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Introduction

Electrons and X-rays have been linked to accelerators since their discoveries, as Crookes tubes can be considered as the rst electron accelerators and permitted the discovery of both the electrons by Joseph John Thomson in 1897 [START_REF] Thomson | Carriers of negative electricity[END_REF] and the X-rays by Wilhelm Röntgen in 1895 [START_REF] Röntgen | On a new kind of rays[END_REF].

Applications of hard X-rays are countless; hence, a broad range of X-rays sources exist, from X-rays to synchrotrons. X-rays tube are updates of Crookes tubes commonly used as large spectrum X-rays sources like for standard medical radiography. Synchrotron accelerators are electron accelerators used to generate high-intensity monochromatic X-rays.

Both have interesting properties depending on the needs, but a signicant gap exists between their performances. New X-ray sources have been developed over the past few decades to ll this gap. Those machines are based on Compton Backscattering (CBS), corresponding to a momentum transfer between energetic electrons and photons. These new sources can create high-intensity quasimonochromatic X-rays, unlike X-ray tubes. Moreover, they require less space, are potentially movable and are cheaper than synchrotron accelerators. Hence, they can be used for many applications.

Even if CBS sources are approximately one hundred times larger than X-ray tubes, they are often denoted as Compact Light Source (CLS) or Compact Compton Source (CCS) in comparison to synchrotron accelerators -that have closer structure and performances -roughly one hundred times larger. This thesis takes place in a prototype of CCS, named ThomX, at Orsay, in France. ThomX is aimed to generate a high X-ray ux by the interaction of an electron beam stored in a small storage ring and a laser beam stored in a high nesse Fabry-Perrot cavity. My work focuses on electron beam diagnostics, beam propagation simulations -especially during the ring injection -simulations of electron loss and the creation of a feedback system for the ring injection. In the middle of the century, some experimenters noticed light emissions from the tube. By creating holes inside the cathode and the anode, they noticed that this light is produced between them and may exist after the anode, but never before the cathode. Moreover, phosphorescence may be induced in a phosphorescent screen placed behind the anode. William Crookes has developed his own kind of tubes -the Crookes' tubes -with which he can decrease more the gas pressure [START_REF]Crookes tube Wikipedia, the free encyclopedia[END_REF]. At some point, he noticed a disappearance of the light emission from the gas, but the phosphorescence remains. Those observations show that something -named "cathode rays" -comes out of the cathode and goes toward the anode.

By adding an electric and magnetic eld around the tube in 1896-1897, Joseph John Thomson showed that these rays are composed of negative charge particles much lighter than the hydrogen -the lightest element known at that time -and -+ -

+ Figure 1
.1: Sketch of a Crookes tube, a type of vacuum tubes used to study the electrical conductivity of low-pressure gases. The black line symbolises the glass tube inside which the gas pressure is around 10 3 -10 5 mbar [START_REF]Crookes tube Wikipedia, the free encyclopedia[END_REF]. In blue is the cathode, in red is the anode, in grey is a capacitor made of two charged plates used to show the deflection of cathodic rays and in dark green is a phosphorescent plate. The light emitted by those rays -hence electrons -is represented in orange in case of gas ionisation and green for phosphorescent. The orange dashed line represents the propagation of the electron with the uncharged capacitor, while the plain one corresponds to the charged case.

independent of the cathode's composition [START_REF] Thomson | Carriers of negative electricity[END_REF]. The electron was discovered, and cathode rays' tubes may be considered as accelerator's ancestor as some electrons are extracted from the cathode and accelerated by the high voltage between the plates. The light emission is explained by collisions between electrons and atoms that ionise the gas and excite phosphorescent atoms.

In 1895, during studies of Crookes tubes, Wilhelm Röntgen identied a radiation emission coming from the tube [START_REF] Röntgen | On a new kind of rays[END_REF].

Röntgen also noticed two other valuable properties of X-rays. First, even if Xrays pass through matter, some absorption occurs, and the denser and the thicker the matter, the more X-rays are absorbed. Second, the X-ray exposes photographic plates. Hence, by combining those two eects, one may create photography of the shadow of an object but also identify inner density change inside it. Röntgen use this method on his wife's hand to create the rst radiography of human body on December 22 th , 1895 (Fig. 1.2).

Thanks to studies of low-pressure gases' electrical conductivity, scientists have discovered the rst elementary particles -the electron -and very high energetic photon -the X-ray -but have also created the rst electron accelerator and X-ray The hand is that of Wilhelm Röntgen's wife on December 22 th , 1895, while the large dark circle on the second finger is her wedding ring [START_REF] Röntgen | First medical x-ray by wilhelm röntgen of his wife anna bertha ludwig's hand[END_REF].

source. Nowadays, accelerators, electrons and X-rays are always linked together as most of the X-rays sources use accelerated electrons to generate them.

. Particle accelerators

A particle accelerator comprises several elements that may be grouped into four parts: particle source, accelerating section, transport line and potentially ring (see Fig. 1.3). The essence of an accelerator is the source that allow particles extraction from matter and the accelerating systems that provide energy to the extracted particles. The transport line allows beam transport, characterisation and shaping, while rings mainly store a beam and either use it at some point each turn and/or increase its energy. Four main components may be encountered : a source to create the beam, a transport line to transport, characterise and shape it, an accelerating section to accelerate it and some times a ring to let the beam loops.

Source

. Sources

Several kinds of sources exist depending on the type of particles. A few of them are presented here.

Electron sources

The rst discovered way to extract electrons from matter is to apply a high voltage between two metal plates -the anode (+) and the cathode (-) -under vacuum, as it is done in Crookes tubes (see Fig. 1.1). This phenomenon is named eld emission [START_REF] Murphy | Thermionic emission, eld emission, and the transition region[END_REF].

An upgrade of this device consists of heating the cathode -often thanks to a current-carrying lament -to provide some thermal energy to the electrons.

This so-called thermionic eect [START_REF] Murphy | Thermionic emission, eld emission, and the transition region[END_REF] alone is enough to create free electrons, but an electrical voltage must guide those electrons away from the source. With a high voltage, the Schottky eect [START_REF] Murphy | Thermionic emission, eld emission, and the transition region[END_REF] implies that the electric eld enhances the thermionic emission.

Another widespread method to extract electrons from matter is to use the photoelectric eect [START_REF] Einstein | Über einen die erzeugung und verwandlung des lichtes betreenden heuristischen gesichtspunkt[END_REF][START_REF] Arons | Einstein's proposal of the photon concepta translation of the annalen der physik paper of 1905[END_REF]. If one illuminates a metal plate with photons of energy above a certain threshold, some electrons will be kicked out of the metal. A beam may be created during illumination time and guided away with an additional electric eld which starts the electrons acceleration.

The choice of the method depends on the beam parameters wanted. All methods can deliver continuous beam, but only the photoelectric eect allows the production of extremely short bunches (≈ fs). Other parameters like the beam current, emittance (size and divergence), and spin polarisation can weight in favour of one specic electron source. For the ThomX accelerator, the choice has been made

to have a photo-injector, using the photoelectric eect to generate a very short beam. See section 2.1.1 for more details.

Ion sources

For Ions sources, there exists even more methods. According to the element properties (matter state, electronic shell, ...), the source is more or less complicated.

Still, the key is always to create ions by taking/giving one or several electrons from/to an atom and accelerating it with an electric eld as soon as possible.

For liquids and solids, the rst step is often to evaporate the liquid or sublime the solid and use the gas created to generate ions. The state transition may be done by heating the matter, decreasing the pressure, bombarding with a laser beam or an electron beam for example.

As for gas, ionisation through electrical discharge may be used, but often nowadays, a plasma is created as it is the case with ECR (Electron Cyclotron Resonance) sources [START_REF] Thuillier | Electron cyclotron resonance ion sources -1[END_REF]. As shown Fig. 1.4, in ECR sources, some gas is injected into a cavity lled with radio-frequency (RF) waves. The power of the RF resonates with some electrons and increases their energy. At the centre of the plasma -called the ECR zone -the "hot" electrons might kick out atoms' electrons and create ions. Some ions may follow the magnetic line and be extracted from the source. 

Anti-matter sources

Accelerators are used for hundreds of purposes, and some of them need anti-matter.

Those anti-elements cannot be found in large amounts in nature, but with enough energy, one can create them.

For example, during the sixties, an electron-positron collider -named ACO (Anneau de Collisions d'Orsay, LAL, France, Fig. 1.5) -was created to study the collision between electrons' and positrons' beams and the creation of new particles The "Anneau de Collisions d'Orsay" (ACO) is one of the world's first collider and synchrotron sources. It is a 7 m diameter ring that was fill of electrons and positrons using the linear accelerator of Orsay from 1967 to 1988. [START_REF] Chehab | French-ukrainian workshop -instrumentation developments for high energy physics (ijclab) : Positron sources at lal-orsay: a long story[END_REF]. A 750 MeV electron beam was led to a thin plate of tungsten. Within the metal, some electrons will interact with the nucleus of tungsten, be deected and emit a photon via bremsstrahlung. If the photon has enough energy and interacts with another nucleus, it might annihilate into an electron-positron pair. As the tungsten sheet is thin enough, some of those positrons go out of the matter, and a magnetic eld is used to separate electrons and positrons and create the positrons' beam.

. Accelerating section

Most of the accelerators use a device to increase the particles' energy, hence its momentum. An electric eld parallel to the beam propagation axis is used for that purpose. For continuous beams, a constant electric eld must be used. The simplest device is two charged plates with a hole to let the beam pass. The potential dierence V between the two plates will increase the energy of the beam by qV if q is the particles' charge. To increase further the energy gain of electrostatic accelerators, two main types of electrostatic' generators are used [START_REF] Hinterberger | Electrostatic accelerators[END_REF] :

• Van der Graa generator: A belt mechanically brings charges from the ground to an isolated electrode to generate a high voltage between the ground and the electrode (see Fig. 1.6a)

• Cockcroft-Walton generator: A voltage multiplier using capacitors and diodes to pass from low electrical power source to high voltage (see Fig. The high voltage is limited to a few mega-volts by the insulation breakdown which create electrical arc. Some alternatives allow to increase the energy gain like the use of highly charged particles or tandem accelerators -two top-to-tail Van de Graa with beam polarity inversion system between them -but the voltage limitation always restricts the energy gain at the end.

Nevertheless, it is possible to go over this limitation using a radio-frequency (RF) electric eld. In the case of pulsed voltage between plates under vacuum, the breakdown process has an initiating time t proportional to maximum voltage squared V 2 [11], hence if the electric eld variations are fast enough, the breakdown cannot establish itself. It is the principle of RF cavities.

RF cavities are metallic -often copper -devices such that an RF electromagnetic eld can be established within it with the electric component co-linear to the particle's trajectory as shown Fig. 1.7. The goal is to send the beam at the right time so that the electric eld accelerates the particles. When several cavities are one after the other, the phase dierence between two successive cavities must equal the time needed for the particles to pass from one cavity to the next. If the particles are relativistic, this time can be considered constant as the particles' velocity does not increase so much. Still, for non-relativistic particles, the speed of particles must be taken into account, which may lead to the use of several cavity sizes. On ThomX (see section 2), as the gun delivers a 5 MeV electron beam, the accelerating section can be composed of several identical cavities. During the ll-up of the section of the RF gun, the imperfections or impurities on the cavities' wall may drastically increase the electric eld locally. It explains why before using the RF cavity at nominal power, one must commission it with a slow increase of the RF power until the rst breakdown. As this breakdown is just above the limits -thanks to the slow power increase -the risk of damage is small. Still, the sparks might burn the impurities or erase the imperfection and allow to increase furthermore the power in the cavity. By repeating this back and forth process slowly, one can achieve nominal power with few breakdowns.

The use of RF cavities implies using a pulsed beam and controlling the arrival time of the particles as the electric eld is decelerating half of the time but allows the creation of very high accelerating gradients. Moreover, one may use as many successive cavities as wanted which theoretically permits to increase the energy gain to innity. To reduce the energy losses, one may use superconducting RF cavities. The RF power may be provided by a klystron or solid state RF power amplier and transported using waveguides.

Other accelerating systems exist like the cyclotron (see Fig. 1.8) composed of two half-circles lled with a magnetic eld and separated by an alternative electric potential. A source creates charged particles at the centre of the electric gap, where they start their acceleration. Once in the magnetic eld, the particles' trajectory is deected. The particles return to the electric region that has used the propagation time to change its polarity. Again the particles are accelerated, then travel in the magnetic eld along an arc of a circle with a larger radius -as particles have higher momentum -and return to the accelerating gap. After several turns, the particles
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.8: Sketch of the behaviour of a cyclotron during electron acceleration. From left to right and top to bottom: electron injection, first rotation in the magnetic field, first beam acceleration, rotation with larger radius as particles have higher momentum, new acceleration, ..., beam extraction.

will have the energy that leads them to an extracting pipe. Those devices are compact and robust which is perfect for medical purposes -like proton therapyto reduce failure time and space requirements.

. Transport lines

Once a beam is created, it must be led from the source to places of interest.

To avoid interaction with gas -which induces particle losses -the beam will travel within a vacuum chamber with typical pressure as low as 10 -10 mbar. Along this pipe, several pieces of equipment may be added.

To curve the beam trajectory, one usually uses a magnetic eld provided either by a permanent magnet or an electromagnet -classical or superconducting -with a magnetic eld perpendicular to the rotation plane. The remaining part of the accelerator is composed of straight lines where there is diagnostics to characterise the beam properties, steerers to correct the particles' trajectories, quadrupoles to focalise/defocalise the beam and every other equipment needed like vacuum pump, vacuum gauge, cooling system...

The main hardware systems of transport lines are describe in section 1.2.5.

. Rings

Rings -or circular accelerators -are structures composed of elements similar to those found in transfer lines (TL) but the whole structure loops on itself. Dipoles are essential for that purpose as the beam should turn of 360°each turn. The quadrupoles, sextupoles and other multipoles are often found too to control the beam properties during rotations. Non-destructive diagnostics are privileged to permit beam characterisation without beam perturbation. To correct beam trajectory, some feedback systems can use diagnostics and simulations to compute the strength needed in the steerers. A more detail description of those hardware systems is provide in section 1.2.5.

In rings, to my knowledge, there is at least one accelerating cavity. It can be use for two purpose.

First, the storage ring uses the cavity to compensate the energy loss of particles.

The energy loss can have dierent origins, and for electrons or positrons the main one is the synchrotron radiation. Because of the RF structure, the energy gain for particles at the head and tail of the beam would not be the same. For particles ahead of the beam the energy gain must be slightly higher to increase their energy as well as their radius of curvature -hence travelling length -into dipoles which will increase their propagation time for next turns and lead them to the tail of the beam. Inversely, tail's particles have lower energy gain, which means lower travelling length into dipoles, hence they achieve a turn quicker and go ahead of the beam.

Second, booster ring uses the cavity to increase the energy of the particles. At the same time, one must increase the strength of the magnetic element to keep particles on the same path, else because of Eq. (1.1), the particles will travel in larger and larger orbits that may lead to beam loss. Those boosters are commonly used to reach very high-energy beams.

. Accelerator hardware

Description of the main hardware systems of transport line and ring.

Magnetic element 1.2.5.1.1 Dipole

Dipoles -or bending magnets -are magnets used to bend the beam's trajectory. A magnetic eld perpendicular to the rotation plane is used for that purpose. To generate it, one may use two coils through which an electric current ows, as seen on Fig. 1.9. The iron core channels the magnetic eld to avoid parasitic elds outside the dipole. Some permanent magnets could also be used, but electromagnets allow changing the magnetic eld easily.

In rst approximation, one can consider the trajectory outside of dipoles straight and inside them curved such that the radius of curvature ρ follow the Eq. (1.1) with B the magnetic strength, p the particle momentum and q its charge. As reaching a very high magnetic eld (above several Tesla) can be complicated, to be able to increase the particles' energy -hence momentum -one must use a higher radius of curvature, which means a larger accelerator. This explains why some facilities like the Large Hadron Collider (LHC) at CERN are so large. 

Sextupole

Sextupoles are elements similar to quadrupoles but with six poles, as shown in Fig. 1.12. Like higher multipoles -octupoles, ... -sextupoles are used to compensate for some non-linearities. For instance, a sextupoles can be used to suppress the coupling between both transverse planes. These elements can be found in TL but are more often used in rings where a very small non-linearity can lead to a signicant eect because of the accumulation of turns.

Steerer

The steerers -or correctors -are either electric or magnetic elements used to deect the beam slightly. For relativistic particles, the choice of magnetic steerers is often made as the ratio between magnetic and electric force can be expressed as

F B F E = q vB qE = v ≈ c B
E which mean that a 1 T electromagnet have the same impact than a MV plan capacitor with a gap of a few centimetres. Contrary to dipoles, magnetic steerers are only used to correct the beam trajectory regarding the ideal one -often the centre of the beam pipe -but is not meant to bend this ideal trajectory. Moreover, steerers are often used in both planes at the same time. This may be done with a device like the one on Fig. 1.13. 
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Diagnostics

Many diagnostics exist depending on the properties one wants to measure and on the particle type. Some common diagnostics are presented in the following section.

Scintillator screen

A scintillator screen is a material that will emit light when a beam passes through it. Many materials and physical principles can be used. The light can come from an energy deposition in the matter and then deexcitation of the atoms with a photon emission as for Yttrium aluminium garnet (YAG) crystals [START_REF] Kube | Prole measurements with scintillators: Requirements and application at accelerator, join ARIES-ADA Workshop[END_REF]. The optical transition radiation (OTR) screen emits light by the OTR eect [START_REF] Wartski | Detection of optical transition radiation and its application to beam diagnostics[END_REF], which corresponds to an emission of light from charged particles travelling in an inhomogeneous medium. Both eects can be used to identify the shape of the beam or its position. The longitudinal length of the beam can be measured using a phenomenon that emits light when and only when there is a beam. The Cherenkov radiation is one of such physical principles. It correspond to an emission of light by particles travelling in a medium faster than light in this medium. A streak camera can be used for very short beam to measure the longitudinal length of the light emission.

For electrons, the synchrotron radiation can also be used similarly. 

Beam position monitor

x = k x × V A -V C V A + V C (1.2) y = k y × V B -V D V B + V D (1.3)
With k x and k y some calibration factors, and V i the potential read on the electrode i . A current proportional to the beam charge is induced in the coil when the beam passes through it. The calibration factor can be tabulated beforehand, and ICT gives a non-destructive measure of the beam charge.

Integrating current transformer

Faraday cup Another charge diagnostics is the Faraday Cup (FC).

This destructive device is often made of a grounded piece of conductor -often copper or graphite -aimed to stop the beam and recover all the charges. One can directly measure the beam charge by measuring the charge ux from the FC to the ground. This measure may be very precise as no calibration is needed, but for that purpose, special care for the device design must prevail over the loss of beam charge or secondary particles induced by the collision of the beam particles on the conductor. An example of FC with a magnet to avoid charge losses is shown in Fig. 1.17.
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.17: Sketch of a Faraday cup adapted from [START_REF] Bazzano | Isotopic analysis of environmental samples using inductively coupled plasma mass spectrometry[END_REF]. The measure of the current flux is made by measuring a voltage at the terminal of some known resistor.

. Applications of accelerators

Many methods exist to create a beam, accelerate it and control it, and so are their use.

If one considers cathodic tubes as small accelerators, it was used to discover the electron, to measure alternative current in analogical oscilloscopes, and even in old televisions when they were deeper than wider. But even without considering cathodic tubes, the usefulness of particle beams is countless.

From fundamental experiments -to understanding the innitely small and physics laws -to medicine or even art conservation, examples of applications of accelerators are presented in the following sections.

Large Hadron Collider

One of the most famous accelerators in the world is the Large Hadron Collider (LHC). LHC is -today -the accelerator of all superlatives. The longest -27 km of circumference -, the most energetic per nucleon -7 TeV per proton -, the most complex -two Linacs, 7 booster rings, 1232 dipoles cooled down to less than 2 K for the main ring, 4 main experiments (Alice, Atlas, CMS and LHCb), ... -the most prolic -60 TB of data generated per second (only a few is saved but they must be well selected) -, etc. [START_REF] Morange | Analyse de données[END_REF] Its principle is to circulate two beams -often protons but sometimes heavier ions like lead -in 2 dierent pipes in opposite directions and, at some point, let them collide. During this process, beams will interpenetrate, and potentially some parts of the nucleus will interact with others. Lots of energy may be released at this instant, allowing heavy particles like Z bosons, quarks, gluons, muons or even Higgs bosons to appear. Around the interaction point, giant detectors of several tons allow one to recover all information about particles passing through them which permits the reconstruction of what happened during the interaction.

Among other things, this machine has permitted the discovery of the Higgs boson in 2012 [START_REF] Collaboration | Observation of a new particle in the search for the standard model higgs boson with the atlas detector at the lhc[END_REF], the last missing piece of the standard model of particles. An upgrade of the accelerator -named HL-LHC for High Luminosity LHC -aim to increase the luminosity -hence the number of events per second -to continue the studies of the Higgs' properties and try to nd new physics like supersymmetry or string theory to understand the slight dierences between standard model's predictions and measurements.

Another project -FCC-ee for Future Circular Collider of electron-positronplans to switch back from hadron to electron-positron collider -as was the LEP, the LHC ancestor -and continue heavy particles studies.The energy may be adapted depending on the desired studies. For instance, 120 GeV allows studying the pair Z-Higgs boson creation, while a 175 GeV or 182.5 GeV beam permits creation of t t pairs [START_REF] Abada | Fcc-ee: The lepton collider[END_REF]. Using elementary particles and not composed ones allows for a more precise measurement of particle properties as the primal interaction is less complex to reconstruct. Research for new particles, dark matter and other actual mysteries of the known physics is also on topic.

Those domains of physics are also studied with other less energetic accelerators all around the world, like at Caen (France), Frascati (Italia), Chicago (USA), Stanford (USA) or Tsukuba (Japan).

Accelerators for medicine

Another application of accelerators is to treat cancer. The goal is to damage tumour cells without killing healthy ones. Accelerators are used to deliver a certain energy to "burn" the tumour. This dose delivered to the inner part of the tumour is high enough to kill them, but to protect the normal cell, the borders of the tumour are often just damaged. As a unique tumour cell may multiply enough to regenerate the whole tumour, several sessions of irradiation must be performed.

Hopefully, normal cells heal quicker than tumour ones; hence, if one chooses the correct delay between two sessions, the damage to the tumour tissue increases while healthy ones heal each time.

Several ways to provide energy deposition can be used. It can be done using X-rays -radiotherapy or K-edge cancer therapy (see section 1.3.2.3) -or particles like proton, neutron or heavier positive ions. All of these methods use accelerators.

Proton and ion therapy directly use accelerated particles, neutrons can be provided by proton beam colliding onto a target, and X-rays are commonly generated by the bremsstrahlung eect (see section 1.3.1.1.1) using energetic electrons colliding onto a target.

An X-ray beam may be used for supercial cancer as energy deposition in the matter is maximum after some centimetre and then decrease. Still, one can see on Fig. 1.18 that after 30 cm a quarter of the maximal energy is always deposited, which can be too much for fragile tissue. Such a method is too dangerous for tumours around the spinal cord, eyes or brain. Luckily, the Bragg peak of proton energy deposition in the matter can be used to palliate this issue. When a mono-energetic proton beam enters a medium, it will deposit energy following the red curve on Fig. 1.18. In the beginning, only a small amount of energy is deposited. The beam is stopped at the Bragg peak, depositing all its remaining energy, and almost no energy is deposited beyond.

For a large-scale tumour, one may modify the Bragg peaks -like for the blue curve of Fig. 1.18 -either by increasing the beam energy spread, delivering several proton beams at dierent energy or using several identical beams but adding some absorber between the accelerator and the body to decrease the depth of the Bragg peak articially.

For medical purposes, other kinds of accelerators can be found, like accelerators aimed at generating radioisotope for therapeutic goals or health diagnostic but also X-rays generators for radiography, for instance.

New AGLAE

Not only do humans need to have health checks at some point, but works of art need it too. Dierent methods exist to do so using an accelerator. It explains Figure 1.18: Plot of energy deposition within a body for X-photon beam (pink) 250 MeV proton beam (red) and 250 MeV proton beam with high energy spread (blue) [START_REF] Miller | Wikipedia : Braggpeak.png, the dose produced by a native and by a modied proton beam in passing through tissue, compared to the absorption of a photon or X-ray beam[END_REF]. why a museum like the Louvre has in its underground an accelerator named New AGLAE [START_REF]New aglae : le nouveau accélérateur grand louvre d'analyse Élémentaire[END_REF] for "Accélérateur Grand Louvre d'Analyses Elémentaires". This machine is a proton or alpha particles accelerator that provides beams of 4 and 6 MeV respectively. The beam goes out of the accelerator, passes through the air and then impinges on the piece of art under study. Several detectors around the target will detect secondary particles emitted after the beam's interaction with the object. From the signal recorded, one may nd the atomic constitution of the masterpiece even for trace elements.

X-rays may also be used to probe the interior of sculptures. Nowadays, synchrotron accelerators are the most potent X-ray generators (see section 1.3.1.2.1), but other generators could be used.

. X-rays

X-rays correspond to high energy photons in the range of 10 nm -0.1 keV -to 5 pm -1 × 10 2 keV -as shown in Fig. 1.19. The photon wavelength is in the range of the size of atoms, hence X-ray can be used to scan the atoms' or molecules' structures. Moreover, as rst noticed by Wilhelm Röntgen when he discovered Xrays, they can pass through matter and expose photographic plates, which permits radiography. 

. X-ray sources

Several methods can be used to generate X-rays. Some of them are presented in the following sections.

X-rays tube

X-ray tubes are devices similar to Crookes' tubes section 1.1 where some electrons are extracted from a cathode, accelerated by a high voltage and sent to a plate.

