There is a theory which states that if anybody ever discovers exactly what the Universe is for and why it is here, it will instantly disappear and be replaced by something even more bizarre and inexplicable.

There is another theory which states that this has already happened.

-Douglas Adams Et si je suis homme de quelque leçon, je suis homme de nulle retention. Ainsi je ne pleuvy aucune certitude, si ce n'est de faire connoistre jusques à quel poinct monte pour ceste heure, la connoissance que j'en ay.

-Montaigne, Essais 1. Not counting all the helping hands here, just the officials 1. Alfvén waves are the oscillation of ions in response to the magnetic field lines tensions.

1. The reciprocal is not true: a neutral gas can emit light 1. Since the ions are cold, the dynamic of the plasma is mainly driven by the electrons.

1. No musical education is required, small frequency shift are naturally heard.

1. Jaz spectrometer from Ocean Optics.

The name was first given by [Simon63] and [Hoh63]

1. The notions of 'up' and 'down' are arbitrary because of (H2) 1. Corresponding to chords not perfectly collimated.
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Preamble

Je n'ai fait celle-ci plus longue que parce que je n'ai pas eu le loisir de la faire plus courte.

-Blaise Pascal, Les Provinciales T he present manuscript summarises the key points of the work done during my PhD. thesis. Apart from the mandatory academic report, its goal is to serve as an additional reference for future works on the Mistral experiment, or in similar conditions, typically by future PhD students. As such, it contains many more details (how an equation is derived, how an experiment is performed and why it is done that way...) than a journal paper. The manuscript is not meant to be a review of the state of the art, but references and directions to which the interested reader ought to look for more details will be given as much as possible.

My work during the past three years has mainly been revolving around tomography diagnostics for the study of the magnetised plasmas of Mistral.One may wonder how this subject may be so interesting for me to work on it for three years, for an institution to pay for my salary and for two persons 1 to take so much time supervising me? General plasma physics is very vast, yet it is still young. The name plasma and its study rose in the beginning of the 20 th century. Plasma physics is at the crossroads of many fields: fluid dynamics, electromagnetism, statistical physics, thermodynamics, to cite a few. As a result, it is sometimes difficult CONTENTS in plasma physics to define the problem and identify the physical mechanisms. To make things even more cumbersome, the range of scales involved is considerable: plasmas can either be very far (think light years), huge (same), tiny (smaller than the eye can see), extremely quick (well under billionth of second), blisteringly hot (see the core of our sun), or, more commonly, a combination of several.

In order to study them in a more accessible and controllable environment, fundamental studies are performed (both experimental and theoretical). Their goal is usually to break down a complex system (a star, a supernova, a large fusion device...) into simpler phenomena to better understand the basic mechanisms at play. The work presented here takes place within this context. The Mistral device helps investigating basic phenomena that are routinely observed in plasmas, and yet remain not fully understood. The aim of this thesis was to conceive, develop and install a new diagnostic on Mistral, to help monitoring the local plasma evolution without intrusion, and to improve the characterisation of the plasma.

Chapter 1 will go from the general description of plasmas, to natural occurrences, and technological applications, before giving the context of this work. Following, chapter 2 will go through the mathematical description of tomography -from the general concepts, to the specific case used here-, before describing the code developed for Mistral and its validation. A tomography diagnostic using a single sensor will then be described in chapter 3. It served as a proof of concept for the final diagnostic to be installed, proved useful for the study of steady or periodic events. Next, the full scale diagnostic with 128 sensors will be the main topic of chapter 4, from its design, to its installation and general use. Finally, the combination of tomography with existing diagnostics will be used to give insight on the characterisation of global rotating modes on Mistral in chapter 5.

Chapter 1 Introducing the protagonists

Le contraire d'une affirmation juste est une affirmation fausse. Mais le contraire d'une vérité profonde peut-être une autre vérité profonde.

-Niels Bohr, quoted by Werner Heisenberg in La partie et le tout

B

efore going in the details of the thesis, we will start by presenting the general concepts that will often be referred to later on. Given the rich existing documentation, only general knowledge will be given and some references will help the novice reader to find his bearings. This chapter will go from the general description of a plasma, to its applications in the experimental device used here, including the existing diagnostics and a summary of past studies.

Introduction to plasmas

Plasmas and their physical parameters

Plasma is often referenced to as the fourth state of matter and is the most abundant form in the Universe, excluding dark matter. It is a globally electrically neutral ionised gas. In other words, like a gas it does not have a CHAPTER 1. INTRODUCING THE PROTAGONISTS fixed shape or volume, and it is ionised by either removing or adding electrons to the atoms. In this manuscript we will only talk about positive ions plasmas -electron(s) striped from atoms. Contrary to gas, plasmas are affected by electric and magnetic fields and particles interacts with each other through the fields generated by their own charges and motions.

The following quantities characterise a plasma:

Element Whether the plasma is made from hydrogen, helium, air (nitrogen and oxygen)... This defines the mass of the nuclei and the number of electrons that can be extracted from each atom.

Pressure ([P ] = Pa) Same definition as for a non ionised gas.

Electron and ions densities ([n e ] and [n i ] = m -3 ) Number of electrons and ions per volume element.

Electron and ions temperatures ([T e ] and [T i ] = K/eV) Particles temperature is linked to their averaged kinetic energy. For a Gaussian distribution in velocity space, the temperature characterises the width of the Gaussian written as exp[(-mv 2 /2)/T ]. Temperatures in plasma may range from very low temperatures (< 1 K) to extremely high ones (> 10 8 K), so the temperature unit is usually adapted accordingly: either Kelvin (K) or electron-Volt (eV), considering the energy (in eV) as the Boltzmann constant times the temperature. The conversion approximately reads 1 eV 11 600 K.

Ionisation rate (%) Defines the ratio of ionised particles to neutral particles. This will set the difference between a 'hot' and a 'cold' plasma: a hot plasma will have a ionisation rate close to 100 %. 1Debye length ([λ D ] = m) The Debye length describes the distance from which the charges are screened. A quasi-static charge separation can only be seen below λ D . Outside of the Debye sphere (its radius being the Debye length), the electric potential is exponentially low.
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Larmor radius/Gyroradius ([ρ L ] = m) Radius of the charged particles (electrons or ions) circular motions (gyro-orbit) around magnetic field lines.

Cyclotron frequency/Gyrofrequency ([f ce ] and [f ci ] = s -1 ) Frequency of the gyro-orbits.

Ion acoustic speed (c s = m s -1 ) Propagation speed of longitudinal waves (acoustic waves) in a plasma.

Alfvén speed ([v A ] = m s -1 ) Speed at which the magnetohydrodynamic Alfvén waves 1 propagate.

Electromagnetic fields Internal magnetic and electric field ([E] = V/m and [B] = T) The plasma creates its own fields, and both its particles and internal fields interact with the outside ones. External fields cannot be directly modified by the plasma. Figure 1.1 summaries the interaction between electromagnetic fields, charges and currents and particles motions through Maxwell equations, Laplace and Coulomb forces, and statistical physics.

For more details about those quantities and how to derive their literal expression, references are not lacking. I am giving here two of my personal standard references: [START_REF] Chen | Introduction to Plasma Physics and Controlled Fusion[END_REF][START_REF] Rax | Physique des Tokamaks[END_REF]. From astrophysics to mechanical engineering, plasma physics is present in many domains. As often in Sciences, studying natural phenomena gives a better understanding of our universe, and triggers the development of technological applications. The next subsection will present a couple of natural occurrences and applications of plasmas.

Natural plasmas

Examples of plasmas are easily found outside of our atmosphere. Space is full of plasma for two reasons. Largest celestial bodies (like stars) are made from plasma, and in interstellar space, most particles are already ionised 1 and highly unlikely to find any electron to recombine with, evolving in a very diluted plasma. Even on Earth, occurrences of plasma are not lacking. As a rule of thumb, 1. There were ionised before getting lost in the space vacuum 1.1. INTRODUCTION TO PLASMAS when a gas can conduct electricity, it actually is a plasma since it means charges are moving freely. Also, most plasmas emit light. 1 Two pictures of plasmas are shown Figure 1.2. The first is a large aurora, most likely caused by a solar eruption, seen from the International Space Station. The second shows a common thunderbolt, evacuating the charges accumulated in a cloud to the ground. In both cases the gases from our atmosphere are excited (by the solar wind, or by a very high electric field respectively), and emit light when going back to their ground states.

Technological applications

How can we use a plasma? Looking at the pictures in Figure 1.2, the first idea is to use them as light sources. Indeed the very commonly used fluorescent lamps, and now their low energy consuming equivalent, the compact fluorescent lamps, emit light by creating a plasma. The method is the same as for a lightning bolt: a discharge is created through a gas, ionising it.

The second direct use for plasmas is for its thermal conduction. Contrary to a regular blowtorch, a plasma jet allows for a very accurate control of the temperature, gas composition and shape of the jet. As a result, they are used for welding [START_REF] Lancaster | The physics of welding[END_REF], microelectronic manufacturing [START_REF] David | Plasma processing in microelectronics manufacturing[END_REF], or surface treatment [START_REF] Seong | Performance enhancement of IPMC actuator by plasma surface treatment[END_REF]. Additionally, they can even be controlled accurately enough for medical applications, from simple wound cauterisation to cancer treatment. With recent technological progress, medical applications for plasma physics have seen in the past few years a large increase in interest and are the focus point of many plasma physicists [Graves14; [START_REF] Mashayekh | Atmosphericpressure plasma jet characterization and applications on melanoma cancer treatment (B/16-F10)[END_REF][START_REF] Weltmann | Antimicrobial treatment of heat sensitive products by miniaturized atmospheric pressure plasma jets (APPJs)[END_REF].

In a whole other context, one of the main limiting factor for satellites lifespans are the amount of propellant embarked for alignment adjustments once in orbit. Classical chemical propulsion is quite 'energy efficient', but 'mass inefficient', making them unattractive for satellites propulsion. A more mass efficient propulsion is obtained by accelerating heavy ions by an electric field and expelling them. 2 Hall-effect thrusters, among others, are based on this principle [START_REF] Adam | Physics, simulation and diagnostics of Hall effect thrusters[END_REF].

Finally, research for long term energy sources has brought up the domain of magnetic and inertial fusion. 1 The Lawson criterion [START_REF] Lawson | Some Criteria for a Power Producing Thermonuclear Reactor[END_REF] is often referred to for efficiency characterisation purposes. It states that the product of the density, temperature, and confinement time (n.T.τ e ) must be greater than 3 × 10 21 m -3 keV s to self-sustain reactions of fusion between deuterium and tritium. Inertial fusion has very high densities (10 25 m -3 ) at high temperature (20 keV), but very briefly (10 -5 s), and magnetic fusion uses a lower density (10 19 m -3 ) and tries to hold it for a long time (10 s) in closed magnetic configurations.

Apart from natural occurrences and technological applications, plasmas are also found in devices built to study their fundamental mechanisms in a simpler environment, with limited interactions and more explicit parameters. The following section will describe the device of interest of this manuscript.

Mistral device

General description

Let us consider a laboratory plasma device using a DC discharge to create a plasma from a hot electron beam (picture and general schema Figure 1.3), and let us call it Mistral [START_REF] Matsukuma | Spatiotemporal structure of low frequency waves in a magnetized plasma device[END_REF]. Mistral has be conceived by Thiéry Pierre and Gérard Lecrert based on the Mirabelle device at the Laboratoire de Physique des Milieux Ionisés et Applications (Nancy 1982). The primary objective is to study low frequency instabilities (typical frequencies lower than the ion cyclotron frequency) and the associated transport in weakly magnetized plasmas.

