvoi introuvable.) describing the ion flux induced by the ionization of residual gas by the proton beam and by the electron cloud). It is worth noting that depending on the beam characteristics, especially the number of protons per bunch, the average energy value and the proportion of electrons inducing desorption vary.

ISD yields

The desorption yields depend on many factors such as the nature, energy, state of charge and incident angle of ions as well as the nature and surface of the material. As explained in Chapter 1, the ISD yields can vary for a baked copper by a factor 100 between a conditioned state and a no-conditioned state [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF]. The liner of station 4 is made of unbaked copper that we considered partially conditioned (the SEY was found equal to 1.6). We approximated these conditions by using the yield values reported in Table 5-2. The ISD values of a baked copper are lower than the one for an unbaked copper (by a factor 80 for H2, see Chapter 1), and the value of conditioned copper is lower (by a factor 100 for H2 [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF] These values correspond to the same order of magnitude as the measurements obtained in chapter 3 after an ion conditioning performed on a beam screen sample. As explained before, these values strongly depend on many parameters such as surface "history", and the ion nature for the conditioning. For this reason, values given in [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF] were used instead of other literature references to reproduce in situ conditions. Due to the disparity of the values found in the literature, and without in situ surface analysis of the copper surface in station 4, it was necessary to extrapolate the ISD yield values by trying to stay as close as possible to the experimental conditions.

Electron stimulated desorption implementation

The evolution of the ESD is strongly linked to that of the SEY. In the literature, there is a lack of electronic desorption data and they have to be usually extrapolated for different electron energies, impact angles as well as for varying surfaces and conditioning states of materials. It is commonly accepted that the ESD yield decreases by two orders of magnitude between an unconditioned baked copper and a baked copper fully conditioned at room temperature by the beam (Henrist et al., 2002), [START_REF] Wien | The charge state dependence of desorption. A way to study the BIBLIOGRAPHY[END_REF].

According to the Rossi work [START_REF] Rossi | Residual Gas Density Estimations in the LHC Experimental Interaction Regions[END_REF], for an unbaked copper not conditioned by the beam, the molecular desorption yields due to 150 eV electrons are approximately:

η 𝑒 (H2)=0.5x10 -2 , η 𝑒 (CH4)=0.01 x10 -2 , η 𝑒 CO)=0.02 x10 -2 and η 𝑒 (CO2)=0.1 x10 -2 .
For a fully conditioned baked copper, ESD yields are: η 𝑒 (H2) =2x10 -5 , η 𝑒 (CH4) =6 x10 -7 , η 𝑒 (CO) =4.5 x10 -6 and η 𝑒 (CO2) =6 x10 -6 (Rossi, 2004), i.e. 100 times lower than an unbaked and not conditioned copper. To simulate the dynamic pressure in station 4 (unbaked copper, partially conditioned), we considered the ESD yields reported in Table 5-3:

Gas H2 CH4 CO CO2 η 𝑒 𝑓𝑜𝑟 150 𝑒𝑉 𝑒 -(𝑚𝑜𝑙𝑒𝑐/𝑒-) 5.0x10 -3 1.0x10 -4 2.0x10 -4 1.0x10 -3
Table 5-3: ESD yields for unbaked copper, partially conditioned, used to simulate the dynamic pressure in station 4 of the VPS.

For the following simulations, we considered that there is no decrease of the electron desorption yield (no conditioning effect).

Photon stimulated desorption implementation

The photon desorption yield (molecule / photon) depends on many parameters (energy, incidence angle, nature of the material, roughness and conditioning of the surface). Its determination can be performed experimentally. Figure 5-13 represents the critical energy as a function of the photon energy for the LHC synchrotron radiation with a beam intensity of 560 mA.

Figure 5-13: Photon flux, power and critical energy as a function of the LHC proton energy (Vincent [START_REF] Baglin | Vide dynamique et systèmes à vide d'accélérateurs. L'ultra vide des grands instruments[END_REF] As presented in Figure 5-13, the critical energy of an arc dipole for a 6500 GeV proton beam is 35eV. As a first approximation, only the flux from the dipole (magnet bending) was considered for the beam 1, thus neglecting the SR from quadrupoles. The attenuation coefficient of the flux as a function of the dipole (Malyshev & Collins, 1999) located before the VPS station 4 (z=90 m), AttVPS, was calculated for an average diameter of the beam pipe d=0.05 m, with a radius of curvature of the magnet RMB=2784m.

𝐴𝑡𝑡 𝑉𝑃𝑆 = 1 - 𝑧 √𝑧 2 + 𝑅 𝑀𝐵 𝑑 (5.24)
Where 𝐴𝑡𝑡 𝑉𝑃𝑆 represents the percentage of the photon flux emitted from the dipole MB (the last bending magnet before Q5 and Q4), and arriving directly in the Vacuum Pilot Sector. The attenuation factor obtained is on the order of 1 percent.

Photodesorption measurements were performed on a 100 μm thick copper coating according to different critical energies (Gómez-Goñi et al., 1994), (Gómez-Goñi & Mathewson, 1997). For a critical energy of 35eV and unbaked copper, the photon desorption yields are:

ηPh,H2 =5×10 -4 , ηPh,Ch4=7×10 -5 , ηPh,Co = 2×10 -4 , ηPh,Co2 = 5×10 -4 .

For baked copper completely conditioned by the beam, the photon desorption yields are:

ηPh,H2 = 1.5×10 -8 , ηPh,Ch4 = 4×10 -10 , ηPh,Co = 1.5×10 -9 , ηPh,Co2=2.5×10 -9 (Malyshev & Collins, 1999).

The difference between these two cases is higher by 4 orders of magnitude for H2 and higher by 5 orders of magnitude for other gases.

The evolution of the photon desorption yield as a function of the photon fluence is shown in Figure 5-14. This figure represents the pressure evolution induced by PSD of an unbaked electroplated Cu exposed to photons as a function of the exposure time. From the threshold value of 10 21 ph / m a sharp decrease is observed.

Figure 5-14: Evolution of the pressure decay of unbaked electroplated Cu as a function of beam exposure time (J. Gómez-Goñi 1997)

In our case, according to Figure 5-14, after a long exposure time to synchrotron radiation for an unbaked copper, the yield is reduced by a factor of 4 for H2, a factor of 5 for CO and CH4 and a factor of 10 for CO2. We can reasonably assume that these yields will decrease with longer exposure times.

To simulate the dynamic pressure in the station 4 of the VPS (unbaked copper, after a long exposure time to synchrotron radiation), the evolution of the yield as a function of the dose is computed in DYVACS using equation (5.25), and depends on the photon critical energy to determine the initial ISD yield 𝜂 𝑃ℎ,0 as expressed in (V. Baglin et al., 1998) and presented in equations (5.25) and (5.26):

𝜂 𝑃ℎ = 𝜂 𝑃ℎ,0 ⋅ ( 𝐷 𝐷 0 ) -𝛼
(5.25)

𝜂 𝑃ℎ,0 = 𝐶 ⋅ (𝜀 𝑐 ) 𝛽 for 𝜀 𝑐 > 35 𝑒𝑉 (5.26)
Where 𝜂 𝑃ℎ,0 is the ISD yield for unbaked copper before the photon exposure, which is function of the photon critical energy 𝜀 𝑐 ; 𝐷 represents the fluence of photons received by the surface (ph/m), 𝐷 0 (≈5×10 18 ph/m) is the initial fluence of photon received by the surface from which the ISD yield is significantly modified. The 𝛼 coefficient varies from 0.6 to 1.3 according to the literature. In our case, 𝛼=0.9 was used. β is equal to 0.74, 0.94, 1.01 and 1.12 for H2, CH4, CO and CO2 respectively for OFHC copper (V. Baglin et al., 1998). The parameter C is determined with the critical energy (below a critical energy of 10 eV, the photon desorption is negligible (V. Baglin et al., 2001)), so that Ci=𝜂 𝑃ℎ,0 /(35) 𝛽 𝑖 .

For a fluence D0, we considered that there is no significant modification of the ISD yield, so that 𝜂 𝑃ℎ = 𝜂 𝑃ℎ,0 . This evolution is plotted in Figure 5-15 and is used for the DYVACS calculations. Finally, for a high fluence, we considered the ISD yields summarized in Table 5-4. Table 5-4: PSD yields for unbaked copper after a long exposure time to SR used to simulate the dynamic pressure in station 4 of the VPS.

The synchrotron radiation also generates large quantities of photoelectrons which are also a source of electrons and help to initiate the EC. Many articles deal with this issue (V. Baglin et al., 2011) (Schäfers & Cimino, 2013). Scrubbing causes a decrease of ≈2 in the production of these electrons. The evolution of the photoelectron yield as a function of the photon critical energy is given by J. Gómez-Goñi in Figure 5-16.

Figure 5-16: Evolution of the photoelectron yield as a function of the photon critical energy (J. Gómez-Goñi)

It is shown that, for unbaked copper and by considering the reflection of photons with an incident angle of 11 mrad (V. Baglin et al., 1998), the photoelectron efficiency can be taken around 0.1. Below a critical energy of 5 eV (Cu work function≈ 4.7eV, see Chapter 1), the number of photoelectrons is considered to be zero.

Ion-, electron-and photon flux computations

The computation of the different fluxes can be performed by using the desorption parameters discussed above. Figure 5-17 presents the evolution of ion, electron, and photon fluxes as a function of time for fill 6636. The injection, energy ramp-up and stable beam periods are reminded in color bands. Figure 5-17: Evolution of ion-, electron-, and photon-fluxes as a function of time expressed in minutes for fill 6636. The injection, energy ramp-up and stable beam periods are reminded in colored regions, respectively blue, red and green.

All particle fluxes first increase and then stay constant or slightly decrease during the stable beam period. For fill 6636, the maximum photon flux is ≈6x10 14 ph/m/s, the electron flux is ≈2x10 15 e-/m/s and the maximum ion flux is ≈10 12 ion/m/s in the VPS station 4. The ion flux is composed from ions coming from gas ionization by the proton beam (called ion flux from P+) and from the gas ionization by the EC (called ion flux from EC). The ion flux is clearly smaller than the electron or photon fluxes, but it should be reminded that the ion stimulated desorption yields are 2 orders of magnitude higher than those of electrons. Consequently, the pressure should be very sensitive to the ion-induced desorption even if its amount is weak.

Because the photon production depends on the critical energy, and thus depends on the beam energy, the photon flux increases during the energy ramp up. During the stable beam period, no more protons are injected into the ring, and the beam energy remains constant at 6500 GeV. Therefore, the only parameter leading to the slight decrease observed for the photon flux is the decrease of the proton intensity (due to proton losses and collisions).

Concerning the electron-and ion-fluxes, their evolution follows the total pressure evolution recorded during the fill (see Chapter 2).

Concerning the electron-and ion-fluxes, their evolution follows the total pressure variation recorded during a fill (see Chapter 2). If the total pressure increases/decreases, an increase/decrease of electron-and ion-fluxes is also observed.

5.5. Simulation results and comparison to the experimental pressure variation during a standard fill

Example of results

The comparison between experimental measurements performed during the LHC run II and simulation results obtained with DYVACS was carried out on representative standard fills for beam 1 in station 4 (2556 bunches and 144 bunches per injection for 20 injections to compose the proton beam 1, 25ns_2556b_144bpi_20inj, see Chapter 2 for the beam temporal structure).

In this section, results for only six selected fills (6633, 6636, 7083, 7090, 7105 and 7128) are presented, but similar results are obtained for all analyzed fills. Annex 4 gives general information about beam parameters for the selected fills and Annex 6 gives all data used to simulate the example of Fill 6636. The total pressure measurement in station 4 of the VPS is given by a Bayard Alpert gauge (with the pressure expressed in nitrogen equivalent). The DYVACS program calculates the total pressure as the sum of the partial pressures weighted by the corrective coefficients according to the nature of the gas.

The factors used to express the total pressure in nitrogen equivalent are 2.2, 0.7, 0.9 and 0.7 for H2, CH4, CO and CO2 respectively.

Several examples of comparison between experimental results and DYVACS simulations are shown in Figure 5-18, Figure 5-19 and Figure 5-20. A very good agreement is obtained between calculations and pressure measurements. It is worth noting that if the electron cloud is not considered in the calculations, the rise of pressure during the beam injection step is not observed by the simulations and the pressure is underestimated in all steps. This result shows that the electron cloud has an important influence on the pressure rise during the injection of protons but also on the second rise of pressure due to photo-electrons occurring during the energy ramp-up. Moreover, it is worth noting that for Fill 7128, the pressure increases during the proton injection step is not observed (contrary to Fill 7105), indicating no electron cloud build-up. As mentioned in chapter 2, this phenomenon occurs during the injection step only if the number of protons per bunch becomes larger than a threshold value. By fitting the quadratic term of the map, it is possible to reproduce this behavior with DYVACS with a good accuracy. The expression used in these graphs "without EC" means that only electrons from the initial residual gas ionization and photoelectrons are considered. 

Determination of the desorption yields

To carry out the simulations, the initial values of the desorption yields are those reported in tables 5.2 to 5.5. However, to reproduce the pressure variations as accurately as possible, these yields must be adjusted. For the sake of simplicity, each type of desorption yield is fitted using a single adjustment factor. For example, the initial ESD yields of the four main gases (H2, CO, CO2 and CH4) are multiplied by the same factor to obtain the correct pressure variations.

The results depend on the period in which the fills were performed. A first set of desorption yields is obtained for fills for which the pressure was recorded just after the scrubbing period (for example fills 6633 and 6636, Figure 5-18). For all other fills (e.g. 7083, 7090, 7105 and 7128, Figure 5-19 and Figure 5-20) the pressure variation is reproduced with a second set of desorption yields. The final yields to obtain the best agreement between the calculations and the experimental results are reported in Erreur ! Source du renvoi introuvable.. It is worth noting that ISD yields were not modified from their initial values. Due to the ion flux value, a small change in ISD yields does not produce a significant pressure evolution (see section 5.6.2). Just after the scrubbing period, the desorption yields are higher than those determined for a later period. This result shows that a slight surface conditioning of the beam pipe occurs in station 4 between early May 2018 and August 2018. Moreover, the same desorption yields are used to simulate the pressure evolution for fills at the end of run II. In fact, as shown in Chapter 2, this conditioning effect occurs during the first week of May. Then, no more surface modification is observed.

ESD versus PSD

In order to get more information, the pressure variation in station 4 and the electron current recorded by the K11 electrode were compared for several fills (see Figure 5-21 and Figure 5-22). The electron current was normalized to the pressure: to allow comparison, the electron intensity was divided by a coefficient γ in order to match the two signals at the maximum pressure at 450 GeV, corresponding to the first pressure bump. At this energy, the SR is negligible and the increase of pressure due to the EC is considered to be proportional to the electron density (see Chapter 2) and therefore to the electron current detected by the electrode K11. The coefficient γ=8.5 for fills 6633 and 6636, performed in May 2018, i.e. just after the scrubbing run of the LHC (Figure 5-21) and γ=12 at the end of run II for fill 7105 . It is worth noting that except for the fills just after the scrubbing run, the factor γ remains constant (≈12) for all standard fills. The difference in the factor γ shows that the relationship between the EC and the pressure is not the same at the beginning of the last period of beam operation and for the rest of the run.

As reported in Chapter 2, the decreasing rate of the electron intensity is higher than the one of the pressure during the stable beam period, as shown for instance in Figure 5-21 by the plot representing the difference between both signals, from a time between 2.7h to 4h (fill 6633) and from 8.4h to 11.5h (fill 6636). This difference highlights that the pressure evolution becomes more and more dominated by photoelectrons rather than electron cloud density evolution due to the decrease of the multipacting effect. Figure 5-22: Pressure (black line) and electron intensity (blue line) recorded in the VPS station 4 and normalized to the pressure at injection for γ =12 during the fill 7105 (beam 1). Data are drawn for the proton injection (from 0 to a charge of 2.85x10 14 ), the energy ramp up (from 450 to 6500 GeV) and during stable beam period (p-p collisions). The difference between both signals is represented by the gray line.

The difference between the electron intensity and the pressure, represented by the gray line in Figure 5-21 and in Figure 5-22, becomes significant in the presence of synchrotron radiation that generates measurable photon desorption. At the end of the fill, the pressure is no longer driven by the electron desorption but by the desorption related to the SR. Moreover, in order to reproduce the slight pressure decrease, it was necessary to introduce a decrease of the PSD yields in the calculation for a given fill. Consequently, we assumed that, at the end of the fill, the photon fluence is sufficient (greater than 5.10 18 -10 19 ph/m) to produce a conditioning effect of the surface. On the contrary, we considered that the time during which high electron currents bombard the surface is too short to produce a significant conditioning during a single fill, whereas the conditioning time by photons is larger (sometimes 20 hours, depending on the fill).

To reproduce as well as possible the real conditions, the DYVACS program calculates the PSD yield changes as a function of the calculated photon flux. Thus, it was possible to reproduce the slight pressure decrease observed during the stable beam period.