Within the plate, the bremsstrahlung eect creates the X-rays.

Bremsstrahlung effect

Bremsstrahlung can be translated as deceleration radiation. When an electron beam enters matter -like the anode of the Crookes tube -the velocity of a few electrons is aected by the electric eld of the nucleus, which induces electron deceleration and photon emission. The closer the electron is to the nucleus, the higher the photon energy. This phenomenon leads to emission of a continuous spectrum as seen on Fig. 1.20. On the image, the two largest peaks above the continuous spectrum correspond to the rhodium's K lines. They are located at the energy needed to extract inner electrons from the atom. rotating anodes such that the energy is not deposited at only one place but all along a circle. Even so, the yield of X-ray sources is limited.

Example of X-rays tube

Synchrotron radiation sources

A synchrotron accelerator is an electron storage ring using synchrotron radiation to generate light.

Synchrotron effect

Synchrotron radiation occurs when a charged particle's trajectory is not uniform, like during rotations into a magnetic eld (see Fig. 1.21). In that case, the light is emitted with energy proportional to the fourth power of the Lorentz factor (γ 4 ). This power four on the Lorentz factor and the fact that γ is inversely proportional to the rest mass of the particle explain why electrons and positrons are most subject to synchrotron radiation. It permits the creation of synchrotron accelerators, but also may become a nightmare in the electrons or positrons storage ring of very high energy accelerators as energy loss can be huge. France. This facility is a 3 GeV electron accelerator composed of a Linac, a booster and a storage ring as shown on Fig. 1.22. In normal operations, the storage ring often works in a top-up mode where some bunch -from one to 416 -travels in the storage ring, and at regular time intervals the Linac and the booster quickly start to replace the lost electrons. This method allows keeping a nearly constant current, which means a constant light power delivered at each light line.

Example of synchrotron accelerator

To increase the range of possible light emission, not only dipoles are used, but also some other devices named undulator and wiggler. Both use a succession of magnets to force the bunch trajectory to undulate and permit the generation of light with characteristics depending on the geometrical structure of the device.

Undulator has the particularity to create coherent light with countless uses.

Synchrotron radiation sources may be used to do fundamental and applied research. The techniques used involve tomography, spectroscopy, the study of proteins, viruses, cell chemistry in action, etc.

Compact Compton sources

Compact Compton Sources (CCS) are X-ray sources using the Compton backscattering eect. The main goal is to create intense, cheap and compact sources that can be installed in laboratories, museums or hospitals.

Several experiments of Compton backscattering eect have been made with success all around the world. For example, in the gamma range there is a source at NewSUBARU in Japan [START_REF] Miyamoto | Laser compton back-scattering gamma-ray beamline on newsubaru[END_REF] and the HIGS facility at Duke in the US [START_REF] Sun | Characterizations and diagnostics of compton light source[END_REF], while in the X-ray range, there is the Munich Compact Light Source (MuCLS) build by Lyncean Technologies [START_REF]Munich compact light source web site[END_REF] that have obtained light.

Compton backscattering effect

The Compton BackScattering eect (CBS) refers to a momentum transfer from an electron to a photon coming backwards regarding to the electron trajectory.

The photon-electron scattering eect was rst encountered with small energy photons scattered on a free electron. In this case -studied and explained by Joseph John Thomson -the energy lost by the photon during the scattering is null or negligible, and the process is considered elastic scattering. This phenomenon is named Thomson scattering.

The Compton scattering is a generalisation of this eect where one may consider whether a high energy photon is scattered on a bound electron or not. In most cases, the Compton scattering is an inelastic eect as the photon energy decreases.

The inverse process where a low-energy photon is scattered on a high-energy electron -which increases the photon energy and decreases the electron one -is named the inverse Compton scattering or Compton backscattering (CBS). CBS is the most ecient photon energy amplier [START_REF] Variola | Thomx -technical design report[END_REF].

On ThomX (see section 2), with a 50 MeV electron beam and a 1.2 eV photon beam, the maximum energy of the photon created by CBS is 46 keV which actually corresponds to hard X-rays. Currently, the most advance industrial project in the X-ray range is the Munich Compact Light Source (MuCLS) [START_REF]Munich compact light source web site[END_REF] which is a CCS developed by Lyncean Technologies, Inc. [START_REF]Lyncean compact light source web site[END_REF]. An example of measurement obtained by this machine is presented in section 1.3. 

Comparison of X-rays sources

X-ray sources can be compared using their brightness. This observable corresponds to the number of photons per second -hence ux -divided by the x beam size, the x beam divergence, and the bandwidth at a level of 10 -3 of the maximum amplitude -denoted to 0.1%BW. Hence the units of the brightness B is photon/s/mm 2 /mrad 2 /0 1%BW.

On the Fig. 1.24 one may see that rotating X-tubes are limited to a brightness of 10 10 ph/s/mm 2 /mrad 2 /0 1%BW. ThomX expects to deliver around 5 × 10 11 ph/s/mm 2 /mrad 2 /0 1%BW, and synchrotron facilities may achieve 5 × 10 15 ph/s/mm 2 /mrad 2 /0 1%BW in the 45 keV range. Some superconducting RF gun's CCS plan to deliver up to 1 × 10 15 ph/s/mm 2 /mrad 2 /0 1%BW which is equivalent to synchrotron accelerators. According to those values, synchrotron accelerators are far brighter than ThomX, itself brighter than x tubes, but several other parameters must be investigated. Figure 1.24: Brightness -hence performances -of different X-rays sources against the photon energy, adapted from [START_REF]Potential of compact compton sources in the medical eld[END_REF]. The CCS region corresponds to Compact Compton Sources while grey and green ellipse correspond to X-ray tubes and synchrotron accelerators range. FEL mean free electron laser. Vertical lines in the X-ray range correspond, from left to right, to sources using copper, molybdenum and tungsten targets.

For instance, the radio-frequency accelerating structure in both synchrotron and Thomx imposes the X beam to be pulsed -at 17 MHz for ThomX -while the tubes may deliver a continuous beam that might be needed for some experiment.

Inversely, tubes cannot deliver quasi-monochromatic light with very high ux while both other sources can. Furthermore, the complexity of the device must be considered. An X-ray tube needs only a high voltage function, while an accelerator like SOLEIL is a complex machine with a Linac, a booster, a storage ring and dozens of light's lines. ThomX is between them, a complex structure but small enough to be replicated in museums, hospitals or laboratories. 

Nuclear safety requirements

Small

Huge Medium

The Tab. 1.1 sums up dierences in these three kinds of sources. This table

shows that those three sources have their own advantages and drawbacks.

To summarise, CCS and synchrotron radiation sources are complementary, and both allow several kinds of measurements impossible with X-ray tubes. Moreover, the large beam size of ThomX permits saving time during analyses of large objects such as a complete masterpiece, liver or dinosaurs' eggs. In this last case, ThomX can detect embryos in the eggs by tomography. If a more precise analysis is needed, ThomX primary results can be used to draw a short list of interesting pieces for synchrotron radiation sources experiments. For patients hardly movable or requiring a specic medical environment, ThomX replica may be installed directly in hospitals.

. Usage of X-rays

Applications of X-rays are plentiful, from simple radiography to studies of proteins evolving during biological's processes. Four applications of X-ray available on ThomX -among others -are presented here.

Tomography

A few months after one of the rst pieces of evidence of X-rays generated by Crookes tube, the rst radiography ever made was realised by Wilhelm Röntgen.

Since then, radiography has been shown to be an ecient way to "see-through" opaque matter such as skin, muscles, and clothes, but also concrete or metal with a strong enough X-ray beam.

But radiography is a 2D projection of a 3D object. If one sees a hole at the centre of an object's radiography, he cannot know if it is a small vacuum hole close to the front, the back or at the centre of it, or even a longer hole with density close to the object. By taking a second radiography after a rotation of 90°of the object, one may discriminate all those cases for simple shapes. The goal of the tomography is precisely that, doing radiography under dierent angles to reconstruct the inner 3D structure of an object by concatenating all those projections.

An example of tomography using CBS is shown Fig. 1.25. This experiment has been made at Tsinghua University (China) with a laser-plasma accelerator denoted as all-optical inverse Compton scattering source (AOCS) [START_REF] Ma | Region-of-interest micro-focus computed tomography based on an all-optical inverse compton scattering source[END_REF]. 

X-ray fluorescence

When a target is illuminated by energetic photons -like X-rays -some atoms may be ionised by expulsing one of their inner electrons. As one of the electronic orbits is empty, electrons from a higher orbit will complete it. Light is emitted at a specic wavelength -usually in the X-ray range -characteristics of the target's element and the vacant orbit. By identication of the peaks on a spectrum of emitted light, it is possible to nd the composition of the target's atoms even for trace elements on a small sample.

This eect is behind the larges peaks often seen on the spectrum of X-ray tubes like the one of Fig. 1.20.

K-edge cancer therapy

X-rays may be used in the health domain as in radiotherapy (see section 1.2.6.2).

This method has long since proven its eectiveness, but the risk of killing healthy cells becomes too high in the case of fragmented tumours or fragile tissues. The K-edge cancer therapy [START_REF] Variola | Thomx -technical design report[END_REF] may be used to reduce the ratio of energy deposition in tumours cell over energy deposition in the normal tissue.

For that purpose, doctors can inject one heavy element -like gadolinium or iodine -into the tumour and irradiate it using a monochromatic X-ray beam. If the energy of the X-rays is just above the binding energy of the innermost electron shell -known as the K-shell -of the injected element, photons absorption is more likely to happen. As there is more photon absorption, the energy deposition inside the tumour is higher than outside. Hence the dose delivered to the tumour cells is higher than the dose delivered to the healthy cells.

Tumour tissues are more vascularised than normal cells as they need more resources; hence the elements may be introduced through sanguine circulation to simplify the delivery, but direct injection may also be considered.

Edge-enhancement radiography

Another possible application of X-ray is edge-enhancement radiography. This method aims to enhance the edge contrast of radiography and improve its sharpness by using phase contrast. Radiography are very ecient in discriminating between two media with large density dierences like bones and muscle. Still, when the density is close, as it is between organs, the edge can be hard to visualise. Nevertheless, the medium dierences impact the phase of the X-rays. If the coherence of X-rays is good enough at the source, this phase contrast can be measured and permits better edge reconstruction.

This technique has been tested on the Munich Compact Light Source (MuCLS) [START_REF] Gradl | Propagation-based phase-contrast x-ray imaging at a compact light source[END_REF] with success. The comparison between conventional radiography (left) and The contrast in all three regions of interest is increased by increasing the detector-sample distance to the edge-enhancement regime. A) and B) shows the nasal airways imaged with a detector pixel size of 0.65 µm and exposure time of 180 s. In B) the sample-detector distance is increased to 30 cm. In panels C) and D) the trachea region with a detector pixel size of 6.5 µm and exposure time of 1 s is shown. The sample-detector distance is 1.5 m in D). The blue arrows highlight the edges of the trachea. The lungs are displayed in E) and F) with a detector pixel size of 13 µm and exposure time of 1 s. The sample-detector distance is increased to 1.6 m in F) and is less than 2 cm for A), C) and E) [START_REF] Gradl | Propagation-based phase-contrast x-ray imaging at a compact light source[END_REF].

. Conclusion

Since their discovery, X-rays and electrons have been linked by the accelerators.

Nowadays, the most common X-rays generators are X-ray tubes based on the same principle that allowed their discovery, while the most potent sources are synchrotron accelerators. A new kind of device -complementary to synchrotron -begins to appear: compact X-rays sources based on Compton's backscattering eect. ThomX (see section 2) in one prototype of those Compact Compton Sources. [START_REF] Variola | Thomx -technical design report[END_REF] or some internal notes. ThomX is composed of many elements that may be summarised in 7 main parts highlighted in Fig. 2.2 and summarised here :

Contents

• Photo-injector

• Accelerating section During the 5 ps illumination, the laser produces many free electrons -called photo-electrons -ready to go away. To start the acceleration of those photoelectrons and extract them from the source, the PC is inside two and a half copper radio frequency (RF) cells. The RF electric eld is created by a klystron and delivered through a waveguide to the cavity around the PC. The RF power allows the beam's extraction from the PC with an energy up to 5 MeV. Even without the laser, electrons are extracted by the RF due to the Schottky eect, creating a dark current.

• Transfer line • Ring • Optical cavity • X-ray line
A summary of the properties of the electron source, named electron gun or simply gun, is given in Tab. 2.2. 

Repetition rate 50 Hz

A small transfer line with several diagnostics can be found just after the gun to characterise the beam. Those elements are described in section 2.2 with the other electron diagnostics of the machine.

. Accelerating section

The last component of the linac is an accelerating section of type "LIL" (LEP Injector Linac) [START_REF] Madsen | Lep injector linac[END_REF] as shown Fig. 2.4. Its characteristics are summarised in Tab. 2.3. As for the RF gun, the section uses RF power delivered by the klystron to ll the cavities with electromagnetic power. The cavity is shaped to maximise the electric eld along the beam trajectory. The cavities are grouped in a 4.5-meter-long section in which the RF power travels. The electric eld on two by-side cavities is not in phase, but the time needed to go from one cavity to the next equals the phase dierence. Hence if the beam enters the rst cavity when the electric eld is optimum, it will also be true for all following cavities. In summary, if the synchronisation is well done, the beam always fell an optimal accelerating eld and may be accelerated with a higher electric gradient than those provided by a static eld limited by discharge risk. 

. Transfer line

The transfer line (TL) -depicted in orange on Fig. 2.2 -starts at the exit of the accelerating section and is separated into two paths some meters after.

The straight path leads directly to a beam dump used to stop the beam properly during linac commissioning and machine restart. Three quadrupoles after the section are used to focalise the beam.

One 45°dipole provides the separation. Electrons go straight to the beam dump if it is o, and are deected otherwise. A second identical dipole just after permits a 90°rotation according to the linac. The dipoles will disperse the beam according to its energy to analyse the energy dispersion. Two metal plates can be mechanically inserted by the side of the beam to cut o o-energy particles. Two other dipoles will recombine the beam and correct the dispersion given by the rst pair.

Eventually, the TL ends with a new dipole -named injection dipole -that creates a new fork allowing to go either to the left in the ring or in a straight line to the extraction line and bypass the ring. The bypass will be used to study the beam before the injection in the ring to ensure better matching and avoid beam losses.

. Ring

The ThomX ring -depicted in cyan on Fig. 2.2 -is a very small ring of only 18 m. It is used to store one electron bunch for roughly 350 000 turns. There is 8

dipoles of 45°to permit complete turn, 24 quadrupoles to shapes the beam and focalises it at the interaction point, 12 sextupoles to control the beam dispersion, and a 500 MHz RF cavity to recovered the energy lost on each turn.

All those elements may have tiny error of position or electromagnetic eld that can impact the beam. Because of the number of turns, those error can add up to each other and create an enormous error that may lead to loss of the bunch and sometimes to material damage. To avoid that, the tune of the ring is chosen to be irrational. The tune is a value corresponding to the number of turns needed for a particle to coming back to the same position in the phase space (u,u'). If this number is irrational, one particles is never at the exact same place in the phase space inside a given element which avoid to have the exact same error each N turns. For ThomX ring, the tune is around 3.17 in the horizontal plane and 1.74 in the vertical.

A bunch orbit feedback system exit in the ring. It uses the bunch position measured by the beam position monitor (BPM) and correct it using extra electrodes of some the BPMs (see section 2.2.1).

The last but not the least part of the ring is the injection/extraction devices.

It's composed of 3 elements, the septum, the injection kicker and the extraction kicker. Let's concentrate on the injection process rst. The electron beam from the TL is deviated by the injection dipole and enters one of the septum's two cavities. In this cavity, a magnetic eld corrects the beam trajectory such that the beam is at the centre of the ring's pipe in the injection kicker nearly 1.5 m after.

The kicker is a fast magnetic dipole that will nish the trajectory correction by giving a small kick to the beam. If the injection is done correctly, the beam will continue in the ring, passing the eight 45°dipoles of the ring, travel in the second cavity of the septum where there is no magnetic eld and come back in the kicker.

The bunch is stored if after a certain number of turns the bunch pass the kicker in the same conguration; hence if periodic conditions are obtained.

One may think that only one kicker at the septum localisation may be enough to deect the beam into the right direction but the magnetic eld needed for such a deection is so strong that the time to pass from the nominal eld to 0 is much larger than the 60 ns needed for the beam to achieve the rst ring turn. In this case, the remanent eld after one turn would lead to beam loss, whereas with the septum/kicker method, the septum has time to go back to zero because the beam passes through the eld-free cavity. The magnetic eld in the kicker is small enough to have a falling time of 50 ns, smaller than the revolution time of the bunch.

For the extraction, the bunch is deected by the extraction's kicker -symmetric to the injection one according to the septum -and everything appends oppositely.

The bunch is deected and goes into the septum's rst cavity, where a magnetic eld leads it to the extraction line.

Previous simulations of the bunch propagation into the ring have been made by Illya Drebot [START_REF] Drebot | Electron beam dynamics with and without Compton back scattering[END_REF] and Alexis Gamelin [START_REF] Gamelin | Collective eects in a transient microbunching regime and ion cloud mitigation in ThomX[END_REF].

The extraction is planned to occur after 20 ms. This time is shorter than the damping time -0.5 s [START_REF] Drebot | Electron beam dynamics with and without Compton back scattering[END_REF] at least -of the beam in the ring. Hence, the beam is always in an undamped mode in the ring and cannot use the stability implied by the damping. A well-matched injection helps minimise the bunch oscillations. Some injection simulations have been made and are presented in section 3.2.3. Some of the ring's and bunch's characteristics are presented in Tab. 2.4. Even if using a ring -and not only a linear section -is adding lots of complexity -and even more with a so small ring and short storage time -the choice has been made to have one on ThomX to increase the beam interaction's frequency, hence the X-rays ux.

. Optical cavity

Thanks to the ring's revolution frequency, the CBS interaction occurs each 60 ns. Still, if only a few X-ray photons were created each time, the emitted ux would be negligible. To increase the number of photons generated at each interaction, the electrons' bunch and photons' beam are focused at the Interaction Point (IP). The photon density is also increased thanks to a Fabry-Perrot cavity (FP) that stores the laser. IP and FP are depicted in yellow and grey on Fig. 2.2.

The simplest FP cavity possible is two mirrors facing each other with one that possibly lets enter some photons. First, one has to deliver a rst laser pulse into the cavity. The beam will go to the second mirror and come back. When the rst beam is at the mirror location, one may add up a second laser pulse and then a third, a fourth, a fth, etc. This method permits storing a photon beam and increases its power until the power losses during one turn equal the injection power.

The Optical Cavity (OC) of ThomX is composed of four mirrors that must be precisely positioned and with a high reectivity surface to avoid as much as possible the losses that reduce the amount of power stored, but the principle is similar to the two mirrors case. The quality of such cavities is represented by a parameter named nesse. With a nesse of 30 000, the OC of ThomX is a very high-quality one.

The FP laser used to ll the OC is composed of several stages. The rst is a bre Ti:Sapphire laser that delivers some tenth of mW. The second amplication is done using a bre laser pumped by three diodes. Other stages are used before and after it to stretch and compress the laser pulse temporally which allow the second amplication. The laser's and FP's characteristics are shown on Tab. 2.5. ransverse beam size at IP σ γ = 70 µm OC beam energy 28 mJ

. X-ray line

Once the electron beam is created, shaped and injected into the ring, it encounters the photon beam stored in the FP cavity. Some photons may scatter on electrons and obtain enough energy to become X-ray. Those X-rays photons are emitted backwards, and the more energy they have, the more their trajectory will be closed to the electrons one. In the rst dipole after the IP, the electrons rotate, whereas the X-ray photons continue straight and follow the green line on Fig. 2.2 toward the X-ray line.

The X-ray line is composed of two parts. The rst one in the accelerator bunker (see Fig. 2.5a) is used to characterise the X-ray beam, and the second one in the experimental room (see Fig. 2.5b) allowing to shape and use of the beam. Between them, a X-rays and radiation shutter made of tungsten and lead allowed entering the experimental room without stopping the accelerator. Tungsten is also used in shutters and selected slices to stop completely or partially the X-rays. Some part of the line is under vacuum, and Kapton foils are used for vacuum-air interface as it is transparent for X-rays.

In the rst part of the X-ray line, a uorescent screen and a camera are used to visualise the transverse shape of the beam. This device degrades the beam properties, thus it is used only during beam characterisation. Similarly, a Kapton screen is used too. This foil is transparent for the X-rays except for the few impurities that induce the light emission. This method is not as accurate as a uorescent screen, but the screen can be kept all the time to have a constant record. The wire detector is a second non-destructive diagnostic used to measure horizontal X-ray beam position. This device is made of two vertical metal wires.

Some electrons are kicked out if the beam passes close to the wire, which creates a charge displacement. The closer the X-ray beam, the higher the current. Hence by comparing both currents, one may compute the horizontal beam position. The last element of this rst part of the line is a kind of lens named the transfocator.

It is composed of eight movable pieces of aluminium, allowing either collimation or focalisation of the beam.

The experimental room is composed of a monochromator used to reduce the energy dispersion of X-rays at a few 10 -3 . A retractable slot allows the selection of desired beam part. The sample can be placed on a hexapod. This device allows to move the sample in all direction and permit controlled rotation for tomography.

The monochromator is also on a hexapod to permit the displacement needed for energy selection. Depending on the experiment, several kinds of detectors can be placed around the sample. Both the sample's hexapod and diagnostic support are movable thanks to an air cushion.

. Extraction line

After 20 ms the beam is sent to the extraction line (EL) -depicted in red on Fig. 2.2 -where it can be stopped into the second beam dump. This line is mainly used for the cleanly stop the beam. Still, some diagnostic allows characterising it after ring propagation and permit some comparison -for example, beam chargeto evaluate the beam losses.

. Electron diagnostics

The characterisation of the electron beam is essential on an accelerator and even more on a prototype as no one may be sure of what will happen beforehand -and sometimes even after. Several kinds of diagnostics have been installed on ThomX as seen on Fig. 2.6 to acquire as much information as possible. Below, a general review of them is given, while a more detailed presentation and the commissioning of some of them are shown in section 6. Hence by comparing them, one may nd the beam position.

The BPMs are very common on the accelerator as it is a non-destructive accurate method to measure the beam position. This is why some industrial companies have developed dedicated electronics. ThomX has 5 "Libera Brilliance

+" [START_REF] Leban | Libera Brilliance+[END_REF] (see Fig. The electrode length allows a higher current to be generated, hence a more accurate measurement. Stripline BPMs are better for single pass or low-frequency measurement.

Button BPM

For the ring, other kinds of BPM are used. To avoid overlap of several turns, the electrodes must be short and look like a round button. Thus they are called button BPM (see Fig. 2.9). To avoid noise created by synchrotron radiation, the electrodes are usually two side by side, above and below the beam path.

There is 12 button BPM on the ThomX ring, four of them having four additional electrodes for ion cleaning and feedbacks. Those extra electrodes will be connected to high voltage -at most 200 V -to deect the ions toward the vacuum chamber that else could shield the beam from the magnetic' elements and perturb it. 

. Screen station

The screen stations -denoted as SSTs -are intercepting diagnostics composed of scintillator screens that emit light at the passage of the electron beam. A CCD camera is placed below those screens to visualise the emission. On ThomX, there are 5 SSTs located near the RF gun, at the end of the linac, in the transfer line (twice) and in the extraction line (Fig. 2.6). They are used to visualise the beam and measure its transverse prole but can also be used for energy measurement as reported in section 6.2.1.

To ensure ultra-high vacuum (UHV) inside the beam pipe, screens stations are made of a vacuum vessel with a UHV-compatible actuator on which is the mechanical arm with screens as shown on Fig. 

. Synchrotron light

The Synchrotron radiation (see section 1.3.1.2.1) can be used as a diagnostic.

Adding a window on the pipe tangential to the beam trajectory in a dipole permits the extraction of the synchrotron radiation's photons. Like with the Cherenkov screen, the photon beam is led to the streak camera in the photocathode laser's room to measure its length corresponding to the electron beam duration. This device will permit checking the beam elongation during propagation in the ring.

. Faraday cup

The Faraday Cup (FC) is basically a graphite block encountered on both beam dumps used to stop the beam. The graphite absorbs the electron, and with an Ammeter between the plate and the ground -0 V of the accelerator -one may measure the beam charge, hence the number of electrons.

A simple piece of graphite won't be enough because of secondary electrons kicked out of the plate by incoming electrons. However, with a more complex device, one may recover all particles and accurately and directly measure the beam current.

The method's main drawback -but sometimes advantage -is that the beam has been stopped. This explains its localisation only in the beam dump on ThomX.

A homemade device called WaveCatcher -see section 2.3.3 -is used to measure FC's current.

. Integrating current transformer

Another way to measure the beam's current -hence beam charge -is to have a coil around the beam trajectory. When the beam passes through it, an inductive current is generated proportional to the beam one. With appropriate calibration, one may deduce beam charge from coil current. This device is named Integrative Current Transformer or ICT.

WaveCatchers -see section 2.3.3 -are also used to measure ICT's currents.

. Beam loss monitor

The Beam Loss Monitor (BLM) are optical bre along the beam pipe linked to a photo-detector. When electron losses occur in the accelerator, they generate some secondary electrons in the pipe wall, which can cross it. Suppose those electrons travel through the bre and have enough energy, they will emit some light by Cherenkov radiation -light emitted by particles travelling at speed higher than the speed of light in the medium.

The travel time needed for the light to go to the detector depends on where the losses occur. Hence it is possible to reconstruct the localisation of the losses with this method.

The photo-detector emits a current reading by WaveCatchers -see section 2.3.3.