Mistral consists of two main parts. The first is the source chamber containing the 32 tungsten filaments (the cathode) powered by 3.4 A each to emit hot electrons, or primary electron, following the Richardson law (a CHAPTER 1. INTRODUCING THE PROTAGONISTS heated metal will emit a current). The anode is a honeycomb-shaped grid, placed before the wall of the source chamber. It has an alternated permanent magnets pattern creating a local magnetic configuration to prevent emitted electrons from reaching the anode before creating a plasma in the source chamber or being injected into the second section: the linear interaction chamber. The plasma is created from the interaction of primary electron with neutrals creating lower energy electrons, called secondary electrons. A metallic diaphragm (or limiter) setting the plasma column diameter separates the two sections. Two different configurations are possible for the separation, as shown in Figure 1.5. In configuration a), the plasma of the linear column does not see the grounded limiter, but only the polarisable grid, called the separating grid. In configuration b), however, the limiter is linked to the cylinder (both have the same polarisation) and is directly facing the plasma edge. Configuration b) has been set-up to check the influence of the axial boundary conditions, and for comparisons with numerical simulations. As a result, only experiments for the single sensor tomography presented in Chapter 3 were done using configuration a), the rest used configuration b). The separating grid serves as a selective filter by putting a potential 1.2. MISTRAL DEVICE barrier for the primary electron to cross. The linear chamber is 1.2 m long and 0.4 m wide, has an axial magnetic field B z tunable from 10 to 25 mT (= 100 to 250 G1 ) and is ended by the collector, the other polarisable grid setting the axial boundary limit. Figure 1.4 summarises all power supply used to polarise different elements. A 20 cm wide cylinder is placed around the plasma to also control the radial boundary condition. Mistral has a cross fields configuration (E ⊥ B), ubiquitous in tokamaks, hall effect thrusters or ion sources. The ratio E / B ( E ∼ 100 V/m and B ∼ 20 mT) is comparable to the one in tokamak edges. However, Mistral is a human scale device, a single person is needed to run it. It has also been conceived with many optical apertures and accesses for intrusive diagnostics. As will be discussed later, it also has the advantage to run in steady state for hours. Its only time constraint is the increase in temperature of the source chamber that ends up heating adjacent electronics and the whole room. The self-imposed soft limit is around two to four hours, depending on the starting ambient room temperature.

Mistral parameters

The two tables 1.2.1 and 1.2.2 summarise values of fixed or manually controlled experimental parameters, and the associated typical plasma parameters on Mistral, respectively. The Larmor radii between the ions and electrons results are very different. As a result, only the electrons are magnetised, the ions are only weakly magnetised: ρ L,e a and ρ L,i ∼ a.

Parameter

Existing diagnostics and tools

The diagnostics available on Mistral will only be briefly presented as they are largely documented in [Jaeger10; Rebont10; Lefevre11; Escarguel12]. The description given here will mainly focus on their use in the context of this work.

Electrostatic probes

Electrostatic probes, or Langmuir probes, are one of the most common diagnostic in plasma physics. They allow to calculate the plasma potential 

L,i = √ 2v th,i /f c,i ) m 10 -3 Ion acoustic speed (c s,i = k B (T e + T i )/m i ) m/s 10 3 Alfven speed (v A = B/ √ µ 0 n i m i ) m/s 10 6 Table 1.2.2 -Mistral plasma typical parameters.
Items marked with a depends on the gas mass, typical values are given here for argon.

and the electron temperature and density. The principle is to have a small piece of conducting material in the plasma and to measure the collected current for different voltages (I(V) characteristics). On Mistral, radially movable cylindrical Langmuir probe are the most used. Three probes are routinely available. they are placed so that two are in the same (r, θ) plane but on opposite side, and two are aligned (same θ) but at different axial positions (see figure 1.3). There are three main downsides to this diagnostic: it is intrusive, a single probe can a priori only give information on one point of the plasma, and the plasma parameters calculated are highly dependent on the model used to infer them from the I(V) characteristics (each bearing different hypotheses). On Mistral, the axial magnetic field and the primary electrons make the plasma anisotropic and bi-Maxwellian. Therefore, the Druyvestein formula [START_REF] Druyvesteyn | Der Niedervoltbogen[END_REF] is used to reconstruct the electron energy distribution function f from the second derivative of the I(V ) curve (current versus polarization) as follow:

f (eV ) = 2 eS 2m e V e d 2 I dV 2 , (1.2.1)
in which m e and e are the electron mass and charge, and S is the probe area. Densities and temperatures then come from the first and second moments of f respectively. This method has the advantages of being independent of the probe shape (as long as it is convex) and being weakly sensitive to the details of the electron velocities distribution [START_REF] Woods | Theory of electron retardation by Langmuir probes in anisotropic plasmas[END_REF]. As long as the magnetic is low enough (i.e. ρ L,i > a), the previous theory still provides adequate results. For ρ L,e < a, the electron saturation current will be reduced, so the I(V) characteristic can not be interpreted for high values of V any more. Electrostatic probes can also be used at a fixed voltage. The collected current is then converted to a voltage through a resistor to monitor the plasma behaviour with an oscilloscope. Usually voltages V > V p are chosen in order to only collect electrons. 1 This also leads to an original diagnostic described here after.
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Sonification of the plasma

Monitoring the plasma behaviour with an oscilloscope requires to be able to look at its screen. However when conducting an experiment one is often required to move around the room and/or control other diagnostics, for instance on a computer. As will be described in section 1.3, rotating modes can be studied on Mistral. With rotation frequencies of a few kHz, they allow the aforementioned probe signal to be emitted from speakers [START_REF] Escarguel | Physique des plasmas magnétisés par diagnostics optiques[END_REF]. Our ears are very sharp to detect frequency variations. 1 The plasma can then be freely monitored from anywhere in the room, even when focused on something else. This diagnostic proved extremely useful to monitor the stationarity of the rotating modes during the measurements described in Chapter 3.

Intensified camera

A 4QuickE camera is available on Mistral. It can take a standard 25 images per seconds, but its exposure time can be down to the nanosecond. It has an intensified CCD with 736 × 572 pixels and a spectral range on the visible wavelengths (400 -800 nm, and an optical zoom up to ×5. Pictures from the end of the column as well as from the side aperture can be taken, either directly (as shown in Figure 4.2 later) or averaged during several synchronised acquisitions, as shown in [START_REF] Annaratone | Rotation of a magnetized plasma[END_REF].

When imaging the plasma from the end of the column (to have an average radial distribution of the emissivity), the sensor dynamics prevents the simultaneous imaging of the core and edge plasma. If the core plasma is measured, the edge is seen as black. Conversely the core plasma has to be masked to be able to see the edge.

Photomultiplier tubes and photodiodes

Photomultiplers tube (or just photomultipliers) and photodiodes are nonintrusive (optical measurements). Contrary to the camera they only have one 'pixel', but their field of view can be more freely controlled, 2 and since they do not require to read many pixels, they are much faster. They are usually used with an optical fibre and a spectral filter to look at a specific wavelength of a collimated line of sight. The photomultipliers and photodiodes used for the tomography diagnostics of this thesis are further described in Chapter 3.

Spectrometers

A spectrometer only disperse light, so they are combined with optical sensor, which are usually either a CCD (can measure a whole spectral range, but is quite slow) or a photomoltiplier (can only measure one ray, but is much faster). In the following paragraphs, the sensor will implicitly be included in the spectrometer.

Four spectrometers can be used on Mistral to resolve the wavelength spectrum of the incoming light, depending on the required spectral resolution, and temporal resolution. The temporal resolution is also linked to the emissivity of the plasma and the sensitivity of the sensor. Spectrometers are non-intrusive, and many parameters can be calculated directly, such as the ion/neutral temperature (through doppler broadening), electron density (through Stark broadening), and ion/neutral density (through spectrum integration), or using more advanced models.

During this work one of the spectrometers 1 have been used for two purposes, thanks to its broad spectral range: ∼ 400 -980 nm. It combines three smaller spectrometers with complementing spectral range. However, its spectral resolution is quite low (∼ 1 nm).

First, the plasma absolute emissivity can be estimated for different experimental conditions for the choice of optical sensors, as described chapter 4.

Secondly, it is a convenient tool to check the quality of the vacuum. After an operation at atmospheric pressure on the vacuum chamber, the new vacuum created will be polluted by air (N 2 and O 2 ), and also by water desorbed by the wall. The natural heating produced by the source chamber will then help the desorption, but the first few plasmas will always be polluted. The spectrometer is used to check when the plasma is clean enough by looking 1.2. MISTRAL DEVICE for the presence of molecular rays (mainly H 2 O, N 2 and O 2 ) Molecular rays are much larger than atomic rays, which makes them easily identifiable.

Laser induced fluorescence

The laser induced fluorescence is a local and non intrusive diagnostic which was installed and extensively used during the PhD of C. Rebont [Re-bont10]. The principle is to excite atoms (neutrals or ionised) with a laser of known wavelength, which fluoresce through intermediate states [START_REF] Hill | Single frequency scanning laser as a plasma diagnostic[END_REF]. Particles directional velocities are then calculated through the shift and broadening of the measured luminescence spectrum, and local electric field can be calculated through fluid models or conservation of the particles energy.

Calibrated black body

The black body is not a direct diagnostic, but a tool associated with them. It is an integrating sphere with fixed a one inch output hole, considered as an isotropic light source. Its emissivity is controlled by a slit placed between the lamp and the sphere. A calibrated photodiode placed inside the sphere gives the spectral emissivity in µW m -2 sr -1 nm -1 : how much power of light is emitted by one square centimetre of the black body and received by a sensor intercepting one steradian of the light beam, for each nanometre of the spectrum. The black body serves as a reference to calibrate all optical measurements. Figure 1.6 shows the Jaz spectrometer spectrum before and after calibration. The three different lines on the left graph represent the three channels of the spectrometer described previously. It has been a valuable tool for this thesis as will be described in Chapter 4.

Mistral plasma emissivity

For the experimental conditions considered in this manuscript, the plasma spectrum is largely dominated by neutral argon emission lines [START_REF] Escarguel | Optical diagnostics of a low frequency instability rotating around a magnetized plasma column[END_REF]. If we suppose that the plasma is homogeneous along the spectroscopic line of sight (length L), then the emissivity is given by the following relation:

E = L hνn * (l)A 4π dl (1.2.2) hν 4π n * A L (1.2.3)
with hν the energy, n * the density of exited atoms, and A the Einstein coefficient corresponding to the transition of interest. In Mistral, the plasma is created by energetic primary electrons (density n e,p ) in addition to the thermal electron population (density n e,th ). Therefore, the total electron density is written as: n e = n e,th + n e,p , (1.2.4) n e,p being typically a few percent of n e,th .