5.6. Influence of input parameters on the pressure evolution simulation 5.6.1. DYVACS computation example: Fill 6636

An example of what it is possible to compute using DYVACS is provided in Figure 5-23 which simulates the pressure evolution of Fill 6636. In this section, the following conventions are used: the in situ pressure measurement performed during the LHC run II is represented by black dots, the colour lines correspond to the DYVACS simulation. 1.0x10 -9
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3. A good agreement is obtained between the DYVACS calculations and the measured pressure. The time evolution of partial pressures calculated with the DYVACS code for H2, CO2, CO and CH4 shows that the largest partial pressure is obtained for hydrogen, as expected for the vacuum chamber of an accelerator. A RGA analysis of residual gases in station 4 could confirm these results.

Sensitivity of the calculated pressure to desorption yields (ISD-ESD-PSD)

In the following, we discuss about the influence of the different desorption yields on the calculated pressure. More particularly, how the computed pressure varies according to the amplitude of variation of yields for a given fill (that we call "sensitivity").

Influence of the ISD yield

As we presented in section 5.4, the ion flux is the lowest particle flux as compared to electron or photon fluxes. However, due to a highest desorption yield (see Chapter 1), the pressure sensitivity to ions could be very high (Figure 5-24): a small increase in the ISD yield induces large pressure increases. Moreover, the ISD yield depends strongly on the surface conditioning. This point can be particularly critical since the surface conditioning leads to a decrease of ISD yield by more than a factor 10 (see Fig 3 .25 in Chapter 3). Therefore the surface scrubbing is crucial to avoid pressure runaway during beam operation. It is worth noting that the maximum pressure rise evolves exponentially with the ISD yield increase. This means that the sensitivity of the pressure to ion desorption has to be carefully taken into account for the station 4. A "critical ISD yield" can be thus defined to avoid a pressure blow up.

Influence of the ESD yield

Concerning the pressure sensitivity to the electron desorption, computations show that the highest particle flux measured in our conditions is the electron one, with a maximum value ≈2x10 1 e-/m/s for fill 6636. Figure 5-25 shows the pressure evolution for different ESD yields applied for fill 6636. As it can be seen on the figure, the different ESD yields exhibit the same trend of pressure evolution from the injection period (blue region) to the energy ramp-up (red region) and then to the stable beam period (green region). Multiplying the ESD yield by a factor of 100 induces an increase of the maximum pressure by a factor of ≈30 (from 8x10 -10 to 3x10 -8 mbar).

Influence of the PSD yield

Figure 5-26 shows the pressure evolution for different PSD yields. Due to the synchrotron radiation, the dominant influence of the PSD yield is observed during the stable beam period, and more particularly during the pressure decrease. This pressure drop is first due to proton losses, then to the nppb decrease leading to a decrease of the EC. At the end of the stable beam period, the only active phenomenon is the synchrotron radiation, with a constant photon flux of around 6x10 14 ph/m/s (see section 5.4), which induces photon desorption, and probably also a surface conditioning. The sensitivity of pressure to photon desorption yield is lower than the one for electrons: an increase of a factor 100 increases the pressure only from 3x10 -9 to 4x10 -9 mbar.

Comparison between an unbaked copper and a baked and fully conditioned copper

Figure 5-27 compares the measured pressure to those calculated for an unbaked copper and a baked copper with a fully conditioned surface, respectively. In this latter case, since the conditioning effect impacts not only one but all desorption yields of a surface, all stimulated desorption yields were modified to reproduce a conditioned surface. 1.0x10 -9
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4.0x10 Figure 5-27: Comparison between the measured pressure for Fill 6636 (black dots) and the DYVACS pressure simulations for different ESD, ISD and PSD yields used to reproduce a non-conditioned and a conditioned surface (the reference yields e, ph, and i are those reported in Erreur ! Source du renvoi introuvable.).

As it was expected, the calculated pressure is lower, from the injection to the beam bump time, when all stimulated desorption yields decrease (in the case of a conditioned surface). By adjusting a set of desorption yields, it is thus possible to estimate the pressure evolution during the accelerator operation for different conditioning states of the copper beam screen.

Summary

In this chapter, the DYVACS code to simulate the dynamic pressure in non-magnetic straight lines at room temperature in the LHC is presented.

The model initially developed in VASCO was modified in DYVACS to consider: (i) dynamic effects such as the electron cloud build up, by using maps to describe the electron cloud; (ii) the ionization of residual gas not only by the proton beam but also by the electrons from the electron cloud

The calculations reproduce with a good agreement the pressure evolution measured in station 4 (unbaked copper) of VPS in the LHC. DYVACS reproduces the pressure behavior during real accelerator conditions, giving the time evolution of the partial pressures for H2, CO2, CO and CH4 with a very good accuracy.

The DYVACS code allows us to understand the influence of each desorption yields on the pressure. Thus, the ESD is the predominant phenomenon that drives the pressure evolution in the station 4 during a standard physics fill (due to the electron cloud and high electron densities), excepted at the end of the stable beam period, in which the PSD becomes preponderant. ISD could influence strongly the pressure: if the ion flux would be higher, dramatic pressure rises could be observed. Because of the ISD yield sensitivity on pressure evolution, a small ISD modification can induce a pressure runaway. Indeed, at constant beam current, due to higher desorption yields, ion desorption is potentially more efficient to produce pressure increases.

Finally, it is worth noting that the DYVACS code can be easily adapted to other types of vacuum system pipes. This simulation tool could be useful for further investigations on the pressure stability and to predict dynamic pressure in future particle accelerators.

Conclusion and perspectives

Ultra-High Vacuum is an essential requirement to achieve design performances in high-energy particle colliders. Consequently, the understanding of the dynamic pressure evolution during accelerator operation is fundamental to provide solutions to mitigate pressure rises induced by multiple-effects occurring in the vacuum chambers and leading to beam instabilities.

It should be emphasized that this study is a part of a general understanding of these phenomena. The objectives of this work are multiple. The framework of this thesis is to obtain a broad overview of stimulated desorption phenomena (ISD, ESD, PSD) which are interdependent processes, and to investigate secondary particle creation during accelerator operation. The impact of such phenomena on the dynamic pressure in particle accelerator beam pipes is a crucial issue that can be investigated only via collaborations. In the present case, these collaborations take place between the TE department in the VSC group at CERN, the research team on Materials for accelerator (MAVERICS) as well as the "Vacuum and Surfaces" platform team of the Accelerator department at IJCLab, and the Andromede platform team at IJCLab.

Let us briefly summarize the investigations performed during this thesis:

(i) in situ measurements in the VPS of the dynamic pressure in LHC, where more than 200 standard fills for physics from the LHC run II were analyzed, providing important ouputs for the DYVACS simulation code; (ii) ion stimulated desorption yield measurements on a new dedicated setup built and commissioned at CERN during this work; (iii) investigation of the strong relationship between the secondary electron emission and the surface chemistry of the LHC copper beam screen, using complementary surface analyses available at IJCLab (ToF-SIMS analysis with high energetic gold nanoparticles, XPS, MEB) and SEY measurements. This part underlines the importance to investigate the materials properties in order to propose further improvements of the performances of accelerator components; (iv) one of the most valuable results obtained in this work is the understanding of dynamic pressure evolution and the comparison between measurements and simulation results obtained by the new code called DYVACS, developed during this thesis. This code simulates the pressure evolution by considering the electron cloud density evolution depending of beam parameters (energy, number of protons per bunch, filling pattern) computes ion, electron and photon fluxes, takes into account the photon, electron and ion stimulated desorption. It successfully reproduces the pressure evolution recorded in the LHC.

The main results obtained in each session of this thesis and the future work that should be performed in this framework are summarized hereafter:

(i) The first part deals with in situ measurements of pressure, ion and electron currents performed in station 4 of VPS (beam 1, unbaked copper) during standard fills for physics of LHC run II operation.

Concerning the investigation of the performance limitations arising from pressure dynamic effects, the main observable to study is the pressure change along the ring. Actually, the pressure variation is a perfect indicator to obtain information about electron and ion fluxes produced in the beam pipes together with the synchrotron radiation. A series of in situ experiments were performed to investigate the pressure evolution and the secondary particle creation during LHC operation.

Pressure observations confirm that the VPS exhibits high dynamic pressure effects during LHC run II operation for nominal beam parameters. Actually, when increasing the proton bunch intensity up to 1.12×10 11 ppb (for the nominal filling pattern with a total of 2556 bunches), an instantaneous pressure rise is observed, driven by the EC build-up. The evolutions of pressure during the p-p collision step were driven by both the photo-and electron-stimulated desorption.

By analysing the variation of the electron current recorded in the VPS, the contribution of secondary electrons to the total current was identified. The experimental electron energy distribution inside the beam pipe was also confirmed: the main electron population has a low energy (between 5 and 10 eV) and a second component is located around 100-150 eV. A SEY of 1.6 was determined for the copper surface of the electrode used to detect electrons. No noticeable conditioning effect was observed from May to October 2018, i.e. after the scrubbing period. Moreover, for the first time, positive ions were detected with a higher amount than expected.

(ii) The second part concerns the ISD yield measurement.

The stated objective of this section was to bring a better understanding of the ion stimulated desorption for the VPS. Moreover, since only few ISD data are available, it is necessary to get more information and to accumulate new results on this topic in the context of high-energy particle accelerators.

The aim was to investigate the low-energy ion-induced desorption at room temperature in a dedicated setup in the CERN lab and its effects on technical surfaces which are used in the LHC beam vacuum system, and in particular to model the one measured in the ring. After the commissioning of the ISD set-up, results show that the desorption yield is strongly dependent on the chemical nature and/or on the mass of incident ions. In this work the desorption yields of various ions have been studied on OFHCcopper as a function of the incident ion mass and energy. All measured desorption yields, , are in the range 0.01 molec/ion << 10 molec/ion, in good agreement with the literature. Chemically active ions are more efficient to desorb molecules from copper surface than noble gas ions. The measurements highlight that, for a specific ion beam, some molecules are preferentially desorbed. The desorption mechanism therefore depends on the way in which the energy of the projectile is transferred to the target material, i.e. on the role played by the nuclear or the electronic stopping power respectively in the incident ion energy loss. An important point is that the results regarding the molecular desorption strongly depend on the surface state (surface chemistry, nature of contaminants, roughness). It becomes therefore essential to analyse the chemistry of the LHC beam screen surface and its evolution during the accelerator operation.

(iii) The third part investigates the surface analysis of the beam screen materials.

In this thesis, the phenomenon of electron cloud has been studied by means of experimental observations during the LHC run II operation. While dedicated in situ measurements of the electron cloud build-up are today available, it is not the case concerning the surface properties of the LHC vacuum chambers. The influence of the surface chemistry on the copper beam screen was investigated in terms of SEY decreasing from 2.57 to 1.13 in relation to the reduction of the contaminant amount and the formation of a graphitic carbon layer (0.5 nm thick) induced by the bombardment with 500 eV electrons, as previously mentioned in the literature. However, original results were obtained by ToF-SIMS analysis of the surface performed with energetic gold nanoparticles. They confirm the occurrence of a graphitic C layer in the fully-conditioned state, but they additionally show that the layer contains a high amount of hydrogen. The influence of the Cu2O copper oxide on the SEY is also studied. If the native copper oxide is the main contributor to the electron emission, no deleterious effects can be associated to the presence of this copper oxide on the SEY. However, it will be necessary to investigate the influence of CuO, the other copper oxide.

(iv) In parallel with the experimental activity which involved the LHC, a modeling and simulation work was carried out.

A new simulation code, DYVACS, has been developed in order to deal with the different and often complex simulation scenarios necessary for a rapid understanding of the EC effects, and desorption phenomena in the CERN accelerators. The development of DYVACS resulted from an analysis of previously available tools, VASCO, developed at CERN, in order to identify possible improvements.

The electron-cloud map formalism, originally developed by U. Iriso and S. Peggs, has for the first time been successfully applied to the VPS region for a complete fill from the proton injection to the beam dump. This allowed to model the electron multipacting process while keeping a reasonable computational burden.

The DYVACS code allowed us to investigate the pressure sensitivity to each stimulated desorption yields and proton beam parameters in order to identify the dominant effect. In the VPS, the ionization of the residual gas is dominated by the electron ionization (and not by the proton beam). ESD is the predominant phenomenon to produce pressure rises, mainly because of the large electron flux coming from the EC. We also observed that the pressure is very sensitive to the ISD phenomenon, even at the lowest ion flux. The pressure increases exponentially with increasing ISD yields. The decreasing slop of the pressure during the stable beam time is mainly driven by the PSD phenomenon because the intensity of the electron cloud decreases progressively. It becomes no more efficient to desorb high amounts of gas molecules. We assumed that the PSD yields are not constant during a fill, but that they decrease due to a photon conditioning effect. Calculations successfully reproduce the pressure evolution measured in the station 4 of the VPS in the LHC and the desorption yields can be fitted.

PERSPECTIVES

Going beyond what it is immediately possible to do, one of the elements that are lacking is a simulation of the dynamic pressure of future accelerators. The modular structure DYVACS code allows the users to simulate a huge panel of configurations necessary to address various scenarios for future accelerators. Moreover, the possibility to deal with beam parameters, beam energy, bunch population, bunch filling pattern, and bunch lengths along the beam turns is crucial for a correct understanding of machine experimental observations.

The time evolution of the partial pressures could be calculated with DYVACS. For the HL-LHC, several beam configurations are proposed with possible options to mitigate effects from long-range beambeam interactions, the pile-up in the detectors, the electron cloud build-up and the synchrotron radiation. The performance of the various schemes in terms of EC build-up can be compared to the HL-LHC baseline.

An ongoing work on DYVACS should be performed to improve the map model used by fitting the b parameter as a function of the number of protons per bunch and of the bunch length. In this way, a predictive calculation of pressure changes can be performed.

A complete measurement run of ISD yields should be performed to collect more data that could be implemented into DYVACS and to investigate the role played by ions in particle accelerators, particularly in negatively-charged beam accelerators such as the FCC-ee project. Indeed, in the electron ring of the FCC-ee, ions could be trapped and an ion cloud could be formed, leading to beam instabilities which plays the same role as the electron clouds in the LHC. These ion-clouds could induce a large ion-induced desorption and pressure rises. Concerning the positron ring, EC is still a phenomenon that caught our attention. Moreover, due to the high-energy or huge beam currents that it is expected to be produced for the various planned configurations in FCC-ee, a special attention has to be brought to synchrotron radiation, considering the production of high photon fluxes leading to an important photon stimulated desorption. If NEG coating of the vacuum chamber is required for the EC mitigation and limitation of PSD, the influence of the material parameters must be carefully investigated, such as the thickness of coatings for instance.

As exposed in this work, this thesis aims to contribute to a better understanding of the global dynamic pressure phenomena related to stimulated desorption, charged particle creation and electron cloud build-up. All these processes depend also on the materials used to build the vacuum chambers. Consequently, a particular attention must be paid to the materials properties. The development of a mitigation strategy of deleterious effects for the accelerator performances includes necessarily the investigations of innovative materials for the beam pipes, including specific constraints: high electrical conductivity, high radiation resistance, high mechanical strength, low desorption yield, low SEY with a fast conditioning, weak magnetic permeability and, if possible, with a pumping action. Additionally, for a coating purpose, it must be easy to deposit on the material constituting the vacuum chamber walls.

In order to reach a high luminosity and accelerator performances that we dream about for high-energy physics field, dynamic pressure studies have to be carried out, pushing borders by understanding and mitigating such dynamic pressure phenomena.

Extended French Summary

Les faisceaux de particules à haute énergie fournis par des accélérateurs sont utiles pour la recherche fondamentale et appliquée, ainsi que dans de nombreux domaines techniques et industriels. La radiothérapie, les implanteurs ioniques utilisés pour les modifications de la surface des matériaux, le traitement industriel, le biomédical et la production de radio-isotopes sont les principales applications.

Les accélérateurs de haute énergie (au-dessus de plusieurs GeV) plus particulièrement les collisionneurs, sont utilisés pour explorer la structure de la matière, le plus important étant le Grand Collisionneur de Hadrons (LHC) exploité par le CERN, SuperKEKB au Japon, RHIC au Brookhaven National Laboratory à New York et le Tevatron à Fermilab dans l'Illinois. Dans le domaine de la physique des hautes énergies, les accélérateurs aident les physiciens à comprendre la structure fondamentale de la matière par des expériences dédiées et à confirmer les prédictions faites par le modèle dit standard de physique des particules (Brüning & Collier, 2007), (Ellis, 2007) 

Introduction à la pression dynamique

Les accélérateurs de particules sont des instruments dédiés à l'exploration d'un large éventail de processus liés à la physique des hautes énergies, à la science des matériaux, à la biologie moléculaire et aux applications médicales. Le CERN exploite le plus grand laboratoire de physique des particules au monde dans le but de tester différentes théories en physique des hautes énergies et de sonder la structure fondamentale de la matière.