. Accelerator control

. Synchronisation

Within ThomX, an heterodyne synchronisation is done between the linac 3 GHz HF and the ring 500 MHz RF. Mixing and comparison of those frequencies and their sub harmonics as PC laser oscillator or RF system frequencies, allow generating a unique trigger, which is synchronised with the 50 Hz general power supply. This trigger achieves a pico-second level synchronisation between the linac 3 GHz HF and the ring 500 MHz RF.

This trigger is then split in four 50 Hz sub-harmonic -depending on the needs -each passes to one of the four delay generators. Those generators generate many trigger signals that can be delayed separately according to the main one. Delays are essential to ensure that each system receives its trigger at the right time. For instance, the BPM in the linac and the one in the extraction line could not be trigged simultaneously as there is 20 ms between beam passage into them, but they have a much shorter acquisition time.

A 100 ps jitters is achieved between each trigger and the PC laser pulse.

. Acquisition system and remote control

For all those diagnostics, some data are generated. One has to recover them to allow analysis after hand. It is the meaning -amount others think -of the acquisition system.

Each piece of equipment of ThomX comes with its own electronic and ways to exchange information. For example, two dierent kinds of cameras do not need the same signal to set the exposure time.

To normalise the command used, a layer of software converts the specic language of each piece of equipment into one common language. On ThomX, the choice was made to use the Tango software [START_REF] Abeille | Tango documentation[END_REF] that uses some Device Servers (DS) to do the bridge.

Some other levels can be added over Tango to create convenient interfaces.

One of those levels is the application Jive [START_REF]Jive documentation[END_REF]. It is a Java code that allows one to access every property of each device. All the accelerator could be controlled from its "ATKPanel" -the name of the panel of one specic device. The number of DS and properties require a good understanding and knowledge of the equipment and the ThomX nomenclature.

To eciently operate ThomX, some GUI -Graphical User Interface -has been developed in Python and MatLab. Those interfaces may allow non-experts to do complex tasks by only clicking one button. I have developed several GUI that allow controlling the SST stations, the BPM or even the devices themselves.

For instance, one interface allows one to know the state of the complete machine by exchanging with all devices and summarizing everything into one value. If the value is OK, then everything works. Else there is some devices' error that has to be corrected. The GUI allows nding those devices, may give a usual solution if those are tabulated and provide access to the ATKPanel and server controller to investigate further.

There is also a device server to ensure data measurement synchronisation and avoid comparing data coming from two dierent bunches.

. WaveCatcher

On ThomX, three diagnostics (ICT, FC, BLM) use homemade modules named WaveCatcher [START_REF] Breton | WaveCatcher Family User's Manual[END_REF] (WAC) to measure charges. WAC are 50 Ω voltage samplers with a 12 bits analogical ADC running at a 3.2 GHz sampling frequency with a 1024 points memory depth. There are three WAC modules with eight channels each for measurement. Each WAC module has its own trigger and trigger delay, but the eight channels of a module share the same one. hence, the diagnostics outputs should be dispatched such that all signals are within the 0.32 µs window of its WAC. Each channel have a electrical noise of 0.7 mV eective.

2.4 . X-rays production with ThomX

. Compton Back-Scattering eect

The Compton BackScattering eect (CBS) refers to a momentum transfer from an electron to a photon.

CBS is the most ecient photon energy amplier [START_REF] Variola | Thomx -technical design report[END_REF] with a maximum energy of the scattered photon given by Eq. (2.1).

E C B Smax = 4γ 2 × E i = 4 E e m e c 2 2 × E i (2.

1)

Where E C B Smax is the maximal energy of the photon generated by CBS, γ is the Lorentz factor, E e is the electron's energy, m e is the electron's mass, and E i is the energy of the incoming photon [START_REF] Variola | Thomx -technical design report[END_REF]. This maximal energy corresponds to the photons that are scattered backwards and follow the same trajectories as the electrons (θ = 0 in Fig. 2.12). The closer is the photon trajectory to the electron one, the higher is the photon energy. Hence the CBS emission corresponds -in the direction of electrons -to a cone emission with maximal energy at the centre and an energy diminution as the radius increase, as shown Fig. 2.11.

On ThomX, the electron energy is 50 MeV, and the incoming photon has a wavelength of 1030 nm which means an energy of 1.2 eV. Hence the maximal energy of the photon created by CBS is E C B S = 4× 50 MeV correspond to hard X-rays. A project of potential upgrades for ThomX plans to increase the electron energy to 70 MeV which would allow reaching 90 keV X-ray.

To evaluate -at rst order -the ux of x-photon -N x -produced per second, one can use Eq. (2.2) given in the ThomX TDR [START_REF] Variola | Thomx -technical design report[END_REF].

N x = σ t h N e N γ f cos ϕ 2π σ 2 y,e + σ 2 y,γ (σ 2 x,e + σ 2 x,γ ) cos 2 ϕ + (σ 2 z,e + σ 2 z,γ ) sin 2 ϕ (2.2)
Where N x is the ux of X-ray photon generated per second, σ t h = 6.65 × 10 -29 m 2 is the Thomson cross section, N e (N γ ) is the number of electrons (photons) per beam, f is the electron bunch revolution frequency, ϕ is half the collision angle, σ u,v are respectively the tree dimensional bunch rms sizes -represented by u =

x,y or z -of the electron (v = e) or the laser pulse (v = γ). The nominal values of those parameters are summarised in Tab. 2.6. Transverse RMS photon beam size

σ x,γ , σ y,γ 70 µm
Longitudinal RMS photon bunch size

σ z,γ 10 ps × c X-ray flux N x 3.2 × 10 11 -1.5 × 10 12 ph/s electron incoming photon α = 2°C BS photon θ Figure 2
.12: Schematic of Compton back-scattering collision at the interaction point.

. ThomX challenges

The ThomX project expects to generate a high ux of X-rays. For that purpose, two mains challenge as to be achieved. First, the 18 m long ring needs a highspeed injection system and cannot use the damping eect to stabilise the beam as damping time is larger than storing time. The second main challenge is the high nesse Fabry-Perrot (FP) cavity. To increase the number of photons stored in this device, one has to decrease the loss of photons by using mirrors as reecting as possible. The property used to characterise the photon's lifetime inside the FP cavity is the nesse, and the ThomX FP cavity has a very high nesse (30000).

An estimation of X-ray generated by CBS is given by Eq. (2.2). It gives a ux around 10 12 photon/s but some correction -like electron bunch elongation -must be applied to accurately estimate the X-ray ux.

For instance, studies done by Illya Debrot [START_REF] Drebot | Electron beam dynamics with and without Compton back scattering[END_REF] on early ThomX ring design and parameters show that CBS and intra-beam scattering (IBS) -a collective eect corresponding to the collision of electrons within the bunch -impact the ux of scattered photon. At the extraction -after 20 ms -20 % less scattering occurred as one may see on Fig. 2.13.

Realistic simulation give a ux up to 7.8 × 10 12 photons/s in nominal conditions. The X-ray beam has a considerable divergence. Hence, even if it is emitted from a source of 70 µm, its diameter is around 10 cm in the experimental room which allows keeping illumination of large samples at once. 
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An accelerator is a complex machine that involves many dierent phenomena.

To approach as much as possible the understanding of ThomX before commissioning, the behaviour of the beam has been simulated. This chapter presents the formalism used for particles representation and propagation within an accelerator (section 3.1) and simulations of ThomX done either using MadX (section 3.2) -a code developed by the CERN -or a homemade code (section 3.3) using the linear transfer matrix formalism.

. Generality

. Coordinates

A coordinate system must be created to localise a particle in the accelerator.

A convenient way is to use a frame that follows the beam. Like that particle's positions are always of the order of beam size, even far away from the source. For that purpose, let's consider a mobile Cartesian frame attached to a hypothetical ideal particle -called reference particle -that follows the beam at the reference's speed, hence the particle's velocity at the nominal energy. This ideal particle propagates on the perfect path -an arc of a circle inside a dipole and straight outside them -onto the ideal machine. This perfect path is called -→ s and dened the reference frame shown in Fig. 3.1 such that :

• - → s is the longitudinal axis of the reference frame
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s > 0 : particles ahead of the reference s < 0 : particles behind the reference

• - → x and -→ y are transverses axis of the reference frame -- → x is horizontal, positive to the left when one looks downstream -- → y is vertical, positive to the up direction

• The ideal particles is always at (0,0,0)

• - → z is tangent to s at (0,0,0) Those conventions will be used in this document if nothing else is dened.

-outside dipoles - → z = - →

. Linear transfer matrix calculation

Principle over drift space

Let's assume a classical particle travelling into the (z,y) plane in free space. The particle will follow a linear trajectory as no forces deect it, as Fig. 3.2 shows. By knowing the transverse's particle position y 1 at the beginning and the angle α between the particle's trajectory and the -→ z axis one may compute the position y 2 of the particle after a drift L along -→ z axis. This position is given by the Eq. (3.1):

Y Z X

z 1 y 1 z 2 y 2 L α
y 2 = y 1 + L × tan α (3.1)
For small α, one may linearise this equation by assuming tan α ≈ α. This approximation is called the paraxial approximation and is usually valid at accelerators where most angles are usually of a few mrad at most. As α is constant all along the trajectory, one may also write α 2 = α 1 . Those 2 observations lead to a system of 2 linear equation that may be written using matrix formalism as follow :

y 2 α 2 = 1 L 0 1 × y 1 α 1 (3.2)
The α angle may be linked to the particle property by noticing that :

α ≈ tan α = d y d z = y (3.3) Also : d y d z = d y/d t d z/d t = p y p z (3.4)
And under paraxial approximation, p z >> p y , hence:

p = p 2 y + p 2 z = |p z | × 1 + p 2 y p 2 z ≈ |p z | (3.5)
By combining Eq. (3.3), Eq. (3.4) and Eq. (3.5), with appropriate assumptions, one may write :

α ≈ y ≈ p y p (3.6)
Hence, one has :

y 2 y 2 = 1 L 0 1 × y 1 y 1 (3.7)
This formalism -named linear transfer matrix formalism -is a convenient way to represent propagation into some devices as one only needs to know the initial position and direction of a particle and the transfer matrix of the section after to be able to compute -at the rst order -the position of the particle after the device.

Similar reasoning may be done in the (z,x) plane and leads to similar results As no reason exists for momentum to be modied in free space, one may write the Eq. (3.8):

∆p 2 p = ∆p 1 p (3.8)
For the z equation, special care must be taken with the movement of the reference frame. Let's call Re f 1 (Re f 2 ) the reference frame when the particle is at position 1 [START_REF] Röntgen | On a new kind of rays[END_REF]. By denition of L, one has

z 2 | Re f 1 = z 1 | Re f 1 + L but the equation needed is z 2 | Re f 2 = f (z 1 | Re f 1 )
, hence a change of frame must be done.

If v is the velocity of the referential particle, the change of frame correspond to a shift of -→ z axis by a factor R 1→2 = v × t 1→2 . The time of propagation may be expressed as function of L as, by convention, L = v par t × t 1→2 with v par t the velocity of the particle considered. Hence, the change of frame may be written

z 2 | Re f 2 = z 2 | Re f 1 + L × v v par t By substitution into z 2 | Re f 1 = z 1 | Re f 1 + L one nds the
following equation (Eq. (3.9)) :

z 2 | Re f 2 = z 1 | Re f 1 + L × v par t -v v par t ≈ z 1 | Re f 1 + L × ∆v v (3.9)
The approximation v ≈ v par t comes from the assumption that the particle has a velocity close to the reference one.

One last step needs to be done, convert

∆v v into ∆p p . Let's rst compute d p d v : d p d v = d d v γmv = d d v    mv 1 -v c 2    = γ 2 × p v (3.10)
Hence, by integrating the Eq. (3.10) one nds that :

∆p p = γ 2 × ∆v v (3.

11)

Which leads to the Eq. (3.12) :

z 2 | Re f 2 = z f | Re f 1 + L γ 2 × ∆p p (3.12)
By identication with Eq. (3.12) and Eq. (3.8) one nds the matrix system Eq. (3.13) :

z 2 ∆p 2 p = 1 L/γ 2 0 1 × z 1 ∆p 1 p (3.13)
Eventually, one may summarise the particle behaviour into the full space in one 6 by 6 matrix as follow :

          x 2 x 2 y 2 y 2 z 2 ∆p 2 p           =          1 L 0 0 0 0 0 1 0 0 0 0 0 0 1 L 0 0 0 0 0 1 0 0 0 0 0 0 1 L/γ 2 0 0 0 0 0 1          ×           x 1 x 1 y 1 y 1 z 1 ∆p 1 p           (3.

14)

The zero elements added to complete the matrix denotes the independence of the 3 planes (x, x ), (y, y ) and (z,

∆p 1 p ).
Similar reasoning may be done for other accelerator's elements.

Classical transfer matrix

In generality, the transfer matrix into the 6D phase space may be written as follow :

M =   R xx R x y R xz R y x R y y R y zx R zx R z y R zz   (3.15)
Where R uv is a 2-by-2 transfer matrix in plane (u, v).

As seen above, most elements are null in transfer matrices. In this section, only the non-zero components of the classical accelerator's elements based on Trace3D documentation [START_REF] Crandall | TRACE 3-D documentation (LA11054-MS)[END_REF] are given.

Drift space

Parameters :

• L : the length of the drift

R xx = 1 L 0 1 = R y y (3.16) R zz = 1 L γ 2 0 1 (3. 17 
)
Where γ is the Lorentz factor.

Another kind of elements use the same matrix: Markers. The goal of those element is to compute at some specic location the particles position to allow comparison between simulation and measurement or to impose some physical constraints on the particles. Marker are often used for diagnostics as they do not impact particles in simulations.

If one want to compute the particle properties at the centre of the marker, the drift matrix must be splited in two half ones.

Quadrupoles

Parameters :

• L : the length of the quadrupole

• |k| : the magnetic strength of the quadrupole For positive k :

→ F = cos( k × L) 1 k sin( k × L) -k × sin( k × L) cos( k × L) : matrix in the transverse focusing plane → D = cosh( k × L) 1 k sinh( k × L) k × sinh( k × L) cosh( k × L)
: matrix in the transverse defocusing plane By considering that -1 = i , one may notice that :

D(-k, L) = F (k, L) (3.18)
Hence, with special care on the sign of k -positive k for a focalisation in x plane -, one may write :

R xx = F (k, L) (3.19) R y y = D(k, L) = F (-k, L) (3.20) R zz = 1 L γ 2 0 1 (3.21)

Horizontal bending magnet without edges

Parameters :

• ∆s : the magnetic length of the dipole

• α : the angle of deection

• ρ = ∆s α : the radius of curvature

• n = - ρ B y ∂B y ∂x x=0,y=0
: magnetic eld index

• h = 1 ρ • k x = (1 -n)h 2 • C x = cos(k x * ∆s) • S x = sin(k x * δs) • k y = nh 2
• C y = cos(k y * ∆s)

• S y = sin(k y * ∆s)

R xx = C x S x k x -k x × S x C x (3.22) R y y = C y S y k y -k y × S y C y = 1 ∆s 0 1 (3.23)
Let's suppose that the magnetic eld is uniform along x, hence that

∂B y ∂x = 0 = n
Under this assumption, one may compute

S y k y = lim x→0 sin (x∆s) x
= ∆s. We nd back the matrix R y y of a drift of length ∆s hence the assumption corresponds to ignore the eect of the dipole toward the -→ y axis. 

R zz = 1 -k x ∆sβ 2 +S x ρ 2 k 3 x + ∆s γ 2 (1 -1 ρ 2 k 2 x ) 0 1 (3.24) ϵ 1 < 0 ϵ 2 < 0
R xz = 0 h(1-C x ) k 2 x 0 hS x k x (3.25) R zx = -hS x k x -h(1-C x ) k 2 x 0 0 (3.26)

Bending magnet's edges

Parameters :

• : the edges angle (see Fig. 3.3)

• ρ = ∆s α : the bend's radius of curvature

• Higher orders of corrections (ψ) are neglected.

R xx = 1 0 tan ρ 1 (3.27) R y y = 1 0 -tan ρ 1 (3.28) R xx = 1 0 0 1 (3.29)
The two transverse matrices correspond to the matrix of thin lens. Similar matrices may be found if one assumes a thin quadrupole (L = 0). The sign of will dene the focusing or defocusing eect of the dipole. Positive 1 (for the entrance face) or 2 (for the exit face) corresponds to reducing the external length -opposite to the centre of curvature -of the magnet as shown The focusing eect of negative edges can be shown by hand with the geometrical construction of Fig. 3.4. In this gure, the particles trajectories are straight outside the dipole. Inside them, the trajectory is an arc of a circle of curvature radius ρ -symbolised by the dashed lines -such that curved and straight trajectories are tangential. One may notice that the focal point for the sector bending magnet (up) occurred at the very end of the drawing, while the bending magnet with edges (down) has a focal point much closer. Moreover, one may notice that the three lines do not cross at the same distance in this last case. This eect may induce beam chromaticity and coupling between longitudinal and transverse planes. 

1 ϵ 1 < 0 ϵ 2 < 0

Change of frame

∆p p           x 2 x 2 y 2 y 2 z 2 ∆p 2 p           =           x 1 x 1 y 1 y 1 z 1 ∆p 1 p           +          δx δx δy δy δz δz          (3.30)

Steerer

Parameters :

• δx : Horizontal kick

• δy : Vertical kick A steerer works like a small dipole used to deect particles either vertically, horizontally or in both planes at the same time. Still, the dipole's matrix cannot be used as the reference particle should not be aected by this element to permit eective deection in the transverse positioning of the particles according to the reference frame. In the rst order, one may consider a steerer as an innitely small element that changes the deection angle by an amount δx -horizontally -and δy -vertically -depending on the strength of the steerer. This behaviour corresponds to a change of frame in x and y .

          x 2 x 2 y 2 y 2 z 2 ∆p 2 p           =           x 1 x 1 y 1 y 1 z 1 ∆p 1 p           +          0 δx 0 δy 0 0          (3.31)

Kicker

Parameters :

• L : Kicker's length

• δx = χ : horizontal kick On ThomX, the kicker is a magnetic element that deects the beam in (x,s) plane to correct the injection angle or allow beam extraction. This behaviour corresponds to the steerer's one with only horizontal deection. Moreover, the kicker's length cannot be neglected (L = 0.1 m); hence it has been chosen to simulate ThomX kickers as two innite small kickers at the beginning and the end of the real element with only half of the kicker's kick each.

          x 2 x 2 y 2 y 2 z 2 ∆p 2 p           = M drift (L) ×                     x 1 x 1 y 1 y 1 z 1 ∆p 1 p           +          0 χ/2 0 0 0 0                    +          0 χ/2 0 0 0 0          =           x 1 x 1 y 1 y 1 z 1 ∆p 1 p           +          L × χ/2 χ 0 0 0 0          (3.32)
For totally linear computation, splitting the kick like that or having an innity small kicker are the centre is equivalent. Still, this description is also use for others simulation where some non linearities are taken into account.

M = M drift (L) (3.33) 

Succession of elements

To compute propagation along a succession of n elements (drift, dipole, quadrupole,...), one has to know the initial condition and each element's transfer matrix.

Parameters :

•           x 1 x 1 y 1 y 1 z 1 ∆p 1 p          
: initial 6D vector of particle position in phase space

• M 1 : Transfer matrix of the rst element encountered by the particle • ...

• M n : Transfer matrix of the n-th element encountered by the particle

The propagation may be computed using (Eq. (3.34)).

          x 2 x 2 y 2 y 2 z 2 ∆p 2 p           = M n × M n-1 × ... × M 1 ×           x 1 x 1 y 1 y 1 z 1 ∆p 1 p           (3.34) 3.2 . MadX simulation 3.2.1 . MadX
MadX [START_REF] Iselin | The MAD Program (Methodical Accelerator Design): Physical Methods Manual[END_REF][START_REF] Deniau | The MAD-X Program (Methodical Accelerator Design): User's Reference Manual[END_REF] is a code developed by CERN to simulate beam dynamics and optimise beam optics. It is based on the linear transfer matrix for beams but with some higher-order correction to simulate beams or particles propagation as realistic as possible without increasing too much computing time. MadX allows either computation of the ring's orbit using periodical conditions between the beginning and the end of a ring, calculation of the beam propagation or tracking of single particles on dened sequences.

. ThomX representation in MadX

I have simulated the whole ThomX accelerator on MadX except for the linac (from the source to the end of the accelerating section) that has been simulated

previously by Luca Garol [START_REF] Garol | High-gradient S-band electron Linac for ThomX[END_REF] using another code named Astra.

As several paths exist on the accelerator, it was chosen to create several sequences -one for each path at least -and concatenate them after. This method avoids multiple denitions of elements, even for the denition of the ring's sequence with and without the septum and the injection or extraction kicker. 

. Injection simulation

The injection in the ring is critical to ensure a good capture of the beam without oscillations. An incorrect injection could reduce overlap at the interaction point or lead to beam losses, both implying lower X-ray yield.

Let's study the injection mechanism and explain the change of frame applied during simulations.

Five main components have to be considered during the injection as shown in Fig. 3.6: The injection dipole, the septum, the kicker, but also both quadrupoles between the septum and the kicker.

When the beam arrives from the TL, it is deected by the injection dipole with an angle of -160 mrad. This angle is corrected almost in full by the magnetic cavity of the septum with only a slight deection θ ≈ 10.7 mrad remaining. This deection is calculated such that the beam is at the centre of the ring's pipe into the kicker. Finally, the kicker nishes the angle correction to align the particle's trajectory along the ring's reference trajectory under periodic conditions.

During the propagation from the end of the septum to the kicker, the beam passes through two quadrupoles. As shown on Fig. 3.6, the reference trajectory during the injection does not pass through the magnetic centre of the quadrupoles that are aligned on the ring reference frame. This o-axis propagation induces a small beam deection that must be considered.

To simulate o-axis propagation it has been chosen to compute a change of frame at the exit of the septum. Just after this change of frame, particles positioning are no longer expressed in the injection's reference frame but in the ring's reference frame.

To check the accuracy of the frame change, one may verify that, after the kicker, the new frame and the ring reference orbit agreed. For that purpose, one may track a particle with a null 6D-vector before the injection dipole and check that after the kicker, the particle vector's values return to zero as it should stay at zero anytime in the accelerator's reference frame.

Using this constraint and the mechanical layout, one may nd the following parameters for change of frame :

• ∆X = -15.5 mm : mechanical distance between the injection reference frame's origin and the ring's one at the exit of the septum

• ∆X = θ ≈ 10.7 mrad : angle between both frames This change of frame and a kicker's kick of χ ≈ -13.03 mrad allow agreement between both frames of less than 0.2 mm in x and less than 0.4 mrad in x over, at least, the 20 rst ring's turn. This behaviour is visible on Fig. 3.7 that corresponds to the beam centroid propagation in x,y and x',y' planes from the beginning of the TL to the end of the 20 th turn in the ring. For y and y , both frame always stays equivalent as the change of frame do not impact them.

The θ and χ precision for this simulation correspond to the septum and kicker pulse reproducibility (see Tab. 2.4). Hence horizontal oscillation in the ring of the order of a few tenths of a millimetre is possible because of the magnetic reproducibility of the injection devices. For other simulations, some optimised values are used to achieve less than 0.3 µm in x and less than 0.6 µrad in x over, at least, the 20 rst ring's turn.

One may notice from the values above that the angle dierence between both frames (10.7 mrad) and the beam deection needed inside the kicker (13.0 mrad) are eectively dierent. This dierence comes from the o-axis propagation in quadrupoles, therefore it must not be neglected.

Another method could have been used for simulation. One could have kept the particles in the reference frame and considered that the BPM and quadrupoles are o-axis and tilted. This method seems more natural but not simplest as one must compute the rotation and displacement of the elements according to the magnetic strength of the previous ones. Moreover, by keeping the quadrupoles at the normal localisation, the change of frame permit to avoid redenition of elements of the section Ring_before_injection_kicker with and without displacement.

The process is similar during the extraction. Hence, the following frame change is applied at the entrance of the septum to pass from the ring's frame to EL's one :

• ∆X ext r ac t i on = -∆X i n j ec t i on

• ∆X ext r ac t i on = ∆X i n j ec t i on 

. Particles selection

MadX has a tracking mode that permits particle tracking along a sequence.

The issue is that each initial particle's vector has to be dened manually. A python [START_REF] Van Rossum | Python reference manual[END_REF] code has been created to automatise particle selection within a beam's phase space. To dene a beam one may use the beam emittance and the Twiss parameters [START_REF] Holzer | Introduction to Transverse Beam Dynamics[END_REF] α, β and γ linked by the Eq. (3.35). From those parameters, one may extract the RMS transverse beam size σ x and σ y (Eq. (3.36)) and the RMS transverse beam momentum σ x and σ y (Eq. (3.37)).

βγ -α 2 = 1 (3.35) σ x,y = x,y × β x,y (3.36) σ x ,y = x,y × γ x,y (3.37)
The latest simulations of the ThomX linac give beam parameters at the exit of the accelerating section summarised in Tab. 3.1. 

• σ x ≈ 1.5 mm ≈ σ y • σ x ≈ 0.4 mrad ≈ σ y
A particle within this beam's ellipse as to respect Eq. (3.38) and Eq. (3.39).

γ x x 2 + 2α x xx + β x x 2 < x (3.38) γ y y 2 + 2α y y y + β y y 2 < y (3.39)
Particles respecting those two equations may be considered inside the 1-σ beam.

If one thinks of the distribution of the particles as a Gaussian one, only 68 % of the actual beam's particles are simulated. To miss less than a particle in 10 -6 , one may consider the 5-σ beam. In general, a k-σ beam in this thesis will refer to the beam dened above with an emittance multiplied by k 2 , which means an RMS size multiplied by k.