With the low plasma densities in Mistral (< 10 17 m -3 ), the coronal model can be used [START_REF] Mc Whirter | Plasma diagnostic techniques[END_REF]. In these conditions, an excited level n * is only populated by electron collisions from the ground state and depopulated by 1.3. COHERENT ROTATING MODES spontaneous emission to the lower levels. For stationary conditions, we have: 

n * = 1 A i n 0 n e,
C 0 = hν 4π L A A i n 0 a = σv T e,th 0 b = σv Te,p 0 
So the measured emissivity is proportional to the primary and thermal electron densities, with the cross sections as ratios (which depends on their respective temperatures). Their relative contribution to E is proportional to the ratio b/a. In the experimental conditions of Mistral, it is shown that b 10 3 a [Escarguel10].

Coherent rotating modes

Coherent rotating modes have been arousing interest for half a century [START_REF] Vlasov | Instability of an Inhomogeneous Plasma[END_REF], yet they are still not fully understood. In fact, it is a generic term regrouping different mechanisms and/or different instabilities. In this section, basic knowledge on coherent rotating modes are given, based on the different approach found in the literature, before focusing on the specific case of Mistral.

General description

Two classes of coherent rotating modes are usually distinguished, depending on their parallel wave vector k = k.B/B: 'Flute modes' 1 for k = 0 and 'screw modes' for k > 0 (usually linked to drift waves instabilities). Both appear in plasmas with cross-field configurations (E ⊥ B). On Mistral the axial wave number have been measured to be at least much smaller than 2π/L, with L the length of the column, hinting at flute modes. Modes with k > 0 tend to appear at higher magnetic fields, as the ion cyclotron frequency affects the instability [START_REF] Jaeger | Étude théorique et expérimentale des instabilités basses fréquences dans un plasma en champs magnétique et éléctrique croisés[END_REF].

Flute modes and screw modes are based on a perturbation of the density n and electric potential ϕ. The phase shift ∆Φ(n, ϕ) between the two perturbations is critical for the growth of the instability, as illustrated in Figure 1.7. In the case of a pure drift wave, ∆Φ(n, ϕ) ≡ 0 [π], the E × B particle flux is zero and the initial perturbation does not grow. In contrast, when ∆Φ(n, ϕ) = π/2, which is typical of flute modes, the E × B fluxes acts to reinforce the initial perturbation and the growth is maximum.

Existing work

World

Coherent rotating structures have been frequently observed in various linear devices [START_REF] Fredriksen | Coherent structures, transport and intermittency in a magnetized plasma[END_REF][START_REF] Manz | Plasma Blob Generation due to Cooperative Elliptic Instability[END_REF][START_REF] Kobayashi | Observation of Nonlinear Coupling between Low Frequency Coherent Modes and Background Turbulence in LMD-U[END_REF][START_REF] Cortázar | Experimental evicence of ExB plasma rotation in a 2.45 GHz hydrogen discharge[END_REF]. These devices usually operate at plasma densities and magnetic field higher than on Mistral, but the experimental conditions for the observation of rotating modes and their frequencies tend to be similar. The interpretation of the coherent modes tends, however, to be quite different. Namely, some coherent lowfrequency rotation modes are explained as flute modes [START_REF] Brochard | Transition from flute modes to drift waves in a magnetized plasma column[END_REF] or as a generic E × B drift instability [START_REF] Smolyakov | Sheath-Induced Instabilities in Plasmas with ExB Drift[END_REF], some can be intermittent [START_REF] Antar | The origin of convective structures in the scrape-off layer of linear magnetic fusion devices investigated by fast imaging[END_REF] or in steady state [START_REF] Gravier | Low-frequency instabilities in a laboratory magnetized plasma column[END_REF]. In some cases, the rotating plasma arm(s), expelled from the core plasma, is also associated with an ionisation front [START_REF] Boeuf | Rotating Instability in Low-Temperature Magnetized Plasmas[END_REF], source of plasma in the edge.

The detailed comparison of those instabilities and the associated theories, ∆ϕ(n,φ) given their respective parameters and hypotheses, could be the subject of a research project as a whole. We will focus here on what has already been specifically studied on Mistral.
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Mistral

The coherent rotating modes observed in Mistral have been interpreted [START_REF] Jaeger | Étude théorique et expérimentale des instabilités basses fréquences dans un plasma en champs magnétique et éléctrique croisés[END_REF] as [START_REF] Hoh | Instability of Penning-Type Discharges[END_REF] instabilities with null axial numbers (k = 0). A simplified fluid model based on the azimuthal momentum equation in the presence of a radial electric field qualitatively reproduces the dependences of the mode rotation frequency on the pressure and the magnetic field [START_REF] Annaratone | Rotation of a magnetized plasma[END_REF].

Primary electrons play an important role in the apparition of those highly non-linear modes by creating a radial electric field between the negative plasma and the wall [Jaeger09; Escarguel10]. Energy analyser measurements points toward a drift of energetic electrons, that ionise a plasma arm outside of the core region [START_REF] Jaeger | Direct observation of a cross-field current-carrying plasma rotating around an unstable magnetized plasma column[END_REF]. Therefore the boundary conditions, and more specifically the balance between the axial and radial confinement is observed to play a key role in the instability existence.

The velocity map of a plasma section measured for a m = 2 by the laser induced fluorescence (see figure 1.8) displays a complex structure [START_REF] Rebont | Étude d'une colonne de plasma magnétisé par fluoréscence induite par laser[END_REF], with ions moving in the azimuthal direction at the plasma arms position, and moving radially between the arms.

In the end, several key elements have been found to describe rotating modes on Mistral. However, there is still some work to be done, especially to be able to predict, and ideally control, them (amplitude, size, shape, frequency...). Chapter 2

Tomography

We have to remember that what we observe is not nature in itself but nature exposed to our method of questioning.

-Werner Heisenberg, Physics & Philosophy:

The Revolution in Modern Science T omography is a mathematical problem consisting in reconstructing a N + 1 dimensions structure from multiple measurements in N dimensions. The vast majority of its applications -including the one that will be described here-aim at reconstructing two dimensional surfaces from line integrated measurements, but it can also be used in higher dimensions.

Tomography is particularly advanced in the domain of medical imaging which has often inspired plasma physics applications. Medical imaging and plasma physics tomography have two main differences. First, most of plasma physics tomography systems are emission imaging ones, whereas medical imaging uses transmission imaging. The second difference is the accessibility of the sample. Medical tomography may take several minutes to record signal from several millions positions in all directions (see Figure 2.1), but plasmas mechanisms usually last less than a millisecond and occur in regions where the number and positions of measurements are limited. The mathematical treatment of the tomographic problem has to be adapted to the context. This chapter focuses on defining the two dimensional tomography problem in a cold plasma context, and describes several methods for its resolution. The list of methods described in this chapter corresponds to the ones used during this work. As such, it is not an exhaustive review of plasma tomography. However, more information on alternative methods can be found in the references provided. After the presentation of the general problem of tomography and some general resolutions, the numerical code developed for Mistral in the frame of this thesis will be described, including its characterisation and validation. CHAPTER 2. TOMOGRAPHY

Algebraic description of the tomography problem

Let us consider an optical sensor i looking at an emissive plasma, optically thin to its own radiation,1 the sensor will then collect any photon emitted in its direction, from any volume element in its acceptance cone, as shown in the Figure 2.2. The acceptance cone can be set by a collimation system and/or by the sensor itself. There are three main methods of collimation. The simplest one (technically) is to place an aperture [START_REF] Granetz | X-ray tomography on JET[END_REF] or a tube [START_REF] Ingesson | Characterization of geometrical detection-system properties for two-dimensional tomography[END_REF] in front of the sensor to restrain its visible solid angle. The second one, usually favoured when place is limited, is the collimation through a pinhole [Anton96; Sugimoto89], as in a regular camera. Finally, each chord can be individually collimated by placing the sensor at the focal point of a lens. In this document we will describe the last two method as they are the one used on Mistral. To simplify the terminology we will use the generic term of 'aperture' for the aperture/tube/pinhole/lens. The details of the experimental set-up used here will be described in the next section. In this context, the power received from the sensor i can be written as:

P i = V chord Λ e sp (r, hν) E i (hν) Ω ap (r) 4π d(hν) d 3 r, (2.1.1)
where V chord is the volume of the chord (acceptance cone), Λ is the sensor spectral range, and Ω ap (r) is the solid angle of the sensor as seen from the plasma element d 3 r. In the integrand, e sp and E are the emissivity of the element d 3 r and the sensor spectral response, respectively, with the three dimensional position vector r and the energy variable hν.

Assuming that the spectral response of each sensor is identical (E i (hν) = (2.1.3) Tomographic reconstruction consists in inverting Eq. (2.1.2) to retrieve the local, spectrally weighted, emissivity e(r) of a two dimensional section S of space. from a set of optical measurements (P i ) i=1..N S . In order to find the exact solution (i.e. e(r), for all r ∈ S ), an infinite number of measurements are required, which is impossible in a physical context. Instead, an approximation of the solution is looked for. Two different methods exist: the finite volumes scheme and the finite elements scheme. The first one can be considered as a special case of the second. However, since it is the scheme used latter in this document we will treat it separately.

Sensor

P i = 1 4π V chord e(r) Ω ap (r) d 3 r, ( 2 
In both cases the goal is to replace the infinitely well resolved section S by a finite set of functions. The discretising functions f d can either be defined by shapes with uniform emissivity inside and null emissivity outside, called pixels (finite volumes), or they can be any functions of space (finite elements). The only requirement of such discretisations is that the functions must be a base of the reconstructed section.

We will now detail the finite volume scheme and its application to Mistral. Then, the more general finite elements scheme will be described.

Finite volumes scheme

As stated above, performing numerical tomographic inversion based on a finite-volume scheme requires to divide S into N pixels. Each pixel is a polygon with a constant emissivity, forming together the emissivity vector E = (e j ) j∈[1..N P ] . The union of all pixels is S . The integrated signals measured by the sensors are noted S = (s i ) i∈[1..N S ] and are linked to P i in Eq. (2.1.2) by a calibration constant of the acquisition system:
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s i = C cal .P i . Thus, the equation (2.1.2) has to be discretised to have a direct link between E and S. Parts of the derivation can be found in the literature, like [START_REF] Granetz | X-ray tomography on JET[END_REF] for one of the first example (chronologically) and [START_REF] Ingesson | Projection-space methods to take into account finite beam-width effects in two-dimensional tomography algorithms[END_REF] for a more detailed, but also more specific one. Special attention has to be given to the hypotheses made in the derivation, as they simplify the final results, but also limit their range of applicability. In our case, the following hypotheses are made:

(H1) The chords are cone-shaped, defined in cylindrical coordinates (ρ, θ, x) by (see Figure 2.3)

{ρ ∈ [0, ρ max (x)], θ ∈ [0, 2π], x ∈ [0, L]}
with x the distance to the lens, L the distance between the aperture and the wall, and ρ max (x) the radius of the line of sight at position x.

(H2) Collimation systems and chords are symmetrical by rotation along θ.

(H3) In any given chord, the emissivity is constant in a (ρ, θ) disk: e(r) e(x).

(H4) The solid angle of the aperture seen from any point of those disks is constant: Ω lens (r) Ω lens (x).

(H5) The emissivity is constant inside a pixel.

(H6) The emissivity is zero where there is no pixel.

(H7) The intersection of two pixels is empty.