En ce qui concerne les utilisateurs d'accélérateurs de particules, les particules chargées doivent être produites, accélérées, transportées et manipulées sans aucune molécule de gaz résiduel. En réalité, les molécules de gaz résiduels sont toujours présentes dans une chambre à vide. Même si la pression statique (sans faisceau de particules) peut atteindre des valeurs très faibles (jusqu'à 10 -11 mbar dans le système de vide du LHC), l'influence des gaz résiduels lors de l'opération de l'accélérateur est un problème majeur : la pression peut augmenter de plusieurs ordres de grandeur lorsque les faisceaux de protons circulent dans l'anneau du LHC, c'est la « pression dynamique » De nombreux phénomènes se produisent sur les écrans faisceaux, tels que la désorption stimulée par les photons, les électrons et les ions, les dépôts de chaleur, les dommages causés par le rayonnement du matériau de la chambre à vide (Malyšev, 2020). Par conséquent, l'évolution de la pression dans une ligne de faisceau lorsque les particules circulent dans un accélérateur est appelée pression dynamique. Il est lié à plusieurs phénomènes complexes, interconnectés les uns avec les autres et proviennent tous d'interactions différentes entre le faisceau primaire ou les particules secondaires à la fois avec le gaz résiduel et la paroi de la chambre à vide. Dans ce dernier cas, la nature du matériau constituant la ligne de faisceau peut également jouer un rôle sur l'évolution de la pression dynamique.

Cette pression dynamique est due à des effets de désorption non thermiques. Les particules chargées du faisceau ionisent les molécules de gaz résiduel ce qui produit des ions et des électrons qui sont accélérés par le champ électromagnétique du faisceau. Ces ions et électrons impactent les parois des lignes faisceaux produisant une désorption stimulée de molécules. Ce phénomène entraine une augmentation de la densité de gaz (donc de pression). Le rayonnement synchrotron, produit par le faisceau, conduit à la création de photons qui viennent également impacter les parois et contribuer à la désorption moléculaire.

Pour le domaine de la physique des accélérateurs, la compréhension des interactions à l'intérieur d'une chambre à vide est fondamentale pour fournir des solutions pour atténuer les hausses de pression induites par la désorption moléculaire stimulées par (i) des ions, (ii) des électrons et (iii) des photons, ainsi que les instabilités de faisceau produites par les ions ou les nuages d'électrons.

En résumé, outre le faisceau de proton, différentes particules sont présentes dans les lignes faisceaux du LHC : :

(i) Ions : ils sont produits à partir du gaz résiduel qui est ionisé par le faisceau de particules (et éventuellement par les électrons) ;

(ii) Electrons : Trois « types » d'électrons peuvent être définis en fonction de leur processus de création. Premièrement, ils sont produits par l'ionisation du gaz résiduel ; ces électrons peuvent heurter la paroi du tube faisceau pour induire des électrons secondaires (deuxième type) ; enfin, le rayonnement synchrotron émis par les particules chargées accélérées interagit avec les parois de la chambre à vide produisant une émission de photoélectrons (troisième type) depuis la surface ;

(iii) Photons créés par le rayonnement synchrotron. Résumons brièvement les investigations menées au cours de cette thèse :

Résumé de thèse

(i) un état de l'art ainsi qu'une description des différents phénomènes induisant des variations de pression lors du passage du faisceau sont exposés.

(ii) des mesures in situ dans le VPS du LHC de la pression dynamique ont été réalisées sur plus de 200 séries d'injection de faisceau dans l'anneau du LHC, destinés aux expériences pour la Physique, durant la deuxième période d'opération du collisionneur, fournissant des résultats surprenants ;

(iii) des mesures de rendement de désorption stimulée par les ions sur une nouvelle installation dédiée, construite et mise en service au CERN au cours de ma thèse, ont été réalisées ;

(iv) la relation étroite entre l'émission d'électrons secondaires et la chimie de surface de l'écran faisceau de cuivre du LHC a été mise en évidence, à l'aide d'analyses de surface complémentaires disponibles à l'IJCLab (analyse par spectrométrie de masse de type TOF-SIMS (Time Of Flight -Secondary Ion Mass Spectrometry) avec nanoparticules d'or à haute énergie, spectrométrie de photoélectrons induits par rayons X -XPS, Microscopie Electronique à Balayage -MEB) et de mesures de rendement d'émission d'électrons secondaires -SEY. Cette partie souligne l'importance d'étudier les propriétés des matériaux afin de proposer de nouvelles améliorations des performances des composants d'accélérateur ;

(v) l'un des résultats majeurs obtenus dans ces travaux concerne la compréhension de l'évolution de la pression dynamique et la comparaison entre les mesures in situ et les résultats de simulation obtenus utilisant le nouveau code DYVACS, développé au cours de cette thèse. Ce code simule l'évolution de la pression en prenant en compte l'évolution de la densité du nuage d'électrons, en fonction des paramètres du faisceau (énergie, nombre de protons par paquet, structure temporelle du faisceau). Il permet de calculer les flux d'ions, d'électrons et de photons, en prenant en compte la désorption stimulée.

Les principaux résultats obtenus à chaque chapitre de cette thèse et les travaux futurs à réaliser dans ce cadre sont résumés ci-après :

(i) La première partie expose les fondamentaux nécessaires à l'étude de la pression dynamique dans les accélérateurs de particules.

Le chapitre I décrit chaque phénomène participant à ces variations de pression : désorption stimulée ainsi que la création de particules secondaires ; et regroupe l'ensemble de la bibliographie concernant les différentes mesures de rendements de désorption : ioniques (ISD), induits par les électrons (ESD), induits par les photons (PSD), ainsi que les rendements d'émission d'électrons secondaires (SEY).

( On distingue quatre parties :

(i) Injection de protons dans l'anneau. L'ionisation du gaz résiduel augmente avec la quantité de proton injectée et ainsi, une augmentation de la pression et du courant électrique est observée. Après l'injection, une légère diminution de l'intensité du faisceau est observée en raison des pertes de protons le long de leur parcours ;

(ii) Montée en énergie des protons. L'évolution des mesures au cours de cette étape dépend de deux effets principaux; premièrement, les variations de pression et de signal électrique sont liées aux modifications de la diffusion d'énergie (en fonction à la fois de la longueur du paquet et du RF) dues au bruit RF injecté pour atténuer l'instabilité du faisceau longitudinal; puis à partir de 2,8 TeV, la contribution principale provient des photoélectrons interagissant également avec le gaz résiduel et les parois des écrans faisceaux;

(iii) Etat stable du faisceau : tous les protons sont injectés dans l'anneau et l'énergie des protons est constante et vaut 6500 GeV;

(iv) Début des collisions proton-proton. Dans ces deux dernières étapes, l'intensité des protons diminue en raison des pertes de protons le long de leur parcours, conduisant à la diminution à la fois des signaux électriques et de la pression.

La figure 2 (Malyshev, 2000). Les impacts ioniques conduisent à la désorption des espèces gazeuses communes sur l'écran faisceau: H2, CH4, C2H4, C2H6, CO et CO2 (Hulla, 2009). Lorsqu'elles sont recyclées en phase gazeuse, les molécules peuvent à leur tour être ionisées par le faisceau en circulation, et initier un processus d'emballement de pression jusqu'à 10 -8 mbar (éq. N2) et, par conséquent, conduire à la perte du faisceau stocké à l'intérieur de l'anneau du LHC. L'analyse de l'une de ces « élévations de pression » a révélé la composition gazeuse suivante : principalement H2 et CO, mais aussi CH4 et CO2. Cependant, cette composition peut présenter des variations importantes, notamment de la proportion de H2 dans le gaz résiduel.

Afin de concevoir le système de pompage et d'adapter à la fois la nature et les traitements de surface de la paroi du tube faisceau aux courants du faisceau, des outils de simulation (par exemple le code VASCO (Rossi, 2004)) existent pour calculer les profils de pression dans les systèmes de vide d'accélérateur. Un élément clé de ces programmes est le rendement de désorption ionique de la surface, c'est-à-dire le nombre de molécules libérées par les ions incidents. L'une des limites de ces simulations résulte du manque de données concernant la désorption induite par les ions, les rendements dépendants de la nature, de la masse et de l'énergie des ions incidents d'intérêt interagissant avec la surface de l'écran faisceau.

Des mesures de désorption induite par des ions de basse énergie sur des écrans faisceaux du LHC à température ambiante ont été réalisées. Différents ions primaires ont été utilisé : les ions de gaz rares, comme Ar + , et les ions produits par l'ionisation des gaz couramment rencontrés dans les systèmes à vide des accélérateurs, à savoir H2 + , CH4 Un point important est que les résultats concernant la désorption moléculaire dépendent fortement de l'état de surface (chimie de surface, nature des contaminants, rugosité). Pour un échantillon nettoyé selon les procédures classiques pour les pièces UHV, puis stocké à l'air, les premières monocouches sur une surface de cuivre sont constituées de molécules hydrocarbonées, d'oxydes et d'hydroxydes de cuivre, de sorte que les rendements de désorption seront modifiés. Dans les processus de nettoyage, certains détergents et bains de nettoyage ajoutent de tels contaminants et peuvent laisser parfois une couche de contamination très épaisse représentant environ 4 ou 5 monocouches [START_REF] Mathewson | ISR cleaning procedure tests[END_REF]. Sur une surface «non nettoyée», l'impureté de surface principale est d'environ 80% at de carbone. Après un processus de nettoyage (nettoyage et passivation), 30 at% de carbone sont encore détectés (Mathewson, 1974b). Ainsi, le nettoyage avec un solvant est incapable de fournir une surface sans contaminant. La chimisorption d'une impureté pourrait conduire à une réduction de l'énergie de liaison de surface, et donc à une augmentation du rendement de pulvérisation. Selon (Mathewson, 1974b) Ces exemples sont une illustration que la recherche sur les matériaux dans le domaine des accélérateurs est essentielle pour proposer de nouvelles solutions afin d'améliorer les performances des accélérateurs de particules. Enfin, l'atténuation des effets de pression dynamique doit également inclure le développement de matériaux innovants.

Parallèlement à l'activité expérimentale qui a impliqué le LHC, un travail de modélisation et de simulation a été réalisé. Le but étant de reproduire l'évolution de la pression dynamique dans le LHC en prenant en compte l'ensemble des phénomènes impliqués est désormais possible en utilisant un modèle analytique basé sur le code VASCO développé au CERN (Rossi, 2004). Ce nouveau code, développé durant ma thèse, appelé DYVACS (Dynamic Vacuum Simulation) est présenté au chapitre V.

(v) Simulation de la pression dynamique avec DYVACS

Un nouveau code de simulation, DYVACS, a été développé afin de traiter les différents scénarios de simulation souvent complexes nécessaires à une compréhension rapide des effets de l'EC et des phénomènes de désorption dans les accélérateurs du CERN. Toutes les mesures effectuées dans le VPS et présentées dans cette thèse ont été utilisés comme entrées pour réaliser des simulations de phénomènes se produisant dans les chambres à vide des accélérateurs de particules et ont permis de valider les résultats obtenus avec le code.

Les deux principales innovations de ce code sont :

1) le calcul de l'évolution de la densité électronique de l'EC en utilisant le formalisme des « cartes » développé par U. Iriso et S. Peggs,

2) La prise en compte de l'ionisation du gaz résiduel non seulement par le faisceau de protons mais également par les nuages d'électrons.

Les calculs reproduisent avec succès l'évolution de la pression mesurée dans la station 4 du VPS du LHC avec un ajustement des rendements de désorption pour une durée de calcul raisonnable. L'échelle de temps débute lors de l'injection des protons dans l'anneau (de 0 à 2.85x10 14 protons), de la monté en énergie (de 450 à 6500 GeV) jusqu'au collisions P-P.

DYVACS reproduit le comportement en pression dans des conditions réelles de l'accélérateur, donnant également l'évolution temporelle des pressions partielles pour H2, CO2, CO et CH4 avec une très bonne précision.

Le code DYVACS permet de comprendre l'influence de chaque rendement de désorption sur la pression. Dans le VPS, l'ionisation du gaz résiduel est dominée par l'ionisation du gaz générée par l'EC (et non par l'ionisation par le faisceau de protons). La désorption induite par les électrons (ESDelectron stimulated desorption) est le phénomène prédominant induisant des élévations de pression, principalement en raison du grand flux d'électrons provenant de l'EC. Nous avons également observé que la pression est très sensible au phénomène de désorption induite par les ions (ISD -ion stimulated desorption), même si le flux ionique est le plus faible. La pression augmente de façon exponentielle avec l'augmentation des rendements ISD. La pente décroissante de la pression pendant la période dite de faisceau stable est dominée quant à elle par le phénomène de désorption induite par les photons (PSD -photon stimulated desorption) car l'intensité du nuage d'électrons diminue progressivement. Il n'est plus efficace pour désorber de grandes quantités de molécules de gaz. Nous avons supposé que les rendements PSD ne sont pas constants mais qu'ils diminuent en raison d'un effet de conditionnement par les photons.

Enfin, il convient de noter que le code DYVACS peut être facilement adapté à d'autres types de chambre à vide. Cet outil de simulation pourrait être utile pour des recherches plus poussées sur la stabilité de la pression et pour prédire la pression dynamique dans les futurs accélérateurs de particules en prenant en compte la géométrie de l'accélérateur considéré, les matériaux composant l'écran faisceau, les caractéristiques du faisceau utilisé, y compris sa structure temporelle. Annex 1: Analytical approach to estimate an ion gun beam size from current measurement An analytical approach was used to estimate the beam size through the collector hole. The beam is assumed to be an elliptical function following a Gaussian distribution for beam intensity. By computing the intersection between the collector hole and the beam, the intensity profile was simulated and compared to the experimental one to fit the parameters (Figure Annex 1).The beam intensity distribution on the sample, the beam size and the beam position relative to the hole could be sketch. The white dashed line represents 99% of the size limit of the beam spot and the white circle corresponds to the hole collector projection. To perform such computation some assumptions are necessary:

Perspectives de ce travail

Collector hole

Beam size and density distribution

1) The beam distribution is considered to be a Gaussians 2) The transversal size of the beam is supposed to be an ellipse. Inputs are: 𝜎 𝑥 the standard deviation in x axis, 𝜎 𝑦 the standard deviation in the y axis, Ɵ is te rotation angle, A is the amplitude current, Position Centre is determined by X0 and Y0.

Outputs: surface, transverse beam position, and distribution.

Beam distribution

𝑓(𝑥) = 𝐴𝑒𝑥𝑝[-((𝑥 -𝑥 0 ) 2 + 2𝑏(𝑥 -𝑥 0 )(𝑦 -𝑦 0 ) + 𝑐(𝑦 -𝑦 0 ) 2 )]

With

The integration of the distribution function on a domain D will give the common area between the 99% of the beam and the radius r of the collector hole: For the calculation, the beam ellipse is considered centered at (0,0) and it is the hole that is initially positioned at xt0 and yt0. The variables xp and yp allow to vary the position of the hole in x and y and therefore simulates the scan carried out experimentally. The ellipse input data is determined by fitting with the simulated current profile with the experimental results.

Introduction

The IPNO group at Orsay decided to introduce these new beams of clusters and molecules at the accelerator level to obtain high energies of several tens of MeV. The nanoparticles are multicharged, of m/z of 100 with 4 positive charges on average which gives for instance Au4004+ beams hence ions of 16 MeV (Della-Negra, Arianer, et al., 2011). Surface analysis of organic surface with these beams yielded emission rates never before achieved, which allow to record a mass spectrum with only one ion impact. (Della-Negra, Depauw, et al., 2011). It is the core of the ANDROMEDE project, which is an IN2P3/CNRS multidisciplinary facility (Figure A.1). Its main feature is its wide range of available beams from protons to gold nanoparticles. The atomic, polyatomic, molecular and nanoparticle ion beams are produced with two ion sources: a liquid metal ion source (LMIS) and an electron cyclotron resonance source (ECR). The ECR is a Pantechnik Microgan which has a RF frequency of 10 GHz and an adjustment of the magnetic field which permit to produce multicharged atomic and molecular ion beams. The LMIS column named NAPIS (Nano Particle Ion Source) has been provided by Orsay Physics, and is capable of producing metallic clusters and nanoparticles. These ion beams are accelerated to high energy by a NEC Pelletron® 4MV electrostatic accelerator then analyzed and deflected at 1.29° by a magnetic dipole. This beam line is dedicated to molecular and nanoparticle projectiles for surface analysis, secondary ion mass spectrometry, material modifications, molecular physics, astrochemistry. 