For each particle, the python code selects randomly (x,x ) -and then separately The coherence of this particle selection may be shown by computing, on the one hand, the beam propagation in the accelerator and, on the other hand, selected particles inside the 1-σ beam and tracking them in the accelerator. In this case, the beam computation should give the beam envelope along the accelerator, and all particles shall stay inside this envelope.

Fig. 3.9 show the propagation of 400 particles selected for the Fig. 3.8 and the beam envelop. One may notice that particles stay inside the envelope as wanted.

The only excursion visible is around 14 m in the x plane, but this peak is only a computing artefact due to the change of frame at the injection (see section 3.2.3).

One may also notice that the particles ll the envelope, which validates the selection and tracking of particles. From Fig. 3.9 one may also notice a certain symmetry in the ring lattice.

In fact, the ring is composed of four cells. Two opposite cells are identical and symmetric to the others two. At the interaction point (IP), around 18 m, the beam is focused to a tiny size to increase beam density. By construction, a second focal point is at 27 m which is the symmetrical point of the IP in the ring. For longitudinal coordinates, the particles are considered as on-time (z = 0)

and on-momentum ( ∆p p = 0). The on-time assumption come from the fact that the beam length is short (5 ps). The on-momentum assumption is not so true at the end of the accelerating section. Still, the line between the tow pair of 45°'s dipoles in the transfer line is a dispersive line where the beam width correspond to the energy spread. At the middle of this line there is a slit used to select a specic energy and energy spread. Hence, a energy uctuation or an high energy spread before the slit are converted into an intensity uctuation and the beam can be consider on momentum.

. Aperture

The Tracking mode of MadX let the opportunity to dene some aperture.

When the particle's position is calculated outside this aperture, the particle's propagation is stopped, and the loss is recorded. The position is checked at the entrance of every element except drift. 

. Code details

The transfer matrix formalism is a convenient way to compute, in the rst order, the propagation of a particle into an accelerator. Several simulation codes are based on that formalism -like MadX or Trace3D -but to my knowledge, none of them allows extracting propagation's equations with parametrisation of some elements' characteristics -like steerer deection -to characterise analytically the impact of those elements on the particle position at some points. For that purpose, a homemade linear transfer matrix code has been developed on MatLab [START_REF][END_REF]. The language MatLab has been chosen because of the possibility of creating variables -named sym for symbolic variable -and computing equations with them. This homemade code is composed of two classes :

• acc_el: a class that represents one component of the accelerator • accelerator: a class that represents a full line of an accelerator with several components An accelerator object is composed of :

• name: the name of the accelerator line considered • energy: the energy (MeV) of the particle considered • list_el: a list of acc_el object An acc_el object is composed of :

• name: the name of the element • type_el: a string representing the type of element considered Possible type are:

-"quad": a quadrupole -"bend": a bending magnet without edges -"edge": a bend edges (must be just before or after a bend) -"bend-edge": a bending magnet with 2 edges -"septum": a septum (similar to bending magnet for the injection) -"frame_change": a change of frame in the 6D phase space -"steerer": a steerer (treat as change of frame in x and y ) -"kicker": a kicker (treat as change of frame in x ) -"screen": a screen's station (is transparent for the beam, but allow to compute propagation from station to station) -"BPM": a BPM (transparent) -"start": specic element corresponding to the beginning of the line • save_calc: a boolean to save the analytic computation at the end of the element and begin a new calculation after Each class also has methods like matrix that allows one to compute the transfer matrix of the given acc_el 's object. Several methods enable splitting the accelerator's line, concatenating two accelerators, or inverting the propagation's direction for the accelerator's class. Still, the main method is calcul_propagation, which computes the propagation of a particle represented by (x, x , y, y , z, z ) t -where the "t" subscribe mean transpose -from the rst element of the acc_el 's list to the last one. Each time the properties save_calc of an element is true, the script saves the propagation equation after the element and starts a new equation. The computation along the line returns the Eq. (3.40) 

. Example with FODO line

in this conguration.                                              X 2 = 1.46 * X 1 * cos(0.2 * k 1 ) + 1.29 * cos(0.2 * k 1 ) * (0.4 * X 1 + X 1 )+ (1.29 * X 1 * si n(0.2 * k 1 ))/ k 1 -1.46 * k 1 * si n(0.2 * k 1 ) * (0.4 * X 1 + X 1 )
X 2 = 0.97 * X 1 * cos(0.2 * k 1 ) + 0.17 * cos(0.2 * k 1 ) * (0.4 * X 1 + X 1 )

+(0.17 * X 1 * si n(0.2 * k 1 ))/ k 1 -0.97 * k 1 * si n(0.2 * k 1 ) * (0.4 * X 1 + X 1 ) Y 2 = 1.33 * Y 1 * cosh(0.2 * k 1 ) + 0.69 * cosh(0.2 * k 1 ) * (0.4 * Y 1 + Y 1 )
+(0.67 * Y 1 * si nh(0.2 * k 1 ))/ k 1 + 1.33 * k 1 * si nh(0.2 * k 1 ) * (0.4 * Y 1 + Y 1 ) Y 2 = 1.01 * Y 1 * cosh(0.2 * k 1 ) -0.23 * cosh(0.2 * k 1 ) * (0.4 * Y 1 + Y 1 ) -(0.23 * Y 1 * si nh(0.2 * k 1 ))/ k 1 + 1.01 * k 1 * si nh(0.2 * k 1 ) * (0.4 * Y 1 + Y 1 ) Z 2 = 2 × 10 -4 * Z 1 + Z 1 Z 2 = Z 1 (3.40)
Thanks to the parametrisation of k 1 , one may analyse the impact of the rst quadrupole's strength on the behaviour of a FODO line. Unfortunately, the equation's length quickly overgrows for more complex lines or parametrisations.

To palliate managing those larges equation, the results are written in a le 

. Consequences of particles losses

The more energetic is the beam, the worst the losses. ThomX is a low-energy electron accelerator, hence physical damage is unlikely. Nevertheless, beam losses risks exist and must be prevented.

The material activation depends on the beam energy and the material used to build the accelerator. The activation risk is more important above 10 MeV [START_REF] Mokhov | Beammaterial interactions[END_REF] as some elements -like metals -may become radioactive, involving an activation risk on the transfer line (TL), the ring (RI) and the extraction line (EL).

The electronics is particularly sensitive to radiation [START_REF] Mokhov | Beammaterial interactions[END_REF]. When possible, electronic devices are placed outside the bunker to avoid damage. Electronics close to the accelerator have to be shielded.

One specic piece of equipment had to be inside the bunker but may suer from radiation damage: the Fabry-Perrot (FP) laser and especially the optical bre of this device. It has been well known since at least 1994 that optical bre may darken because of radiation exposure [START_REF] Lockwood | Measurements of pulsed radiation-induced ber uorescence and darkenin[END_REF] which reduces the laser intensity. To protect bres, one may use some shielding.

ThomX's goal is to generate a high X-ray ux. This ux is proportional to the number of electrons and photons at the interaction point (see Eq. (2.2)). A partial -uncontrolled -electron beam loss may lead to a reduction of the X-ray photon produced. Similarly, a reduction of stored laser power reduces the X-ray ux too.

The injection in the ring is one critical moment that could induce beam losses if it is not performed correctly. The study of losses in the TL and the rst ring turn permits to understand the beam injection process and the risks of losses to optimise the injection.

. Loss maps

To simulate the possible beam losses inside the accelerator, some particles have been tracked using MadX (see section 3.2).

. Particles selection

The particle selection is described in section 3. To demonstrate that, lets consider a selected quadruplet (x,x ,y ,y ) representing the transverse position of a particle. This particle must respect Eq. (4.1) as the maximum transverse beam size is σ x (σ y ) in x (y) plane, while the maximal beam divergence is σ x (σ y ).

             x < β x x = σ x y < β y y = σ y x < γ x x = σ x y < γ y y = σ y (4.1)
On the one hand, increasing increase the x,x ,y and y range of possibilities while on the other hand, increasing β (resp. γ) allows increasing x and y (resp.

x and y ) too. Hence, for the selection -if one ignores the reality of the beam distribution -modifying is equivalent to modify β and γ by a similar amount.

For global beam oset, one may consider selecting two quadruplets, one characterising the beam's centroid (b subscript), the second representing the particle's position according to this centroid (p subscript). The position of the particle is then (x,x ,y ,y ) = (x b + x p ,x b + x p ,y b + y p ,y b + y p ). Once again, the maximum range of possible values is increased as does an augmentation of .

In summary, I choose to select particles in larger beam ellipse characterised by the same Twiss parameters but a higher emittance to simulate more realistic particles. Some special k-values are common in this work. If one sees beams as Gaussian distribution, the 1-σ beam can be interpreted as the standard deviation of the beam, while the 5-σ beam is the condence interval outside which only one particle out of 10 6 is out of the distribution. For a 100 pC beam that is around 600 electrons. The 12-σ beam represents the case where particles can be selected at the edge of the pipe. Eventually, the case k = 20 is an arbitrary upper limit to emittance augmentation. To avoid too many particles selected outside the beam pipe -hence, being lost immediately -a 35 mm long square cut on the x-y plane is added. This means that the 20-σ beam is used to increase only the particles divergence according to the 12-σ beam case, as allowing the particles position to increase furthermore does not make sense.

. Maps along the accelerator

Several methods to represent particle losses exist. To know the location of the loss, a convenient way is to plot the losses alongside the machine. I choose to represent the particles' propagation in the x or y plane along the machine and add -above the curve -a red dot when a particle is lost. As MadX does not deliver the positioning of the particles once it is lost, the red dot is, in reality, at the location of the last valid s position before the loss.

The Fig. 4.1 is one of those losses representation along the transfer line (TL) and the ring rst turn. The 600 particles are selected uniformly within the 5-σ perfectly centred ThomX beam (see section 4.2.1). To be more precise, a third of them are selected within the 1-σ beam. Another third imposed is within the 3-σ beam but outside the 1-σ beam. The last third of then is thus within the 5-σ beam and outside the 3 s one.

One may notice that no loss are visible on the Fig. 4.1. Hence, if the beam corresponds to the simulation and is well centred at the exit of the accelerating section, no losses must occur in the TL and the rst ring's turn according to this simulation.

Unfortunately, in reality, beams are never exactly as predicted because of simulation approximation, elements misalignment or deection of the beam created by external causes like parasitic magnetic eld.

The Fig. 4.2 shown the tracking of 600 particles within the 12-σ beam. A third of them are selected within the 1-σ beam while a second third is restricted to the 5-σ beam. The remaining 200 particles are forced to be selected outside the 5-σ beam.

One may notice signicant losses in the rst meter of the TL. Those losses are explained by particles selected close to the beam pipe with a transverse momentum directed toward it. But, once the third quadrupole of the TL is passed, the beam is focalised in the transverse plane, and losses do not occur anymore, even in the rst ring turn where the beam pipe is smaller (see section 3.2.5).

Moreover, the losses at the beginning of the TL are unlikely to happen as the accelerating section is composed of some irises (22-18 mm) smaller than the TL beam pipe (35 mm). So in fact these losses would occur inside the accelerating section.

The transverse beam size does not seem to cause electron losses after the beginning of the TL. Even particles selected near the pipe -improbable because of the accelerating section's iris -achieved the rst ring turn if they pass the rst dipole. Nevertheless, particles with higher transverse momentum may have worse comportment. To check, let's select some particles over the 12-σ beam. The 

3).

The majority of the losses are always at the beginning of the TL, but several other locations of losses may be seen this time. Those extra losses occur at the injection of the beam (14 m), before the interaction point (16 m, 17 m) and just after it (20 m), but not in the second half of the ring. Tracking along more turns is needed to be condent, but if the next turns are like the last half one, not so many losses must occur during the rst few turns, and then the ring's transverse feedback system must ensure good comportment of the beam. Even if only a few unlikely losses may happen, their location is concerning, especially those at the injection and before the IP, as they are directed toward the Fabry-Perrot cavity where there are some sensitive pieces of equipment. Some mechanical options, like shielding, may be applied to avoid damage, but a good knowledge of the beam properties before trying to go in the ring and an injection feedback system (see section 5) to correct beam injection's mistakes will also help. shows the layout of ThomX, and the middle (lower) part corresponds to the x (y) positioning of particles alongside the accelerator. The particle's trajectories are coloured according to their initial parameters, within 1-σ beam in pink, within 5-σ beam and outside 1-σ beam in orange and within 12-σ beam and outside 5-σ beam in green and in blue are represented particles above 12-σ with as upper limit the 20-σ beam. For each random selection, 200 particles are generated; therefore, 800 particles are tracked. The last position of particles recorded before being lost is represented as red dots. The peak around 14 m in the x plane is just a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

. Projected maps

At the beginning of the TL

To minimise the losses, it is helpful to back-project the locations of the predicted beam losses to upstream screens before letting the beam go into the remaining part of the accelerator. For that purpose, let us consider 10 000 particles selected within the 20-σ beam, propagate them using MAdX and record the particles' losses as before. To visualise the losses, let's plot the initial particle's position in the x-y plane with dierent colours depending on the losses location as done in the Fig. 4.4.

On Fig. 4.4 one may notice that particles are eectively selected within a square with x and y between ±17.5 mm. A large part of the losses -those in red -occurred since the very rst element of the TL as some particles are selected too closeor even slightly outside -of the circular pipe. Because of beam divergence at the beginning, losses continue to appear in the following elements -in green -until the third quadrupole of the TL (TL/DG/QP.03). There, the beam shape is not quasi-circular anymore but wider in the y plane, which explains the losses -in blue -in the upper and lower part of the remaining particles.

As seen previously, with loss maps along the accelerator (see section 4.2.2), after the 3 r d quadrupole of the TL, no losses occur until the ring. For the ring, the losses -in pink -seem random within a window of passing particles named acceptance window. This is likely to be losses due to particles that are selected with a higher transverse momentum at the beginning of the TL in the 20-σ beam case than in the 12-σ beam case.To check that, one may look at other transverse plane than just x-y, like x'-y' (Fig. Even the acceptance window is similar -slightly larger than higher -with a random distribution of the ring's losses. Those observations lead to the conclusion that not only high divergence alone can explain the losses inside the ring but a combination of position and divergence.

In x-x' (Fig. 4.6) and y-y' (Fig. 4.7), the visualisation of losses is more complex as the beam ellipse on those two planes are thin, tilted and cut at the border because of the square cut in x-y plane. In x-x' plane, the correction of the tilde is done by computing the slope a x of the ellipse by linear regression with the least squares method on all the points and then plot xa x × x as function of x (Fig. 4.6b). The same method is applied in y-y' plane (Fig. 4.7b), and they both give the same slopes a x,y = 0.254 mm -1 . Once the correction is applied, one may notice that some clusters of ring's losses are form at the ellipse's edge. In the y-y' plane, two symmetrical clusters are visible in the upper and lower part of the corrected ellipse. Still, in the x-x' plane, only one smaller cluster at the bottom of the tilted ellipse exists. Hence, rst, the vertical divergence seems to imply slightly more losses in the ring. Second, it is preferred to have horizontal transverse momentum directed toward positive x than negative.

The complete study of losses projected at the beginning of the TL permits us to understand beam propagation and loss reason.

At screen stations location

The acceptance window corresponds to the location where particles have to be if one wants to propagate them until the end of the rst ring's turn. Unfortunately, in reality, it is impossible to compare the beam position at the beginning of the TL to this window as there is no diagnostic to measure the beam position there. But one may use the same principle of projection of losses at location of diagnostics of the accelerator.

The Fig. 4.8 represents the projection of losses at the rst screen station of the TL. As this station is not in the line leading to the ring, one must rst select the particles, propagate them to the end of the rst ring's turn with losses record, and then do a second propagation of the same particles, this time toward the straight line leading to the screen station.

Once again, no one may discriminate particles lost in the ring by their location, but the acceptance window permits knowing where the beam must be if one wants to lead it to the ring. The risk of losses may be evaluated by comparing actual beam positioning to this beam acceptance window.

According to the Fig. 4.8, the dimension of the acceptance window (±7.5 mm×±4 mm) are within the YAG or OTR screen (25 mm×17.7 mm), hence checking that the beam is at the centre of the rst screen station of the TL and not at the edge must provide a rst essential verication before going into the remaining part of the TL. Similar studies may be done for each accelerator element, especially screen stations (SST) and beam position monitors (BPM), to constrain the risk of losses.

On the second SST of the TL (Fig. 4.9a), the acceptance window is similar to the rst SST. Still, some lost-free regions seem to form. In the third SST of the TL, the lost-free region, in the middle, continues growing with a square window dened by x between -5 mm and 10 mm and y within ±2 mm. This phenomenon corresponds to a migration of the soon-to-be-lost particles toward the edge of the beam.

Once the beam enters the ring, BPMs can also be used as a warning for further losses as the acceptance window is well dened there (Fig. 4.10) in the upper-right and lower-right part of the rst BPM passing by the beam and in the upper-left and lower-left portion of the second one. One may also notice that in the rst BPM of the ring -during the injection -the acceptance window is not centred on the BPM but rather centred around x = 9 mm, y = 0 mm. This BPM is between the septum and the kicker, where the injected beam does not follow the reference trajectory of the ring, on which is centred the BPM.

This method is less accurate on BPMs as those types of equipment only measure the position of the charge centre of the beam and not its size. Still, if the beam centroid is outside the acceptance window, a large part of the beam will be certainly lost.

Prolonging this study on more turns could provide more accurate acceptance and reduce the risk of beam losses even more. 

. Conclusion

An electron losses study has been done on the TL and ring rst turn of ThomX. Some possible damages caused by losses has been pointed out, and the main risk seems to be a diminution of the X-rays ux. Nevertheless, the risk of beam loss is small because, according to simulation, only particles very far from simulated beam characteristics may be lost. Finally, a comparison of beam positioning at diagnostics location with the acceptance window at this location is done to decrease even more losses risk. The last screen station of the TL can be used to check that the beam is inside the completely free-losses zone before try to inject the beam in the ring. Now that the code to study the losses is developed, new studies with non-zero steerers strength or element misalignment can be done easily and could be used for a better understanding of the beam propagation. 

-Injection feedback

. . . 134

Electrons injection into the ring is one of the critical moments for the beam propagation. An incorrect injection induces oscillations of the bunch in the ring that may reduce the electron bunch's and photon beam's overlap, which diminishes the production of X-rays. If the oscillation is large, the bunch can even be lost, implying damage to components like electronics because of radiation emission.

This chapter focuses on an injection feedback code (section 5.1) and its test on MadX simulations (section 5.2 and section 5.3).

. Ring injection

. Reminder on the injection simulation

As explained in section 3.2.3, the injection on ThomX uses an injection dipole to deect the beam toward the ring. Then, a septum corrects a large part of this deection such that the beam is at the centre of the beam pipe inside the injection kicker. Finally, this kicker nishes deection correction to set the beam on the ring orbit.
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Between the septum and the kicker, the beam passes through two quadrupoles (RI-C1/AE/QP.03 hereafter called QP3 and RI-C1/AE/QP.04 hereafter called QP4) but not at their magnetic centre (see Fig. With those parameters, the beam does not pass at the centre of the rst beam position monitor during the injection but rather at a position x = -8.9 mm. For the other BPMs, the nominal ring path passes through their centre. An estimation of the quality of injection may be done by comparing the beam position measured by BPMs with theoretical positions.

. Injection feedback principle

An injection feedback code has been developed to improve the injection from one beam to the next. The principle of this injection feedback system is to measure To be more precise, the BPM3 position is used to compute -using the equation The steerers' strength gives four, and the kicker's kick is used for this additional fth condition.

To compute the propagation equation with a parametrisation of the steerers' strength and the kicker's kick, a homemade code of linear transfer matrix has been From the linearity of this method, one must be sure to obtain linear equations for either downstream or upstream propagation. Because of the change of frame, steerers and kicker's kick, those equations cannot be written as a transfer matrix time a vector as several constant terms appear. In full generality, the equation of propagation from 1 to 2 should be as dened in the Eq. (5.1).

                       X 2 = f X (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) X 2 = f X (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) Y 2 = f Y (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) Y 2 = f Y (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) Z 2 = f Z (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) Z 2 = f Z (X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 , parameters) (5.1) 
Where f i , for i = X,X',Y,Y',Z,Z', is a linear function of the variables

X 1 , X 1 , Y 1 , Y 1 , Z 1 , Z 1 .
The kicker's kick and steerers' strength are the only parameters considered for those equations. As their computation adds a parametrised constant in the x or y plane to the equation, the f i 's functions are also linear regarding those parameters.

The change of frame only adds a constant term in the x plane by denition.

By assuming no coupling between x and y planes nor between y and z planes but one between x and z planes because of bending magnets, one may rewrite the Eq. (5.1) into the Eq. (5.2).

                       X 2 = a x,x X 1 + a x,x X' 1 + a x,z Z 1 + a x,z Z' 1 + par am a x,par am param+ a x,cst X' 2 = a x ,x X 1 + a x ,x X' 1 + a x ,z Z 1 + a x ,z Z' 1 + par am a x ,par am param+ a x,cst Y 2 = a y,y Y 1 + a y,y Y' 1 + a y,z Z 1 + a y,z Z' 1 + par am a y,par am param Y' 2 = a y ,y Y 1 + a y ,y Y' 1 + a y ,z Z 1 + a y ,z Z' 1 + par am a y ,par am param Z 2 = a z,x X 1 + a z,x X' 1 + a z,z Z 1 + a z,z Z' 1 Z' 2 = a z ,x X 1 + a z ,x X' 1 + a z ,z Z 1 + a z ,z Z' 1 (5.2)
As we consider the propagation of the beam's centroid, let us consider that it is on time with the reference particles -Z = 0 -and stays so all along the injection -Z = 0. We can keep only the four transverse equations of Eq. (5.3) from those assumptions. 

           X 2 = a x,x X 1 + a x,x X' 1 + par am a x,par am param+ a x,cst X' 2 = a x ,x X 1 + a x ,x X' 1 + par am a x ,

Equation from BPM2 to BPM3

Between the BPM2 and the BPM3 there is no change of frame to consider, which means that constant terms of the Eq. (5.3) a x,cst and a x ,cst are null. Moreover, the only parameter to consider is the kicker's kick that impacts only the x plane.

Hence the Eq. (5.3) may be written as : (5.4)

           X B P M 3 = a x,x X B P M 2 + a x,x X' B P M 2 + a x,ki ck kick X' B P M 3 = a x ,x X B P M 2 + a x ,x X' B P M 2 + a x ,

Initial propagation If one considers the actual beam -denoted

with an i subscript for initial -we know the kicker's kick as it is the one used at this instant, but also the initial positions (X B P M 2,i ,Y B P M 2,i ,X B P M 3,i ,Y B P M 3,i ) as they are measured. Therefore, the remaining unknowns are (X B P M 2,i ,Y B P M 2,i

). After inverting Eq. (5.4), one may compute these unknowns thanks to Eq. (5.5). A third unknown has to be realised to permit this third degree of freedom. It way choose to use the kicker's kick ki ck d . From the Eq. (5.4), one may compute unknowns using Eq. (5.6).

   X' B P M 2,i = X B P M 3,i -a x,x X B P M 2,i -a x,ki ck KICK i a x,x Y' B P M 2,i = Y B P M 3,i -a y,y Y B P M 2,i
         X' B P M 2,d = a x,ki ck ×X B P M 3,d -(a x ,ki ck ×a x,x -a x ,x ×a x,ki ck )×X B P M 2,d a x ,x ×a x,ki ck -a x,x ×a x ,ki ck KICK d = a x ,x ×X B P M 3,d -(a x ,x ×a x,x -a x ,x ×a x,x )×X B P M 2,d a x,x ×a x ,ki ck -a x ,x ×a x,ki ck Y' B P M 2,d = Y B P M 3,d -a y,y Y B P M 2,d
a y,y (5.6) This calculation may be done once and for all as the nominal parametersquadrupole strength, septum angle, elements positioning, ... -should not change but must be recomputed if they do.

Equation from BPM2 to STR3

Once the transverse 4D vector is known at the localisation of BPM2, one must compute the reverse propagation from BPM2 to STR3. This time, the frame change occurred during the propagation, ensuring a constant term on the x-x' plane. The parameters to be considered are the deviations induced by the steerers. Four parameters must be considered. Dev x3 (resp. Dev x4 ) correspond to the horizontal deection created by STR3 (resp. STR4) and will impact only the x plane -as no coupling x-y is considered -whereas the vertical deection is symbolised by Dev y3 (resp. Dev y4 ).

As the invert propagation stops just after the steerer STR3, the last computation consists of adding Dev x3 and Dev y3 to X and Y without propagation to permit those parameters to impact beam position X and Y . Hence, one may consider a x,d ev x3 = 0 = a y,d ev y3 .

Under those considerations, Eq. (5.3) can be rewritten as Eq. (5.7).

           X ST R3 = a x,x X B P M 2 +a x,x X' B P M 2 +a x,d ev x3 Dev x3 +a x,d ev x4 Dev x4 X' ST R3 = a x ,x X B P M 2 +a x ,x X' B P M 2 +a x ,d ev x3 Dev x3 +a x ,d ev x4 Dev x4 Y ST R3 = a y,y Y B P M 2 +a y,y Y' B P M 2 +a y,d ev y3 Dev y3 +a y,d ev y4 Dev y4 Y' ST R3 = a y ,y Y B P M 2 +a y ,y Y' B P M 2 +a y ,d ev y3 Dev y3 +a y ,d ev y4 Dev y4 (5.7)
This system of equations is true for both the initial parameters (i subscript) and the desired parameters (d subscript). To ensure physical coherence, one may write (X , P X , Y , P Y ) st r 3,i = (X , P X , Y , P Y ) st r 3,d which gives a system of four equations with four unknowns, the desired deviations of the steerers : Dev x3 , Dev y3 , Dev x4 , Dev y4 . One may solve this system and obtain the Eq. (5.8) as the solution for the deections needed in the steerers.