Some comments on those hypotheses are in order. (H1) and (H2) only assumes no irregularity in the circular symmetry of the optical system associated with each sensor. (H3) supposes that the chord spread is small compared to the spatial variation in the plasma emissivity. If the characteristic sizes of the aperture (radius, length, focal length,...) and its line of sight's radius are much smaller than the distance at which the plasma is seen, (H4) is respected. (H5) requires to have small enough pixels, but the number of pixels (and consequently their size) is limited by the number of measurements plus the tomography method used. Finally, the combination of (H3), (H4) and (H5) points out the need for an accurately collimated system.

Wall Going back to equation (2.1.2), (H1) and (H4) allow for writing a more explicit integral. The problem was defined using cylindrical coordinates due to the geometry of the system. However, from now on, we will use the two dimensional Cartesian coordinates (O, x, y) defined in Figure 2.4, since they are more adapted to the simplified problem (especially thanks to (H2) and (H3)). This new system is centred on the collimating lens center, and the axes are the chord axis (x) -which is also the optical axis-, positive toward the plasma, and the lens axis (y), positive towards an arbitrary 'up' direction. 1 As a result, we now have

L l R x Collimator position x = 0
S i = C cal 2π θ=0 L x=0 R L+l (x+l) y=0 e(x) Ω ap (x) τ(x, y) dy dx y dθ, (2.1.4)
in which L is the distance between the lens and the opposite wall2 along the x axis, l is the length L is missing to have the chord forming a complete triangle instead of a trapezium,3 and R is the radius of the chord at the length L (see Figure 2.3). The function τ(x, y) is a transmission factor of the 2.1. ALGEBRAIC DESCRIPTION OF THE TOMOGRAPHY PROBLEM collimation system, i.e. how much light is collimated by the slit/lens/pinhole versus how much light is actually collected by the sensor.

In general cases of pinholes or apertures -small compared to the size of the sensor-, the equation can be reduced to a single spatial integral along the axis of the line of sight. Indeed, the integral of Ω ap (x) τ(x, y) can be approximated by a factor proportional to the optical etendue of the collimation system. The line integral simply becomes the length of the i th chord in the j th pixel, written l ij . Which leaves us with the equation

S i = C Np j=0 E j .l ij , (2.1.5)
with C containing all the constants so far. In a matrix form, it yields

S = T.E. (2.1.6)
The matrix T = C.L, with L = (l ij ), is called the transfer matrix. Without the approximation of a large sensor, the calculus must be carried out including the actual image of the slit on the sensor, since they will only partially overlaps for most plasma elements d 3 r. The result will be additional factors in the transfer matrix T. An example for the complete calculus of the collimating slit, the interested reader is advised to refer to [START_REF] Vézinet | Soft X-Ray Measurements and Analysis on Tokamaks in view of real-time control[END_REF]. Very useful information and elements of calculation for apertures and pinholes are given in [START_REF] Ingesson | Optimization of apertures and collimators for multi-channel plasma diagnostics[END_REF].

In the diagnostic installed during this work, the line of sight is created using a lens and an optical fibre placed at its focal point, as drawn in Figure 2.4. As this method was not found in the literature, the derivation starting from Eq. (2.1.4) is presented in the following section. What is the function τ(x, y) for our collimation system? Figure 2.5 shows three plasma volume elements being collimated to different points. The goal is to determine how much light from the solid angle Ω ap (x), defined by the lens size, actually reaches the sensor. The blue element (dr 1 ) of the figure is an example of plasma element from which all emitted light going though the lens is collected by the fibre. However the green and red (dr 2 and dr 3 respectively) are two different cases in which only part of the light collimated Including the explicit calculation of τ(x, y) in Eq. (2.1.4) leads to

Collimation of the chord with a lens

S i = 2π C cal     r L r F f x=0 e(x)Ω ap (x) a 3 6r L x 3 + r L a 2 x dx + L x= r L r F f e(x)Ω ap (x) a 2 2 x 2 + r 2 L 6 dx     , (2.1.7)
with r L and r F the radii of the lens and optical fibre respectively, a = r F /f , and the solid angle of the cone shaped chord given by:

Ω ap (x) 2π = 1 -cos arctan r L x (2.1.8) = 1 - 1 1 + r L x 2
(2.1.9)

We can consolidate the two spatial domains using the function I defined by: 

I(x) =                    1 - 1 1 + r L x 2   a 3 6r L x 3 + r L a 2 x if x ∈ 0, r L r F f   1 - 1 1 + r L x 2   a 2 2 x 2 + r 2 L 6 if x ∈ r L r F f, L , (2.1.10) fibre M' M L 2 O L 1 F 2 F 1 I 2 I 1
S i = Np j=0 E j .t ij (2.1.12) ⇐⇒ S = T.E. (2.1.13)
This time, contrary to Eq. (2.1.6), we have

t ij = C .l ij .I ij , (2.1.14)
with I ij taken as the value of I(x) for x equals to the distance between the lens of the i th chord and the middle point of the j th pixel. The function I is displayed in Figure 2.7 for the actual experimental values detailed in Chapter 4, and for several distances φ between the lens and the sensor. 1 Three points have to be noted about this function. First, in order to rightfully discretise Eq. (2.1.11), the closest pixels have to be further than a hundred millimetres, otherwise the variations of I can be too important within a pixel and the uniformity hypothesis falls. Second, with variation of φ as little as 0.5 mm (< 5 % of the focal length), there is an important variation of I(x), with a dependence on the side of the focal point. Finally, I is not always monotonous (as shown for instance by the red curve for φ = f + 0.5 mm). As a result, each chord of the system have to be calibrated to estimate the error in the placement of the fibre, as will be described in the next chapter. Figure 2.7 -Variation of the coefficient I(x) weighting the transfer matrix, for different positions of the sensor (here the optical fibre) φ with respect to the focal plane at x = f . Here f = 10.9 mm.

Finite elements scheme

In the finite element scheme, the function e(r) is decomposed on so called basis functions, instead of simple pixels. The emissivity is now written:

e(r) = N b j=0 b j (r). e j .
(2.1.15)

The basis functions b j (r) can be defined locally (like the previously described pixels, but also any non-uniform variation of pixels) or globally (such as Fourier-Bessel expansions [Nagayama87] -typically used when there are periodic directions). A third option in between is to use the natural shapes of the chords as support [START_REF] L C Ingesson | Comparison of basis functions in soft x-ray tomography and observation of poloidal asymmetries in impurity density[END_REF]. The power received by the i th sensor becomes:

P i = V chord e(r) K i (r) d 3 r (2.1.16) = V chord N b j=0 b j (r) e j K i (r) d 3 r, (2.1.17)
in which K i is the kernel1 used to describe the geometry of the chord, i.e. what became Ω ap (r) τ(r) in Eq. (2.1.4) in the previous section.

The same way we got Eq. (2.1.5) and (2.1.12) we now write

S = T. E, (2.1.18)
but this time with

T = (t ij ) ij =   V chord b j (r) K i (r) d 3 r   ij . (2.1.19)
In simple cases, such as b j defined as pixels, the analytical calculation of T is reasonable. In the general case, an additional discretisation is needed for the numerical computation [START_REF] Baker | Generalized approach to inverse problems in tomography: image reconstruction for spatially variant systems using natural pixels[END_REF]. A fine N g × N g grid is taken to decompose e(r) ≈ (e k ),

K i (r) ≈ (K ik ) and b j (r) ≈ (b jk ), giving e k ≈ Ng j=1
b jk e j , (2.1.20)

so writing B = (b jk ), we get E ≈ t B. E. (2.1.21)
Changing Eq. (2.1.18) accordingly finally give the tomography system in the frame of finite elements:

S = K. t B. E (2.1.22)
This method has numerous advantages (mainly, they have no limitation for the geometric definition of 'pixels', nor for the spatial derivatives), but requires a different approach and definition of the numerical problem that would have required a major rewrite of the code developed in this work. As the finite volumes method gives satisfactory results for our experimental setup, the finite element method was not envisaged in the frame of this thesis and left for future work.

Tomography inversion

In all the cases presented here, the tomography problem has mathematically been expressed as the same linear system S = T.E, hence the name of inversion. In this section we will study different methods for inverting the transfer matrix T . The term 'pixels' will be kept and, unless specified otherwise, will refer to any form of the basis function chosen to discretise S .

Each measurement gives an equation, and each pixel represents an unknown. As a result the first idea is to have at least as many measurements as we have pixels. However, as already discussed, in plasma diagnostics the number of available measurements are quite limited, so in order to increase the available spatial resolution more refined methods are required.

The second comment is about the shape of the matrix T . In the case of finite volumes, each of its rows is composed by the factors proportional to the length of the corresponding line of sight in each pixel. However, as we can see in Figure 2.8, a given line of sight will most of the time pass through a small amount a pixels. Therefore, most terms are 0, and T is very ill-defined, meaning that its eigenvalues and determinant are very close to 0. For a fixed number of measurements, more pixels leads to lower eigenvalues. Numerically inverting the matrix1 as is is then source of numerical instabilities due to divisions by small numbers. As a consequence, the sensitivity to noise from measurements is high, and in the worst case (eigenvalues close to the numerical precision) the solution can be totally wrong.

In order to solve this large, ill-defined and underdetermined system, the Tikhonov regularisation is used and solutions minimising

1 2 (T.E -S) 2 + αR, (2.2.1)
with α a positive weighting parameter and R a regularising functional, are sought for. This system is equivalent to the previous ones because a matrix can be inverted if and only if its square root matrix can be, and if a matrix is invertible, the square root of its inverse is the inverse of its square root.

The system having more unknowns than equations, there are an infinity of solution. The regularising functional is a way to impose a condition favouring some of these solutions. Several regularisations methods were tested on arbitrary signals and ghost images, having in mind possible future analyses on non-periodic modes.

Regularisation

The regularisation method used in Eq. (2.2.1) contains the a priori information one wants to impose to the solution. Solutions with as little constraints as possible are here aimed at, ergo, the following five methods were studied [START_REF] Anton | X-ray tomography on the TCV tokamak[END_REF]:

-Zero order derivative -First order derivative -Second order derivative -Minimisation of the Fisher information -SVD decomposition The first three methods aim at minimising the solution or one of its first two derivatives, i.e. smoothing the solution. They are written as:

R = E 2 = t E.E (0 th order) (2.2.2) ∂E ∂x 2 + ∂E ∂y 2 (1 st order) (2.2.3) ∆E 2 (2 nd order) (2.2.4)
writing t A the transpose of matrix A1 and V the standard Euclidian vector norm. The numerical system to be solved becomes with

H =Id (= the identity matrix) (0 th order) (2.2.6) t ∇ x ∇ x + t ∇ y ∇ y (1 st order) (2.2.7) t ∆.∆ (2 nd order) (2.2.8)
in which ∇ and ∆ matrices are respectively the first and second order finite differences matrices.

The minimisation of the Fisher information is an iterative method using the solution of each step as a weighting factor for the regularisation of the next step. The consequences are twofold. First, finding a solution with a minimum Fisher information means that its variance is the highest. Secondly the smoothing of the solution is stronger where there is little signal, than close to its maximum, which makes it a very suited method to study the behaviour of inner parts of plasma (such as the local evolution of the core plasma in tokamaks), but less so to study its boundaries. Even though the method is iterative, it usually needs less than four steps to reach convergence, 1 so it remains fast enough. Some real time applications for tokamaks using this method are even studied [START_REF] Mazon | Soft x-ray tomography for real-time applications: present status at Tore Supra and possible future developments[END_REF].