EVE chamber

Production of High Energy Nanoparticle Ion Beams

The primary ion beams that are produced with either the LMIS or the ECR source are accelerated in the range of 1 to 4 MV by the NEC Pelletron® accelerator, which is composed of a 4MV acceleration column housed inside a pressure vessel insulated with inert sulphur hexafluoride (SF6) gas. The control and command use the Linux operating system and optical fibre for the data transfer, from the accelerator and the beam lines in the high voltage terminal, the transport of ion beams, the vacuum controls, beam handling and monitoring devices, customer interface and support electronics. The vacuum is of the order of 10 -9 mbar in the transport beam line, and 10 -8 mbar in the analysis chamber named EVE.

The LMIS fitted in the NAPIS Column is mainly used for surface analysis experiments. It is able to produce gold cluster projectiles up to Au400 4+ , from 20μA source current for Au400 + 4 to 60 μA for the production of lighter Au nanoparticles.

After acceleration, an analyzer magnet can deflect the incoming beam on two beam lines, one deflected to 1°29 and the second to 90°. The 1°29 beamline is dedicated to solid modification and surface analysis by nanoparticles (in the EVE chamber). The deviation angle at 1°29 of the high energy line allows both the selection of projectiles mass and energy as well as the elimination of neutral ions and fragments produced during the beam trajectory. The position and the intensity of the beam are defined with a matrix of collimators (30 apertures with different diameter from 10 µm to 800 µm; a set of steerers allows the alignment of the beam and a set of parallel plate deflector biased at ±1,6 kV with a 10 kHz frequency pulses the primary beam in order to obtain only 1 ion per pulse passing through the last set of collimators. The control of the beam intensity is performed in front of the mass spectrometer EVE with a faraday cup. The beam line at 1°29 thus equipped allows to inject into the centre of the EVE analysis chamber numerous beams having typical diameters of a few tens of µm, with intensity high enough for all the intended applications (Table Annex 1) Table Annex 1: Characteristics of the accelerated beams on the surface analysis line

Mass spectrometer EVE

The in-house built EVE analysis chamber was used in this study (see Figure Annex 4). It is equipped with a vacuum lock to introduce a sample holder carrying several targets. Positioning and fine adjustments of sample orientation are performed with a motorized sample stage in XYZ axis with a 100 nm accuracy and reproducibility. Two cameras placed in the vacuum chamber allow to observe the area being analyzed by steps of 10 microns. The secondary ion accelerating high voltage (up to 20 kV) is applied on the target holder. 

Data acquisition and analysis methodology

The principle of ToF measurement is presented in Figure Annex 5. The nanoparticle beam (from 100 to 1600 atoms) is pulsed during an adjustable time window in order to obtain a single projectile per beam pulse and thus the surface analysis can be performed impact by impact. As the secondary ions are collected on a 64-independant anode detector it is possible to detect several ions of the same mass and thus the same flight time for each primary ion impact. The secondary ion flight time is triggered by the primary ion pulsation signal and then calculated as the time difference between the arrival of secondary ions and that of protons or electrons emitted from the target. This set-up can provide a time of flight spectrum for each independent anode, which means at a selected position on the multi-pixel detector. When combining the data recorded by each anode, one gets a total secondary ion mass spectrum as well as the secondary ion multiplicity spectrum which gives the distribution of the total number of ions emitted from the surface under the primary ion impact, information which is related to the surface properties, to its thickness and roughness. Coincidences by selecting a given mass (on the ToF) can be performed, which allows us to obtain the number of ions of a given mass emitted per impact and their distribution. This is an indication of the homogeneity of the studied area. Additional conditions on the number of given emitted ions for instance, provides valued information about the chemical environment around the selected ion within the impact area.

Annex 4: Calculation of the electron density at saturation

For the calculation of the electron density at saturation [START_REF] Petracca | The Quadratic Coefficient of the Electron Cloud Mapping[END_REF], the electron density is considered to be a Gaussian centered in 𝑟 𝑒 with a standard deviation σ

𝜌(𝑟) = 𝜌 0 𝑒 - (𝑟-𝑟 𝑒 ) 2 2𝜎 2 𝜌 0 = -𝑁 𝑠𝑎𝑡 𝑒 2𝜋ℎ ∫ 𝑒 - (𝑟-𝑟 𝑒 ) 2 2𝜎 2 𝑟𝑑𝑟 𝑏 𝑎
Where r is the distance from the electron to the surface, 𝑟 𝑒 the center of the Gaussian electron density, and σ the standard deviation of the distribution.

To obtain saturation, it is necessary that the energy barrier near the surface resulting from the space charge of the EC is greater than or equal to the native energy Ev of the secondary electrons, hence:

-𝑒𝑉(𝑅 𝑡 -𝜀) ≥ 𝐸 𝑣

Where V represents the electronic potential generated by the EC and the proton beam at a distance Rt-ε from the surface.  is the distance traveled by secondary electrons with an energy Ev during the bunch duration.

By applying, Gauss's theorem, we get the potential created V at a position r given by:

𝑉(𝑟) = 𝑁 𝑠𝑎𝑡 𝑒 2𝜋𝜖 0 ℎ [ 𝑁 𝑃 𝐿𝑛(𝑟) + ∫ (∫ 𝑒 - (𝑦-𝑟 𝑒 ) 2 2𝜎 2 𝑦𝑑𝑦)𝑑𝑟/𝑟 𝑟 𝑎 𝑅 𝑡 𝑟 ∫ 𝑒 - (𝑟-𝑟 𝑒 ) 2 2𝜎 2 𝑟𝑑𝑟 𝑅 𝑡 𝑎 ]
Where ε0 is the secondary electrons energy (typically a few eV ), h the bunch length, e is the elementary charge, Np is the linear particle density and a is the vacuum chamber radius. This is valid for a uniform cloud charge density, and a → 0. The critical number of electrons is given by Nsat:

𝑁 𝑠𝑎𝑡 = ∫ 𝑒 - (𝑟-𝑟 𝑒 ) 2 2𝜎 2 𝑟𝑑𝑟 𝑅 𝑡 𝑎 ∫ (∫ 𝑒 - (𝑦-𝑟 𝑒 ) 2 2𝜎 2 𝑦𝑑𝑦)𝑑𝑟/𝑟 𝑟 𝑎 𝑅 𝑡 𝑅 𝑡 -𝜀 [ 𝐸 𝑣 ℎ 2𝑚𝑐 2 𝑟 𝑐𝑒 -𝑁 𝑝 𝐿𝑛(𝑅 𝑡 -𝜀)]
Where c is the speed of light, m represents the electron mass, and Ev is the energy of true electrons (see Chapter 5). For a beam composed by 1.2x10 11 protons/bunch, with a bunch length of h = 0.3 m, for a bunch spacing of τ = 25 ns, re =0.02 m, Rt = 0.04 m, σ = 0.0045 m, Ev = 5 eV, the beam transversal size is σ = 0.0018 m, ε=1.23.10 -3 m and Rcs the classical radius of an electron, we can obtain: Abstract : Ultra-High Vacuum is an essential requirement to achieve design performances and high luminosities in high-energy particle colliders.

Consequently, the understanding of the dynamic pressure evolution during accelerator operation is fundamental to provide solutions to mitigate pressure rises induced by multiple-effects occurring in the vacuum chambers and leading to beam instabilities. For the LHC, the appearance of instabilities may be due to the succession of several phenomena. First, the high intensity proton beams ionize the residual gas producing positive ions (mainly H2 + or CO + ) as well as accelerated electrons which impinge the copper wall of the beam pipe.

Then, these interactions induce: (i) the desorption of gases adsorbed on the surfaces leading to pressure rises; (ii) the creation of secondary particles (ions, electrons). In this latter case, the production of secondary electrons leads to the so-called "Electron Cloud" build-up by multipacting effect, the mitigation of which being one of the major challenges of the LHC storage ring. Electron clouds generate beam instabilities, pressure rises and heat loads on the walls of beam pipe and can lead to "quench" of the superconducting magnets. All these phenomena limit the maximum intensity of the beams and thus the ultimate luminosity achievable in a proton accelerator. This work aims to investigate some fundamental phenomena which drive the dynamic pressure in the LHC, namely the effects induced by electrons and ions interacting with the copper surface of the beam screens on the one hand and the influence of the surface chemistry of copper on the other hand. First, in-situ measurements were performed. Electron and ion currents as well as pressure were recorded in situ in the Vacuum Pilot Sector (VPS) located on the LHC ring during the RUN II. By analyzing the results, more ions than expected were detected and the interplay between electrons, ions and pressure changes was investigated. Then, the ion-stimulated desorption was studied, using a devoted experimental set-up at the CERN vacuum Lab. The influence of the nature, mass, and energy of the incident ions interacting with the copper surface on the iondesorption yields was discussed. In addition, extensive surface analyses were performed in the IJCLab laboratory to identify the role played by the surface chemistry on the electron emission yield, surface conditioning processes and the stimulated gas desorption. The fundamental role of the surface chemical components (contaminants, presence of carbon and native oxide layers) on the secondary electron yield was evidenced. Finally, we proposed a simulation code allowing to predict the pressure profiles in the vacuum chambers of particle accelerators as well as their evolution under dynamic conditions (i.e. as a function of time). This new simulation code called DYVACS (DYnamic VACuum Simulation) is an upgrade of the VASCO code developed at CERN. It was applied to simulate the dynamic pressure in the VPS when proton beams circulate into the ring. The electron cloud build-up was implemented in the code via electron cloud maps. The ionization of the residual gas by electrons was also considered. Results obtained with the DYVACS code are compared to pressure measurements recorded during typical fills for physics and a good agreement is obtained. This PhD study has provided interesting results and has allowed the development of new experimental and simulation tools that will be useful for further investigations on the vacuum stability of future particle accelerators such as HL-LHC or FCC (ee and hh).
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  Figure 1-2:The ionisation cross sections for H2, CH4, H2O, CO, and CO2 as a function of beam energy for protons (top horizontal axis Ep) and electrons and positrons (bottom horizontal axis Ee)(Malyšev, 
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 1 Figure 1-3: Energy distribution curve of the electrons produced by a primary beam with a E0 energy.
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 14 Figure 1-4: Typical plot of secondary electron yield as a function of primary electron energy
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 1 Figure 1-11: C 1s XPS spectra and SEY curves measured on the LHC Cu sample: (a) ''as received,'' (b) after a dose of 3x10 -2 Cmm -2 at 10 eV, (c) after a dose of 3x10 -2 Cmm -2 at 500 eV, and (d) on a freshly cleaned HOPG surface (R. Cimino et al., 2012).
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 1 Figure 1-15: A cross-sectional view of the sawtooth structure produced for the construction of the LHC beam screens (Courtesy to Nicolas Kos for (Malyšev, 2020)).
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 1 Figure 1-18: ISD yields as a function of the accumulated ion dose for (a) as-received and (b) bakedaluminium and copper samples bombarded with Ar + ions at 5 keV (from(Lozano, 2002)).

  Figure 1-19: ISD yields from 316LN stainless steel bombarded with N2+ ions as a function of ion energy (a); H2 desorption yields produced by incident noble gas ions in copper as a function of ion energy (b).
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 1 Figure 1-21: ISD yield of H2 (a); and CO (b) from baked copper bombarded with different incident ions (noble gas ions, H-or O-containing ions) as a function of ion energy.
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 1 Figure 1-24: Quasi-initial ESD yields of unbaked OFHC copper as a function of the electron energy at the dose D=1.4x10 14 e-/cm 2[START_REF] Billard | Some Results on the Electron Induced Desorption Yield of OFHC Copper[END_REF].
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 127 Figure 1-27: Initial photon-induced gas desorption yields from a OFHC copper-lined test chamber before and after a 150°C bakeout at 194 eV critical energy [J. Gomez-Goni, O. Gröbner, and A. G.Mathewson, J. Vac. Sci. Technol. A12, 1714, (1994)].
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 2 Figure 2-1: The accelerator complex at CERN. Courtesy of CERN®
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 22 Figure 2-2: Schedule of the LHC operations since 2011, including the planned high luminosity upgrade (LS=Long Shutdown; EYETS=Extended Year-End Technical Stop). The expectations on the integrated beam luminosity are noted in fb -1 . Luminosity is a measure of the number of collisions in the detectors and therefore also the performance of the LHC from the point of view of the physics experiments.
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 23 Figure 2-3: Overview of the integrated luminosity delivered to ATLAS for 2011-2018. Courtesy of ATLAS experiment.
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 2 Figure 2-4: Schematic layout of the LHC. Beam 1 (in blue) circulates clockwise and Beam 2 (in red) counter-clockwise.
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 25 Figure 2-5: Section of an LHC arc dipole magnet (from CERN photo database used in (Giovanni Iadarola, 2014a))
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 2 Figure 2-6: The beam screen used at the LHC (picture CERN & V. Baglin).
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 27  The LHC filling pattern; example of a standard fill for physics-Fill 7128 Filling scheme: 18e-12b-31e-2x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b-35e 2x48b-31e-3x48b-31e-3x48b-31e-3x48b-31e-3x48b-151e (e=empty, b=bunch)

Figure 2 - 8 :

 28 Figure 2-8: Energy and total beam intensities during a typical fill in the LHC (Fill 7311) and bunch length of the beam 1. Beam mode changes are indicated.
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 2 Figure 2-9: The LHC schedule 2018
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 2 Figure 2-10: Heat loads (bottom) measured in the eight LHC arcs during a regular luminosity fill with 25 ns bunch spacing and during a subsequent test fill with 50 ns bunch spacing, both with 1.1x10 11 p/bunch. Heat loads are per half-FODO-cell. The total intensity of the corresponding fill is shown on the top figure. The expected load from impedance and synchrotron radiation is indicated by the dashed curve(Skripka et al., 2019).

Figure 2 -

 2 Figure 2-11: Top left: simulated heat load per half-cell as a function of the SEY parameter for two circulating beams at 450 GeV (different contributions are shown in different colors). Top right: Corresponding measured heat loads. The curves represent the distribution among half-cells within each arc, the dots represent the average for each arc. The expected load from impedance and synchrotron radiation is shown on the right (a) (Skripka et al., 2019); Distribution of heat load along the ring (b) (Giovanni Iadarola, 2018)

Figure 2 -

 2 Figure 2-12: The Vacuum Pilot Sector (Courtesy B. Henrist).
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 2 Figure 2-13: A station of the Vacuum Pilot Sector (Courtesy B. Henrist).

Figure 2 -

 2 Figure 2-14: One of the VPS vacuum vessel (a); a copper liner (b) (Courtesy B. Henrist).

Figure 2 -

 2 Figure 2-15: Electrode mounted on a liner with 7% transparency pick up, with a constant Bias at +9V or a variable bias from -1000V to +1000 V as a function of the electrode (Courtesy B. Henrist).
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 2 Figure 2-16: The electron kicker detector with a double grid (Courtesy B. Henrist).
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 2 Figure 2-18: Basic schematic of the electron current measurement with a positive (a) and a negative bias (b) electrode.
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 2 Figure 2-19: Measurements performed in station 4 during a standard fill for physics (fill 6712): Energy and intensity of the beam 1 (a); Electron current collected with the K6517A electrode (b); intensity of the K11 and EKD electrodes (c); pressure measured with a Bayard Alpert gauge (d); all electrodes are biased at +9V; the inner grid of EKD is not polarized (0V) in this case.
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 22 Figure 2-20: Measurements performed in station 4 of VPS during the Fill 7319: Beam 1 parameters (a), pressure (b), electron current (c) and positive current (d); (INJ=injection, E-R=Energy Ramp, FT+S=Flat Top and Squeeze).
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 2 Figure 2-21: Variation of the maximum pressure with the maximum electron current measured with the K11 electrode and recorded during fills 7101 to 7135 (from 29 August 2018 to 8 September 2018) in station 4 (beam 1).

Figure 2 -

 2 22 is an example of bias scanning performed with the K6517A during fill 6636. Evolution of the K6517A electrode intensity recorded at different steps (taken at the end of beam injection, or several times at 6500 GeV after the energy-ramp, Figure 2-23) is plotted as a function of Vbias for a range [-127V;+127V]. The K6517A intensity is normalized to the electron current measured by the K11 electrode, corrected with the equation (2.
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 2 Figure 2-22: Normalized intensity of K6517A electrode plotted as a function of bias for several bias scanning performed during fill 6636 (a); zoom of the negative bias region (b).

Figure 2 -

 2 Figure 2-23: Measurements performed in station 4 of VPS during fill 6639: Beam 1 parameters (a) electron current (b) pressure (c). Regions in which bias scanning was performed are indicated by coloured rectangles.
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 22 Figure 2-24: Variation of pressure recorded during a selection of fills (6638 to 7334) in station 4 (beam 1) from May to October 2018.
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 2 Figure 2-26: Pressure variations in station 4 of VPS during fill 7105, 7127 and 7128: Intensity and Energy of the beam 1 (a), pressure variation (b), zoom of the pressure variation (c).
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 2272 Figure 2-27: Pressure variation at the end of injection steps as a function of the initial pressure for several selected fills 2.3.3.2 Influence of the beam intensity Figure 2-28 shows the variations in pressure and intensity of beam 1 in station 4 as a function of time during injection for two different fills (7105 and 7128) recorded at the same period so with same general characteristics (intensity, energy, etc.). The beam intensity is almost identical at the end of the injection for the two fills (2.8x10 14 p + for fill 7105 and 2.75x10 14 p + for fill 7128), but the evolution of pressure is not the same: it increases up to 10 -9 mbar for fill 7105, while no pressure variation is observed for fill 7128.
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 2 Figure 2-28: Variation of pressure during the injection step in station 4 (Beam 1) as a function of the beam intensity. Comparison between fill 7105 and fill 7128
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 2 Figure 2-29: Evolution of the number of protons per bunch, pressure and intensity of beam 1 in station 4 as a function of the number of bunches during injection for fill 7105 a) fill 7128 b) fill 7242 c) and fill 7252 d), respectively.