               Dev x4,d = a x,x X i +a x,px PX i +a x,d ev x4 Dev x4,i -a x,x X d -a x,px PX d a x,d ev x4
Dev y4,d = a y,y Y i +a y,p y PY i +a y,d ev y4 Dev y4,i -a y,y Y d -a y,p y PY d a y,d ev y4

Dev x3,d = a px,x X i +a px,px PX i +a px,d ev x3 Dev x3,i +a px,d ev x4 Dev x4,i -a px,x X d -a px,px PX d -a px,d ev x4 Dev x4 a px,d ev x3
Dev y3,d = a p y,y Y i +a p y,p y PY i +a p y,d ev y3 Dev y3,i +a p y,d ev y4 Dev y4,i -a p y,y Y d -a p y,p y PY d -a p y,d ev y4 Dev y4 a p y,d ev y3 (5.8) Where U v = U B P M 2,v , with U = X,Y,PX,PY and v = i , d . By computing Eq. (5.5), Eq. (5.6) and then Eq. (5.8), one can know which correction should have been used to have a better injection. As this correction is applied to the next beam -which is dierent to this one -only a fraction of the dierence between the initial deection and the desired one should be applied to avoid over-correction.

Even if the equation of propagation has been computed on MatLab to parameterise the properties of ThomX's elements, this feedback system is developed on python as ThomX control command uses python-based graphical user interface (GUI). The exchange of equation of propagation is done by saving once and for all the MatLab's equation in a le read then by the python code.

Simulations of this injection feedback code applied to the MadX tracking code are presented in the following sections and a a tabular resuming parameters tested is given A .

. Main injection feedback simulations

. Simulation principle

The injection feedback code is applied to the MadX simulation of the TL and the ring rst turn to validate its behaviour.

The idea of this simulation is to select randomly one particle within a particular beam's ellipse (see section 3.2.4) that will represent a beam's centroid. This particle is then tracked inside the MadX simulation with zero steerers' strength and nominal kicker's kick. Those parameter values are denoted as "initial parameters". From MadX results, one may extract beam position on the BPMs of the ring during the rst turn. Those beam positions allow computing an estimation of the injection quality using Eq. (5.9).

E U = 1 #B P M -1 B P M =B P M 2 U 2
(5.9)

With U = x, x , y or y .

This estimator corresponds to the quadratic mean of one of the beam centroid transverse positions regarding the nominal ones for all 23 BPM of the rst ring turn. The rst BPM -RI-C1/DG/BPM.02 -is excluded as the nominal beam position depends on injection properties, while all other BPMs have a nominal transverse position of 0. On the real machine, the BPM measures x and y only, but as simulators give access to x and y , I have chosen to estimate them too.

The simulation provides access to the particle's position and momentum at the entrance of each element, which has permitted the creation of a second estimator based on Eq. (5.9) but with a sum of positions in all elements of the ring after the injection. This second estimator gives results similar to the rst one, which validates using only BPMs to estimate the ring injection quality. It has been chosen

to keep only the rst estimator in this study because it is a physical observable that could be compared with measurements when the code would be tested on ThomX.

Then, BPM2 and BPM3 values are used to compute the desired strength of the steerer using the injection feedback code. Finally, a fraction -by default always 10 % -of the computed correction -hence the dierence between the used value and computed ones -is applied to the next iteration. This fraction corresponds to the coecient of correction. The new MadX tracking can be done with either the same beam (perfect case, section 5.2.3) or a slightly dierent one (uctuation case, section 5.2.4). The reference case (section 5.2.2) corresponds to a perfect case where the beam centroid is chosen to be the reference one, i.e. 4D null transverse vector. The longitudinal 2D vector is always taken null in order to consider that the beam centroid is on time with the reference particle.

Those simulations of the injection feedback are done 100 times -which corresponds to 10 secon at 10 Hz -and one may consider that the simulation has converged to a solution when at least once during the simulation E x and E y are both below 0.1 mm (BPM precision [START_REF] Variola | Thomx -technical design report[END_REF]) while at the same time x and y are both below 0.1 mrad. The threshold of divergence has been empirically chosen and also seems to t the BPM precision as there is slightly more than one BPM per meter in the ring and a 1 m long propagation with 0.1 mrad divergence corresponds to a 0.1 mm displacement.

. Reference case

First, let's consider the injection feedback simulation with the reference beam centroid. The initial vector of this specic case correspond to x = y = 0 m and x = y = 0 rad.

From the discussion of the injection simulations (section 3.2.3), we know that the injection in the ring is not entirely perfect in the horizontal plane, but it is in the vertical one. This behaviour can be noticed on the rst iteration of Fig. 5.3. This gure represents the injection's estimators against the number of iterations, and the rst one is always done with nominal parameters, i.e. zero steerers' strength and nominal kicker's kick.

One may notice that both E y and E y remain null all along the iterations, which means that the injection code would not modify a perfect injection in the vertical plane. For the horizontal plane, both estimators E x and E x increase to reach a limit plateau at E x = 6.1 µm and E x = 6.3 µrad. This non-zero plateau seems 
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to come from the dierence between the MadX tracking code -which considers some non-linearities -and the linear matrix computation done for the feedback system. One may interpret it as a failure of the injection feedback because the injection is worse after the feedback. Still, even the worse estimation stays well below thresholds of convergence (100 µm,100 µrad) based on the precision of the BPM. Hence those dierences can be neglected. The tracking of the centroid with initial and last computed parameters (Fig. 5.4) also leads to this conclusion of no noticeable dierences as both curves superimpose.

The convergence point is the rst iteration where all estimators are below a certain convergence threshold. If those conditions are achieved at least once during the iterations -and iterations do not lead to loss of the beam centroidthe simulation is considered convergent. In the reference case, this criterion of convergence seems weird because if one sets the threshold at 3 µm and 3 µrad, the simulation would have been considered convergent even if the limits in x-x' planes are twice higher than the threshold. Nevertheless, ignoring cases where the convergence point is obtained before the rst feedback corrections are applied may give a sense to the convergence criterion. If the convergence occurred after the second iteration, then the injection feedback has improved the injection at least once.

. Perfect case

In this section, the simulations are done with the same particle representing the same beam centroid at each iteration. This particle is randomly selected within the 1-σ beam ellipse.

One simulation example

An example of particle propagation with initial parameters is shown Fig. 5.5. This particle is used to represent a beam centroid during the injection feedback and Fig. 5.6 shows the injection estimation at each iteration, while Fig. 5.7 compares the initial propagation with the one after 100 iterations of the injection feedback.

The initial injection (Fig. 5.5) clearly shows a bad injection as the beam centroid oscillates a lot in the ring. This behaviour is corroborated by the estimator (Fig. 5.6) of iterations 0 -initial particle selection -and 1 -rst injection feedback iteration computation, not yet applied to MadX tracking -which give E x = 0.22 mm, E x = 0.20 mrad, E y = 0.32 mm and E y = 0.43 mrad. Hence, there is an oscillation of the order of some hundreds of micrometers in the ring rst turn. At rst, all estimators decrease, until the 10 th iteration, where E x start to increase. Given that other estimators continue to improve and E x does not grow too much, this behaviour is not an issue. According to the steerer strength computed at each iteration (Fig. 5.8), an inversion with large variations of both vertical steerers strength occurred when E x increases. Those two phenomena seem correlated but have yet to be completely understood. One possible explanation is that, for small steerer strength computed, the dierence between MadX simulation and linear matrix calculation is larger, which means a less accurate correction of the injection.

Finally, around the 20 th iteration, E x decreases again and the convergence criterion is obtained at the iteration 23 (black cross). At the end, a zero plateau in y-y' plane seems to be reached while x and x' estimators are around E x = 6.6 µm and E x = 6.7 µrad and seems to continue decreasing slowly.

Simulation of 1000 beam centroids

The above section shows only one particular example. To go further, let's select randomly 1000 particles -that represent as many beam centroids -and simulate the injection feedback for each of them separately.

Results of those simulations are summarised in the histogram of the rst iteration where the convergence criterion is obtained (Fig. 5.9a) and the histogram of number of time estimators are below the criterion of convergence (Fig. 5.9b) over 100 iterations. One notices that on the 1000 simulations, no particle loss occurred, which would have meant that the injection feedback had created huge oscillations.

Moreover, the convergence is always obtained, and this in less than 38 iterations. Fig. 5.9a is nearly a perfect mirror of Fig. 5.9b with a symmetry axis at 50.5.

This means that when the convergence is obtained for the rst time at the iteration i , 101i iterations are below the convergence threshold, corresponding to the remaining -i including -number of simulations. Hence, once the convergence is obtained at some point, the convergence criterion remains valid nearly each time afterwards.

In short, in the perfect case with an initial selection of a beam centroid within the 1-σ beam, the convergence criterion is always reached in less than 38 iterations and stays reached after. Figure 5.9: One thousand particles have been selected within the 1σ beam to represent as many beam centroids. The 100 iterations of the injection feedback are done using the same particle each. The case -2 corresponds to particles lost during the iteration of the feedback, while the case -1 correspond to particles that never reached the convergence criterion : E x , E y < 100 µm and E x , E y < 100 µrad.

. Fluctuation case

In this section, the beam centroid is slightly dierent from one iteration to the next. To do so a particle representing the beam centroid is selected at rst within the 1-σ beam ellipse. Then, each time that a new iteration is done, the actual particle parameters are those of the selected particle plus a uniform random uctuation of ever 1 % -small uctuation -or 10 % -large uctuation -of the ThomX nominal 1-σ beam size -σ x ≈ 1.5 mm ≈ σ y -and momentum -σ x ≈ 0.4 mrad ≈ σ y -at the exit of the accelerating section (see section 3.2.4). 
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One may notice small oscillations in the ring for the nal injection. They are corroborated by the 100 th iteration visible on the estimator plot (Fig. 5.11) that give estimators of E x = 0.07 mm, E x = 0.06 mrad, E y = 0.03 mm and E y = 0.03 mrad.

Those values are still below the convergence criterion, but it is not the case of the 74 th iteration that as a x estimator slightly higher than 0.1 mm. Nevertheless, in this particular case, there is a factor 4 of gain on the injection estimation.

Moreover, maximal estimation after the iteration of convergence is of the order of the convergence criterion which mean good injection nearly each time.

Simulation of 1000 beam centroids

To certify the behaviour seen in the abovementioned example, 1000 particles are selected randomly -representing as many beam centroids -and the 1 % initial uctuated injection feedback is applied to each of them separately.

Histogram of the iteration of convergence (Fig. 5.12a) is similar to that of the perfect case (Fig. 5.9a). No losses, convergence always reached. Even the maximal number of iterations needed to reach the convergence (39) is similar.

The main dierence, in this case, is with the histogram of the number of times the convergence criterion is reached (Fig. 5.9b). An approximate symmetry of both histograms is still visible, but with a minor shifting of the axe of symmetry to a lower value. For extreme cases -39 in the rst histogram and 58 in the second -the worst number of iterations passing over the convergence threshold after the rst iteration of convergence is 101 -39 -58 = 4 iterations.This value is only an approximation but give an order of magnitude of the number of iterations over the convergence threshold after the iteration of convergence.

In short, even with 1 % beam-to-beam uctuations of the beam centroid, the injection feedback permits the improvement of the injection, reaching the conver- Figure 5.12: One thousand particles have been selected within the 1σ beam to represent as many beam centroids. A random beam-tobeam fluctuation of 1 % of the beam size at the start of the TL is applied to each of the 100 iterations. The case -2 corresponds to particles lost during the iteration of the feedback, while the case -1 correspond to particles that never reach the convergence criterion : E x , E y < 100 µm and E x , E y < 100 µrad.

gence criterion in less than 39 iterations and this criterion stays veried most of the time afterwards.

10% fluctuations

A 1 % uctuation of the beam centroid according to the beam size induces some oscillation of the beam in the ring of the order of convergence criterion. This section shows what happened for higher uctuation with particles selected within the 1-σ beam ellipse.

Simulation of 1000 beam centroids

The histograms of iteration needed to reach convergence (Fig. 5.13a) and nuber of time the convergence criterion is reach (Fig. 5.13a) are much dierent from the 1 % beam uctuation.

The main dierence is that nearly 120 simulations have not reached the convergence -not even once by change -and those that have got it once have at most eight iterations under the convergence criterion. Hence, the criterion of convergence does not make sense in this case. Still, the injection feedback implies no particle loss, which is good news.

The small number of iterations where the convergence is reached and the nearly random distribution of the iteration number of the rst convergence seems to show that the convergence criterion is obtained nearly by chance. Verication on an example is presented below.

One simulation example

Here presents a case of injection feedback with 10 % beam-to-beam uctuation. Fig. 5.14 show the initial particle propagation as well as the 5 th , 10 th , 15 th , 30 th , 100 th iterations ones. The 10 th iteration in x and both initial and 30 th iterations in y show a large uctuation of the beam propagation in the beginning of the TL because of the 10 % uctuation of the centroid position. This uctuation in position explains why the correction computed for one iteration does not match those needed for the next. This lead to incorrect correction, and the beam injection does not improve as shown Fig. 5.15, the plot of estimators against iterations.

Even if some injection -like the 46 th -are nearly twice worse than initial one, a uctuation around (0.5 ± 0.4) mm and (0.5 ± 0.4) mrad seems to be keep, and excursion outside 1 mm and 1 mrad never occurred. Figure 5.13: One thousand particles have been selected within the 1σ beam to represent as many beam centroids. A random beam-tobeam fluctuation of 10 % of the beam size at the start of the TL is applied to each of the 100 iterations. The case -2 corresponds to particles loss during the iteration of the feedback, while the case -1 (where there is the large peak) correspond to particles that never reach the convergence criterion : E x , E y < 100 µm and E x , E y < 100 µrad. Particles represent the beam centroid randomly selected within 1-σ beam ellipse before applying the injection feedback (blue) and after 5 (orange), 10 (green), 15 (red), 30 (violet), and 100 (brown) iterations. A random beam-to-beam fluctuation of 10 % of the beam size at the beginning of the TL explains the significant difference in beam propagation since the beginning of the line. Around 10 m, the difference in propagation is due to optimisation of the strength of steerers (green line on the ThomX layout). The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3). Figure 5.15: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 1-σ beam ellipse with an additional random beam-to-beam fluctuation of 1 % of the beam size at the start of the TL. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad but is reach here only by chance and does not make any sense.

. Summary

The injection feedback applied on particles -representing beam centroidsselected within a 1-σ beam ellipse gives good results for the reference case, perfect cases and even for uctuated cases if the position's and momentum's beam-tobeam uctuations of the particle representing the beam centroid is small enough.

For signicant uctuation (10 % of the 1-σ beam size), oscillation in the ring remains of the order of oscillations with the initial injection but at least does not increase to innity and does not lead to loss of particles representing beam centroids.

. Studies of parameters' impact on simulations

This section focus on some studies of the injection feedback regarding modication of the beam positioning (section 5.3.1), modication of the coecient of correction applied (section 5.3.2) and addition of the BPM uncertainty (section 5.3.3).

. Studies of larger o-axis and o-momentum beams

To select more exotic particles -representing beam centroids -a selection within the 5-σ beam is done in this section.

Perfect case

The propagation of one particle selected in the 5-σ beam is represented in blue in Fig. 5.16 as well as the particle propagation of the same particle at iterations 5, 10, 15, 30, and 100 of the injection feedback. In the ring (after 15 m), the higher the iteration, the atter the curve, which means that the injection improves.

The estimators against iteration of this simulation (Fig. 5.17) also demonstrate an improvement of the injection with a nal estimation of the injection of

E x = 3 × 10 -2 mm, E x = 3 × 10 -2 mrad, E y = 2 × 10 -3 mm and E y = 3 × 10 -3 mrad.
Those value are of the same order of magnitude of the 1-σ beam perfect case simulation shows in section 5.2.3.1. The general behaviour of the estimators is similar to those of the 1-σ beam perfect case but with ve times higher initial estimation.

One thousand simulations with particles inside the 5-σ beam ellipse have been done to check this similarity observed in one case. Their results are resumed in the histogram of convergence iteration (Fig. 5.18a) and of the number of iteration below convergence threshold (Fig. 5.18b).

Once again, both histograms are nearly a perfect mirror to each other with symmetry around 50.5 which means that once the convergence is obtained, the convergence criterion stays veried.

A huge dierence with the 1-σ beam case is the number of iterations needed to reach the convergence. Here, this number is much higher with nearly no con- 
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vergence at less than 20 iterations and a large peak around 50. After 53 iterations, the convergence is always obtained.

In short, the 5-σ beam perfect case is much like the 1-σ beam one with just an increase in the number of iterations needed to obtain the convergence. Hence, in a perfect world, the injection feedback would always permit convergence in less than 53 iterations, even for a beam with a centroid position far from the expected one.

Fluctuation case

In reality, the beam centroid is never precisely at the same position from one shot to the next. One thousand simulations of the injection feedback have been made with a random uctuation of the particle -representing the beam centroid -position and momentum of maximum 1 % of the 1-σ beam size and momentum (see section 5. The only dierence remains in a global shifting to the left -of some iterations -of Figure 5.17: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is the initial one of Fig. 5.16, randomly selected within the 5-σ beam ellipse. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

the histogram of the number of iterations below the convergence threshold. This behaviour corresponds to the existence of some iteration after the convergence iteration with estimators above the convergence criterion. It can be visualised on the estimator against iterations' plot (Fig. 5.20) of one example of simulation where a plateau of estimators around 0.1 mm, 0.1 mrad is reached after 50 iterations. Still, the beam's uctuation sometimes induces higher oscillation in the ring.

A similar behaviour can be seen on Fig. 5.21, one example of simulation done with a 10 % beam centroid uctuation. In this case, the oscillations after the 30 th iteration are around (0.5 ± 0.4) mm and (0.5 ± 0.4) mrad exactly like it was for the 1-σ beam case (section 5.2.4.2). This oscillation level is so large that it does not make sense to speak of convergence after the rst iteration below the convergence threshold. Nevertheless, some improvement -a 2.5 factor here -of the injection is obtained in the 5-σ beam case and permits more signicant oscillations to be lower than 1 mm, 1 mrad.

Summary

The 5-σ beam cases are much like 1-σ beam ones (section 5.2.3 and section 5.2.4) and both permit to reach the same plateau of convergence. The only dierence is the number of iterations needed to reach the plateau that is larger in the 5-σ beam case. For both the perfect case and 1 % uctuated case, maximum oscillations in Figure 5.18: One thousand particles have been selected within the 5σ beam to represent as many beam centroids. The 100 iterations of the injection feedback are done using the same particle each. The case -2 corresponds to particles loss during the iteration of the feedback, while the case -1 correspond to particles that never reach the convergence criterion : E x , E y < 100 µm and E x , E y < 100 µrad.

the ring are -in general -below the convergence threshold. For the case with 10 % uctuated, the maximum oscillations in the ring are of the order of magnitude of 1 mm, 1 mrad, which is large, but still permit to improve the injection as initial estimators are even larger. Figure 5.21: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 5-σ beam ellipses with an additional random beam-to-beam fluctuation of 10 % of the 1-σ beam size at the start of the TL. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad but is reach here only by chance and does not make any sense.

. Studies of feedback coecient

In the injection feedback, the coecient of the correction -the dierence between steerers' strength values used and computed -is applied from one iteration to the next. By default, this coecient has been arbitrary set a 10 % of the correction each time.

This section presents some tests with other coecient dened. The same initial particle selected within the 5-σ beam ellipse is used for each comparison.

Perfect case

For this section, all gures come from simulations computed with the same particles selected in the 5-σ beam. The initial propagation of this particles is shown in 
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The coecient tested and presented on Fig. 5.23 are 100 %, 20 %, 10 %, 5 %, 2 % and 1 %.

One may notice that, except for the 100 % case (Fig. 5.23a), all plot are similar with only dilatation along the iteration number. A reduction of the coecient seems only to aect the number of iterations needed to reach the convergence, but not the estimations curve in general. For the 100 % case, 11 iterations are needed to reach convergence. This swift decrease of the estimators shows a good agreement between the MadX simulation and the linear transfer matrix used for correction calculation. Still, the correction calculation is not perfect else only one iteration would have been needed to reach the convergence.

Ten simulations have been done for each coecient value with dierent initial particles. The means and standard deviation of the estimator after convergence has been calculated separately. Cases where the convergence is not reached are excluded. Then, for each coecient value, the mean of the mean estimators and the maximum of the standard deviation have been computed and are resumed in Tab. 5.2. The table shows that the lower the coecient applied, the fewer simulations converge. This observation can be explained by the increasing number of iterations needed to reach the convergence as visualised in the case described above. The increase of mean estimations when the coecient decrease is also explainable by this phenomenon. In fact, a plateau of small estimation is reached soon after the convergence for large coecient cases. In contrast, the transition between convergence and plateau dominates the mean calculation in small coecient cases.

In a perfect case, the best correction factor seems to be 100 % as the correction is faster and sooner, leading to lower oscillation in the ring. Still, applying all the corrections at once is rarely a good idea in reality because of uctuations and risks of over-correction. At the same time, smaller coecients do not permit obtained convergence in every case in less than 100 iterations, which leads to many iterations with large oscillation and risk of particle losses. Both 10 % and 20 % give good enough results.

Fluctuations case

Let us study the correction coecient applied for simulations with beam-to-beam uctuations. Two cases are treated, one with a random uctuation with maximum 1 % of the beam size and momentum as uctuation, a second with maximum 10 %.

For each coecient comparison, a unique initial particle is selected within the 5σ beam ellipse and used as a beam centroid. The uctuation is added to this particle even for the initial estimator, which explains the change of this value on each plot.

1% fluctuations

For beam position uctuation of 1 % of the beam size, the coecients tested and presented on Fig. 5.24 are 100 %, 20 %, 10 %, 5 %, 2 % and 1 %. Figures of propagation are similar to those of the perfect case (see section 5.3.2.1), but three dierences can be pointed out.

First, the local minimum in E x and E x has disappeared, which is an improvement of the injection feedback behaviour. This observation is not true for all Third, some uctuation of the estimators exists. The maximum beam oscillation in the ring is of the order of 0.1 mm and 0.1 mrad after the rst convergence iteration for all coecient cases, except the 100 % one. This case has twice larger oscillations approximately.

Similar simulations have been done ten times, and the mean and standard deviation of estimators' values after the convergence iteration have been computed.

The mean of those mean estimators and the maximum of those standard deviations for each coecient case are given on Tab. 5.3. 10 % and 20 % corrections applied. The total correction case leads to higher uctuation because of potential over-correction. The smaller correction factor seems to be under-corrected -at least for the rst iteration after the convergence -which increases the time to reach stabilised oscillations.

In short, the injection feedback system is relevant for small uctuation of the beam position and momentum at the beginning of the transfer line. Injection feedback seems optimum for 10 % and 20 % correction applied for which oscillations of the beam in the ring of the order of a few tens of micrometres can be achieved.

10% fluctuation

We already have seen (section 5.2.4.2 that higher beam-to-beam uctuation leads to higher beam oscillations in the ring. To check the optimum correction coecient to apply for large beam-to-beam uctuations, some coecients have been tested with 10 % beam-to-beam uctuation. Coecient tested and represent in Fig. 5.26 are 100 %, 20 %, 10 %, 5 %, 2 % and 1 %.

All gures are presented using a unique initial beam centroid on which is applied the uctuation. E x and E y are below 0.1 mrad but does not make any sense here.

This time, the entire correction case cannot be used as it does not improve the injection in contrast to other cases. As for previous studies (section 5.3.2.1 and section 5.3.2.2.1), decreasing the correction applied elongates the estimation curve, which means that the lower the correction applied, the higher the time spent with high oscillation in the ring.

To nd an optimum of the coecient of correction to applied, 10 simulations like the one of Fig. 5.26 have been done. As estimators stay large, the common convergence criterion does not make sense here. Nevertheless, the quality of the injection feedback has been measured by taking the mean and the standard deviation of estimators after the rst iteration where E x , E y < 1 mm and, E x , E y < 1 mrad. The mean of this quality factor over the ten simulations and the maximum standard deviation is given in Tab. 5.4. Like for the test of correction coecient with smaller beam-to-beam uctuation (section 5.3.2.2.1), best coecient to applied are 10 % and 20 % as above there is an over-correction risk and below the correction is to slow.

Summary

The best correction coecient to apply for perfect simulation is 100 % because correction computations are good enough to avoid over-estimation. Still, when the beam position and momentum uctuate from one beam to the next, the overcorrection is inevitable, which leads to large oscillations of the beam in the ring. On the contrary, a tiny coecient applied implies a much longer time before reaching an acceptable injection. The optimum coecient of correction to keep convergence reach in less than 100 iterations seems to be around 10-20 %.

Some test with coecient denition depending on corrections values -higher coecient for lower correction -have been done but does not seems to give better results. Nevertheless, the possibility to adapt the coecients of correction desired is implemented. Once the injection feedback would be tested on the ThomX ring, the users could use it to optimise the injection.

. Studies of an error in the beam position measurement

The injection feedback is based on BPM to measure the beam position. Those diagnostics have a certain precision given by electronic noise, among others. On the ring, it is planned to have 0.25 mm accuracy on one position measurement [START_REF] Variola | Thomx -technical design report[END_REF].

To take this error into account, some simulations of the injection feedback have been made with a random noise added to MadX results on the particle's positions in the RI-C1/DG/BPM.02 and RI-C1/DG/BPM.03 of the ring. The noise is selected within ±0.1 mm uniform distribution on each measure for each iteration separately.

These additional errors are not applied during the evaluation of the estimator to ensure accurate values.