Finally, the SVD decomposition is not a real regularisation method per se, but a resolution one. Instead of looking for eigenvalues to invert the square matrix t T.T , we directly look for singular values of the matrix T . However this method is still not suited for such ill defined matrices with no regularisation and once the regularisation has been applied, its results do not differ much from a least square method. So in our case this method was not retained.

Numerical tomography code

In this section we will describe the numerical code developed for the application of tomography on Mistral in the frame of this thesis. The code has first been used to design the diagnostic to be installed on Mistral, and latter became the running code for the final diagnostic. Consequently, it was developed with as much flexibility as possible. Namely, all the following parameters can be adjusted: The items marked by a asterisk hinge on the experimental parameters. The size and position of the section is marked by a bracketed asterisk because although it is defined by the experimental set-up, it can be adapted following certain conditions.

The general flowchart of the tomography code is summarised in Figure 2.9. Any step of the flowchart can be skipped if its output is given by the user, except for the regularisation and the inversion itself. We will now comment each step, based on this flowchart.

Description

Calculation of the signal measured by the sensors (optional)

The signal measured by the sensors, S, can either be given in input for tomographic inversion of experimental signals, or be computed from a 2D ghost image for test and characterisation purposes of the inversion algorithm. In this case, S is calculated based of what would be measured by the sensors placed at the specified position, looking at the input image (taken as a 2D section). It can either take into account the collimation by a lens, as discussed in 2.1.1, or only calculate the linear integral, i.e. in the line of sight approximation. 

Calculation of S Calculation of T Calculation of α

Drawing of pixels

The code can accept any user specified pixels,1 however the most common configurations are preset. An example of each preset grid is shown in Figure 2.10. The common square grid of N p = N 2 p1 pixels is the first example (2.10a). It yelds the simplest finite difference scheme for the regularisation. As will be described latter, rotated N 2 p1 square grids (2.10b), which are almost identical to the classic ones, have also be found useful. Given the geometry of the experimental system, grids with rotation symmetry have also been implemented. The simplest example is a grid with pixels as portion of circles (2.10c). It however holds the heavy drawback of being a very irregular grid so that the edges are much less resolved than the center. To solve this problem, it is possible to create a circular mesh grid made up of triangle pixels. A mesh generator [Per-Olof04] was used, with adequate fixed points to ensure the circular symmetry and regular pixels sizes (2.10d).

Calculation of T

The calculation of the matrix T can be done following either Eq. (2.1.5) (collimation by a pinhole) or Eq. (2.1.12) (collimation by a lens). In both cases this is by far the longest operation because every length has to be calculated individually. It typically takes a few seconds for more than a hundred lines of sight and twice as many pixels. Since we are not aiming at real time tomography this delay is not an impediment, however when working with loop for tests or time series it is useful to be able to calculate the matrix only once, then use it for the next iterations. This is possible because the matrix only depends on the chosen pixels number and shape, and on the chords position and collimation.

Regularisation

The operation of regularisation has already been described earlier, so we will only make an important remark here. Among the pixels grids presented, the mesh grid seem to be the most attractive for geometrical and regularity reasons. However, the hindrance of a triangular mesh is the definition of the finite differences. Indeed, the finite differences between two adjacent pixels in one direction (radial or azimuthal) also contains a part of the derivative in the other direction. In other words, moving from a pixel to one of its neighbour almost always requires moving along both the radial and the azimuthal directions. For each mesh the analytic expression of the finite differences can be calculated, however the goal of the code is to remain as versatile as possible, not limiting the choice to some meshes. As a solution, to compensate for the asymmetry, weighting factors are added to the finite difference in each direction depending on the average pixels shapes.

NUMERICAL TOMOGRAPHY CODE

Calculation of α

As α approaches zero, no regularisation is applied. On the contrary, for α large, the solution becomes solely determined by the regularisation. However, even if this parameter can largely influence the solution, there is no strict rule on how it has to be chosen. Fortunately, several approaches exist to find good balances. The simplest one, comes from equation (2.2.5). Since α has to balance t T.T and H, a good approximation is to take

α = Tr t T.T Tr (H) . (2.3.1)
This expression intuitively comes from the standard Frobenius norm A = t A.A 1/2 , because it allows to quantitatively describe a matrix by a single number. As a result, this empiric formulae represents an evenly balanced ratio between t T.T and H. A more refined method to calculate α is the method of the L-curve, presented in [START_REF] Hansen | The L-curve and its use in the numerical treatment of inverse problems[END_REF]. The goal is to perform multiple inversions with different values of α, and pick the optimal one with the criterion of finding the best balance between the solution norm and the residual norm. This method has been tested during this work and two examples are given in Figure 2.11, in which A = t T.T + αH and B = t T.S. 2.11a shows an example of the best CHAPTER 2. TOMOGRAPHY case scenario in which the L-curve is well defined, and 2.11b is an example of the opposite. The two measurements come from experiments on similar plasmas. For the tests conducted on both real plasmas and ghost images, no clear condition were found to predict the usability of the L-curve. Additionally, using this method to (potentially) select the most suited value of α requires several tomographic inversions, multiplying the time required for tomographic inversion.

The formulae in Eq. (2.3.1) proved to give consistent enough results to justify its choice over the more refined, but more complex, one.

Inversion using least square minimisation lsqlin()

The final step of the inversion, is to actually solve Eq. (2.2.5). The Matlab function lsqlin is used, allowing the sole selection of solutions with positive values. 1 We made sure that there is no need for more refined inversion method by checking the condition number of the matrix t T.T + αH before and after regularisation. The condition number is a indication of how much the solution may change with a given variation of the initial data. Typically, before regularisation, it is most of the time close to a numerical infinite (> 10 10 ), and becomes small enough to avoid any divergence of the solution during the inversion process.

Benchmarking

The goal of the validation, or benchmarking, tests were multiple. First the expectations from the code results had to be set for images of any kind. Tests have been conducted with ghost images of plasmas that are circular, square, centred or not, steep, smooth etc... Secondly the same method was used to help designing the experimental diagnostic described in Chapter 4.

The procedure used to test the tomographic code is summarised in Figure 2.12. The top left quadrant shows the ghost image, and the pixels and lines of sight to be used. The pixellation of the ghost image (top right) is done by averaging the signal in each pixel (giving E 0 ). The signal that would be measured from each sensor (S 0 ) is calculated and inverted (E, bottom right). The signal S 0 and the reconstructed signal S = T.E are displayed in the bottom-left graph and show how closely the numerical inversion converged. However, since the system has an infinite number of solution, even if there is a perfect fit between S 0 and S, the solution on which we converged is not necessarily the right one. In order to compare the solution to the ghost image, the choice was made to compare the pixels values.1 Removing the pixels with values below a threshold to avoid discrepancies from division by very low values, the error made by the tomography code is estimated by

= e 0,i -e i e 0,i i (2.3.2)
with the index zero denoting the values from the ghost (as opposed to the values from the inversion) and • i being the averaged for all i. Because of the local division, the relative error is thus overestimated, but helps giving an idea of the error even low emissivity sections.

To generate phantom images representative of the experimental plasma emissivity, experimental measurements were used: averaged pictures from the fast camera, taken at the end of the column, and two dimensional probe measurements (see Sec. 5.1). The plasma emissivity is very steep at the edge of the diaphragm, and have local variations of about 10 to 20 % of the local emissivity for global modes.2 Three typical ghost images were designed:

1. A smoothed image reconstructed from the probe measurements 2. A disk with emissivity set to one inside, and zero outside 3. Two-dimensional Gaussian function flattened at its core The images and their discretisation are shown in Figure 2.13 along with an example of tomographic inversions, using the chords set-up of the full diagnostic installed, with a second order regularisation. The respective errors are 11 %, 34 % and 17 %. The two main error sources are the amount of pixels with emissivity close to zero, and the skewness of the inversion toward the detectors. The skewness comes from the chords fan distribution, leading to a higher chord density closer to the detectors. By numerically splitting the two chords fans into four fans (one from each side of the plasma column), this effect decreases a lot. Also, flatter emissivity profiles will amplify the irregularity of the inversion, as shown for the disk (middle column in Figure 2.13), whereas uneven profiles 1 will give better results. On average, with the set-up showcased here, the tomography inversion has better results for what should be realistic plasma emissivities. The same results are obtained if the ghost image is rotated around its axis (simulating the rotation of the plasma). Finally, experimental noise was simulated by adding random noise to the artificial signal before its processing. Tests show a linear effect of experimental noise: if the original signal has N % noise, then the result will have an error equals to the base error plus N, at least up to 20 % noise (i.e. signal to noise ratio of 5). 1. For spatial variation larger than the pixels typical size 57 2.4. COMMENTS ON THE CHORDS DISTRIBUTIONS During the benchmarking of the code, a reasonable number of measurements has been found to be around 1.5-2 times less than the wanted number of pixels. However, the disposition of the chords for a set number of measurements also plays a key role on the achievable quality of the tomography inversion. In order to characterise their distribution, they are described by the (p, ϕ) coordinates, where p is the distance between the chord axis and the middle of the reconstructed plane, and ϕ is the angle between the normal to the axis of the chord and the horizontal axis, as shown in Figure 2.14. We can now put each chord on the (p, ϕ) plane corresponding to the inversion plane, and an efficient and well spread distribution of the lines of sight translates to the rule of thumb of leaving as little space empty as possible on this plane.

Comments on the chords distributions

The numerical resolution methods presented in the previous section showcase a possible source for skewness other than the stretching due to the chords density. Using the same square grid, if the chords are placed parallel to each other and to the pixels axes (see Figure 2.16a), any noise in the original signal will greatly stretched out the reconstructed emissivity along the common direction of the pixels grid axes (i.e. finite differences) and lines of sight, as showcased in Figure 2.16. Figure 2.15 shows an example of 'good' (2.15a and 2.15b) and 'bad' (2.15c and 2.15d) distribution of the lines of sight. In the case of the bad distribution, the whole section is still covered by the lines of sight, but they all have the same coordinate p = 0. The resulting tomographic inversion is then completely different from the original image, even if the numerical inversion still properly converges. Another way of foreseeing such effect looking at the chords disposition (in the real space), is by noting how little information is common to more than one chord, i.e. that the chords almost never cross each others (only once at the center). Some models for discetising the plane based on this idea is to directly use the intersections of the chords as unknowns for the tomography problem, as described in [START_REF] Natterer | The Mathematics of Computerized Tomography[END_REF] and used in [START_REF] Serianni | Application of 2D tomographic imaging techniques to edge turbulence in RFX-mod[END_REF] for instance.

These examples shows the need to test the tomography inversion with the desired set-up on known ghost images, in order to prevent possible numerical artefacts, and to help optimise both the experimental design and the associated numerical treatment in pair. 

Conclusion

In this chapter we studied how optical tomography is applied to plasma physics, and more specifically to the magnetised plasmas of Mistral. The transfer matrix for a system where line of sights are collimated by a lens was derived, and a complete numerical code was developed on Matlab. The code proved to give good and consistent enough results with less than 15 % of error for experimentally relevant cases. It is noted that the set-up (both experimental and numerical) of the tomography is very important and drastically influence the expectable quality of the results. Consequently, the code will continue to be developed, as there are virtually an infinity of upgrades that could be done.