Figure 2 -

 2  Evolution of the number of protons per bunch in station 4 (beam 1) as a function of the number of bunches during injection for several fills (recorded between August 23 and October 9, 2018). Red lines and symbols correspond to fills for which a pressure increase during injection is observed, blue ones are related to fills for which no pressure increase occurred (a). Zoom to show the threshold between both regimes (b).
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 2 Figure 2-32: Evolution in station 4 during fill 6719: (a) parameters of beam 1 (energy and intensity); (b) normalized intensity of electron currents recorded with electrodes K11, K12 and K6517 (polarized at +9V) and pressure.
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 2 Figure 2-33: Energy and intensity of beam 1 (top), electron current and pressure (bottom) during fills 7105 (a) and 7128 (b), respectively.
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 2 photon desorption regime

Figure 2 -

 2  shows examples of positive currents recorded by electrode K6517A when it is negatively polarized during several fills (VBias=-800V, -600V and -1000V for fills 7221, 7320 and 7328 respectively). The positive current measured is low, which is indicated by the fact that the signal from this electrode is very noisy. However, as previously presented, the positive current of K6517A electrode follows the same evolution as the pressure and the electron current: a first peak during the injection followed by a second bump during the energy ramp, then a slow decrease during the proton-proton collisions step.
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 2 Figure 2-35: Measurements performed in station 4 of VPS during fills 7221, 7320 and 7328. Beam 1 parameters (a), pressure (b), electron current (c) and positive current (d); (INJ=injection, E-R=Energy Ramp, FT+S=Flat Top and Squeeze).
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 2 Figure 2-38: Normalized energy spectrum of electrons n(E) as a function of energy. Blue part corresponds to the contribution of electrons to intensity recorded by an electrode polarized at Vbias = -40V.

Figure 2 -

 2 Figure 2-41: Intensity of secondary electrons as a function of Vbias applied to the electrode calculated with Equation (2.10) and normalized to the total incident electron current.
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 2 Figure 2-42: Variation of the electron current vs Vbias calculated for several SEY using equations (2.12) (a) and (2.13) with normalization (b).
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 2 Figure2-43: Energy spectra calculated with different parameters for peak 2 (the position of the peak is displaced at a higher energy or its intensity is modified).
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 2 Figure 2-48 : Ion survival times as a function of initial radial position for H2, CH4, CO and CO2 in the LHC (solid lines: standard beam pipes, dotted lines: VPS vacuum chambers)
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 2 Figure 2-50 : Evolution of the ion loss rate (H2 or CO) in a VPS beam pipe as a function of time

Figure 3

 3 Figure 3-1: Experimental setup for the ISD measurements-CERN

Figure 3

 3 Figure 3-4: Schematic of the experimental set up to measure the ion beam intensity on the sample : Ion beam (in red) is emitted by the ion gun and travels from right to left to bombard the sample (in orange) fasten on the sample holder (in brown) that can be displaced along the z-axis. A biased collector (in black), fixed on the sample holder, allows to record secondary emissions of charged particles.

  Figure 3-6 : Ion intensity on the sample as a function of the z-position of the sample holder and location of the ion beam (in yellow) relative to the collector aperture.
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 37 Figure 3-7: Ion intensity captured by the collector as a function of the z-position of the sample holder.

  Figure 3-8: Drawing of the collector hole (white line), of the incident ion beam spot size (white dashed line) and beam intensity distribution on the sample (rainbow colour from dark purple to yellow).

Figure 3

 3 Figure 3-9: Example of beam spot centred into the collector hole (on the left, comparison between the experimental value of intensity profile and the calculated one; on the right, calculated beam intensity distribution and spot size into the collector aperture).

  The outgassing flux, Q, is expressed by equation (3.3) and the pumping speed can then be determined by equation (3.4): 𝑄 = 𝐶∆𝑃 (3.3) where P represents the pressure difference across the conductance C.
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 3 Figure 3-11: Experimental pumping configuration of the experimental chamber The analytical calculation of Seff with equation (3.10) can be compared to the computation performed with Monte-Carlo simulations using the Molflow software (Ady & Kersevan, 2014) (Table3-5). Differences between the values obtained by both methods represent an uncertainty of less than 4%. However, the analytical estimation uses the nominal pumping speed for S1 of turbomolecular pump given by the manufacturer. For further studies, only values computed via Molflow will be considered because they are more accurate taking into account the real geometry of the system (not a simplified one).

Figure 3

 3 Figure 3-12: Calibration of RGA conversion factor
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 3 Figure 3-13: Schematic of the setup corresponding to the case 1: 𝑉 𝑠𝑎𝑚𝑝𝑙𝑒 > 0 𝑎𝑛𝑑 𝑉 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 < 0 The different intensities given by this configuration can be summarized by equations (3.12) to (3.14). 𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 = 𝐼 𝑖𝑜𝑛 𝑏𝑒𝑎𝑚 -𝐼 𝑖+ (3.12) 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 = 𝐼 𝑖+ (3.13) 𝐼 𝑖𝑜𝑛 𝑏𝑒𝑎𝑚 = 𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 (3.14) By using this configuration, it is thus possible to calculate the secondary ion yield (SIY) induced by the ion beam as: 𝑆𝐼𝑌 = 𝐼 𝑖+ 𝐼 𝑖𝑜𝑛 𝑏𝑒𝑎𝑚 = 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 + 𝐼 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟

  -13). With this setting, secondary electrons emitted from the sample can be detected by the collector and secondary positive ions are repelled by the collector and recaptured by the sample.

Figure 3 -

 3 Figure 3-14: Schematic of the setup corresponding to the Case 2: 𝑉 𝑠𝑎𝑚𝑝𝑙𝑒 < 0 𝑎𝑛𝑑 𝑉 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑜𝑟 > 0The secondary electron yield induced by the incident ions interacting with the sample surface can be measured by using the following equations:
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 3 Figure 3-15: Flag type CERN beam screen OFE copper colaminated on a stainless-steel sheet

Figure 3 Figure 3

 33 Figure3-16: Evolution of the total pressure in the experimental chamber during irradiation of a copper sample with a 500 eV-Ar + beam. The y axis is broken for an easy reading.

Figure 3

 3 Figure3-19: Mass spectra recorded by RGA from mass 1 to 50 during irradiation of a copper sample with a 500 eV-Ar + beam: (i) before gas injection in blue; (ii) after gas injection in red (beam off); (iii) beam on in black bar graph.
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 3 Figure 3-21: Desorption yields of H2, CH4, CO, CO2 and mass 16 induced by a 1 keV incident beam of CO + and Ar + respectively.
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 33 Figure 3-23: Desorption yields induced by Ar + as a function of the beam energy.

Figure 3

 3 Figure 3-25: Variation of desorption yields induced by irradiation of a copper beam screen with 1keV CO + ions as a function of the accumulated ion dose during 15h of experiment (x-axis in log scale).
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 3 Figure 3-26: Dose dependence of desorption yields during ion bombardment (Kr + or Xe + at energy 1-5 keV no more information) (Hulla, 2009) (log scale).
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 327 Figure 3-27: Variation of desorption yields induced by irradiation of a copper beam screen with 1keV CO + ions as a function of the accumulated ion dose during 15h (x-axis in linear scale).
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 3 Figure 3-28: Dose dependence of the desorption yield during ion bombardment(Lozano et al., 2003).

Figure 3

 3 Figure 3-29: Desorption yields of H2 and CO2 induced by a 500 eV CO + and Ar + beam (solid symbol)compared to those obtained in(Hulla, 2009) (empty symbol).

Figure 3 -

 3 Figure 3-31 presents an example of calculations performed with the TRIM code for single-atomic ions.It shows the ion trajectories of H + and Ar + in a copper target for an energy of 500 eV and 2 keV. The range of H + ions in copper is larger than the one of Ar + at the same energy: the ion range is 6.5 nm and 1 nm for H + and Ar + respectively at 500 eV, and 17.5 nm and 2.1 nm for H + and Ar + respectively, at 2000 eV. Clearly, light and heavy ions exhibit different ranges and trajectories, related to the different nature of their energy loss: the light ions as H + loss their energy mainly by electronic interactions, whereas nuclear losses dominate for heavy ions as Ar + (Figure3-32: Electronic and nuclear energy loss of Ar+ and H+ in a copper target as a function of ion energy, calculated with the TRIM code(Ziegler & Biersack, 1980) 

2 +

 2 Figure3-33: Ratio of electronic to nuclear energy loss for H + , H2 + , CO + and CO2 + ions in copper

  𝜂 = 𝑘 𝑝 (𝑆 𝑛 (𝐸) + 𝑆 𝑒 (𝐸)) 𝑏 (3.36) Results of fits with equation (3.35) for CH4, CO and CO2 desorption yields produce by H2 + ions and with equation (3.34) for H2, CH4 and CO2 desorption yields produce by CO + ions are shown in Figure 3-34 and Figure 3-35 respectively. Fitting parameters are reported in

  a) 200 eV Ar in 1.5 nm Cu2O+Cu b) 2000 eV Ar in 1.5 nm Cu2O+Cu Figure 3-36: Ion trajectories of Ar + ions in a layer of 1.5 nm Cu2O on copper for an initial energy of 500 eV a) and 2000 eV b), calculated with the TRIM code

  Figure 4-5: SEM images with a low (a) and a higher (b) magnification and EDS analysis (c) of an amorphous C-coating deposited on a Cu beam screen (sample provided by the CERN)

Figure 4

 4 Figure 4-7: Positive secondary ion mass spectra for a copper beam screen cleaned with the CERN procedure (cleaning A) and the IJCLab procedure (cleaning B)
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 48 Figure 4-8: Positive secondary ion mass spectra for a copper beam screen cleaned with the CERN procedure (cleaning A) and the IJCLab procedure (cleaning B). Multiple peaks, corresponding to an organic pollution, are recorded on the sample cleaned with procedure B.

4. 4 .

 4 Relationship between the surface conditioning and the surface chemistry 4.4.1. Typical SEY curves

Figure 4

 4 Figure4.9 shows typical SEY curves recorded on different materials (a sample of copper beam screen, an amorphous carbon coating and a laser-treated copper). We see that similar SEY curves are obtained: they initially rise with increasing primary beam energy up to an energy Emax for which the maximum SEY max is reached, and then the SEY declines as the energy is further increased. The SEY plots were fitted with equation (4.5) to determine the values of Emax and max.

Figure 4

 4 Figure 4-11: XPS survey spectrum of the as-received copper beam screenThe details of the Cu 2p3/2, C 1s and O 1s core level spectra are shown in Figure4-12. In the as-received state, the Cu 2p line exhibits several contributions. The main one located at 932.5 eV (Cu 2p3/2) corresponds both to metallic copper and cuprous oxide (Cu2O). This native oxide grows spontaneously on an air exposed copper surface and is reported in the literature to be about 1.6 nm thick(Chawla et al., 1992). Another contribution is found at 934.6 eV and is ascribed to copper hydroxide Cu(OH)2 which is also expected to form during air exposure. The thickness of this outer hydroxide layer was estimated to approximately 0.8 nm(Chawla et al., 1992). The satellite structure observed between 936 and 946 eV confirms the presence of Cu(OH)2 on the as-received sample.
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 4 Figure 4-12: XPS spectra: Cu 2p (a and zoom in b), O 1s (c), Cu LMM (d) and C 1s (e and zoom in f) lines of an as-received beam screen sample (blue spectra) and a fully electron conditioned one (red spectra).
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 4 Figure 4-13: XPS spectra recorded on an amorphous carbon coating: C 1s and O 1s lines.
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 444 Figure 4-14: Sputter profiles recorded on a fully electron conditioned copper beam screen for the spectral ranges of the photoelectron lines Cu 2p3/2, O 1s and C 1s and the Cu LMM Auger line.

Figure 4

 4 Figure 4-17: Comparison of positive secondary ion mass spectra before (blue spectrum) and after (red spectrum) a full electron conditioning (a); zoom of the 61-66 m/z region (b).
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 4 Figure 4-18: Comparison of positive secondary ion mass spectra before (blue spectrum) and after (red spectrum) electron conditioning: for the copper (II) oxide (CuO) region (a); for the copper (I) oxide (Cu2O) region (b) and copper hydroxide region.

  Figure4-19: Negative secondary ion mass spectrum for a copper beam screen after electron conditioning process displaying intense carbon cluster peaks. (top); Negative secondary ion mass spectrum for a 6-8 monolayer graphene foil (bottom); in both cases, the samples were bombarded by 12 MeV Au400 4+ nanoparticles and the recorded spectra correspond to a dose of 3×10 7 nanoparticles/cm 2 .

Figure 4

 4 Figure 4-23: Comparison of the C 1s, O1s and Cu2p XPS spectra recorded on a fully conditioned copper sample (top) and on a the same sample in a no-conditioned region (bottom) before and after air exposure for 60 days.

  Figure 4-25: X-ray diffraction pattern recorded in grazing incidence (2°) on a copper sample oxidized at 350°C in air for 5 minutes.
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 427 Figure 4-27: Secondary electron yield curves as a function of primary electron energy, for a Cu2O sample, conditioned with a 500 eV electron beam at different irradiation doses. Lines are fits to experimental data with Equation (4.5)

  Figure 4-29: Comparison of the SEY curves of CuO and Cu2O respectively
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 4 Figure 4-30: Secondary electron yield (SEY) as a function of the primary electron energy for CuO nanowire (NW) thin films (Aguilera et al., 2013).

Figure 4

 4 Figure 4-31: Secondary electron emission yield (SEY) as a function of the primary electron energy for a C-coating deposited on copper (left) and a copper surface treated by laser irradiation (right), conditioned with a 500 eV electron beam.Therefore, these examples are an illustration that the materials research in the accelerator field is essential to propose new materials solution to improve the performances of particle accelerators. Finally, the mitigation of dynamic pressure effects must also include the development of innovative materials.
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 52 Figure 5-2: Ion, electron and photon-stimulated desorption phenomena in the beam pipe (a); electron cloud formation and electron multipacting (b).

  𝒋 𝝏 𝟐 𝒏 𝒋 𝝏𝒙 𝟐 + D 𝒊𝒐𝒏-𝒋 + D 𝒆-𝒋 + D 𝒑𝒉-𝒋 + 𝑫 𝒕𝒉-𝒋 -𝑺 • 𝒏 𝒋 = 𝟎 (5.1)
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 53 Figure 5-3: Sketch of the Station 4 used in DYVACS.
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 54 Figure 5-4 : Flowchart representing the DYVACS main loop. The purple color respresents all the input data. The Blue color represents the computation run by MATHEMATICA

  Photon flux, critical energy, attenuation
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 55 Figure5-5: Time evolution of the electron density for one batch with 48 bunches of protons, given by equation (5.6).
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 56 Figure 5-6: Calculation of 𝛿 𝑇 (𝐸) in green triangles. The blue line graph represents the secondary electron emission induced by true electrons (see equation (5.15)). The orange line graph models equation (5.16) and corresponds to secondary electron emission induced by reflected electrons. The left graph is a zoom of SEY between an incident electron energy from 0 to 150 eV.

( 2 Figure 5

 25 Figure 5-7: Evolution of the electron density computed with ECLOUD in green, and PyECLOUD in red.The case shown corresponds to a filing pattern featuring 72 charged bunches. The black and blue lines identify the average electron density between two consecutive bunches.

Figure 5 - 8 :

 58 Figure 5-8: Measurement of the LHC beam signal recorded during the run II by the oscilloscope, displayed in dark blue, and the EC signal for NEG surface recorded on the same time displayed in Iight blue(Buratin et al., 2020) 

Figure 5 Figure 5

 55 Figure 5-11: Evolution of the electron current for different LHC fills as a function of the number of protons per bunch (from beam injection time at 450 GeV to stable beam time at 6500 GeV)

Figure 5

 5 Figure 5-15: Evolution of the photon stimulated desorption yield used in DYVACS as a function of the photon flux received by the surface. Gas H2 CH4 CO CO2 η 𝑝ℎ (𝑚𝑜𝑙𝑒𝑐/𝑝ℎ) 1.5x10 -4
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 555 Figure 5-18: Experimental pressure (purple line) and computed pressure using DYVACS with EC (blue line) and without EC (green line) for fills 6633 and 6636 (beam 1) on 2 May 02 2018. The time scale

Figure 5

 5 Figure5-21: Pressure (black line) and electron intensity (blue line) recorded in the VPS station 4 and normalized to the maximum pressure at injection for γ =8.5, during fills 6633 and 6636 (beam 1). Data are drawn for the proton injection (from 0 to a charge of 2.85x10 14 ), the energy ramp up (from 450 to 6500 GeV) and during the stable beam period (p-p collisions). The difference between both signals is represented by the gray line

Figure 5

 5 Figure 5-23: Comparison between the measured pressure evolution of Fill 6636 (black dots) and DYVACS pressure simulations (red line). Partial pressure computations are given for H2, CH4, CO and CO2 (pink, purple, dark blue and blue respectively).