All simulations are done with particles selected within the 1-σ beam beam ellipse at the end of the acceleration section.

Perfect case

Figure 5.27: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 1-σ beam ellipse. The coefficient of correction applied at each 1000 iterations is 10 %. A random error of ±100 µm is added to the beam position given by MadX tracking. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad but does not make any sens here.

10% corrections applied

Estimators of the injection against iteration of the injection feedback of one specic case of the perfect simulation are shown in Fig. 5.27. The injection slightly improved at rst, but, after the 12 th iteration, the beam position error led to over-corrections that degraded the horizontal injection and created larger and larger oscillations in the ring. This behaviour is not acceptable for a feedback system.

1% corrections applied

To reduce the impact of the over-correction, the coecient of correction applied from one perfect iteration to the next is diminished at 1 %. As this tiny correction leads to a longer convergence time, simulation has been pushed to 1000 iterations. With a smaller correction applied, the injection is improved as one cas see on The correction of the injection in the vertical plane is excellent, with maximum oscillations of the order of a few tens of micrometres in every case. For the horizontal plane, oscillations are ten times larger with a mean ring oscillation of (0.112 ± 0.098) mm. This value is not so far away from the condition of convergence which means that the injection is not optimum but not outrageous too.

In short, with small corrections at each iteration in a perfect case, it is possible to improve the injection to a maximum oscillation of the order of 0.2 mm.

Fluctuations case

As both errors of position measurement and uctuation of the beam position at the beginning of the TL lead to an increase in the oscillation in the ring, considering both eects simultaneously can lead to unexpected results. This section present results of 10 simulations done with :

• Initial particle -representing the beam centoid -selected within 1-σ beam ellipse

• Beam-to-beam uctuation of 1 % of the beam size and momentum at the beginning of the section • 0.1 mm random BPM error

• over 1000 iterations

The estimators as function of the iterations is presented for two of them. One with a good injection (Fig. 5.29) and one with a bad one (Fig. 5.30).

On those two plots, one may notice that large oscillations are induced during a large number of iterations -which correspond to BPM error impact -on top of which small uctuations -characteristics of beam-to-beam uctuation -are visible. Both eects add up to increase some time the oscillations in the ring, hence deteriorating the injection.

The mean and standard deviation of the last 800 iterations of the 10 simulations done are presented in Tab. 5.6. One may notice that the presented plots correspond to the worst and best simulations. In average, oscillation in the ring are of the order of (0.15 ± 0.11) mm horizontally and (0.03 ± 0.02) mm vertically, which correspond to 1.3 and 2.2 times larges respectively than perfect cases without beam-to-beam uctuation (section 5.3.3.1.2).

In short, in this case, the convergence in the vertical plane is still reached with good precision. In the horizontal plane, the injection feedback induces some uctuation of the oscillation amplitude above the convergence criterion. Still, some improvement in the horizontal injection is visible most of the time. 

. Error correction

According to studies presented above, error in the BPM measurement seems to have one of the worse impacts on the injection feedback, with large beam-to-beam uctuation for a potentially long time.

Some potential solutions

-not yet tested -to minimise this eect are discussed here.

Without adding much new computation, one may calculate the steerer strength with measured values and some slightly modied values for each iteration. Those modied strengths give an idea of the sensitivity of the injection process. The higher the sensitivity, the lower should be the coecient of correction applied to avoid large over-correction in case of signicant measurement errors. Moreover, a potentially more accurate steerers' strength could be computed by taking a weighted mean of those new computed strengths.

Once a good injection is obtained, and the ring position measurement uctuation is of the order of BPM uncertainties one may deactivate the feedback for a given duration.

In that case (good injection), the injection feedback could also be applied each N shots to reduce the statistical error on the BPM's value.

. Conclusion

To conclude, a feedback system has been developed to improve the electron beam injection in the ring of ThomX. This feedback is tested on simulations and gives promising results. The two primary sources of errors are BPM's measurement errors and large beam-to-beam uctuations. Without taking them into account, one may obtain horizontal oscillations of the beam in the ring of less than 0.1 mm and even smaller vertical oscillations. When those two eects are considered, they add up to each other. One needs to have a small coecient of correction from one iteration to the next to avoid large oscillations. In the horizontal plane, a mean oscillation below 0.2 mm could be achieved, while in the vertical plane, the correction stays nearly perfect with oscillations below 0.10 mm each time. Those values are of the same order of magnitude than the oscillations induced by the reproducibility of the injection devices (see section 3.2.3).

The injection feedback code must be tested on the actual machine once the commissioning of the ring begins to verify those armations. The beam energy tolerated for the commissioning is the nominal one -50 MeV -while both the repetition rate and the charge are limited to 10 Hz and 100 pC respectively. With this smaller charge, the gun simulation predicts a geometrical transverse emittance of 2 π.mm.mrad in both planes.

. Timeline of the commissioning

The rst months of the accelerator commissioning were reserved for the RF commissioning of the accelerating section and RF gun. Both RF systems were commissioned by the end of September 2021, and the rst dark current was observed on the rst screen station: on station LI/DG/SST.01 (Fig. 6.2). This electron emission comes from the eld emission [START_REF] Murphy | Thermionic emission, eld emission, and the transition region[END_REF] of the gun (see section 2.1.1). In less than a month, the operators have achieved delivering a 50 MeV, 100 pC electron beam at 10 Hz. Other beam measurements were done the following months, like emittance measurement and optical transition radiation (OTR) light emission. Still, the main study was the alignment of the machine and the reduction of the parasitic magnetic eld. A good alignment of the machine head must simplify the X-rays optimisation by reducing the beam displacement -hence transport modication -during optimisation of the gun focalisation [START_REF] Purwar | Random error propagation on electron beam dynamics for a 50 MeV S-band linac[END_REF]. 

. Screen station

The screen stations -denoted as SSTs, see section 2. Cameras are Basler scout scA640-70gm" CCD cameras [START_REF] Basler Scout | USER'S MANUAL FOR GigE VISION CAMERAS[END_REF] with Tamron :

18-400mm F/3.5-6.3 Di II VC HLD" commercial lenses [START_REF]mm f/3.5[END_REF].

Calibration chart screen

The rst screen on the mechanical arm is used for optical calibration. It is composed of glass engraved with 9 USAF-1951 resolution test chart [START_REF]Photographic lenses[END_REF] similar to the one shown on Fig. 6.8. This chart comprises triplets of calibrated horizontal and vertical lines denoted as elements. To discriminate each element, a group and an element To nd the size of a line, one has to know the pair group-element number.

From those value one can compute the width -or a fth of the length -using the Eq. (6.1).

d [mm] = 2 -(1+g r oup+(el ement -1)/6) (6.1)

From the size of the largest element, one may accurately compute the pixel/millimetre ratio needed to calculate the beam size -hence the magnication -while the resolution comes from the smallest element's triplet of lines that one can discriminate. To ensure reproducibility of the measurement, Scott Williams has developed a python code [START_REF] Williams | Lens Calibration for Beam Size Monitors at ThomX[END_REF] that takes an image of the calibration target, like those of Fig. 6.9, and return resolution and magnication. Computation of Fig. 6.9 magnication and resolution are resumed in Tab. 6.2. 

The magnication computation gives a 2x2 matrix used to compute, from horizontal (h) and vertical (v) pixel length on the image, the horizontal (x) and vertical (y) physical length of the beam (in µm) by Eq. (6.2). This 2X2 matrix x

[µm] y[µm] = H X V X H Y V Y × h[pi xel ] v[pi xel ] (6.2) 

YAG:Ce screen

The second screen on the mechanical arm of the screen stations is an Yttrium Aluminum Garnet doped with Cerium crystal.This YAG:Ce -hereafter denoted as YAG -is a scintillator crystal. When the electrons pass through the crystal, they deposit some energy through atoms' excitation. After a certain time, those atoms go back to the ground state by emitting photons.

The YAG screen permits visualising the transverse beam density, which can be used to measure the beam size or relative beam displacement. The light emission is -at rst order -proportional to the electron density. Hence, by integrating the screen intensity, it is even possible to nd back the beam charge if one knows the screen yield, the dark current and optical properties of the lens and camera.

The photon yield of the YAG screens before the beam dump -at 100 pC and 50 MeV -is of the order of 5 × 10 12 photons per beam [START_REF] Delerue | Talk : Proles transverses -nicolas[END_REF]. This emission is isotropic. Hence only a fraction of the light is directed toward the lens and the camera.

An example of a beam visualised with the YAG screen is given Fig. 6.10.

OTR screen

The optical transition radiation (OTR) screen uses the electromagnetic discontinuity between the vacuum and the aluminised screen to generate light. Like for the YAG screen, the OTR permits measurement of the beam size, the relative centroid The OTR emission is directive with a cone of opening of 1/γ ≈ 10 mrad where γ is the Lorentz factor. Hence, most of this emission will be directed toward the camera.

An example of a beam visualised with the OTR screen is given Fig. 6.11. The first image of one electron beam -in yellow -on the OTR screen of the station before the beam dump (TL/DG/SST.01). This image was obtained with the subtraction of pictures with and without the beam.

YAG and OTR yields

The ratio of YAG yield over OTR yield is given by Eq. (6.3). To check this assumption, several images of the beam have been taken with both screens on the TL/DG/SST.01 screen station.For the YAG screen, the raw image is shown Fig. 6.12a, and the sum of all pixels is equal to the beam intensity I Y AG . For the OTR screen, the intensity was too low. Hence, the exposure time has been increased to 10 s to superimpose 100 shots signals. Moreover, a second image with the same exposure time but without the photo-emitted beam has been taken too. The Fig. 6.12b correspond to the subtraction of those two images, and 100 shots intensity I OT R is computed by the sum of all pixels intensities of this image. Then, the intensity for one beam is this calculated intensity divided by 100.

The ratio R I , in this case, is given by Eq. (6.4).

R I = 100 × I Y AG I OT R ≈ 7 × 10 3 (6.4)
R I is eectively smaller than R y by a factor of 10. Still, this dierence seems small by comparison with the small optical aperture and the isotropic YAG emission.

Hence, only a part of the OTR light must be collected.

To check this and optimise the OTR intensity, a study of the optics (transmittance, aperture, optics direction, optics position, ...) is in progress.

6.2.1.5 Emittance measurement 6.2.1.5.1 Theory Besides measuring the beam size, a screen can be used to compute the transverse emittance of the beam. For that purpose, one can used the quadrupole scan -or quad-scan -method [START_REF] Wiedemann | Particle Accelerator Physics, chapter 8, Measurement of the Beam Emittance[END_REF] which is aimed at extracting the transverse geometric beam emittance from beam size uctuation when changing the strength of a quadrupole.

This technique is based on the linear transfer matrix propagation of a beam.

Like a particle, a beam can be described by a matrix, and its propagation along a line is done using the same transfer matrix dened in section 3.1. Still, for a beam, the matrix is not a 1D vector but a 2D matrix Σ and the transport is computed using Eq. (6.5). Let us consider a quadrupole of length l , strength k at a distance D upstream of the screen. By using the thin length approximation, the transfer matrix of the quadrupole can be written as :

Σ 2 = M 1→2 Σ 1 M T 1→2 ( 6 
M QP = 1 0 kl 1 (6.7)
Hence, the transfer matrix from the quadrupole to the screen is given by :

M = M d r i f t (D)M QP = 1 + Dkl d kl 1 (6.

8)

The beam matrix at SST is then equal to :

Σ SST = M Σ quad M T = 1 + Dkl d kl 1 × σ QP 11 σ QP 12 σ QP 21 σ QP 22 × 1 + Dkl d kl 1 (6.9)
After calculation, by identications of the rst coecient, one obtains :

σ SST 11 = (1 + Dkl ) 2 σ QP 11 + 2(1 + Dkl )σ QP 12 + D 2 σ QP 22
(6.10)

Yet, σ SST 11 = β = σ 2 is the beam size squared. After a last rewrite of the previous equation, one may nd the quadratic equation (Eq. (6.11)) of the squared beam size as a function of k.

σ 2 x = (σ QP 11 D 2 l 2 )k 2 +(2Dl σ QP 11 +2D 2 l σ QP 12 )k+σ QP 11 +2Dσ QP 12 +D 2 σ QP 22 = Ak 2 +B k+C (6.11)
Eventually, from a t on the plot of σ 2 x as function of k, one can nd the constants A, B and C and compute the emittance using Eq. (6.12) and Eq. (6.13).

         σ QP 11 = A D 2 l 2 σ QP 12 = B -2Dl σ QP 11 2D 2 l σ QP 22 = C -σ QP 11 -2Dσ QP 12 D 2 (6.12) x = σ QP 11 σ QP 22 -(σ QP 12 ) 2 (6.13) 
The same demonstration can be done for the y-y' plane to compute the geometric emittance y .

Measurement On ThomX, the accelerator toolbox of Matlab

Middle Layer [START_REF] Terebilo | Accelerator toolbox for matlab[END_REF] is used to provide transport matrices needed for the least mean square method. A measurement done using this code is shown Fig. 6.13. The quadrupole used is the last quadrupole of the triplet after the section (TL/AE/QP.03), and the beam size is measured using the screen station before the beam dump (TL/DG/SST.01).

This measurement gives a transverse geometric emittance of x = 4.0 × 10 -2 π.mm.mrad and y = 2.7 × 10 -2 π.mm.mrad. The geometric emittance is not practical for comparing emittances of machines of dierent energy.

Instead, the normalised emittance is computed by multiplying the geometric emittance by the relativistic β and γ factor. For ThomX, β ≈ 1 and γ ≈ 100. Hence the normalised emittance is N x = βγ x = 4.0 π.mm.mrad and N y = βγ y = 2.7 π.mm.mrad. The theoretical value of the transverse normalised emittance at 100 pC is 2 π.mm.mrad in both planes.

The measurement is close to the theory, and some optimisation has permitted to reach nominal values after this measurement.

Energy measurement

Theory

To measure the beam's energy, the nominal method on ThomX will be to use the dipoles of the TL. The propagation in those dipoles has to respect Eq. (6.14). Figure 6.13: Results of the emittance measurement on the screen station TL/DG/SST.01 [START_REF] Bruni | First Electron Beam of the ThomX Project[END_REF]. The dots correspond to the measurements, and the dashed line corresponds to the beam dimension found by the propagation of the computed beam matrix from the quadrupole TL/AE/QP.03 to the screen. B ρ = p q (6.14)

The magnetic eld B can be computed knowing the current in the dipole. The curvature radius ρ is implied by the geometry of the dipole, and the particles' charge is -e, the elementary charge. Hence the only unknown is the particles' momentum p linked to the particle's energy by Eq. (6.15) under relativistic approximation.

p = γmv ≈ γmc = E mc 2 mc = E c (6.15)
One could compute the beam energy from the value of the magnetic eld needed to pass from the linac to the TL rotated of 90°. Still, phase I does not permit switching on dipoles.

A similar technique is used to measure the energy but with a steerer to replace the dipole and a screen to measure beam displacement. The Fig. 6.14 shows the principle of this method.

The energy is given by Eq. (6.16) where l B is the magnetic length of the steerer, L is the distance steerer-screen, B is the magnetic eld, and d is the displacement of the beam centroid.

E = l B × L × ∆B ∆d (6.16) ρ L l B d θ - → B Figure 6
.14: Drawing of the principle of the beam energy measurement using steerers (light blue rectangle) and screen station (dark blue line).

The measurement is done for several magnetic elds for a greater accuracy.

The ∆d ∆B factor is then computed as the slope of the linear t on the measured points of the beam displacement against the magnetic eld. The t error provides the energy error.

Measurement

The method could be used at two locations. Before the accelerating section using the rst steerer (LI/AE/STR.01) and the rst screen station (LI/DG/SST.01) of the linac, or after it using the third steerer (TL/AE/STR.01) and the second screen station (TL/DG/SST.01). One energy measurement before the accelerating section is presented in Fig. 6.15.

The upper part shows three dierent beam positions at three magnetic elds corresponding to the extreme and the middle data, while the lower part shows the measured points and the linear t.

At that time, the energy of the beam at the exit of the gun was E = (3.6 ± 0.3) MeV. Now, the nominal energy of 5 MeV before the section and 50 MeV after it has been reached. 

. Beam Position Monitors

Beam position monitors (BPMs) are devices using four electrodes to measure the transverse beam position. An example of the four electrodes signal of one beam on the TL/DG/BPM.01 BPM is shown Fig. 6.16.

The position calculation is done by the Libera brillance + electronic [START_REF] Leban | Libera Brilliance+[END_REF]. When the signal on one of the channel passes over the threshold -in red on the gure -at the Analog to Digital Converter (ADC) counts T , the Libera computes the sum of all ADC's values from Tn b to T + n a for each electrode. On ThomX the number of ADC's values before the threshold is n b = 10 and the number of ADC's values after the threshold is n a = 50. This sum corresponds to the voltage V i delivered by electrodes A, B, C and D. Then, to compute the beam position, one must use Eq. (6.17). The osets x oset and y oset are used to correct electrodes coupling, while the conversion factors k x and k y permit conversion of voltage ratios into meters.

x = k x (V A +V D )-(V B +V C ) (V A +V B +V C +V D -x oset y = k y (V A +V C )-(V B +V D ) (V A +V B +V C +V D -y oset (6.
Those four values have been measured beforehand with a virtual network analyser for the osets and on a test bench for the conversion factors.

Several preliminary measurements show a beam-to-beam uctuation of hundreds of micrometres, corresponding to the theoretical BPM accuracy. The same comparison with screen stations shows a smaller uctuation. Hence the beam-tobeam instability in the BPM is dominated by the BPM accuracy.

. Integrating current transformer

The integrating current transformer (ICT) is a solenoid wrapped around the beam. A current is induced in the solenoid when the beam passes through the ICT.

The ratio R i →b between the induced current and the beam current is approximately 10 for ThomX ICTs.

The induced current is measured by a WaveCatcher (WAC, see section 2.3.3).

An example of the signal on both ICT in the linac is shown Fig. 6.17.

The beam signal corresponds to the negative peak on these curves, while the dark current is responsible for the global oset. The dark current is more prominent for the ICT after the gun than after the section, as a large part of the dark current does not match the accelerating section acceptance. The time delay between both beam signals corresponds to the synchronisation delay dierence between the two WACs used. The after-section ICT is ahead to permit measurement of the Faraday cup on the same WAC.

The beam charge Q beam can be computed using Eq. (6.18) where R i →b ≈ 10 is the ICT eciency, f = 3.2 GHz is the sampling frequency, Z = 50 Ω the impedance of the WAC, I (t ) the ICT signal read by WAC and I dark the average dark current.

Q beam = R i →b ×Q induce = R i →b × 1 f × Z t (I (t ) -I dark ) (6.18)
Figure 6.17: ICT's signals on LI/DG/ICT.01 and TL/DG/ICT.01, the two ICTs before and after the accelerating section. In both cases, the measured charge signal was around 100 pC.

The average dark current is computed by taking the average of 100 repetitions of the mean of the ICT signal when a shutter stops the laser beam.

In the Fig. 6.17, both ICT signals give a beam charge of 100 pC, which means a total transport of the nominal beam charge in the accelerating section.

. Conclusion

The commissioning is an important step for a machine and be able to actively participate to it permit to understand the challenge that it induce.

I have mostly participate to the commissioning of diagnostics -such as BPM, ICT, FC and SST -which are essential for characterising the beam and for which I had to operate the machine.

I have also developed some Graphical User Interface (GUI) to use theses diagnostics eectively. Creating those GUI have permit to understand the acquisition control system and obtained a global visualisation of ThomX Eventually, in August 2022 ThomX has obtained is authorisation to start the phase II and about a month later -in September the 9 th -we obtained our rst electron beam injected in the ring that had lead to the commissioning of all TL diagnostics and of ring's BPM.

Conclusion

This thesis takes place in a prototype of a new kind of high-intensity X-ray source named ThomX. This source aims at using a 50 MeV electron beam stored in a small storage ring to increase -by momentum transfer -the energy of photons stored in a Fabry-Perrot cavity. This phenomenon is the Compton backscattering eect.

Before the commissioning of the machine, some simulations of the accelerator's transfer line (TL) and ring injection were made. Those simulations have permitted the study of particle loss risks during the injection.

The risk of losses is null for nominal beam parameters on the perfect machine.

Losses are unlikely for larger beam size or momentum but could occur, especially during the rst half-ring turn after the injection. Those losses may diminish the X-ray ux and must be avoided as much as possible. For that purpose, particle tracking has been implemented and has permitted the creation of maps of losses projected at diagnostic locations. The two rst screen stations of the TL do not allow determining a free-losses region where the beam must be to avoid losses in the rst ring turn, but the third can. On this station, the best location for the beam position seems to be x between -7 mm and 10 mm and y between ±2 mm.

The maps of losses have also been projected in the ring's rst beam position monitor (BPM), and they could also give a good evaluation of the acceptance window of the ring's rst turn.

An injection feedback code has been developed to correct the beam injection in the ring using steerers of the TL. This code is based on two 6D propagation equations computed using a linear transfer matrix. It aims to quickly compute the steerers' strength as only a few calculations must be made. This feedback is not tested on the accelerator as the ring is not commissioned yet, but some simulation tests have been performed.

According to those simulations, the error on the beam position measurement seems to have the worse impact on the horizontal injection feedback correction as it induces some large beam oscillations in the ring for many iterations. Still, with the right choice of the correction coecient to be applied from one beam to the next and of the beam position, a good injection correction may be obtained. For a 1 % correction coecient and an o-axis beam, a ±0.1 mm error on the BPM measurement lead to a horizontal oscillation of the order of (0.15 ± 0.11) mm in the ring.

In every case, the injection feedback in the vertical plane is accurate, with the most prominent oscillations in the ring of less than 0.1 mm.

The commissioning of the linear part of the accelerator started in June 2021. • Selection:

-Parameter: Selection:

* Use the reference particule -→ 0 : denoted as -→ 0 * Select the particle within the 1-σ beam ellipse : denoted as 1σ beam * Select the particle within the 5-σ beam ellipse : denoted as 5σ beam

• Propagation:

-Parameter: Beam-to-beam uctuation shorted B-to-B uct.

* Use the same particle from one iteration to the next: denoted as No uct.

* Add some beam-to-beam uctuation of :

• 1 % of the 1-σ beam size and momentum : denoted as 1 % uct.

• 10 % of the 1-σ beam size and momentum : denoted as 10 % uct. Avant le démarrage de la machine, des simulations de l'accélérateur, principalement de la ligne de transfert et de l'anneau, ont été faites et ont permis de faire une étude des pertes de particules pendant l'injection.

1 1 - 1 . 1 3 1. 2 6 1. 2 . 2 8 1. 2 . 3 22 1. 3 . 2 28 1. 4

 111326228232232284 Accelerators and X-rays Contents History . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . Particle accelerators . . . . . . . . . . . . . . . . . . . . . . 5 1.2.1 Sources . . . . . . . . . . . . . . . . . . . . . . . . . . Accelerating section . . . . . . . . . . . . . . . . . . Transport lines . . . . . . . . . . . . . . . . . . . . . 11 1.2.4 Rings . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.2.5 Accelerator hardware . . . . . . . . . . . . . . . . . . 12 1.2.6 Applications of accelerators . . . . . . . . . . . . . . 18 1.3 X-rays . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 1.3.1 X-ray sources . . . . . . . . . . . . . . . . . . . . . . Usage of X-rays . . . . . . . . . . . . . . . . . . . . . Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 1.1 . History During the XIX th century, scientists studied the electrical conductivity of low- pressure gases. The protocol consisted in having a high voltage applied between two plates -the cathode (negative voltage) and the anode (positive voltage)inside a pressurised vacuum tube, as shown in Fig. 1.1, and measuring the potential dierences needed to create electrical arcs. Several major discoveries and technologies came out of those experiments.
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 12 Figure 1.2: First human body radiography ever made. The hand is that of Wilhelm Röntgen's wife on December 22 th , 1895, while the large dark circle on the second finger is her wedding ring [4].
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 13 Figure1.3: General sketch of an accelerator. Four main components may be encountered : a source to create the beam, a transport line to transport, characterise and shape it, an accelerating section to accelerate it and some times a ring to let the beam loops.
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 14 Figure 1.4: Sketch of an ECR source adapted from [8].

Figure 1 . 5 :

 15 Figure 1.5: The "Anneau de Collisions d'Orsay" (ACO) is one of the world's first collider and synchrotron sources. It is a 7 m diameter ring that was fill of electrons and positrons using the linear accelerator of Orsay from 1967 to 1988.

  1.6b) (a) The small Van der Graaff generator used at the museum "Science ACO" (Orsay, France) to create high voltage and demonstrate air breakdown. (b) 1 MeV Cockcroft-Walton generator at the "Laboratori Nazionali di Frascati" INFN, Italy.
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 417 Figure 1.7: Sketch of relativistic electron beam propagation inside an RF section for different time : T1 < T2 < T3 < T4.
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 19 Figure 1.9: Simplified sketch of dipoles seen from above (left) and by side (right).
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 11012512111 Figure 1.10: Sketch of a quadrupole in the transverse plane. The blue arrows represent the magnetic field, while the red arrows represent the force that feel the beam in orange.
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 112 Figure 1.12: Sketch of a sextupole in the transverse plane.
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 113 Figure 1.13: Sketch of a magnetic steerer in the transverse plane. Electrons are going outside the paper. Two bipolar generators allow deflection in every direction.
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 114 Figure 1.14: Sketch of a simple scintillator screen station.

Figure 1 . 15 :

 115 Figure 1.15: Sketch of a simple beam position monitor. Electrons are going outside the paper.

  Integrating current transformer -or ICT -is a coil wrapped around the beam trajectory as shown Fig. 1.16.
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 116 Figure 1.16: Sketch of an Integrating Current Transformer. The current is measured by measuring a voltage at the terminal of some known resistor.
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 119 Figure 1.19: Electromagnetic spectrum of light [20].