Speaking of possible upgrades, we have seen here five regularisation methods, four of which based on the Tikhonov regularisation, yet other methods exist. Some example of other resolution methods are the ART/SART method (for -simultaneous-algebraic reconstruction technique) [START_REF] Andersen | Simultaneous Algebraic Reconstruction Technique (SART): A superior implementation of the ART algorithm[END_REF], the adaptative genetic algorithm [START_REF] Srinivas | Adaptive probabilities of crossover and mutation in genetic algorithms[END_REF], or a hybrid combination of the two [START_REF] Yang | A hybrid tomographic reconstruction algorithm for high speed X-ray tomography[END_REF], and finally the MLEM (maximum likelyhood-expectation maximization) method [START_REF] Shepp | Maximum Likelihood Reconstruction for Emission Tomography[END_REF]. The main difference of those methods is the amount of a priori knowledge and conditions imposed to the solution and the way they are implemented. They were not implemented in this work because of their scarcity in the plasma literature (compared to the Tikhonov regularisations), and their specific applications. Nevertheless, it may be interesting to look this way to further improve the tomography code of Mistral.

Chapter 3

From a single sensor tomography diagnostic ... On passe sa vie à romancer les motifs et à simplifier les faits.

-Boris Vian A s described previously, tomography requires to look at the sample of interest from several different positions. Therefore, tomography measurements can be performed in two different ways, or a combination of the two. The first relies on many detectors and series of synchronous acquisitions. In the second, a single sensor is moved to different positions and series of individual measurements (in space) are performed. The former, more popular method, allows to follow the temporal evolution of the system but has the drawback of being rather complex (from the installation and calibration point of view), taking a lot of space and being comparatively more expensive. 2 The later method only requires one sensor, but its application is limited to the measurement of steady or periodic phenomena. We can cite a common example of application using both DIAGNOSTIC ... methods, usually referred to as medical CT scan. 1 In CT scans, a large array of sensors rotates around the sample -typically a human body-supposed unchanged during the acquisition (see figure 2.1 in previous chapter).

A simple tomography diagnostic, using a single sensor, was tested on Mistral to serve as a proof of concept for the multi-sensor diagnostic. The single sensor version has been based on the equipment available and aimed at characterising the hardware requirements for the multi-channel system, and at validating and improving the numerical inversion code. In the following, the single sensor tomography diagnostic used on Mistral will be described. The technique will be applied to the measurements of global rotating modes, which are stable and periodic events in Mistral. The choice of the set-up and its variations will first be described in details. Then, the experimental measurements will be used to help characterising the tomography code for real plasma profiles and noise levels. Lastly, the results will be interpreted under the explicitly given hypotheses. Using this slightly less powerful, but much less cumbersome tomography diagnostic, the behaviour of the core plasma during coherent rotating modes will be characterised.

Mono-sensor tomography set-up

The complete diagnostic apparatus is shown in figure 3.1. It consists of three different blocks: the triggering loop, the sensor with its acquisition system, and the optomechanical system used for the collimation and the transmission of light to the sensor.

Trigger system

Each signal acquisition is synchronized with the plasma rotation through the trigger probe signal. The probe is placed at the radial edge of the cylinder to limit its impact on the plasma. It is polarised at V > V p , thus mainly collecting electrons. The trigger occurs when an excess of current is detected, meaning that the probe is seeing the plasma rotating arm at a specific position. The signal measured by the probe, see figure 3.2, is periodic and very reproducible. The mode frequency can be kept steady for several hours. The output current is converted to voltage through a resistor and sent to either an oscilloscope, for recording and control, or a pulse generator to create a controllable trigger. This set-up helps ensuring a steady 0-5 V trigger with a known and controllable lag.

Sensors and acquisition systems

Three kinds of sensors were tested: photodiodes, mono-cell photomultiplier tubes, and multi-cells silicon photomultipliers. The choice of the sensor and the acquisition system are linked because of the different kinds of output signals of the sensors. All three type of sensors are based on internal photoelectric effect: received photons will be transformed to electrons displacements, and here directly generates a current. However, they differ in their sensitivity, signal-to-noise ratio, response time, required control system complexity and price. Table 3.1.1 give typical emissivities for the plasma measured with a calibrated and collimated silicon photomutiplier. For a given plasma, the emissivities at the core and edge vary by more than one order of magnitude, and by one additional order of magnitude between different plasma densities, showcasing the required dynamical range. A description of each sensor and their most suited experimental conditions is given in the following.

n e ∼ 10 10 m -3 n e ∼ 10 8 m -3 Plasma core 10 <1 Plasma edge <0.5 <0.05 Table 3.1.1 -Typical plasma emissivities in nW, measured through the plasma core, and through the edge of the plasma, for two different plasma densities (on the axis).

MONO-SENSOR TOMOGRAPHY SET-UP

Photodiode

The simplest of the three listed sensors is the photodiode. Photodiodes are easy and convenient to use as they don't need any amplification stage and require only a small input voltage. This has two consequences: they are cheap, and they often come in turnkey packages which include formatting the output signal to a easily readable voltage, with an oscilloscope or equivalent. However they have the drawback of having a low light sensitivity. In the end, they make a good tool for measuring high luminosity. Experimentally, the photodiode PDA36-A from Thorlabs has been used. It has a 10 7 V/W gain, giving a sufficient sensitivity and a good signal/noise ratio to measure plasmas with high emissivities (> 300 µW m -2 sr -1 over the visible spectrum). Figure 3.3 shows the typical signal for two chords in a highly emissive plasma. One is tangent to the plasma core (chord number 14, in plain line), and the other one goes through the middle of the plasma (chord number 8, in dashed line). The emissivity is higher for the chord going through the core, and its period is doubled because it sees the mode twice in one rotation (once in front of the core, and once at the back of the core). DIAGNOSTIC ... Photomultiplier tubes (PMT) generate several electron cascades to increase the number of output electrons per incoming photon (see figure 3.4). They act as a diode connected with a reverse bias (blocking any current), but when the voltage exceeds a certain amount (usually called breakdown voltage), they output a current proportional to the incoming light. The result is a much higher sensitivity and quantum efficiency1 . They can operate in two different regimes. When the measured light's intensity is very low, they are use in photon-counting mode, counting each incoming photon during a time window. In order to be able to operate in such a specific regime, a dedicated acquisition system is needed, such as a multichannel scaler, used on Mistral. The second operating regime of PMTs, for medium light intensities, is similar to the photodiode; the current is converted to a voltage recorded by an oscilloscope. However, the very high sensitivity comes with an important black noise (signal with no input light) unless the sensor is actively cooled. PMTs are also very delicate, and contrary to photodiodes, they can easily be deteriorated or even completely burnt out if exposed to too much light. 1 For tomography purposes on Mistral, the Hamamatsu H10723-20 PMT was tested in photon-counting mode. But, they turned out to have too low of a dynamic to be able to measure the plasma core and edge with a fixed amplification. Recent technology development have allowed to overcome some of the PMTs difficulties by creating the silicon photomultipliers (SiPM). Based on several photon-counting avalanche photodiodes in Geiger mode (reverse bias), they are very similar to PMTs in that they create electron cascades, but they do so in much less space. The result is a lower required amplification voltage (lower breakdown voltage) and especially the possibility to create multi-cells sensors. When an photon hit a PMT surface, it will create one electron cascade. If two (or more) photons hit the PMT at the same time, it will also create a single, identical, electron cascade, thus missing one (or more) photon. The SiPMs solve this problem by the multi-cells configuration. The surface of a single SiPM is filled with many cells (few hundreds of µm each) that will behave as a miniature PMT, as shown in figure 3.5. In the case of multiple incoming photons, their signals will add-up, provided they enter DIAGNOSTIC ... different cells., thus enabling the photons counting for higher light levels than PMTs. Their sensitivity can also be increased by increasing their active area, i.e. adding more cells. Yet, the price to pay for their higher dynamic is a lower quantum efficiency and lower gain than PMTs. As of this day, SiPM remains a young technology, still quickly evolving, so the interested reader is advised to read uptodate documentation. In order to compare SiPMs with the two previous sensors, measurements were made using the test product C11205-150 lent by Hamamatsu. They exhibit a good sensitivity, although they have a high noise, so active cooling is required. An example of raw signal at room temperature is displayed figure 3.6 during two full rotations of the mode. Aiming for the future study of nonperiodic phenomenon, the SiPM measurements presented are not averaged nor filtered. Considering all high frequency (> 100 kHz) variation as noise,1 the average signal-to-noise ratio of the C11205-150 on Mistral is about 14 %.

Mono-cell photomultiplier tubes

Multi-cell silicon photomultipliers

Summary

The characteristics of the three sensors are summarised table 3.1.2. We limit our interest to sensors with broad spectral range in the visible spectrum.

MONO-SENSOR TOMOGRAPHY SET-UP

For the mono-sensor tomography diagnostic, the choice was made to use the PDA36-A photodiode with a 70dB amplification. It proved to have a low noise level in the experimental conditions used later. Its only restriction is that it can solely be used for plasmas with high emissivity. Regarding PMTs and SiPM, tests show high levels of noise,1 and risks of saturation, sign of a insufficient dynamic as is. However, if the noise can be reduce, for instance by cooling, the SiPMs are interesting sensors for future set-ups, as will be described in the next chapter. 

Photodiode

Optomechanical configuration

The sensor is separated from the plasma using an optical fibre in order to prevent any magnetic perturbation and to have a higher mobility of the optomechanical system.

The acquisition of signals for tomography with a single sensor requires its displacement to different calibrated positions. In order to limit the associated errors, the choice was to limit the system to a single degree of freedom, giving three possible chords set-ups. The first is a translation of the collimated optical fibre leading to parallel chords. The second is a translation of DIAGNOSTIC ... the bare fibre behind a pinhole, giving fan distributed chords. Finally, the third option is to reproduce the same fan distribution with a rotation of the collimated fibre. The fan distribution is known to lessen the effect of noise by providing more viewing angles [START_REF] Decoste | X-ray tomography on plasmas with arbitrary cross sections and limited access[END_REF]. However, the pinhole reduces the available luminosity by a factor 25, greatly decreasing the signal/noise ratio, and looking at the whole plasma with the rotative system would require the fibre holder to be placed through the vacuum chamber window. The parallel configuration has, therefore, been preferred. The plasma facing end of the fibre is collimated with a lens to a conical line of sight of 8 (at the lens) to 15 mm (at the opposite wall) diameter. 1 The number of positions (tomography's lines of sight) is chosen so that the viewing cones do not intersect their neighbours before the wall, 2 yielding 2 × 16 lines of sight through the optical apertures of the plasma chamber. The collimation can not be improve (to be able to have more chords) because a better collimation would results in to little collected light for the photodiode.

Anti-reflection coating

Mistral walls are metallic, so very reflective, greatly perturbing optical measurements. In order to greatly reduce the effect of unwanted reflections inside the plasma chamber, a piece of conducting material, put before the wall, have been covered with a matte black carbon coating. Figure 3.7 displays the difference before and after the application of the coating, clearly indicating its positive, if at all necessary, effect on optical measurements quality.

Experimental tomography acquisitions

The experimental conditions used in this chapter are summarised in Table 3.2.1. The configuration has been adapted from [START_REF] Rebont | Étude d'une colonne de plasma magnétisé par fluoréscence induite par laser[END_REF] section 5.1.2 in order to have a steady m = 1 mode, but with higher emissivity. As a result, the collector is grounded to evacuate part of the primary electrons, thus 1. measured experimentally by retro-injecting a laser in the optical fibre. 2. In order to reduce the data redundancy. The temporal evolution of the raw measurements at every position is shown in figure 3.8, with the positions number 1 to 16 from the top of the plasma and 17 to 32 from the side, as displayed in figure 3.1.