Figure 5

 5 Figure5-24: Comparison between the measured pressure of Fill 6636 (black dots) and DYVACS pressure simulations for different ISD yields (the reference ISD values i are those reported in Erreur ! Source du renvoi introuvable.; calculation was performed with constant ESD and PSD yields reported in Erreur ! Source du renvoi introuvable.).

Figure 5

 5 Figure 5-25: Comparison between the measured pressure of Fill 6636 (black dots) and DYVACS pressure simulations for different ESD yields (the reference ISD values e are those reported in Erreur ! Source du renvoi introuvable.; calculation was performed with constant ISD and PSD yields reported in Erreur ! Source du renvoi introuvable.).

Figure 5

 5 Figure 5-26: Comparison between the measured pressure of Fill 6636 (black dots) and DYVACS pressure simulations for different PSD yields (the reference PSD values ph are those reported in Erreur ! Source du renvoi introuvable.; calculation was performed with constant ISD and ESD yields reported in Erreur ! Source du renvoi introuvable.).

  fonctionnement de la machine. En outre, le VPS (Figure212) permet d'étudier de nouvelles surfaces, revêtements et traitements chimiques de matériaux constituant les écrans faisceaux visant à améliorer les performances du faisceau du LHC.

Figure 0

 0 Figure 0-1: Schéma du Secteur Pilote Vide -VPS du LHC (Courtesy B. Henrist). Les mesures de flux d'électrons peuvent être effectuées avec différents types de grilles et d'électrodes:-Détecteur équipé d'une seule grille, pour mesurer les signaux électriques du nuage d'électrons. Sa transparence peut être adaptée (0,2%, 5%, 7% ou 10%, avec un rayon de trou de 1 mm). Habituellement, une polarisation de tension positive de 9V est appliquée au collecteur afin de recapturer les électrons secondaires émis lorsque les électrons incidents ont heurté la surface de l'électrode (figure 2 à 15). Une électrode spécifique existe également avec une polarisation variable de + 1000V à -1000 V : électrode K6517A.-Détecteur à double grille : une première grille à 7% de transparence, puis une grille (75% de transparence) polarisable jusqu'à -1000V pour réaliser un filtre en énergie pour discriminer les électrons, et le collecteur d'électrons polarisé à + 9V. Ce détecteur est utilisé pour enregistrer le spectre d'énergie du nuage d'électrons (Figure2 16).
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 0203 Figure 0-2: Electrode double grille permettant de filtrer en énergie (Courtesy B. Henrist). La Figure 2 20 montre les mesures effectuées lors du remplissage N°7319 (structure temporelle du faisceau standard : 25ns_2556b_144bpi_20inj correspondant à un faisceau avec un espacement de 25ns entre les paquets, composé de 2556 paquets au total, avec 144 paquets par étape d'injection moyenne injectés dans l'anneau du LHC en 20 injections). Toutes les mesures réalisées concernent la station 4 du VPS (faisceau 1, écran faisceau en cuivre OFE non étuvé). Pour ce remplissage, l'électrode K6517A a été polarisée à 600 V. La pression, le courant d'électrons et le courant positif suivent la même évolution dans le temps. On observe deux principaux pics dans les signaux enregistrés : le premier lors de l'injection du faisceau et le second lors de la montée en énergie des protons.

Figure 4 31 :

 31 Figure 4 31: Rendement d'émission d'électrons secondaires (SEY) en fonction de l'énergie des électrons primaires pour un revêtement C déposé sur cuivre (à gauche) et une surface de cuivre traitée par irradiation laser (à droite), conditionnée par un faisceau d'électrons de 500 eV.
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 05 Figure 0-5: Pression expérimentale (ligne violette) et simulée utilisant DYVACS avec EC (en bleu) et sans tenir compte de l'évolution de l'EC (en vert) pour les fills 6633 and 6636 (faisceau 1) du 2 Mai2018. L'échelle de temps débute lors de l'injection des protons dans l'anneau (de 0 à 2.85x10 14 protons), de la monté en énergie (de 450 à 6500 GeV) jusqu'au collisions P-P.

Figure Annex 1 :

 1 Figure Annex 1: Drawing of the collector hole (white line), of the incident ion beam spot size (white dashed line) and beam intensity distribution on the sample (rainbow colour from dark purple to yellow).

Figure Annex 2 :

 2 Figure Annex 2: Example of beam spot non-centred into the collector hole. On the left, comparison between the experimental value of intensity profile in green dotes and the calculated one in vertical direction in black, in horizontal direction in red. On the right, calculated beam intensity distribution and spot size into the collector aperture.
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Figure

  Figure Annex 3: The ANDROMEDE facility for surface analysis

Figure Annex 4 :

 4 Figure Annex 4: Schema of EVE mass spectrometer.

Figure Annex 5 :

 5 Figure Annex 5: Principle of the measurement (NPs=Nanoparticles).
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 12717 Figure 1-6: BSE yield as a function of the primary electron energy E for different elements (a) ; as a function of atomic number Z for E=1, 5 and 20 keV (b) (Reimer & Tollkamp, 1980). ........................... 27
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Titre:

  Pression dynamique dans les accélérateurs de particules : mesures expérimentales et simulation dans le grand collisionneur de hadrons Mots clés : Accélérateur de particules, Ultravide, Désorption stimulée, Analyse de surface, Science des matériaux, Nuage d'électrons. Résumé : L'obtention de très faible pression (UHV) est une condition essentielle pour les accélérateurs de particules de haute énergie et de hautes performances. Par conséquent, la compréhension de l'évolution de la pression dynamique pendant le fonctionnement des accélérateurs est fondamentale afin de trouver des solutions qui permettent de minimiser les hausses de pression induites par de multiples phénomènes présents dans les lignes faisceaux. Pour le LHC, l'apparition d'instabilités peut être due à la succession de plusieurs processus. Tout d'abord, le faisceau de protons de haute intensité ionise le gaz résiduel, produisant des ions positifs (principalement H2 + et CO + ) ainsi que des électrons qui sont accélérés et qui impactent la paroi en cuivre des tubes de faisceaux. Ensuite, ces interactions induisent : (i) une désorption des gaz absorbés sur les parois, conduisant à des élévations de pression ; (ii) la création de particules secondaires (ions et électrons). Dans ce dernier cas, la production d'électrons secondaires entraîne, par effet d'avalanche, la formation de nuages d'électrons, dont la limitation est l'un des enjeux majeurs de l'anneau de stockage du LHC. Ces nuages génèrent des montées de pression et des dépôts de chaleur sur les parois du collisionneur pouvant conduire à des « quench » d'aimants supraconducteurs. Tous ces phénomènes limitent l'intensité maximale et augmentent l'émittance des faisceaux et donc la luminosité ultime atteignable dans un accélérateur de protons. Ce travail de thèse a pour but d'étudier certains phénomènes fondamentaux qui contrôlent la pression dynamique dans le LHC, à savoir les effets induits par les électrons et les ions, d'une part, et l'influence de la chimie de surface du cuivre constituant les écrans faisceaux, d'autre part. Dans un premier temps, les courants d'électrons et d'ions ainsi que la pression ont été mesurés in situ dans le Secteur Pilote Vide (VPS) situé sur l'anneau du LHC pendant la deuxième période d'exploitation du collisionneur. En analysant ces résultats, une quantité d'ion plus importante que prévu a été détectée et la relation entre les électrons, les ions et les variations de pression a été étudiée. D'autre part, la désorption stimulée par les ions a été mesurée au laboratoire au CERN en utilisant un bâti expérimental dédié. L''influence de la nature, de la masse et de l'énergie des ions incidents interagissant avec les surfaces sur les rendements de désorption ionique a été discutée. De plus, des analyses approfondies de la surface de cuivre constituant l'écran faisceau ont été réalisées dans le laboratoire IJCLab pour identifier le rôle joué par la chimie de surface du cuivre sur le rendement d'émission électronique, les processus de conditionnement de surface et la désorption de gaz stimulée. Le rôle fondamental de composés chimiques sur la surface (contaminants, présence de carbone et d'oxydes natifs) sur le rendement de production des électrons secondaires a été mis en évidence. Enfin, nous avons proposé un code de simulation permettant de prédire les profils de pression dans les chambres à vide des accélérateurs de particules ainsi que leur évolution temporelle. Ce nouveau code de simulation appelé DYVACS (DYnamic VACuum Simulation) est une amélioration du code VASCO développé par le CERN. Il a été appliqué pour simuler la pression dynamique dans le VPS. L'évolution du nuage d'électrons a été implémentée dans le code via des « maps » permettant de calculer l'évolution de la densité des nuages d'électrons. L'ionisation du gaz résiduel par les électrons a également été prise en compte. Finalement, les résultats obtenus avec DYVACS ont été comparés aux mesures de pression enregistrées dans le LHC. Les résultats obtenus à l'issu de ces travaux de thèse, ainsi que les développements expérimentaux et de simulation réalisés, pourront permettre l'étude de la stabilité du vide de futurs accélérateurs de particules tels que HL-LHC ou FCC(ee et hh). Université Paris-Saclay Espace Technologique / Immeuble Discovery Route de l'Orme aux Merisiers RD 128 / 91190 Saint-Aubin, France Title : Dynamic pressure in particle accelerators : experimental measurements and simulation for the LHC Keywords : Particle accelerators, Ultra-high vacuum, Stimulated desorption, Surface analysis, Materials science, Electron cloud.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  The red symbols correspond to fills for which a pressure increase during injection is observed, the blue ones are related to fills for which no pressure increase occurred
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Figure 2-30: Evolution of the number of protons per bunch in station 4 (beam 1) as a function of the number of bunches during injection for several fills (recorded between May 3 and May 7, 2018).
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 2 -2. Figure2-36 also shows the energy spectrum fitted with equation (2.8) used to calculate the electron current.

		1		
		0.1	Exp spectrum Fit	
			Low E (peak 1)	
			High E (peak 2)	
	n(E)	0.01		
		1E-3		
		1E-4		
		1	10	100	1000
			Energy (eV)	
	Parameters	Peak 1		Peak 2
	Ec (eV)	6		150
	K		7.9		16.5
	w (eV -1 )	1.17		0.7

Figure 2-36: Normalized energy spectrum of electrons n(E) (blue open circle) recorded by the EKD electrode in station 4 during a fill at 6500 GeV (data with courtesy of Elena Buratin). Lines are fits to experimental data with Equation (2.8): total spectrum (blue line), low energy part (red line) and high energy part (green line).
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2: Values of the parameters obtained from the fit to the experimental electron energy spectrum

Table 2

 2 -3.

	Gas	𝜎 𝑖𝑜𝑛 𝑝→𝑔𝑎𝑠 (Mbarn) 𝜎 𝑖𝑜𝑛 𝑒→𝑔𝑎𝑠 (Mbarn)
	H2	0.45	80
	CH4	3.18	304
	CO	2.75	248
	CO2	4.29	360

Table 2 -
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	1 𝜏 𝑖𝑜𝑛 𝑒	and for protons	1 𝜏 𝑖𝑜𝑛 𝑝	is given by (Giovanni

3: Ionization cross section for H2, CH4, CO and CO2 for 6500-GeV protons (𝜎 𝑖𝑜𝑛 𝑝→𝑔𝑎𝑠 )

[START_REF] Mathewson | Beam-Gas Ionisation Cross Sections at 7.0 TeV. LHC-VAC/AGM[END_REF] 

and 150-eV electrons (« Electron-Impact Cross Sections for Ionization and Excitation Database », 2009)

The ionization rate of a neutral molecule for electrons

  Figure2-49 : Evolution of the ion density (H2 or CO) in a VPS beam pipe as a function of time However, a high ion loss rate means that a high flux of ions impacts the beam pipe walls. Therefore, the ion current that would be detected by an electrode can be estimated. The ion loss rate is given by
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-50 shows the evolution of the H 2+ and CO + loss rates, respectively.
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 3 4 reports all conductance used to calculate the pumping speed. Table 3-4: List of conductance calculated for each gas.

	Gas	Molar mass	Temperature	Ø Hole diameter	Conductance
		(g/mole)	(°C]	(mm]	(L/s)
	H2	2.00	20.00	10.35	37.1
	H2	2.00	20.00	4.02	5.6
	CH4	16.00	20.00	10.35	13.1
	CH4	16.00	20.00	4.02	2.0
	N2	28.00	20.00	10.35	9.9
	N2	28.00	20.00	4.02	1.5
	CO	28.00	20.00	10.35	9.9
	CO	28.00	20.00	4.02	1.5
	C2H6	30.00	20.00	10.35	9.6
	C2H6	30.00	20.00	4.02	1.4
	C3H8	40.00	20.00	10.35	8.3
	C3H8	40.00	20.00	4.02	1.2
	Ar	40.00	20.00	10.35	8.3
	Ar	40.00	20.00	4.02	1.2
	CO2	44.00	20.00	10.35	7.9
	CO2	44.00	20.00	4.02	1.2

Table 3 -

 3 Table3-5 reports the effective pumping speed Seff calculated for each gas using Molflow simulations or an analytical calculation, and sensitivity factors K (A/mbar).

	Gaz	Seff (L/s)	Seff (L/s)	K (A/mbar)
		Molflow	analytical method	
	H2	27.4	27.3	1.37
	CH4	12.25	12.6	0.41
	CO	9.52	9.9	0.30
	CO2	8.06	8.2	0.23

5: Effective pumping speed Seff and RGA sensitivity measured for each gas

  equation (3.19)) to calculate the number of desorbed particles (𝑁 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 , equation (3.20)), and the number of incident ions (𝑁 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑖𝑜𝑛𝑠 ) is given by the ion current measured on the sample (𝐼 𝑠𝑎𝑚𝑝𝑙𝑒 ).

	ɳ =	𝑁 𝑑𝑒𝑠𝑜𝑟𝑏𝑒𝑑 𝑁 𝑖𝑛𝑐𝑖𝑑𝑒𝑛𝑡 𝑖𝑜𝑛𝑠	(3.18)
	𝑃. 𝑉 = 𝑁 𝑔𝑎𝑠 . 𝑘 𝐵 . 𝑇	(3.19)

  During desorption the pressure rises and a new steady state pressure is reached which is more or less constant with time. To calculate the desorption yield of a gas, equation (3.20) must be rewritten as a function of time and the desorption yield 𝜂 is given by:

				𝜂 =	∆𝑃. 𝑑𝑡 𝑑𝑁 𝑖𝑜𝑛	𝑑𝑉 𝑑𝑇 𝑘 𝐵 . 𝑇	(3.21)
	where	𝑑𝑉 𝑑𝑇 = 𝑆 𝑒𝑓𝑓 and	𝑑𝑁 𝑖𝑜𝑛 𝑑𝑡 =	𝐼 𝑏𝑒𝑎𝑚 𝑒

  𝑅𝐺𝐴) 𝑖 . 𝑆 𝑖 . 𝑒 𝐾(𝑅𝐺𝐴) 𝑖 . 𝑘 𝐵 . 𝑇. 𝐼 𝑏𝑒𝑎𝑚 (3.22)where ∆𝑃 𝑚𝑖𝑛-𝐻 2 represents the minimum measurable partial pressure variation due to ion bombardment fixed arbitrarily to 1 10 of the base pressure. 𝐼 𝑚𝑎𝑥 is the maximum current reached during the current measurement. Finally, the following expression is obtained:

	ɳ min (𝑖) =	∆𝑃 𝑚𝑖𝑛-𝑖 . 𝑆 𝑖 . 𝑒 𝑘 𝐵 . 𝑇. 𝐼 𝑚𝑎𝑥	(3.23)
	ɳ min (𝑖) =	𝑘 𝐵 . 𝑇. 𝐼 𝑚𝑎𝑥 . 𝐾 𝑖 10 𝐼(𝑅𝐺𝐴) 𝑏𝑎𝑠𝑒(𝑖) . 𝑆 𝑖 . 𝑒 1	(3.24)
	The minimum measurable desorption yield can be calculated in order to define the sensitivity of the
	measurement (HILLERET, 2007) as:		

Table 3

 3 -6 summarizes preliminary results obtained from several experiments. The current error bars correspond to 0.02 nA considering the observed fluctuations using picoammeters leading to a relative error on the yield values between 2% and 10 %. Sample and collector currents recorded during irradiation experiments; SIY and IISEY for several incident ion beams and energies.