  Crookes' tubes are one example of Xray tubes. Nowadays the devices are based on the same principle, but enhancement of the electron production has led to a new limitation: overheating risk because of energy deposition within the plate. To palliate overheating, some tubes use
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 120 Figure 1.20: The spectrum of a rhodium target tube operated at 60 kV, showing continuous spectrum -Bremsstrahlung -and K lines of the rhodium (see section 1.3.2.2).
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 121 Figure 1.21: Sketch of the synchrotron radiation -in yellow -emitted by an electron beam into a dipole [21].
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 122 Figure 1.22: Maps of SOLEIL see from above.In blue are lines where the light comes from dipoles, in red from undulators and in green from wigglers[START_REF]Position along the storage ring, synchrotron SOLEIL[END_REF].
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 3132 Example of Compact Compton sourcesThe ThomX project is one of the Compact Compton Sources (CCS) prototypes under development.
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 24 Thanks to the high photon energy amplication, all those facilities are much smaller than synchrotron accelerators, as shown Fig. 1.23.
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 123 Figure 1.23: Comparison of Lyncean compact light source (CLS) and conventional synchrotron light sources [27].

Figure 1 .

 1 Figure 1.25: AOCS-based region-of-interest (ROI) micro-focus computed tomography (CT) imaging: (a) illustration of test object, with the ROI highlighted by a red dashed circle; (b) 60-shot accumulated projection image; (c) curve of modulation transfer function of tube edge marked by a black dashed line in the projection image (b); (d) threedimensional reconstructed image within the ROI; (e) one slice of the tomographic image in (d). The ROIs in (b) and (e) are highlighted by a red dashed rectangle and circle, respectively [29].

  edge-enhancement radiography (right) are shown Fig. 1.26. One sees the amelioration of the edge contrast in the trachea region (blue arrows) between conventional methods C) and enhanced ones D).

Figure 1 .

 1 Figure 1.26:The contrast in all three regions of interest is increased by increasing the detector-sample distance to the edge-enhancement regime. A) and B) shows the nasal airways imaged with a detector pixel size of 0.65 µm and exposure time of 180 s. In B) the sample-detector distance is increased to 30 cm. In panels C) and D) the trachea region with a detector pixel size of 6.5 µm and exposure time of 1 s is shown. The sample-detector distance is 1.5 m in D). The blue arrows highlight the edges of the trachea. The lungs are displayed in E) and F) with a detector pixel size of 13 µm and exposure time of 1 s. The sample-detector distance is increased to 1.6 m in F) and is less than 2 cm for A), C) and E)[START_REF] Gradl | Propagation-based phase-contrast x-ray imaging at a compact light source[END_REF].
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 21 Figure 2.1: Drawing of ThomX accelerator's bunker and X-rays' experimental bunker.

  Photo-injector accelerating section

Figure 2 . 2 :

 22 Figure 2.2: Drawing of ThomX seen from above.

•

  Extraction line 2.1.1 . Photo-injector For ThomX, the electron beam source is a photo-injector. It is composed of a copper photo-cathode (PC) illuminated by a laser to initiate the beam extraction by the photoelectric eect (see Fig. 2.3).

  Photocathode

Figure 2 . 3 :

 23 Figure 2.3: Sketch of the photo-injector of ThomX.
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 24 Figure 2.4: Sketch of the LIL section used at ThomX (left) and photo of the unit cell of the LIL accelerating structure (right) [31].

  X-ray line in the accelerator bunker. From left to right: 1 X-rays shutter, 2 selection slot, 3 fluorescent screen, 4 Kapton foil, 5 wire detector, and 6 transfocator.

  X-ray line in the X-rays experimental room. From left to right: 1 monochromator, 2 selection slot, 3 hexapod, and 4 detectors support.

Figure 2 . 5 :

 25 Figure 2.5: X-ray line of ThomX. The X-rays go from left to right. Most of the propagation is done under vacuum, and Kapton foil is used for the vacuum-air interface. Shutters and slots are made of tungsten.

  Vis. Synchrotron rad. monitor

Figure 2 . 6 :

 26 Figure 2.6: Drawing of diagnostics on ThomX sees from above.

  2.7) developed by "Instrumentation technology" to analyse all the 72 BPMs signals -4 electrodes per BPM, 18 BPM -and deliver the beam position.
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 272211 Figure 2.7: Image of one Libera Brillance+ developed by Instrumentation Technologies to acquire signal from four BPM at once [34].
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 28 Figure 2.8: Drawing of ThomX stripline BPM. Top the linac one, bottom those of the TL and EL.

Figure 2 . 9 :

 29 Figure 2.9: Drawing of ThomX button BPM. Left those with four electrodes, right those with four extra electrodes used for ion cleaning.

2 . 10 .

 210 At least three screens are available on each station. A USAF1951 calibration chart allows measuring the optical system's resolution and magnication. Both Yttrium Aluminum Garnet crystal doped with Cerium[START_REF] Crytur | [END_REF] -YAG:Ce -and an Optical Transition Radiation -OTR -are used for beam visualisation. The rst uses energy deposition by the electron beam and emission of light by atoms deexcitation, while the second uses photon emission because of electromagnetic discontinuity between vacuum and screen. On the station just before the TL beam dump, an additional fourth screen made of sapphire would be used to generate Cherenkov radiation -light emission by particles travelling faster than light in some medium -and allows longitudinal length measurement of the beam using a double-sweep streak camera.

Figure 2 . 10 :

 210 Figure 2.10: Left: CAD 3D view of one of the diagnostic stations. The beam travels from the front left to the back right on the image. The screen is inserted by the motorised UHV-actuator on the right. The observation camera is located below the station. On some stations, such as the one depicted here, a vacuum pump can be inserted on top of the station. Right: Photo (top) and drawing (bottom) of the screen's mechanical arm. Three to four screens can be inserted via these mechanical arms. In this example, the 4th screen is the Cerenkov screen. It has a slightly different angle to allow Cerenkov light to go upward.

Figure 2 .

 2 Figure 2.11: X-ray intensity as a function of the emission angle in mrad (horizontal axis) and their energy in eV (vertical axis). The colour bar indicates the number of X-ray photons [26].
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 21355233 Figure 2.13: Evolution of the number of scattered photons during beam propagation into the ring. CBS: Compton BackScattering. IBS: Intra-Beam Scattering, a collective effect increasing the beam length because of intern collision between electrons. ([32]).
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 31 Figure 3.1: Sketch of the coordinate system used for positioning of particles within a bunch.

Figure 3 . 2 :

 32 Figure 3.2: Propagation of a particle in a drift space of length L.

  conventions may be used for the -→ z axis's propagation. Let's use the convention of Trace3D [39] -a program created by the Los Alamos National Laboratory (University of California, U.S.A) to compute beam-dynamics -that provides all the transfer matrix used in section 3.3. The two coordinates used to characterise the propagation along -→ z axis are z and ∆p p where z is the relative position according to the position of the reference particle, and ∆p p is the relative momentum of the particle according to the reference one, p.
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 33 Figure 3.3: Definition and convention of the bending magnet's edges at the entrance and the exit of them. Blue dotted lines correspond to the 0 edges case. Black dashed lines symbolise the curvature radius.
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 34 Figure 3.4: Geometric consideration of the focalisation effect of negative bend edges. The upper case corresponds to a sector bending magnet without edges. The lower case corresponds to a bending magnet with -15°edges at the entrance and exit. Blue dotted lines correspond to the 0 edges case. Black dashed lines symbolise the curvature radius used to trace circle arc.
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A

  change of frame has no transfer matrix, but with the matrix formalism, one may compute it as follow : Parameters : • δx : change of position in x • δx : change of momentum in x • δy : change of position in y • δy : change of momentum in y • δz : change of position in z • δz : change of momentum in

Fig. 3 Figure 3 . 5 :

 335 Figure 3.5: Elementary sequences of ThomX define in the MadX script.

  Those sequences are concatenated to generate lines used in simulations. All combined sequences dened are : • TL_straight = TL_begin + TL_dump • TL = TL_begin + TL_dispersive + TL_injection • TL_EL = TL_begin + TL_dispersive + EL_by_pass + EL_dump • Ring_with_injection_kicker = Ring_before_injection_kicker + Injection kicker + Ring_between_kickers + drift at extraction kicker's place + Ring_after_extraction_kicker • Ring_with_both_kickers = Ring_before_injection_kicker + Injection kicker + Ring_between_kickers + Extraction kicker + Ring_after_extraction_kicker • Ring_with_extraction_kicker = Ring_before_injection_kicker + drift at injection kicker's place + Ring_between_kickers + Extraction kicker + Ring_after_extraction_kicker • Ring = Ring_before_injection_kicker + drift at injection kicker's place + Ring_between_kickers + drift at extraction kicker's place + Ring_after_extraction_kicker • TL_1_turn = TL + frame change + Ring_with_injection_kicker • TL_1_turn_EL = TL + frame change + Ring_with_both_kickers + frame change + EL_extraction + EL_dump • TL_n_turn = TL_rst_turn + (n-1)*Ring • last_turn_EL = Ring_with_extraction_kicker + frame change + EL_extraction + EL_dump • TL_n_turn_EL = TL_rst_turn + (n-2)*Ring + last_turn_EL One may notice a change of frame in some sequence denitions. This computation artefact is used during injection or extraction to simulate beam propagation more accurately.
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 36 Figure 3.6: Drawing (not to scale) of the injection of ThomX. χ is the kick angle induced by the kicker. Acronym are the following : STR = Steerer; DPI = Injection Dipole; BPM = Beam Position Monitor; QP = Quadrupole. The associated numbers correspond to the ThomX nomenclature.
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 37 Figure 3.7: Tracking with MadX of the initially null beam centroid propagated along the TL and the 20 first ring's turn. In black are x (top) and x (bottom) while in red are y (top) and y (bottom). For y and y , oscillations do not exist throughout the propagation. The large peak at 15 m correspond to the change of frame. Before it, the beam position vector is always null. After, the oscillation amplitude characterises the fluctuation between the beam reference frame created with the change of frame and the periodical reference frame of the ring.

  (y ,y ) -with a uniform random distribution until the beam ellipse's equations are met. An additional 35 mm long square cut on the x-y plane is added as the particles outside this square cut are well outside ThomX beam pipes. The Fig. 3.8 show an example of 400 particles selection inside the 1-σ beam. One may notice that nearly all particles' momenta are directed toward the outside of the beam. This behaviour is coherent with the negative sign of the Twiss parameter α.
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 38 Figure 3.8: The plot of 400 particles selected inside the beam. The blue crosses represent particles' location in the (x,y) plane and the arrowsfrom (x,y) to (x+x'×1 m,x+x'×1 m) -represent the propagation of those particles on a hypothetical one meter long drift according to their transverse momentum.
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 393 Figure 3.9: Comparison of the x (middle) and y (below) beam envelope propagation (in dashed line) and the propagation in those planes of 400 particles (in pink) selected inside the beam envelope at the beginning of the line. The upper part shows the layout of the TL_1_turn line used for those simulations. The large peak in x plane around 14 m corresponds to a change of frame used to simulate the beam propagation during the ring injection (see section 3.2.3)

  The TL and the EL beam pipes are circular with a diameter of 35 mm as is the aperture dened in the MadX code. The ring's pipe shape is more complicated, as one may see on Fig.3.10. The circular shape correspond to the TL aperture at scale.
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 310 Figure 3.10: Drawing of the ThomX ring's tube (hatched) compared to the aperture defined in MadX for the ring (blue ellipse) and for the TL (blue circle) at scale.

-

  "end": specic element corresponding to the ending of the line (transparent) else: element considered as transparent • at: the position of the beginning of the element • length: the length of the element • variables: a list of the parameters needed to compute the transfer matrix of the element (ex: k for quadrupoles)

  To understand the meaning of this code, let's consider the line of 3 quadrupoles drawn on the Fig.3.11, named FODO lattice. For the exemple let's parametrize the strength of the rst quadrupole k 1 and let's use k 2 = -2 m -2 and k 3 = 1 m -2 for the second and the third quadrupole.
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 311 Figure 3.11: FODO line of 3 quadrupoles.
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 4142 as python's function and is directly imported in python's codes.This feature has allowed us to compare MadX's tracking results with MatLab's one on very simple lines -one element between 2 drift spaces -and validate MatLab's computation with reasonable accuracy. The slight dierences found come from non-linearity taken into account in MadX computation. 4 -Loss maps Contents Consequences of particles losses . . . . . . . . . . . . . . . 77 Loss maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.2.1 Particles selection . . . . . . . . . . . . . . . . . . . . 78 4.2.2 Maps along the accelerator . . . . . . . . . . . . . . 79 4.2.3 Projected maps . . . . . . . . . . . . . . . . . . . . . 82 4.3 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 Beam losses on accelerators may have several impacts on the accelerator's performances as it may reduce the number of interactions -hence the luminosity -or damage some pieces of hardware. This chapter presents a study of particle losses. The consequences of particles losses is discussed in section 4.1. Both section 4.2.2 and section 4.2.3 show representations of the losses either longitudinally or transversely at some specic point of the accelerator.

  2.4 and we remind here the main features. It is done by random uniform selection of (x,x') and (y,y') couples separately until points in the phase space x-x' or y-y' are within a particular beam ellipse. Previous simulations of the linac dene these beam properties. Their values at the end of the accelerating section -or beginning of the TL -are given by Tab. 3.1. Beam with those parameters is denoted as 1-σ beam. A larger beam can also be considered by multiplying the transverse beam emittance by a factor k 2 , which means multiplying both beam size and beam divergence in transverse phase space planes by k. Such a beam is denoted as a k-σ beam .Although normal beams are usually gaussians, this at beam selection is sufcient to identify the parts of phase space where losses occur. It is a convenient way to simulate lots of particles with large variations of properties around nominal parameters. For instance, increasing the beam emittance gives similar selections to those obtained by changing the Twiss parameters or moving the beam centroid.
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 41 Figure 4.1: Tracking of particles along the accelerator. The upper part shows the layout of ThomX, and the middle (lower) part corresponds to the x (y) positioning of particles alongside the accelerator. The particle's trajectories are coloured according to their initial parameters, within 1-σ beam in pink, within 3-σ beam and outside 1-σ beam in orange and within 5-σ beam and outside 3-σ beam in green. For each random selection, 200 particles are generated; therefore, 600 particles are tracked. Losses should be represented as red dots, but not any loss occurs for those parameters. The peak around 14 m in the x plane is just a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

Fig. 4 .

 4 Fig. 4.3 show a new particles tracking with the same selection's parameters as the Fig. 4.2 and an additional fourth category of selection: 200 particles inside the 20-σ beam but outside the 12-σ one.

Figure 4 . 2 :

 42 Figure 4.2: Tracking of particles along the accelerator. The upper part shows the layout of ThomX, and the middle (lower) part corresponds to the x (y) positioning of particles alongside the accelerator. The particle's trajectories are coloured according to their initial parameters. Within 1-σ beam in pink, within 5-σ beam and outside 1-σ beam in orange and within 12-σ beam and outside 5-σ beam in green. For each random selection, 200 particles are generated; therefore, 600 particles are tracked. The last position of particles recorded before being lost is represented as red dots. The peak around 14 m in the x plane is just a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

Figure 4 . 3 :

 43 Figure 4.3: Tracking of particles along the accelerator. The upper partshows the layout of ThomX, and the middle (lower) part corresponds to the x (y) positioning of particles alongside the accelerator. The particle's trajectories are coloured according to their initial parameters, within 1-σ beam in pink, within 5-σ beam and outside 1-σ beam in orange and within 12-σ beam and outside 5-σ beam in green and in blue are represented particles above 12-σ with as upper limit the 20-σ beam. For each random selection, 200 particles are generated; therefore, 800 particles are tracked. The last position of particles recorded before being lost is represented as red dots. The peak around 14 m in the x plane is just a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).
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 44 Figure 4.4: Map of losses of 10 000 particles tracked alongside the TL and the first ring turn, projected at the beginning of the TL (named 'start') in the x-y plane. The black crosses represent the position of particles at 'start' which successful travel from there to the end of the first ring's turn without being lost. Dots are particle's positions at 'start' which are lost during the propagation, and the colours represent the lost location. Those locations are: in the very first element of the TL in red, in the 3 r d quadrupole of the TL in blue, in the remaining part of the TL (mostly before the 3 r d quadrupole) in green and in the ring in pink.

  4.5), x-x' (Fig. 4.6) or y-y' (Fig. 4.7).

Fig. 4 . 5 ,

 45 Fig. 4.5, in x'-y' plane, look much like Fig. 4.4, in x-y plane. The borders of the losses zone are less sharp. Still, one may nd the rectangular shape of particles instantaneously lost -that is induced by the square cut in the x-y plane -as well as the circular the losses at the beginning of the TL and the losses mostly in the upper and lower part of the third quadrupole because of the wide vertical beam.
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 45 Figure 4.5: Map of losses of the identical 10 000 particles than Fig. 4.4 tracked along the TL and the first turn in the ring, projected at the beginning of the TL (named 'start') in x'-y' plane. Black crosses represent the position of particles at 'start' which complete the first ring turn without being lost. Dots are particles' positions at 'start' which are lost during the propagation, and the colours represent the lost location. Those locations are: in the very first element of the TL in red, in the 3 r d quadrupole of the TL in blue, in the remaining part of the TL (mostly before the 3 r d quadrupole) in green and in the ring in pink.

  (a) Maps of losses in x-x' plane. (b) Maps of losses in x-x' plane tilted to visualise the losses easily.

Figure 4 . 6 :

 46 Figure 4.6: Map of losses of the identical 10 000 particles than Fig. 4.4 tracked along the TL and the first turn in the ring, projected at the beginning of the TL (named 'start') in x-x' plane. Black crosses represent the positions of particles at 'start' which complete the first ring turn without being lost. Dots are particles' positions at 'start' which are lost during the propagation, and the colours represent the lost location. Those locations are: in the very first element of the TL in red, in the 3 r d quadrupole of the TL in blue, in the remaining part of the TL (mostly before the 3 r d quadrupole) in green and in the ring in pink.

  (a) Maps of losses in y-y' plane. (b) Maps of losses in y-y' plane tilted to visualise the losses easily.

Figure 4 . 7 :

 47 Figure 4.7: Map of losses of the identical 10 000 particles than Fig. 4.4 tracked along the TL and the first turn in the ring, projected at the beginning of the TL (named 'start') in the y-y' plane. Black crosses represent the position of particles at 'start' which complete the first ring turn without being lost. Dots are particles' positions at 'start' which are lost during the propagation, and the colours represent the lost location. Those locations are: in the very first element of the TL in red, in the 3 r d quadrupole of the TL in blue, in the remaining part of the TL (mostly before the 3 r d quadrupole) in green and in the ring in pink.
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 48 Figure 4.8: Map of losses of the identical 10 000 particles than Fig. 4.4 tracked along the TL and the first turn in the ring, projected at the first screen station of the transfer line (TL/DG/SST.01), represented in black line.The station is in a different line than the ring; hence two simulations are needed: one to record the losses and one to project the particles to the screen station. Black crosses represent the position of particles at screen location that should have achieved to travel from the beginning of the TL to the end of the first ring turn without being lost if they had followed this path. Pink dots are particles' positions at screen location that should have been lost in the ring if they had followed this path.

  (a) Maps of losses in x-y plane projected on TL/DG/SST.02. (b) Maps of losses in x-y plane projected on TL/DG/SST.03.

Figure 4 . 9 :

 49 Figure 4.9: Map of losses of the identical 10 000 particles than Fig. 4.4 tracked along the TL and the first turn in the ring, projected at the second (TL/DG/SST.02) and third (TL/DG/SST.03) screen station of the transfer line, represented in black line. Black crosses represent the position of particles at the screen location that complete the first ring turn without being lost. Pink dots are particles' positions at the screen location that are lost in the ring.
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 5151 Figure 5.1: Drawing (not to scale) of the injection of ThomX. χ is the kick angle induced by the kicker. Acronym are the following : STR = Steerer; DPI = Injection Dipole; BPM = Beam Position Monitor; QP = Quadrupole. The associated numbers correspond to the ThomX nomenclature.

  Photocathode

Figure 5 . 2 :

 52 Figure 5.2: Zoom on Fig. 2.2 around the ThomX ring injection devices to show the main elements used for injection feedback. Acronym are the following : STR = Steerer; BPM = Beam Position Monitor; QP = Quadrupole. The associated numbers correspond to the ThomX nomenclature.

  of propagation from BPM2 to BPM3 -the momentum of the beam centroid inside the BPM2. A back-propagation of the 4D vector (x,x',y,y') from BPM2 to STR3 allows knowing the 4D beam vector before the rst steerer. Similar computations are done with the desired parameters summarised in Tab. 5.1. With both the initial and the desired vector before the steerers, one may compute the steerers' strength needed to achieve desired positions knowing the initial ones. The additional x' = 0 condition ensures a smooth injection in the ring. At least ve degrees of freedom are needed to have a solution with ve constrains.

  par am param+ a x ,cst Y 2 = a y,y Y 1 + a y,y Y' 1 + par am a y ,par am param Y' 2 = a y ,y Y 1 + a y ,y Y' 1 + par am a y ,par am param (5.3) Two equations must be separately considered: the downstream equation from BPM2 to BPM3 and the upstream equation from BPM2 to STR3. The a u,v 's constants are delivered by the linear matrix code and are considered known values in this chapter.

  ki ck kick Y B P M 3 = a y,y Y B P M 2 + a y,y Y' B P M 2 Y' B P M 3 = a y ,y Y B P M 2 + a y ,y Y' B P M 2

1 . 2

 12 Desired propagation Similarly, one may compute the desired momentum (X B P M 2,d ,Y B P M 2,d ) from the desired position (X B P M 2,d , Y B P M 2,d , X B P M 3,d , Y B P M 3,d ). This time another constrain is added -X B P M 3,d = 0 -to smooth the injection.
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 53 Figure 5.3: Estimation of the ring injection against iterations of the injection feedback for the reference beam centroid (null 4D transverse vector at start of the TL).

Figure 5 . 4 :

 54 Figure 5.4: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the reference beam centroid before applying the injection feedback and after 100 iterations. Both curves are so close that they cannot be distinguished. The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

Figure 5 . 5 :

 55 Figure 5.5: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 1-σ beam ellipse before applying the injection feedback. The steerers' strengths are null and the kicker's kick is nominal. The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).
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 56 Figure 5.6: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is the one of Fig. 5.5, randomly selected within the 1-σ beam ellipse. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.
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 57 Figure 5.7: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 1-σ beam ellipse before applying the injection feedback (blue) and after 100 iterations (orange). The only difference between the two cases is the strength of the steerers (green line on the ThomX layout) around 10 m and the kicker's kick (thick green rectangle) around 15 m. The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).
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 58 Figure 5.8: Steerer strength computed at each iterations of the simulation Fig. 5.6

  (a) Histogram of the number of iterations needed to reach the convergence for the first time. (b) Histogram of the number of time the convergence is reached.

1

 1 One simulation example The initial -blue -and nal -orange -particle propagation for an example of 1 % initial uctuation injection feedback are given on Fig. 5.10. The slight dierence between both propagation since the beginning of the TL -especially in the y plane -is due to the beam-to-beam uctuations.

Figure 5 . 10 :

 510 Figure 5.10: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 1-σ beam ellipse before applying the injection feedback (blue) and after 100 iterations (orange). A random beam-to-beam fluctuation of 1 % of the beam size at the beginning of the TL explains the slight difference in beam propagation since the beginning of the line. Around 10 m, the difference in propagation is due to optimisation of the strength of steerers (green line on the ThomX layout). The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

Figure 5 . 11 :

 511 Figure 5.11: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is the initial one of Fig. 5.10 -randomly selected within the 1σ beam ellipse -with a random beam-to-beam fluctuation of 1 % of the beam size at the start of the TL. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

  (a) Histogram of the number of iterations needed to reach the convergence for the first time. (b) Histogram of the number of time the convergence is reach.

  (a) Histogram of the number of iterations needed to reach the convergence for the first time. (b) Histogram of the number of time the convergence is reach.

Figure 5 . 14 :

 514 Figure 5.14: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 1-σ beam ellipse before applying the injection feedback (blue) and after 5 (orange), 10 (green), 15 (red), 30 (violet), and 100 (brown) iterations. A random beam-to-beam fluctuation of 10 % of the beam size at the beginning of the TL explains the significant difference in beam propagation since the beginning of the line. Around 10 m, the difference in propagation is due to optimisation of the strength of steerers (green line on the ThomX layout). The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

Figure 5 . 16 :

 516 Figure 5.16: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 5-σ beam ellipses before applying the injection feedback (blue) and after 5 (orange), 10 (green), 15 (red), 30 (violet), and 100 (brown) iterations. The only differences in propagation are due to optimisation of the strength of steerers (green line on the ThomX layout) located around 10 m. The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).

  2.4). Results are represented by Fig. 5.19a, the histogram of the convergence iteration and Fig. 5.19b, the histogram of the number of time estimators are below the threshold of convergence. Both histogram are closed to those of the reference case (Fig. 5.18a, Fig. 5.18b).

  (a) Histogram of the number of iterations needed to reach the convergence for the first time. (b) Histogram of the number of time the convergence is reach.

  (a) Histogram of the number of iterations needed to reach the convergence for the first time. (b) Histogram of the number of time the convergence is reach.

Figure 5 . 19 :

 519 Figure5.19: One thousand particles have been selected within the 5σ beam to represent as many beam centroids. A random beam-tobeam fluctuation of 1 % of the beam size at the start of the TL is applied to each of the 100 iterations. The case -2 corresponds to particles loss during the iteration of the feedback, while the case -1 correspond to particles that never reach the convergence criterion : E x , E y < 100 µm and E x , E y < 100 µrad.