EXPERIMENTAL TOMOGRAPHY ACQUISITIONS

The sinusoidal oscillation of the mode is clearly seen, with a phase shift of +π/4 between the top and the lateral measurements indicating an anticlockwise rotation (looking at the plasma from the left side on figure 1.3). The mode frequency is f 5.8 kHz. An intensity asymmetry between the rising edge and the falling edge of the oscillation is noticeable, especially for the lateral aperture (positions number 17 to 32). This asymmetry is due to the geometrical factor I discussed in the previous section (see eq. (2.1.10)). The plasma is between 200 and 400 mm from the lens, in a region where I depends on the distance to the lens. The detected signal is therefore stronger 3.2. EXPERIMENTAL TOMOGRAPHY ACQUISITIONS when the mode is close to the lens than when it is at the opposite side. The different asymmetries between the top and lateral positions come from the top measurements being made a couple centimetres further from the plasma, where I(z) is flatter. Tomographic inversion is applied at each time step to reconstruct the evolution of the local plasma emissivity. To increase readability, we separate the emissivity into the temporal average and fluctuations component:

E = E t + δE, (3.2.1)
and show in 3.9-(a) E t normalised to the value at the plasma center, and in 3.9-(b) the emissivity variations relatively to the time average. The frames are separated by 45.6 µs, for a total of about 80% of a whole period. The time evolution of the emissivity profile visually confirms that the mode remains constant during its rotation.

In order to compile the spatial evolution during the whole acquisition into a single figure, the azimuthal emissivity profiles are extracted at several radii and phase shifted to have their maxima aligned at the azimuthal DIAGNOSTIC ... position equals to 0 rad. The average over all time steps is calculated and displayed in figure 3.10. The error bars, depicting the standard deviation are representative of the deformation of the mode during its rotation. The figure 3.10 shows the small standard deviation of the azimuthal shape of the mode, confirming that the mode remains nearly constant during its rotation. Additionally, the same display method can be applied to ghost images whose time evolution is simulated by a numerical rotation, in which case the same error bars appear, indicating that those variations mainly come from numerical noise.

Conclusion

In this chapter the mono-sensor tomography diagnostic developed for Mistral was described. The available optical sensors and acquisition systems were compared, and tested in real experimental conditions. For stable periodic events in a highly emissive plasma, the choice was made to use a 3.3. CONCLUSION photodiode and average the signal over several plasma rotations. However, to study fast -and possibly non-periodic-events, SiPM are very promising sensors. They have the downside of being noisy, but their technology being young, they are improving by the month.

The time evolution of the local emissivity inside the core plasma during coherent rotating modes have then been characterised using the mono-sensor tomography diagnostic. The experimental results demonstrate a rigid body rotation of the plasma column, supporting the single position measurements routinely used, such as the 2D reconstruction of Langmuir probe measurements presented in Chapter 5.

Finally, mono-sensor tomography proved to be a simple (with respect to configuration and calibration), low cost and low space demanding diagnostic, especially compared to a full scale tomographic instrument. Contrary to probe diagnostics, it has the advantage to be non intrusive. Additionally, regions inaccessible to probe -because of their distance to the wall or temperature for example-can be investigated. However, its use is limited to the study of periodic or reproducible events.

Chapter 4 ... To the 128 synchronous sensors diagnostic

Savoir qui d'eux ou de moi avait raison est une question qui dépasse tous ceux qui lui donnent une réponse.

-Daniel Pennac, Au bonheur des ogres S ingle sensor tomography is limited to the study of steady periodic events, and requires a lot of time to perform an acquisition, thus limiting the number of positions. However, it was a stepping stone to the full diagnostic to be installed. It gave precious information about sensors, the plasma emissivity and collimation systems. From its results, plus supplementary preliminary studies, a tomography system with 128 sensors has been designed, conceived and built on Mistral. The purpose of using tomography on Mistral is to help studying phenomenons that remain to be fully understood. Its original specifications aimed at the study of coherent rotating modes, including their formation and dissipation, and hopefully of fully turbulent states of the plasma column. We will see in the course of this chapter how these objectives influenced the choices of the experimental set-up, and how they evolved with them.

A first section will give an overview of the full system. Then, the choice of the sensors, acquisition board and collimation system are motivated. Fol- The most expensive part were, by far, the acquisition board (75 % of the diagnostic cost), followed by the sensors and the optical bundles (10 % each), and the collimation system and mechanical support (5 %).

The following section will now detail the design process.

Hardware description

Optical sensors

In the previous chapter, the acquisition speed and the bandwidth required to study the rotation of global modes was of a few tens of kHz. Strictly speaking, when looking at modes with frequencies below 6 kHz, a sampling frequency of 12 kHz is enough to avoid aliasing (Nyquist-Shannon theorem). But in order to capture the time evolution, including harmonics and potentially unknown additional frequencies, without spectral reconstruction, a higher sampling rate was used. To look at the formation and dissipation of those global structures or even turbulent states, an even higher sample rate is required.

Pictures taken with the intensified camera 4QuickE on plasmas with no periodic mode (see Figure 4.2) show very localised structures, in both the axial (z) and radial (r) directions, when the exposure time is about 10 µs. These structures vanish for longer exposure time. Previous results [Pierre04; Jaeger10] also suggest similar time scales for non-rotating modes. A sampling rate of 1 MHz is therefore required to capture the temporal evolution of these structures, with some margin. This frequency constraint excludes the use of a Photodiode similar to the one used for mono-sensor tomography because its maximum bandwidth is limited to a hundred of kHz at high gains. Because of their promising performances and tests performed with a sample on loan, the rising technology of SiPMs was chosen (see section 3.1.2). Three manufacturers had interesting products: Hammamatsu, AdvanSiD and SensL. In order to choose the most suited sensor, several characteristics have been taken into account:

-Spectral range and maximum sensitivity wavelength. Most experiments in Mistral are done with argon (a typical spectrum is shown in Figure 4.3) but hydrogen, helium and xenon plasmas are also investigated. The spectral range, therefore, needs to be as wide as possible in the visible domain.

-Photon detection efficiency, or quantum efficiency, defining the percentage of incoming electron that will statistically create an electron cascade. Obviously 100 % is the target, but this characteristic is highly dependent on the technology (as shown in table 3.1.2).

-Gain: defines the number of impelled electrons (i.e. output current) for each photon received. A higher gain allows for easier discrimination of the number of photons. As for the photon detection efficiency, the higher the better, but attention has to be paid to the following noise.

-Afterpulse and crosstalk: the former is the probability of one incoming photon to produce a second electron cascade (false positive signal).

The later is due to the structure of SiPMs. Looking at Figure 3.5, we see that a sensor is composed of many cells. When a photon produces an electron cascade in one cell, electromagnetic effects can produce a similar cascade in a neighbour cell, i.e. another false positive signal.

-Dark count: term used to described how much signal is output when there is no light incoming. Its main source is the thermal noise. Contrary to the afterpulse and crosstalk, thermal noise creates electron cascades with no incoming photon at all, and acts as an offset varying with the temperature.

-Cooling system: cooling the system can greatly decrease dark current.

If there is a native cooling system, the installation is easier.

-Effective area and fill factor: larger sensors will admit more incoming light, hence allowing higher precision and sensitivity. The fill factor is once again linked to the cell structure of the system. More cells means more discrimination of incoming photons,1 but also more trencheszones not sensitive to light-in between.

-Working voltage: plays an important role in the choice of the control system -discussed later-, since higher voltage means more expensive power supplies.2 -Already available acquisition system: because of their young age, most SiPM do not already have turnkey solutions, so the few existing ones are a remarkable addition.

The sensors chosen for the tomography diagnostic on Mistral are eight Advansid ASD-RGB4S-P-4x4T. Based on the list above, they proved to have This technology was first developed for near-ultraviolet applications so their spectral range tends to be shifted toward lower wavelengths. Their main disadvantage, compared for instance to their closest relative, the Hamamatsu S12642-0808PA, is their higher crosstalk and afterpulse. The reason is that the year prior the purchase of the sensors, Hamamatsu developed a technology to drastically decrease the false positive noise, but they registered it as a patent, preventing its use by any other manufacturer. However, Hamamatsu sensors spectral range is shifted to the near-ultraviolet, so they were not a suitable solution. Actually, AdvanSiD also found their own way to do it, but unfortunately, the development was still ongoing and needed about an additional year be finalised. Finally, the selected sensor also came at a modest price.

Acquisition board

The selected optical sensors were sold completely naked, and an acquisition system had to be fully developed. The 'acquisition system' includes a connexion board, a control system (with the power supplier) and the actual acquisition system, collecting data and communicating with a computer. The whole system has been developed by AiT instrument. The connexion board (see the picture of the board, with the four 4 × 4 sensors, i.e. 64 channels, Figure 4.4) was especially designed to suit the optical fibre bundle. The acquisition board is the MDU3-GI64X2 (see table 4.2.2), of which we bought one of the first non-prototype copy. 1 The main criteria used for the design were:

-Acquisition frequency: as stated above, about 1 MHz are needed.

-Dead time/integration time: The signal is acquired at the acquisition frequency, but usually the actual integration time is shorter (to clear buffers or transmit data for instance). This dead time has to be short enough in order to lose as little signal as possible.

HARDWARE DESCRIPTION

-Numerical resolution: namely the number of output bits of the analogto-digital converter. It defines the precision at which data is saved, and the dynamic of the acquisition system.

-Memory/transfer rate: in order to make long acquisitions at 1 MHz, for 128 sensors, and with good enough numerical resolutions, the system has to either be able to quickly transfer the data to a computer, or have a large enough internal memory.

-Number of power supplies for the amplification: the ASD-RGB4S-P-4x4T sensors allow for individual power supply, i.e. individual gain selection. However high precision power supplies being expensive, most solutions come with one power supply per N sensor channels.

The table below shows the specification of the MDU3-GI64X2. The main advantages are the high acquisition rate and the low dead time, but it is limited to one power supply for 64 sensors, and has an average 12 bits (values from 0 to 4095) precision. The acquisition system integrates the output current of each sensor and converts it to numerical values between 0 and 4095. The system was designed so that one event would correspond to the current generated by one photon. A typical output current is shown Figure 4.5. The current peak for the Advansid ASD-RGB4S-P-4x4T amplified to 4 V is about 4-5 µA. When N photons are received at the same time1 on different cells, the output current peak is N time bigger (so is the integrated signal measured). However, when two of more photons simultaneously hit a single cell, only one is detected. As a consequence, the output signal may be referred to as 'events' or 'ADC values' (for Analog-to-Digital Converter ).