	Ion	Energy	Isample	Icollector	SIY	Isample	Icollector	IISEY
		(eV)	(+45V)	(-9V)		(-9V)	(+45V)	
			(nA)	(nA)		(nA)	(nA)	
	Ar +	500	26.8	0.07	0.003	-	-	-
	Ar +	1000	20.3	0.37	0.018	-	-	-
	Ar +	2000	19.3	0.65	0.032	-	-	-
	H2 +	2000	1.53	0.43	0.219	4.04	1.12	0.217
	Table 3-6:							

  Table 3-7 and Table 3-8.

	10					4
	Desorption yield (molec/ion)	1 2 3 4 5 6 7 8 9			H 2 ->CH 4 H 2 ->CO 2 H 2 -> CO Se Sn	1 2 3	Energy Loss (arb. unit)	 CO fit  CO  CH4 fit  CH4  CO2 fit  CO2 Sn Se
							0
		0	1000	2000	3000	4000	5000
				Energy (eV)	
	Figure 3-34: CH4, CO and CO2 desorption yields induced by H2 + incident ions in copper fitted with
	equation (3.35); Variation of electronic (Se) and nuclear (Sn) energy loss of H2 + with energy
			Desorbed species	k
			CH4 +			0.6
			CO +			2.8
			CO2 +			1.1
	Table 3-7: Fitting parameters for desorption yields of H2, CH4, and CO2 induced by H2 + ion and fitted
				with Equation (3.35)
		7				
			CO->H		
				2		
							Sn
	Desorption yield (molec/ion)	1 2 3 4 5 6			CO->CH CO->CO 2 Se 4	10	Energy Loss (arb. unit)	 fit  CH4 CH4  CO2 fit  CO2  H2 fit  H2 Sn Se
		0					1
		0	1000	2000	3000	4000	5000
				Energy (eV)	
	Figure 3-35: H2, CH4, and CO2 desorption yields induced by CO + incident ions in copper, fitted with
	equation (3.36); Variation of electronic (Se) and nuclear (Sn) energy loss of H2 + with energy.
			Desorbed species	k	b
			H2 +		0.009	1.72
			CH4 +		0.003	1.50
			CO2 +		0.01	1.56
	Table 3-8: Fitting parameters for desorption yields of H2, CH4, and CO2 induced by CO + ion and fitted
				with Equation (3.36).

  . The satellite structure observed between 936 and 946 eV confirms the presence of Cu(OH)2 on the as-received sample.

				Cu 2p									Cu 2p	Cu(OH) 2 Cu 2 O
			1.0			as received fully conditioned			a)	1.0	b) as received
		intensity	0.6 0.8											intensity	0.6 0.8	conditioned
		Normalized	0.2 0.4							shake-up peaks Cu(OH) 2	Normalized	0.2 0.4
			0.0											0.0
			965 960 955 950 945 940 935 930 925	938 937 936 935 934 933 932 931 930 929 928
							Binding Energy (eV)	Binding Energy (eV)
										Cu(OH)	
			O 1s			O-C		2 Cu 2 O	Auger	line	d)
														1.0
														c)	Cu	LM 45 M 45	as-received
		1.0										
														fully	conditioned
	Normalized intensity	0.2 0.4 0.6 0.8											Normalized intensity	0.0 0.2 0.4 0.6 0.8
		0.0											580	575	570	565	560	555
														Binding	Energy	(eV)
			538	537	536	535	534	533	532	531	530	529	528	527	526
						Binding	Energy	(eV)
				C 1s						sp3 C-C	sp2 C=C	C 1s	sp3	C-C	sp2	C=C
					as received						e)	as	received	f)
		1.0											1.0
					conditioned						conditioned
	The O 1s line contains two main contributions. The component at 530.6 eV is ascribed to Cu2O, whereas C coating C coating
	0.8 the contribution around 531.4 eV indicates the presence of hydroxide anions OH -, as expected in the 0.8 presence of Cu(OH)2. A small third contribution, indicated by a shoulder at 532.7 eV, could be attributed to adsorbed hydrocarbons. The C 1s line shows a main peak at 284.8 eV ascribed to C-C 0.6 C-O intensity 0.6 intensity
	bonds (sp3 hybridization). A second peak at 286 eV corresponding to C-O bonds, and a third at 288.2 eV related to O-C=O groups are visible. These latter are due to an adventitious carbon contamination and comes from the different compounds forming the adsorbed layer. 0.4 O-C=O Normalized 0.4 Normalized
		0.2											0.2
		0.0											0.0
			294	292	290		288	286	284	282	288	286	284	282
							Binding Energy (eV)	Binding	Energy	(eV)

  Figure4-21: Secondary electron yield of a copper beam screen, fully conditioned then stored 8 months in air ; experiment performed with a 500 eV electron beam at different irradiation doses.

			Cu Beam Screen		E= 500 eV
		2.8			
							Fully conditioned
					+8 months air exposure
		2.4				3.54x10 -5 C/mm 2
							4.02x10 -4 C/mm 2
		2.0				1.34x10 -3 C/mm 2 1.56x10 -3 C/mm 2
	()	1.6			
		1.2			
		0.8			
			0	200 400 600 800 1000 1200 1400 1600
					Energy (eV)
			2.8			
						500	eV
			2.6			
						150	eV
			2.4			500	eV	after	decond.
			2.2			
			2.0			
	 max	1.6 1.8			
			1.4			
			1.2			
			1.0			
			0.8			
			0	10 -6	10 -5	10 -4	10 -3	10 -2
					Dose	(C.mm -2 )
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 4 

			As received	Fully conditioned
	Materials	max	Emax(eV)	max	Emax(eV)
	Cu Beam Screen 2.57	260	1.13	240
	Oxidised Cu	2.22	575	1.09	470
	Cu2O	2.49	415	1.07	358
	CuO	1.2	600	-	-
	Laser treated Cu 0.93	460	0.47	500
	C-coating	1.35	280	0.95	275

-1 summarizes electron emission parameters for the different materials investigated in this work.
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 4 

1: Summary of the electron yield parameters (max and Emax) determined for all samples investigated in this work, for the as received state and the fully conditioned state.
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 5 

	-1.
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 5 ). 2: ISD yields used for unbaked copper partially conditioned to simulate the dynamic pressure in station 4 of the VPS.

	Ion i	H2 +	CH4 +	CO +	CO2 +
	 𝒊𝒐𝒏-𝒊→𝑯 𝟐	(molec/ion)	0.54	0.54	0.54	0.54
	 𝒊𝒐𝒏-𝒊→𝑪𝑯 𝟒	(molec/ion)	0.04	0.05	0.07	0.11
	 𝒊𝒐𝒏-𝒊→𝑪𝑶 (molec/ion)	0.25	0.29	0.29	0.33
	 𝒊𝒐𝒏-𝒊→𝑪𝑶 𝟐	(molec/ion)	0.14	0.14	0.14	0.14

  Table 5-5: Fitted values of ISD (table a), ESD and PSD (table b) yields to reproduce the experimental pressure evolution in station 4 of the VPS.

	a)	Yield (molec/ion) H2 +	CH4 +	CO +	CO2 +
		 𝒊𝒐𝒏-𝒊→𝑯 𝟐	0.54	0.54	0.54	0.54
		 𝒊𝒐𝒏-𝒊→𝑪𝑯 𝟒	0.04	0.05	0.07	0.11
		 𝒊𝒐𝒏-𝒊→𝑪𝑶	0.25	0.29	0.29	0.33
		 𝒊𝒐𝒏-𝒊→𝑪𝑶 𝟐	0.14	0.14	0.14	0.14
	b) Fill	Yield (molec/e or ph)	H2	CH4	CO	CO2
	6633 and 6636		η 𝑒 η 𝑝ℎ	4.2x10 -3 2.5x10 -4	8.3x10 -5 2.3x10 -5	1.7x10 -4 1.8x10 -5	8.3x10 -4 3.5x10 -5
	7083, 7090, 7105 and 7128	η 𝑒 η 𝑝ℎ	2.9x10 -3 1.3x10 -4	5.9x10 -5 1.2x10 -5	1.2x10 -4 9x10 -6	5.9x10 -4 1.8x10 -5

Dynamic pressure in particle accelerators: Experimental measurements and simulation for the LHC

  . Cette théorie a été développée au début des années 1970 et décrit les 12 particules fondamentales et leurs interactions. Elle résume comment les particules élémentaires et trois des quatre forces fondamentales sont liées les unes aux autres. Elle a prédit avec précision une grande variété de phénomènes et, jusqu'à présent, a expliqué avec succès presque tous les résultats expérimentaux en physique des particules. Mais le modèle standard reste incomplet. Cela laisse de nombreuses questions ouvertes : quelle est l'origine de la masse des particules? Allons-nous découvrir des preuves de la supersymétrie? Que sont la matière noire et l'énergie noire? Pourquoi y a-t-il beaucoup plus de matière que d'antimatière dans l'univers? Comment le plasma quark-gluon donne-t-il naissance aux particules qui constituent la matière de notre univers? Les accélérateurs de haute énergie pourraient aider à répondre à ces questions grâce aux collisions de particules dont les énergies sont les plus élevées possibles.L'Organisation européenne pour la recherche nucléaire (CERN), fondée en 1954 et située à la frontière franco-suisse, est actuellement le plus grand laboratoire de physique des particules au monde. Il vise à explorer les lois de l'univers, en particulier le Modèle Standard, et investigue les questions fondamentales présentées ci-dessus. Le Grand Collisionneur de Hadrons (LHC) du CERN est le plus grand accélérateur de particules au monde. Il a produit et étudié des collisions entre protons et ions à des énergies sans précédent. L'un des principaux paramètres pour caractériser les performances d'un accélérateur de particules par les physiciens est la luminosité du faisceau qui fournit une mesure du nombre de collisions qui se produisent dans l'accélérateur. La haute luminosité d'un collisionneur est aussi importante que la haute énergie afin de découvrir des événements rares. En fait, la luminosité intégrée mesure le nombre de collisions qui peuvent se produire dans un espace donné en un temps donné. Elle dépend de plusieurs paramètres, tels que le nombre de particules dans le faisceau et la taille du faisceau aux points de collision. Afin d'augmenter le potentiel de découverte du LHC, de futures machines sont prévues pour augmenter la luminosité et l'énergie des faisceaux de particules. L'optimisation de la luminosité du LHC, sa mise à niveau (HL-LHC) et la valeur cible pour les futurs collisionneurs de hadrons à haute énergie (FCC) mettent en évidence l'une des principales limites potentielles de ces machines : la pression dynamique. Idéalement, les particules chargées devraient être générées, accélérées, transportées et manipulées sans aucun obstacle. Cependant, des molécules de gaz résiduel sont toujours présentes dans une chambre à vide. Les particules chargées du faisceau interagissent avec les molécules de gaz et ces interactions provoquent de nombreux effets indésirables, tels que la perte de particules accélérées, le changement d'état de charge, l'ionisation des gaz résiduels et la création d'un nuage de particules chargées (électrons pour faisceaux de particules accélérées positives ou ions pour faisceaux d'électrons accélérés). Les processus de désorption (ionique, électronique et photoniques) peuvent ainsi être exacerbés. L'ensemble de ces phénomènes peuvent conduire à des augmentations incontrôlées de pression, ce qui entraîne une augmentation de l'émittance et des instabilités du faisceau. Il est à noter que l'ensemble de ces phénomènes de pression dynamique représentent l'une des limitations les plus importantes pour atteindre la luminosité ultime, et donc limitent les performances des accélérateurs et représentent une véritable barrière pour la recherche en physique des hautes énergies. C'est pourquoi les études de vide dynamique constituent un domaine essentiel pour toute la communauté des accélérateurs.Dans le LHC, dans lequel les protons sont accélérés dans l'anneau, des électrons sont générés à partir des interactions proton-gaz résiduel et également par des interactions du rayonnement synchrotron émis par le faisceau avec les parois de tubes faisceaux (production de photoélectrons). Ces électrons primaires impactent les surfaces en produisant de nombreux électrons secondaires qui sont accélérés par le champ électromagnétique du faisceau de protons (effet de « multipacting » : d'avalanche). Tous ces processus conduisent finalement à la formation du nuage d'électrons (EC pour Electron Cloud).Les effets de l'EC ont été reconnus parmi les principales limitations des performances du grand collisionneur de hadrons (LHC). Ils ont été observés au LHC au cours des trois premières années d'exploitation du faisceau (Run I, 2010-2012), et deviennent de plus en plus sévères lorsque l'espacement entre paquets de proton se réduit. Des effets néfastes sont associés à ce phénomène, tels que des élévations de pression ou des dépôts de chaleur sur les parois des écrans faisceaux et sur les chambres à vide en contact avec les aimants supraconducteurs (avec le risque majeur de «quench» des aimants) et une augmentation de l'émittance du faisceau. Par conséquent, les conditions nominales initialement prévues pour le fonctionnement du LHC ne sont pas encore atteintes du fait des nuages d'électrons. De plus, les effets de l'EC sont amplifiés par la désorption stimulée par les photons, les électrons et les ions induisant des augmentations rapides de la pression dans les chambres à vide, conduisant à des arrêts prématurés du faisceau. L'interaction particules-surface des chambres à vide, participe à tous ces processus fondamentaux : l'accumulation d'électrons dépend du rendement d'électrons secondaires (SEY) de la surface et l'augmentation du gaz résiduel est lié à la désorption induite par les particules heurtant les parois. Par conséquent, les propriétés de surface des écrans faisceaux jouent un rôle central dans tous ces phénomènes. Les travaux réalisés dans le cadre de cette thèse se concentrent sur l'étude de la pression dynamique dans le LHC.Cette partie est un court résumé en français de la thèse intitulée « ». Les principaux résultats y sont reportés ainsi que les perspectives de cette étude. Pour plus de détails, le lecteur est vivement invité à se reporter directement aux chapitres correspondants de la partie principale du manuscrit.

  'ultra-vide est une condition essentielle pour atteindre de hautes performances dans les collisionneurs de particules de haute énergie. Par conséquent, la compréhension de l'évolution de la pression dynamique pendant le fonctionnement d'un accélérateur est fondamentale pour proposer des solutions pour atténuer les augmentations de pression induites par des effets multiples se produisant dans les chambres à vide d'accélérateur et conduisant à des instabilités du faisceau.Il faut souligner que cette étude s'inscrit dans une compréhension générale de ces phénomènes. Les objectifs de ce travail sont multiples. Le cadre de cette thèse est d'obtenir une vue d'ensemble des phénomènes de désorption stimulée (ISD, ESD, PSD) qui sont des processus interdépendants, et d'étudier la création de particules secondaires pendant le fonctionnement de l'accélérateur. L'impact de tels phénomènes sur la pression dynamique dans les tubes faisceaux d'accélérateurs de particules est une question cruciale qui ne peut être étudiée que via des collaborations. Dans le cas présent, ces collaborations ont lieu entre le département TE du groupe VSC du CERN, l'équipe de recherche Matériaux pour accélérateur (MAVERICS) ainsi que l'équipe plateforme « Vide et Surfaces » du département Accélérateur d'IJCLab, et l'équipe de la plateforme Andromede à IJCLab.

L

ii) La deuxième partie traite des mesures in situ de la pression, des courants ioniques et électroniques effectuées pendant la 2nd période d'exploitation du LHC (Mai, Juillet et Octobre 2018).