Figure 5 . 20 :

 520 Figure 5.20: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 5-σ beam ellipses with an additional random beam-to-beam fluctuation of 1 % of the 1-σ beam size at the start of the TL. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

Fig. 5

 5 Fig. 5.22.

Figure 5 . 22 :

 522 Figure 5.22: ThomX layout (top) and tracking of particles along ThomX TL and first ring turn in x plane (middle) and y plane (bottom). Particles represent the beam centroid randomly selected within 5-σ beam ellipses before applying the injection feedback. All steerers have null strength, and the injection kicker has the nominal kick. The peak around 14 m in the x plane is a computing artefact due to the change of frame between the septum and the kicker (section 3.2.3).
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 523 Figure 5.23: Estimation of the ring injection against iterations of the injection feedback for different percentages of computed correction applied at each iteration. The unique particle used for each simulation of the injection feedback is the one of Fig. 5.22, randomly selected within the 5-σ beam ellipse. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

Figure 5 . 24 :

 524 Figure5.24: Estimation of the ring injection against iterations of the injection feedback for different percentages of computed correction applied at each iteration. The unique particle used for each simulation of the injection feedback is randomly selected within the 5-σ beam ellipses. An additional random beam-to-beam fluctuation of 1 % of the 1-σ beam size at the start of the TL is applied at each iteration. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.
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 525 Figure 5.25: Steerers' strength as a function of the iterations. The coefficient of correction applied from one iteration to the next is 10 %.
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 526 Figure 5.26: Estimation of the ring injection against iterations of the injection feedback for different percentages of computed correction applied at each iteration. The unique particle used for each simulation of the injection feedback is randomly selected within the 5-σ beam ellipses. An additional random beam-to-beam fluctuation of 10 % of the 1-σ beam size at the start of the TL is applied at each iteration. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad but does not make any sense here.
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 528 Figure5.28: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 1-σ beam ellipse. The coefficient of correction applied at each 1000 iterations is 1 %. A random error of ±100 µm is added to the beam position given by MadX tracking. The convergence iteration is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

Fig. 5 .

 5 Fig. 5.28 In the vertical plane, simulations tend to nearly perfect injection, while in the horizontal plane, the x estimator uctuates between 0 and 0.2 mm which is better than the initial 0.36 mm oscillation. Ten other similar simulations have been made. To evaluate the quality of the injection, the means and the standard deviation of these simulation estimators are summarised in Tab. 5.5. Only the last 800 iterations are considered to avoid the 200 rst iterations that initial estimators may dominate. By comparison with the others, simulation shown on Fig. 5.28 is slightly above the average.

Figure 5 . 29 :

 529 Figure 5.29: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 1-σ beam ellipse with an additional random beam-to-beam fluctuation of 1 % of the beam size at the start of the TL. The coefficient of correction applied at each 1000 iterations is 1 %. A random error of ±100 µm is added to the beam position given by MadX tracking. The convergence iteration (190) is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.

Figure 5 . 30 :

 530 Figure 5.30: Estimation of the ring injection against iterations of the injection feedback. The particle used for this simulation of the injection feedback is randomly selected within the 1-σ beam ellipse with an additional random beam-to-beam fluctuation of 1 % of the beam size at the start of the TL. The coefficient of correction applied at each 1000 iterations is 1 %. A random error of ±100 µm is added to the beam position given by MadX tracking. The convergence iteration (190) is defined as the first iteration where E x and E y are below 0.1 mm and E x and E y are below 0.1 mrad.
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  ASN) delivered its authorisation for starting the operations for phase I of the ThomX project. This chapter recalls the phase I main parameters and presents a brief history of the commissioning and a few results of the electron beam diagnos-

Figure 6 . 1 :

 61 Figure 6.1: Drawing of ThomX seen from above. The green rectangle shows the part of the accelerator under commissioning during phase I.

Figure 6 . 2 :

 62 Figure 6.2: The first image of the dark current on the first screen station just after the gun: LI/DG/SST.01.

Figure 6 . 3 :

 63 Figure 6.3: Image of the control room's screen of ThomX. I have developed the left interface that is used to visualise the beam. On the blue image, the red spot correspond to the first photo-emitted observed the 4 th of October 2021 on the LI/DG/SST.01 screen station just before the accelerating section.

6. 2 .

 2 Diagnostic commissioning Several diagnostics were commissioned during phase I to measure the electron beam properties. They are represented on the Fig. 6.4 with the other main elements of the line. From right to left (beam direction) in the linac, the beam passes thought elements resumed in Tab. 6.1.Beam loss monitors seen on Fig.2.6 will not be discussed in this chapter as theyare not yet commissioned. The other diagnostics and a few results are presented in the following sections.

Figure 6 . 4 :

 64 Figure 6.4: Drawing, from above, of the straight part of the ThomX accelerator -green rectangle on Fig. 6.1 -commissioned during phase I.

  Fig. 6.5. The Cherenkov radiation is emitted at a specic angle depending on the particles energy. For the 50 MeV electron beam of ThomX, this Cerenkov angle is θ cr = 55.63°. For simplicity, screen is rotate of an angle θ p = 114.75°such that the light is emitted upward emission like shown in Fig. 6.6.

Figure 6 . 5 :

 65 Figure 6.5: First image of the Cherenkov emission on the screen station TL/DG/SST.01 take the 21 st of July 2022. The image have been made with a phone camera at the exit of the accelerator bunker.

Figure 6 . 6 :

 66 Figure 6.6: Sketch of the Cherenkov screen emission and propagation to the streak camera in the photocathode laser room used for length measurement.

Figure 6 . 7 :

 67 Figure 6.7: Drawing of screen station principle.

Figure 6 . 8 :

 68 Figure 6.8: Example of one USAF-1951 resolution test chart [50].

Figure 6 . 9 :

 69 Figure 6.9: Image of LI/DG/SST.01 (left) and TL/DG/SST.01 (right) calibration's target.

Figure 6 . 10 :

 610 Figure 6.10: Image of one electron beam -in yellow -on the YAG screen of the station before the accelerating section (LI/DG/SST.01).

Figure 6 .

 6 Figure 6.11: The first image of one electron beam -in yellow -on the OTR screen of the station before the beam dump (TL/DG/SST.01). This image was obtained with the subtraction of pictures with and without the beam.

3 )

 3 This value shows a much more intense emission of YAG light than OTR light.Yet, on the camera sensors, the light intensity ratio R I should be smaller as the optical aperture permits visualisation of nearly all the OTR emissions, but only a fraction of the 4 πsr YAG emission. (a) YAG screen : exposition 1 ms. (b) Subtraction of 2 images, one with a beam, one without. Images parameters are : exposition 10 s, beam repetition rate 10 Hz ⇒ superposition of 100 shots.

Figure 6 . 12 :

 612 Figure 6.12: Comparison of images taken on TL/DG/SST.01 screen station with YAG and OTR screens.

. 5 ) 6 )

 56 One may consider x-x', y-y', and z-z' planes independent because both the transport matrix of quadrupoles and drift are uncoupled which allows to focus on only one plane. The matrix elements of a beam in x-x' plane are linked to the Twiss parameters α, β, γ and the emittance by Eq. (6.6). The discriminant det(Σ) = σ 11 σ 22σ 21 σ 12 of this beam matrix is the geometric emittance squared 2 because of the relation between Twiss parameters (Eq. (3.35)).

Figure 6 . 15 :

 615 Figure 6.15: Beam energy measurement with the linac's first steerer (LI/AE/STR.01) and the first screen station (LI/DG/SST.01). Above is a superposition of three beams for three different magnetic strength values: -8 G, 0 G and 8 G. Below is the curve of the displacement of the beam center against the steerer strength.
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Figure 6 . 16 :

 616 Figure 6.16: Signals from the 4 electrodes of the BPM TL/DG/BPM.01. If one look downstream, electrodes correspond to : A→top-right, B→topleft, C→bottom-left, D→bottom-right. The horizontal axis corresponds to the time, while the vertical corresponds to the measured voltage. The red line represents the threshold used to detect the beam.

  Some electron diagnostics results have been presented, such as beam position, 153 charge, energy and emittance. For the last two, a screen station is used to visualise the beam. The calibration of the screen station has been detailed. Thanks to those diagnostics, the nominal beam parameters were obtained soon after the rst photoemitted electron beam.The authorisation of the French Nuclear Safety Authority (Autorité de Sûreté Nucléaire -ASN) to start the operations for phase II of the ThomX project was obtained in August 2022. Phase II started with the TL's commissioning and the beam's characterisation. Once a good beam's transport is obtained, the ring's commissioning has begun. The rst beam is the ring has been obtained in September the 9 th , 2022. The injection feedback system will be tested soon to improve the injection and better understand what was obtained during the simulations. The rst X-rays are expected towards the end of 2023.A -Summary of injection feedback simulationsThis annex is a summary of all simulation done for the injection feedback test (section 5.2 and section 5.3).The principle of those simulations can be described in 6 steps: 1. Selection: Selection of one beam centroid represented by a particle 2. Propagation: Tracking of this particle from the beginning of the transfer line to the end of the rst ring turn 3. Estimation:Computation of the estimator 4. Computation: Computation of the steerers' correction 5. Correction: Application of a fraction of the above correction 6. Iterations: Restart from 2. for a certain number of iterations Some parameters can be tested for each step except for the estimation. Is there a list of all those parameters

155B-B. 1 .

 1 Résumé de la thèse en FrançaisThomX est un prototype de source compacte de rayon X utilisant l'eet Compton inverse appelé CCS pour Compton Compact source. Son but est de démonter qu'il est possible de créer des machines de taille et coût nancier raisonnable permettant de produire de haut ux de rayon X quasi-monochromatique. Pour ce faire, un faisceau d'électrons de 50 MeV rencontre un faisceau laser arrivant en sens inverse au point d'interaction Fig.2.12 et il existe une certaine probabilité que certains électrons fournissent une partie de leur énergie cinétique au photons les faisant passé des infra-rouge proche au rayon X. C'est l'eet Compton inverse section 2.4.1.Une machine telle que ThomX surpasse, théoriquement, les tubes à rayon X que ce soit en terme de ux produit, ou de qualité de faisceau Fig.1.24. Actuellement les sources fournissant les meilleurs faisceaux et les plus gros ux de rayon X sont les synchrotrons et ils vont probablement le rester encore longtemps, mais les CCS tel que ThomX pourrait collaborer avec les synchrotrons an de décharger ces derniers des taches pour lesquels ils sont sur-dimensionnés mais qui ne peuvent pas être réalisé avec des tubes à rayon X. En résumé ThomX et ces successeurs permettrons de combler le goure énorme entre les tubes à rayon X et les synchrotrons.Mais ce n'est pas tous. Des projets de machine compacte dans des containers pourrait permettre de déplacé la source au près de l'objet à étudier et non l'inverse an d'éviter de déplacer des statues fragiles et lourdes par exemple. De par son coût modéré et ça compacité des laboratoires, hôpitaux ou même musées pourraient s'équiper de répliquât de ThomX ce qui éviterait là encore de déplacer des échantillons, patients ou encore oeuvres d'art mais aussi permettrait à ces entité un accès plus simple et contrôlé à de tel sources de rayon X. Dans le cadre de la médecine par exemple, il existe une méthode de traitement de cancer par irradiation à une énergie bien spécique (voir section 1.3.2.3) qui est testé sur synchrotron mais pourrait tout aussi bien l'être sur ThomX une fois qualié pour de tels études.Cet annexe résume les diérents travaux réalisés lors de ma thèse sur ThomX et présentés dans ce document. Structure de la thèse Cette thèse comporte 6 chapitres articulés comme suis :1. Accélérateur et rayon X : Résumé historique de la découvert des électrons et des rayons X puis état de l'art en terme de physique des accélérateurs de particules et sources de rayon X.2. ThomX, une source de rayon X Compton : Description des diérents composant de ThomX et description de l'eet Compton dans ce cas précis.
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 345 Photo-injector accelerating section
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 141110 Figure B.1: Schéma mécanique de ThomX vue du dessus.

  

  

  

  

  

  

  

  

  

  

Table 1 .

 1 

	1: Comparison of three X sources: X tubes, synchrotron
	(based on SOLEIL) and ThomX. The brightness is expressed in ph/s/mm 2 /mrad 2 /0 1%BW.
		X-ray tubes	SOLEIL	THOMX
	Behaviour	Continuous	Pulse	Pulse
	X emission in	All directions	Cones :	Cones :
	Brightness Spectrum	10 4 -10 10 Wide	opening < 1 mrad 10 14 -10 18 Wide to	opening ≈ 10 mrad 5 × 10 11 quasi-
			monochromatic	monochromatic
	Construction cost	< 10k€	≈300M€	≈10M€
	Needed	1 m 2	30 000 m 2 for 29	300 m 2
	surface		lines	

2.1 ThomX structure . . . . . . . . . . . . . . . . . . . . . . . .

  

	2.1.1 Photo-injector . . . . . . . . . . . . . . . . . . . . . .
	2.1.2 Accelerating section . . . . . . . . . . . . . . . . . .
	2.1.3 Transfer line . . . . . . . . . . . . . . . . . . . . . . .
	2.1.4 Ring . . . . . . . . . . . . . . . . . . . . . . . . . . . .
	2.1.5 Optical cavity . . . . . . . . . . . . . . . . . . . . . .
	2.1.6 X-ray line . . . . . . . . . . . . . . . . . . . . . . . . .
	2.1.7 Extraction line . . . . . . . . . . . . . . . . . . . . . .
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.3 Accelerator control . . . . . . . . . . . . . . . . . . . . . . .

  

	2.3.1 Synchronisation . . . . . . . . . . . . . . . . . . . . .
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	properties of the ThomX component. Values and informations come mainly from
	the technical design report
	ThomX [26] (see Fig. 2.1) is a prototype of Compact Compton Source (CCS)
	aiming at generating a high X-ray ux using Compton Back Scattering (CBS) eect
	(see section 2.4.1). The main goal of the ThomX project is to demonstrate the
	feasibility of creating a small (300 m 2 ) cheap (about 10M¿) machine that delivers
	a high ux of quasi-monochromatic hard X-rays.
	The machine is composed of a 50-MeV-electron accelerator and a high nesse
	Fabry-Perrot cavity as shown in Fig. 2.2. Such a machine has numerous applica-
	tions, some of which have been discussed in section 1.3.2. The main accelerator
	principles have already been described in section 1.2. This chapter focuses on the

Table 2 .

 2 1: Characteristics of PC laser.

	Wavelength	257 nm
	Energy max	100 µJ
	Pulse duration	5 ps
	Trigger frequency 50 Hz

Table 2 . 2 :

 22 Characteristics of the electron gun.

	RF frequency	2998.55 Hz
	RF power	8 MW
	Accelerating gradient	80 MV m -1
	Electron energy at the exit	5 MeV
	Electron beam charge	1 nC
	Electron beam length at the exit	5 ps×c

Table 2 .

 2 

	3: Characteristics of the accelerating section.
	RF frequency	2998.55 Hz
	Number of cavities	135
	Total length	4.5 m
	Operation mode	2π/3
	Accelerating gradient	12.5 MV m -1
	Electron energy at the exit	50 MeV
	Electron bunch length at the exit	5 ps×c
	Repetition rate	50 Hz

Table 2 . 4 :

 24 Characteristics of the ring and the electron beam.

	Ring length Revolution frequency Injection repetition rate	L ≈ 18 m f = c L 16.7 MHz 50 Hz
	Storage time	20 ms
	Transverse damping time	1 s
	Longitudinal damping time	0.5 s
	Bunch length at the injection (rms)	4 pm
	Bunch length at the extraction (rms)	50 pm
	Transverse bunch size at IP	σ e = 70 µm
	Bunch charge	1 nC
	Kicker/septum pulse reproducibility	<10 -3

Table 2 .

 2 

	OC finesse	30 000
	OC repetition rate	33.4 MHz (Twice the ring one)
	FP laser wavelenght	1030 nm
	FP laser type	Ti:Sapphire + fibre
	Angle between electron and laser trajectory	2 × ϕ = 2°T

5: Characteristics of the Fabry-Perrot (FP) laser and the FP optical cavity (OC).

Table 2 .

 2 6: Electron bunch and photon beam's propeties at the interaction point (IP, see Fig.2.12)

	Thomson cross section Electron bunch charge Number of electron Photon beam energy Number of photon Electron bunch revolution	σ t h Q e N e = E γ N γ = E one γ Q e e E γ f	6.65 × 10 -29 m 2 1 nC 6.2 × 10 9 28 mJ 1.5 × 10 17 16.7 MHz
	frequency		
	Half collision angle	ϕ=α/2	1°T
	ransverse RMS electron		
	bunch size		

σ x,e , σ y,e 70 µm Longitudinal RMS electron bunch size σ z,e 4 -50 ps × c

Table 3 .

 3 1: Twiss parameters and emittance of the beam simulated at the end of the accelerating section. × 10 -2 π.mm.mrad 5 × 10 -2 π.mm.mrad

		x	y
	α β	-10.95 43.25 m	-10.93 43.13 m
	5 Which give a beam size of :	

Table 5 .

 5 1: Desired position inside the two first BPMs of the ring: BPM2 and BPM3. The condition X d = 0 is added to ensure a smooth injection and is provided by the kicker's kick.

	BPM2	BPM3
	X d -8.9 mm X d Y d 0	0 0 0
	developed on MatLab. More details about the code are available in section 3.3.

Table 5 .

 5 2: Means over ten perfect case simulations of the means of estimators after the convergence. Cases where convergence is not reached are excluded. The standard deviation given is the maximum one on all simulations considered. All values are rounded to µm and µrad.

	Coeff. applied Simulations # E x [µm] E x [µrad] E y [µm] E y [µrad]
	100 % 20 % 10 % 5 % 2 %	10 10 10 5 0	9 ± 21 14 ± 19 26 ± 20 80 ± 18	0 1 ± 13 4 ± 17 25 ± 18 No convergence 9 ± 21 15 ± 20 27 ± 19 72 ± 16	0 2 ± 17 6 ± 22 34 ± 23
	1 %	0		No convergence	

Table 5 .

 5 3: Means of the means of estimators after convergence over 10 feedback simulations with 1 % beam position fluctuation. Cases where convergence is not reach are exclude. The standard deviation given is the maximum one on all simulations considered. All values are rounded to µm and µrad.

	coeff. applied Simulations # E x [µm] E x [µrad] E y [µm] E y [µrad]
	100 % 20 % 10 % 5 % 2 % 1 %	10 10 10 10 1 0	68 ± 50 40 ± 31 43 ± 36 74 ± 46 155 ± 34 138 ± 29 98 ± 20 118 ± 24 65 ± 44 39 ± 32 50 ± 42 38 ± 29 28 ± 22 36 ± 28 41 ± 31 27 ± 27 35 ± 35 69 ± 39 37 ± 33 49 ± 44 No convergence
	Lower ring's oscillation after convergence iteration seems to be obtained for

Table 5 .

 5 4: Means of the means of estimators after first iteration where E x , E y < 1 mm and E y , E y < 1 mrad over 10 feedback simulations with 10 % beam-to-beam fluctuation. Simulations where condition is not reach are exclude. The standard deviation given is the maximum one on all simulations considered. All values are rounded at 0.1 mm and 0.1 mrad coeff. applied Simulations # E x [mm] E x [mrad] E y [mm] E y [mrad]

	100 % 20 % 10 % 5 % 2 % 1 %	10 10 10 10 8 8	0.7 ± 0.6 0.4 ± 0.4 0.4 ± 0.4 0.5 ± 0.4 0.6 ± 0.3 0.7 ± 0.4	0.7 ± 0.5 0.4 ± 0.4 0.4 ± 0.4 0.5 ± 0.4 0.6 ± 0.3 0.7 ± 0.3	0.4 ± 0.3 0.3 ± 0.2 0.3 ± 0.3 0.3 ± 0.3 0.6 ± 0.3 0.7 ± 0.3	0.5 ± 0.4 0.3 ± 0.3 0.4 ± 0.3 0.4 ± 0.4 0.7 ± 0.4 0.9 ± 0.4

Table 5 .

 5 5: Means and standard deviation of estimators on the last 800 iterations of perfect feedback simulation with random BPM error within ±100 µm.

	Simulations # E x [µm] E x [µrad] E y [µm] E y [µrad]
	0 1 2 3 4 5 6 7 8 9 10 (Fig. 5.28) 121 ± 49 134 ± 54 16 ± 20 86 ± 59 95 ± 66 8 ± 5 133 ± 63 142 ± 66 7 ± 5 103 ± 40 115 ± 51 11 ± 5 119 ± 64 129 ± 68 7 ± 4 98 ± 54 106 ± 57 15 ± 17 183 ± 49 199 ± 59 14 ± 10 109 ± 38 118 ± 39 12 ± 7 81 ± 24 89 ± 33 17 ± 18 125 ± 98 130 ± 95 18 ± 17 75 ± 59 83 ± 64 15 ± 13 mean ± max 112 ± 98 122 ± 95 13 ± 20	10 ± 7 9 ± 6 13 ± 6 9 ± 5 20 ± 23 18 ± 13 15 ± 9 22 ± 24 24 ± 23 20 ± 18 21 ± 27 16 ± 27

Table 5 .

 5 6: Means and standard deviation of estimators on the last 800 iterations of 1 % beam-to-beam fluctuation feedback simulation with random BPM error within ±100 µm.

	Simulations #	E x [µm]	E x [µrad] E y [µm] E y [µrad]
	0 1 2 3 4 (Fig. 5.30) 5 6 7 8 (Fig. 5.29) 9 mean ± max 148 ± 108 161 ± 121 29 ± 21 145 ± 44 158 ± 48 30 ± 20 163 ± 92 175 ± 98 27 ± 18 91 ± 50 98 ± 55 29 ± 19 104 ± 40 112 ± 42 31 ± 21 206 ± 108 224 ± 121 29 ± 21 206 ± 79 223 ± 87 26 ± 18 200 ± 56 216 ± 57 29 ± 18 160 ± 59 174 ± 63 29 ± 20 77 ± 38 85 ± 42 31 ± 21 127 ± 66 140 ± 69 32 ± 20	38 ± 26 35 ± 24 37 ± 25 40 ± 28 37 ± 28 34 ± 23 38 ± 24 37 ± 26 40 ± 27 42 ± 26 38 ± 28
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	In May 2021, the French nuclear safety authority (Autorité de Sûreté Nucléaire

Table 6 .

 6 1: Linac elements from the electron source (RF gun) to the beam dump (Faraday cup)

	LI/RF/GUN.01	: RF gun
	LI/AE/STR.01	: Steerer
	LI/DG/BPM.01 : Beam position monitor
	LI/DG/ICT.01	: Integrating current transformer
	LI/DG/SST.01	: Screen station
	LI/HF/ACS.01	: Accelerating section
	TL/AE/STR.01	: Steerer
	TL/AE/QP.01	: Quadrupole
	TL/DG/ICT.01	: Integrating current transformer
	TL/AE/QP.02	: Quadrupole
	TL/AE/QP.03	: Quadrupole
	TL/DG/BPM.01 : Beam position monitor
	TL/DG/SST.01	: Screen station
	TL/DG/FC.01	: Faraday cup
			e -
	Beam Position Monitor (BPM)	Integrating Current Transformer (ICT)
	Screen station (SST)		Faraday Cups (FC)	RF gun
	Accelerating section		Steerer (STR)	Quadrupole (QP)

Table 6 .

 6 2: Calibration parameters computed for images of Fig.6.9. Resolution is given for the upper target, while other parameters are the mean for all targets detected by the analysis's code.

		Resolution [µm] Magnification [µm/px]
		Horz	Vert	HX VX HY	VY
	Li/DG/SST.01 TL/DG/SST.01	125 79	99 79	36 28 10 -5 0 1	-36

et des photons permet d'augmenter l'énergie de ces derniers. Cette thèse retrace les travaux réalisés sur l'accélérateur d'électrons à 50 MeV du prototype de source Compton ThomX. Des simulations de l'accélérateur et notamment de l'injection des électrons dans un anneau de stockage sont présentées et ont permis, notamment, une étude des risques de perte le long de la ligne de transfert et du premier tour dans l'anneau. L'injection dans l'anneau étant un moment critique, un code de correction de l'injection se basant sur des mesures de la position du faisceau à l'entrée de l'anneau et rétroagissant sur les déviateurs à la n de la ligne de transfert a été développé et testé sur simulateur. Ce code se base sur des calculs linéaires de matrice de transfert. Enn, lors du démarrage de la machine, des études sur les diagnostics du faisceau d'électrons (écrans scintillants, moniteurs de position, moniteurs de charge, ...) ont été réalisées et sont discutées ici.

On ThomX, two kinds of BPM may be found.

×1.2 eV = 46 keV which

APPENDIX A. SUMMARY OF INJECTION FEEDBACK SIMULATIONS

• Computation:

-Parameter: BPM error shorted BPM * Use exact values return by the MadX simulation : denoted as perfect BPM * Add some uniform random noise (within ±0.1 mm) to simulate BPM error : denoted as realistic BPM

• Correction:

-Parameter: Feedback coecient shorted as Feedback coe.

* Several values tested: 100 % (full correction), 50 %, 20 %, 10 %, 5 %, 1 %

• Iterations:

-Parameter: Number of iteration shorted # it.

* Two values tested: 100 and 1000

Using the above denitions, there is the table of parameters for all simulations made for the Chapter 5 : Carte le long de l'accélérateur : (voir section 4.2.2)

• Permet :

-La visualisation de l'enveloppe du faisceau -La visualisation de la localisation des pertes

• Observation :

-Avec une sélection de particules dans un faisceau 5-σ :