  Concernant l'investigation des limitations de performances liées aux effets dynamiques de pression, la principale observable à étudier est le changement de pression le long de l'anneau. En fait, la variation de pression est un très bon indicateur permettant d'obtenir des informations sur les flux d'électrons et d'ions produits dans les tubes faisceau en tenant compte également du rayonnement synchrotron. Une série d'expériences in situ a été réalisée pour étudier l'évolution de la pression et la création de particules secondaires pendant l'exploitation du LHC.Pour le LHC, l'apparition d'instabilités peut être due à la succession de plusieurs processus. Les protons sont produits par une source duoplasmatron et accélérés jusqu'à 50 MeV d'énergie cinétique dans le LINear ACcelerator 2 (LINAC2) avant d'être injectés dans le Proton Synchrotron Booster (PSB). Dans les quatre anneaux superposés dont est constitué le PSB, les protons sont accélérés jusqu'à 1,4 GeV et transférés vers le Synchrotron à Protons (PS), qui est la plus ancienne machine du complexe accélérateur. Le PS joue un rôle central dans la préparation du faisceau nominal du grand collisionneur de hadrons (LHC). En fait, il est responsable de la production de l'espacement de paquets de 25 ns requis par une série de manipulations de radiofréquence (RF). Ensuite, le faisceau est extrait à 26 GeV/c et stocké dans l'anneau SPS. Ici, le faisceau est accéléré jusqu'à 450 GeV et injecté dans l'anneau du LHC, où le faisceau est encore accéléré et des collisions ont lieu lorsque l'énergie maximale du faisceau (6500 GeV en 2018) est atteinte.Tout d'abord, le faisceau de protons de haute intensité ionise le gaz résiduel, produisant des ions positifs (principalement H2 + et CO + ) ainsi que des électrons qui sont accélérés et qui impactent la paroi en cuivre des tubes faisceaux. Ensuite, ces interactions induisent : (i) une désorption des gaz absorbés sur les parois, conduisant à des élévations de pression ; (ii) la création de particules secondaires (ions et électrons). Dans ce dernier cas, la production d'électrons secondaires entraîne, par effet d'avalanche, la formation de nuages d'électrons. Ces nuages génèrent des montées de pression et des dépôts de chaleur sur les parois du collisionneur. Ce travail de thèse a pour but d'étudier certains phénomènes fondamentaux qui contrôlent la pression dynamique dans le LHC, à savoir les effets induits par les électrons et les ions, d'une part, et l'influence de la chimie de surface du cuivre constituant les écrans faisceaux, d'autre part. Dans un premier temps, les courants d'électrons et d'ions ainsi que la pression ont été mesurés in situ dans le Secteur Pilote Vide (VPS) situé sur l'anneau du LHC, une section droite située entre le point 7 et le point 8 du LHC pendant la deuxième période d'exploitation du collisionneur.Le VPS a été installé par B.Henrist, E. Buratin et V.Baglin sur le côté gauche du point d'interaction 8 (expérience LHCb) dans une zone à température ambiante, à l'origine constituée de chambres à vide droite de 80 mm de diamètre intérieur , dans le secteur de vide A5L8 entre les quadripôles Q4 et Q5 (BernardHenrist et al., 2014). Il permet de surveiller la pression et le nuage d'électrons pendant le

La troisième partie concerne la mesure du rendement ISD.

  21 montre un exemple de mesures enregistrées lors des remplissages 7101 à 7135 (du 29 août 2018 au 8 septembre 2018), la même évolution de pression et de courants électriques sont observées. La pression maximale varie linéairement avec le courant d'électrons maximal, indiquant que ces données expérimentales sont liées aux mêmes phénomènes physiques.Les observations de pression confirment que le VPS présente des effets de pression dynamiques élevés durant la seconde période d'exploitation du LHC pour des paramètres de faisceau nominaux. En fait, en augmentant l'intensité du paquet de protons jusqu'à 1,12 × 10 11 ppb (pour le schéma de remplissage nominal avec un total de 2556 paquets), une augmentation de pression instantanée est observée, la formation du nuage d'électrons est initiée. Les évolutions de pression au cours de l'étape de collision p-p sont pilotées à la fois par la désorption stimulée par les photons et par les électrons.En analysant la variation du courant d'électrons enregistrée dans le VPS, la contribution des électrons secondaires au courant total a été identifiée. La distribution expérimentale de l'énergie des électrons à l'intérieur du tube faisceau a également été confirmée : le spectre en énergie regroupe principalement : une population d'électrons à faible énergie (entre 5 et 10 eV) et une deuxième composante est située autour de 100-150 eV. Un SEY de 1,6 a été déterminé pour la surface en cuivre de l'électrode utilisée pour détecter les électrons. Aucun effet de conditionnement notable n'a été observé de mai à octobre 2018, c'est-à-dire après la période de « scrubbing » ou nettoyage des surfaces par les électrons. De plus, pour la première fois, des ions positifs ont été détectés avec une quantité plus élevée que prévu, représentant 2,5% du courant d'électrons incident.Toutes les mesures effectuées dans le VPS et les différents résultats montrent l'importance de prendre en compte plusieurs phénomènes afin de comprendre l'évolution de la pression dans le LHC. du vide TE-VSC au CERN en utilisant un bâti expérimental dédié. L'influence de la nature, de la masse et de l'énergie des ions incidents interagissant avec les surfaces sur les rendements de désorption ionique (ISD) a été étudiée. L'objectif de ce chapitre est de mieux comprendre la désorption stimulée par les ions c'est-à-dire les molécules libérées de la surface d'un solide par l'impact d'un ion incident. De plus, étant donné que seules quelques données ISD sont disponibles dans la littérature, il est nécessaire d'obtenir plus d'informations et d'accumuler de nouveaux résultats sur ce sujet dans le cadre des accélérateurs de particules à haute énergie.Dans le LHC, les ions sont produits par ionisation du gaz résiduel par le faisceau de proton. Ces ions, accélérés par la charge d'espace du faisceau, bombardent les parois de la chambre à vide avec des énergies d'impact typiquement de 500 eV et 300 eV pour H2 + et CO + respectivement lorsqu'un champ magnétique est appliqué (en dipôles ou quadripôles) et n'excède pas la valeur d'environ 300 eV dans les espaces sans champ
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	Figure 0-4: Pression maximum pour le plus grand courant électronique mesuré avec l'électrode K11
	enregistrée pour les fills 7101 à 7135 (du 28 Août 2018 au 8 septembre 2018) dans la station 4 du
		VPS pour le faisceau 1.	
	Les résultats suivants ont été obtenus dans ce chapitre :	

Cependant, le comportement et le rôle des ions, créés par l'ionisation du gaz résiduel par le faisceau de protons et le nuage d'électrons, sont mal connus. L'impact des ions sur la désorption des molécules et la production d'électrons doit être étudié afin d'identifier leur influence sur les hausses de pression globales et d'acquérir des données sur la désorption stimulée par les ions, permettant de réaliser des simulations de pression dynamique. C'est pourquoi la désorption stimulée par les ions a été mesurée au laboratoire

  + , CO + et CO2 + .Durant ma thèse, une toute nouvelle installation a été imaginée et montée au laboratoire des mesures Vide du CERN (TE-VSC). Le but de ce travail était de calibrer ce nouveau bâti de mesure de rendement de désorption ionique (ISD) et d'obtenir des résultats préliminaires pour valider la conception de cette nouvelle installation. Si des améliorations sont nécessaires, comme pour les performances du pompage différentiel et le réglage du canon à ion, des résultats préliminaires encourageants ont été obtenus. Des irradiations avec des ions Ar + , CO + et H2 + possédant une énergie incidente comprise entre 500 eV et 2 keV ont été réalisées sur des écrans faisceaux de cuivre. La désorption induite par les ions a été étudiée et les principaux gaz qui ont été détectés à partir des mesures RGA sont H2, CH4, H2O (l'échantillon n'a pas été étuvé), CO et CO2. Tous les rendements de désorption mesurés  sont compris entre 0,01 molécule / ions et 10 molécules / ions, en bon accord avec la littérature. Les ions chimiquement actifs sont plus efficaces pour désorber les molécules de la surface du cuivre que les ions de gaz rares. D'autres mesures doivent être effectuées pour vérifier la répétabilité de ces résultats.Le processus de désorption induite par les ions n'est pas un phénomène simple. En ce qui concerne les résultats préliminaires obtenus dans ce travail, le rendement de désorption est fortement dépendant de la nature chimique et / ou de la masse des ions incidents. Pour un faisceau d'ion spécifique, certaines molécules sont préférentiellement désorbées. Le mécanisme de désorption dépend donc de la manière dont l'énergie du projectile est transférée au matériau cible, c'est-à-dire du rôle joué respectivement par la pouvoir d'arrêt nucléaire ou électronique dans la perte d'énergie de l'ion incident.Ces résultats peuvent avoir des implications sur le rôle joué par les ions produits par ionisation du gaz résiduel par les faisceaux de protons circulant dans le LHC. Même si le flux ionique reste limité (voir chapitre II) par rapport à ceux des électrons (du nuage d'électrons) ou des photons (en raison du rayonnement synchrotron) dans les lignes de faisceau du LHC, le rendement de désorption ionique est d'un ou deux ordres de grandeur supérieur. La désorption induite par les ions est donc plus efficace (et donc plus dangereuse pour la stabilité du faisceau) pour produire des élévations de pression. Cependant, tant que la quantité d'ions reste faible, les hausses de pression dans le LHC ne devraient pas être associées à la production d'ions et rester principalement pilotées par la désorption stimulée par les électrons et les photons. Enfin, dans le futur collisionneur circulaire électron-positon (FCC-ee), des nuages d'ions pourraient être produits, jouant le même rôle que les nuages d'électrons dans le LHC. Ces nuages d'ions pourraient induire une forte désorption, et par conséquent, des augmentations de pression. L'étude de ce phénomène mérite donc d'être approfondie en prévision de la construction de ce futur accélérateur.

La quatrième partie étudie l'analyse de surface des matériaux de l'écran de faisceau.

  , les composés de carbone et le CO sont désorbés pendant le nettoyage par décharge d'argon, de sorte qu'il peut également affecter directement le rendement de désorption.Nous pouvons conclure qu'il est nécessaire d'étudier la surface «réelle» des matériaux, c'est-à-dire la couverture et la nature de la surface extrême pour améliorer la compréhension du dégazage non thermique et de tous phénomènes dépendant des propriétés de la surface. Il devient donc essentiel d'analyser la chimie de la surface de l'écran faisceau du LHC et son évolution au cours du fonctionnement de l'accélérateur. La relation entre la chimie de surface et l'évolution du SEY doit donc être abordée pour comprendre l'évolution du conditionnement de surface lors de l'irradiation par des particules. Le Chapitre IV de cette thèse présente des analyses approfondies de la surface de cuivre constituant l'écran faisceau du LHC, réalisées dans le laboratoire IJCLab, pour identifier le rôle joué par la chimie de surface du cuivre sur le rendement d'émission électronique, les processus de conditionnement de surface et la désorption stimulée de molécules de gaz. L'émission d'électrons sous impact électronique est un phénomène majeur impliqué dans la formation du nuage d'électrons dans les accélérateurs de particules délivrant un faisceau chargé positivement. Le rendement d'électrons secondaires (SEY) est l'un des principaux paramètres intervenant dans ce processus de « multipacting » où avalanche d'électrons. Il dépend fortement de la nature des matériaux et de sa chimie de surface, et par conséquent, la formation du nuage d'électrons est déterminée par les propriétés de la surface. Cette forte dépendance surface-SEY implique que la couche de contamination de surface, et la couche d'oxyde natif toujours formée sur une surface métallique, peuvent affecter la valeur du SEY de façon beaucoup plus importante que le matériau métallique en dessous, compte tenu de la profondeur d'échappement des électrons secondaires (quelques nanomètres) de la surface du matériau.L'ambition ultime étant de proposer des matériaux innovants pour atténuer les effets néfastes. De nombreuses études ont été réalisées sur les facteurs permettant de limiter la valeur du SEY dans la communauté des accélérateurs. La plupart de ces études analysent l'évolution du SEY et sa modification après un bombardement électronique de la surface. Une littérature abondante est disponible à ce sujet.Un bâti de mesure du SEY développé à IJCLab a permis de réaliser des mesures et de conditionner (bombardement avec des faisceaux d'électrons) les surfaces d'échantillons d'écrans faisceaux du LHC. Ensuite, nous avons proposé une méthode alternative pour l'analyse de la chimie de surface à la spectroscopie de photoélectrons X (XPS) qui est traditionnellement utilisée : la spectrométrie de masse d'ions secondaires à temps de vol (Tof SIMS) utilisant des nanoparticules d'or à haute énergie pour sonder la surface. Nous avons étudié le conditionnement de l'écran de faisceau de cuivre induit par le bombardement électronique et identifié le rôle joué par les modifications de la chimie de surface dans ce phénomène. 'influence des oxydes de cuivre sur le SEY a également été étudiée car en raison de la faible profondeur d'échappement des électrons secondaires (~10 nm), la couche d'oxyde natif, majoritairement constituée de Cu2O (~2 nm), contribuent significativement à l'émission d'électrons de la surface de l'échantillon. Les résultats montrent que la présence d'oxydes n'augmente pas de façon significative le SEY, mais permet d'obtenir de faibles valeurs de SEY après conditionnement. En particulier le Cu2O massif peut-être conditionné et son SEY peut-être réduit à des valeurs ~1. D'autres expériences sont nécessaires pour comprendre l'influence des oxydes sur le conditionnement de l'écran faisceau de cuivre.Quoi qu'il en soit, le SEY du cuivre entièrement conditionné reste supérieur à un. Pour réduire le SEY en dessous de un, des techniques d'atténuation spécifiques sont nécessaires, par exemple en réalisant des dépôts de matériaux à faible SEY (tels que TiN, l'alliage NEG et le carbone amorphe), ou en modifiant la rugosité de la surface (création de rainures). Dans ce dernier cas, les modifications de la surface métallique lors de l'irradiation par un laser pulsée, conduisant à des microstructures de surface hautement organisées, sont une voie prometteuse. Une très faible valeur SEY peut être atteinte avec ces méthodes, comme le montre la figure 4 31. A l'état entièrement conditionné, le SEY est égal à 0,95 et 0,47 respectivement pour les échantillons revêtus de C amorphe et le cuivre traité au laser. Cette géométrie permettrait d'intercepter les électrons émis sur leur trajectoire, comme pour les piéger.
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L'étude du conditionnement de l'écran du faisceau de cuivre sous irradiation avec des électrons de 500eV a mis en évidence deux processus: (i) un nettoyage de surface par désorption stimulée par les électrons; (ii) la formation d'une couche de type graphène due à la transformation par irradiation aux électrons des contaminants hydrocarbonés initialement présents sur la surface. Les deux processus conduisent à la diminution du SEY du cuivre d'une valeur de l'odre de 2,5 initialement jusqu'à une valeur proche de l'unité. Les analyses de surface complémentaires (Tof SIMS et XPS) ont montré que cette fine couche de carbone (moins de 0,5 nm) contenait une grande quantité d'hydrogène et d'oxygène. L

  Une première perspective de ce travail serait de simuler la pression dynamique des futurs accélérateurs. La structure modulaire du code DYVACS permet aux utilisateurs de simuler différentes configurations pour aborder divers scénarios pour les futurs accélérateurs. De plus, la possibilité de traiter les paramètres du faisceau, l'énergie du faisceau, la population des paquets, le schéma de remplissage des paquets et les longueurs des paquets est cruciale pour une bonne compréhension des observations expérimentales de la machine. L'évolution temporelle des pressions partielles peut être également calculée avec DYVACS. Ce code peut aussi être utilisé comme outil prédictif pour calculer la pression dynamique dans HL-LHC et FCC.Un travail continu sur le développement de DYVACS devrait être réalisé, notamment pour améliorer le modèle décrivant l'évolution de la densité électronique , en particulier l'influence du nombre de protons par paquet et de la longueur du paquet.Une série de mesures de rendements ISD complémentaire doit être effectuée pour collecter davantage de données qui pourraient ensuite être implémentées dans DYVACS. Elles permettraient d'étudier le rôle joué par les ions sur les variations de pression dans les accélérateurs de particules, en particulier dans les accélérateurs utilisant un faisceau d'électrons tels que le projet FCC-ee. En effet, dans l'anneau d'électrons du FCC-ee, des ions pourraient être piégés et un nuage d'ions pourrait se former, conduisant à des instabilités de faisceau jouant le même rôle que les nuages d'électrons dans le LHC. Ces nuages d'ions pourraient induire une forte désorption et par conséquent des augmentations de pression. Concernant l'anneau de positons, l'EC sera toujours un phénomène qui retiendra notre attention. De plus, en raison des forts courants de faisceau à haute énergie qui devraient être produits pour les différentes configurations prévues dans FCC-ee, une attention particulière doit être portée au rayonnement synchrotron : la production de flux de photons élevés, pouvant conduire à une importante désorption stimulée. Si un revêtement NEG de la chambre à vide est nécessaire pour l'atténuation de l'EC et la limitation de la PSD, l'influence des paramètres du matériau doit être soigneusement étudiée, comme l'épaisseur des revêtements par exemple.Comme exposé dans ce travail, cette thèse vise à contribuer à une meilleure compréhension générale des phénomènes de pression dynamique liés à la désorption stimulée, à la création de particules chargées et à la formation de nuages d'électrons. Tous ces processus dépendent étroitement des matériaux utilisés pour construire les chambres à vide. Par conséquent, une attention particulière doit être portée aux propriétés des matériaux. Le développement d'une stratégie d'atténuation des effets délétères pour les performances des accélérateurs comprend nécessairement la recherche de matériaux innovants pour réaliser les écrans faisceaux les plus exigeants : haute conductivité électrique, haute résistance aux radiations, haute résistance mécanique, faible rendement de désorption, faible SEY avec un rapide conditionnement, faible perméabilité magnétique et, si possible, avec une action de pompage. De plus, à des fins de revêtement, il doit être facile à déposer sur le matériau constituant les parois de la chambre à vide.

	Afin d'atteindre une luminosité élevée et des performances accélérateur toujours meilleurs, des
	études de pression dynamique doivent être menées, repoussant les frontières de nos connaissances,
	pour une meilleure compréhension de tous ces phénomènes.
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