Optomechanical configuration

The mechanical and collimation systems were designed with the following requirements in mind. The first one was to be able to change the sensors, would it be for a newer, more efficient version, or to add a spectrometer, as planned in a project following this work. The easiest way to have such a degree of freedom is the use of optical fibres 1 with standard ends on the plasma side. They can then easily be changed without having to modify the collimation system, also keeping most numerical parameters for the tomographic inversion untouched. Regarding the chord distribution, fan distributions are known to lessen the effect of noise by providing more viewing angles and was the chosen distribution. This result was shown in Chapters 2 and 3, and is consistent with the literature [START_REF] Decoste | X-ray tomography on plasmas with arbitrary cross sections and limited access[END_REF]. Finally, since the diagnostic purpose is to be as flexible as possible, taking advantage of the available space and large apertures of the experimental apparatus, the collimation was chosen to be done individually for each chord. This way, each chord can be freely moved to any position to test different tomography set-ups. Each fibre end is placed at the focal point of a small lens, as described in section 2.1.1. The lenses were bought unmounted and the lens holder made by the mechanical team of the laboratory to reduce the costs. Because they are also uncoated, the lenses have about 91 % transmission rate, versus more than 98 % for industrial collimators. So the light transmission decreased by 7 %, but for a price reduction of 90 % and a slight size reduction. Because of the individual collimation and the disposition of the 64 fibre holder on each side, having a compact collimation system is important. The collimator can receive any fibre with standard SMA connector. However, as shown in fig. 2.4, the fibre core diameter defines the divergence of the chord: the larger the fibre, the more light received, but also the wider the chord. 

Installation

Collimation and alignment

Because of the size of the collimation system and the distance to the plasma, a small defect can lead to an noteworthy displacement of the line of sight. To minimise possible discrepancies, light has been retro-injected in the 64 optical fibres for each of the two holder, projecting the chords on a wall placed one metre from the lenses. One metre is a compromise between the actual distance to the plasma (roughly 0.5 -0.8 m), and a distance sufficient to easily tell the difference between the image of each chord. This way each collimation system and misaligned chords have been individually adjusted.

The most delicate operation is to measure the absolute position of each chord in the experiment for the configuration of the tomography code. Physical references and axes were first defined. The choice was made to use the support of the two lateral apertures (left side and top side) as reference for both the origin and axes. The reason is that they are the most levelled elements of the device,1 and the windows themselves offer a good support to measure the position of the chords.

The coordinates of two points of each chord have to be measured. The first point is the position of the lens. Their positions on each holder are directly available on the computer-aided design drawings, see Figure 4.8. The second point (position and average diameter) has been recorded for each chord on a paper positioned on the lateral aperture as described above. The coordinates are then measured from the paper directly, which is kept for later verifications of the chord alignment.

Acquisition device check-up

Temperature control

The last step before the system can be calibrated and put in use is the characterisation of the acquisition device, meaning the association of the acquisition board and the sensors.

Because of a high dark count that proved to be a major disturbance at 20 to 30 • C, the cases containing the connection boards with the detectors have been thermally isolated, and are cooled using Peltier units. The heat created by their hot side is dissipated using active liquid coolers. The whole system allows the board temperature to drop down to 0 • C. The variation of dark current with the temperature is shown in Figure 4.9 for 64 channels. The acquisitions are made with no input light, and for a 10 µs integration time. The vertical axes displays how many events are detected on average over 4000 acquisitions. For a temperature less than 7 • C there is less than one event in average when amplified at +2 V (top), showing an excellent dark current. At higher amplification, +4 V (bottom), the dark current decreases slightly below 40 events on average, ten times less than at ambient temperature in the experimental room in Marseilles. In the light of those results, the working temperature of the system has been set to 'less than 7 • C'. It is also important to note the rise in temperature when the output signal is important (lot of light and/or high amplification). Which is why the temperature needs to be monitored via a thermocouple placed on each acquisition board, under the sensors. Additionally, the breakdown voltage1 varies with the temperature at 27 mV/ • C, so the total input voltage is manually adapted to keep a constant gain.

Frequency response

Because of the complexity of the whole system, the frequency response to emissivity variations up to 100 kHz has also been tested. The frequency response was measured in the ideal case of an on-off light pulse. A channel of the system has been set to indirectly look at the first mode of a laser beam going through an acousto-optic modulator. The assembly is shown in Figure 4.10. The signal was then acquired for 4 ms (= 4000 points ×1 µs acquisition period) and the amplitude of the fundamental frequency was calculated using Matlab FFT function. For frequencies under 20 kHz, the acquisition period was set to 5 µs instead to reduce noise. 

Calibration and linearity

The experimental set-up used for the calibration is shown in Figure 4.12. A black body sphere is used as a light source. The light output is controlled by an accurate variable slit and a factory calibrated photodiode gives the emissivity in µW m -2 sr -1 nm -1 , i.e. power per surface of the black body seen, per steradian intercepted by the sensor (here the lens), per wavelength. The two fibre holder boards are placed on top of each other and the chords focused into the one inch aperture of the black body. For validation purposes, a single sensor has been used to look at the black body from different angles and different distances, making sure the emissivity is constant. Figure 4.13 shows the signal recorded for different angles (0 • means normal to the opening) and shows steady values up to 35 • . The decrease for high angles occurs when the chord does not fully go through the aperture. 1 In order to make sure this does not happens for the calibration, the chords are checked to fully fit in the entrance by retro-injecting light in the optical fibres. The output values measured by the sensors are acquired for varying light intensities and at different amplification voltages (= different gains). Output values are given in Figure 4.14 for amplification voltages of +2, +3, and +4 V. At high amplification, the calibration is performed at low radiance only because the connexion boards (containing the pre-amplifying stages) temperature then exceeds the temperatures defined in the previous subsection. Each channel has a different calibration curve as a result of differences in their collimation, breakdown voltages1 and irregularities of the electronic board. The system is unfortunately not linear for the whole radiance range, meaning that an output value twice as big does not mean twice as much light. The calibration curves are fit with quadratic polynomials which are then used to retrieve the plasma radiance from the measurements. The diagnostic is now ready to be set-up on the experiment. A picture of the whole diagnostic installed on Mistral is shown Figure 4.15, and the sensors (surrounded by their thermal isolation and the cooling system) at the other end of the fibre bundles in Figure 4.16. The first picture can be compared to the one presented in Figure 1.3 in the first chapter.

Experimental measurements

The behaviour of the system is tested with a plasma in the same experimental conditions as in Chapter 3, Table 3.2.1. With such a luminous plasma, the minimum calibrated amplification of 2 V is sufficient. The time evolution of the plasma emissivity is recorded for the 128 channels simultaneously. When looking at rotating modes, synchronisation with the rotating plasma arm can now be used to reduce the random noise by conditional sampling. When a trigger occurs 1 100 consecutive acquisitions of 5 µs are made, and the process is repeated and averaged over 40 triggers. The result is the evolution of the signal for 500 µs for a rotation period of about Figure 4.16 -Picture of the acquisition boards with the thermal isolation and active cooling system. 200 µs. The acquisition is not much longer than two periods to mitigate the attenuation when averaging over periods with slight time discrepancies.

One set of raw data and the treated ones are given in Figure 4.17. The signal treatment includes the subtraction of dark current for each channel, the calibration and the conditional averaging. On Figure 4.17b, two and a half periods can be seen, although the colour modulation is attenuated by the amplitude of the scale. Four deficient chords have been removed (number 31, 32, 33 and 36). In Figure 4.18, the variation of the calibrated data after subtraction of the temporal average of each channel, is shown, emphasising the oscillation of the plasma. The oscillation can also been on chords in the edge of the plasma. Ideally the signal of the chords seeing the plasma edge should be increased using a higher gain. However, for such experimental conditions, the central chords would then saturate by reaching the maximum count for the 12-bits system. One solution would be to reduce the incoming light of the saturated channels with neutral filters, or by removing an amount of counts (negative offset) before the numerical conversion. A more efficient, but more expensive, one, would be to have individual power supplies for each sensor. More reasonably, splitting the sensors between the ones looking at the core or the edge would only require two additional power supplies (four total) and may be sufficient. On a side note, channels 1-64 (top view) sees the central plasma on more channels than the 65-128 ones (side view), exhibiting the different spread of the two chords fans.

More information is available by looking at the individual signal of each chord as shown in Figure 4.19 for four channels. They show here the same general behaviour, but with different intensities due to the different length of plasma core seen. The local behaviour must be looked at with the noise levels in mind (see Appendix A) in order to differentiate random noise from actual signal on the non-averaged signals.1 . Nevertheless, they can give information about systematic local event linked to rotating modes that remained unseen with other diagnostics.

Reconstructed emissivity

Since we are interested not only by the rotating mode general behaviour, but also by its local one (both in time and space), we will proceed with tomography inversion of non-averaged signals. The experimental conditions still remains the ones from Table 3.2.1, except for the magnetic field being now B z0 = 22 mT, leaving the plasma parameters mostly unchanged. The light received by each sensor is integrated during 4.85 µs, with a trigger period of 5 µs. 1In order to lessen the effect of noise and try to keep as much signal as possible, the Empirical Mode Decomposition (EMD) [START_REF] Norden | The empirical mode decomposition and the Hilbert spectrum for nonlinear and nonstationary time series analysis[END_REF] has been used to process the experimental measurements. The EMD is based on the concept of instantaneous frequency, using the Hilbert Transform of a signal. The empirical mode decomposition is being increasingly used, and has seen recent upgrades and adaptations to different contexts. Its evolution is easy to follow and to use through several open sources codes,2 and has already be proven useful in the context of laboratory plasma experiments [START_REF] Kurzyna | Spectral analysis of Hall-effect thruster plasma oscillations based on the empirical mode decomposition[END_REF]. The method used here is the CEEMDAN method (for complete ensemble EMD with adaptive noise) [START_REF] Colominas | Improved complete ensemble EMD: A suitable tool for biomedical signal processing[END_REF], directly available as a Matlab function. The EMD of a function consist in finding its intrinsic mode function, through a so called sifting process. They all satisfy two conditions (See [START_REF] Norden | The empirical mode decomposition and the Hilbert spectrum for nonlinear and nonstationary time series analysis[END_REF] for more details):

EXPERIMENTAL MEASUREMENTS

1. In the whole data set, the number of extrema and the number of zero crossings must either equal or differ at most by one 2. At any point, the mean value of the envelope defined by the local maxima and the envelope defined by the local minima is zero

The original signal is then simply the sum of all its intrinsic mode function1 and is proven to be lossless. The two conditions above are used to help the definition of instantaneous frequency, and to ensure that the signal reconstruction is lossless. Figure 4.20 shows all the components of the decomposition of channel 33. The full signal is shown on top of Figure 4.21, and the reconstructed signal without the first, resp. the first two, intrinsic mode function is shown in red, resp. green, on the zoom below. Now that we have a filtered signal, we can proceed with the tomographic inversion. Different numbers of pixels and regularisations methods were tested for redundancy purposes.2 Tomography inversion with a second order regularisation on a 15 × 15 square grid is shown here. Figure 4.22 displays the temporal average E t (see Eq. (3.2.1) in Chapter 3) over the whole acquisition shown previously. And Figure 4.23 is the temporal evolution of the emissivity variation δE with respect to its temporal average. δE is normalised to the average emissivity of the pixel at the centre. The plasma is exhibiting a rotation period of about 200 µs, consistent with the 195 µs measured on average with the trigger probe. Due to the absence of conditional averaging and the higher sensor noise, the signal is not as clear as on Figure 3.9, but it also allows to monitor the real evolution of the mode shape. 

Conclusion

This chapter was dedicated to the description, installation and characterisation of the tomography diagnostic on Mistral. From the technical description and the choice of the system, to the meticulous process of its calibration, key elements for its exploitation have been given. The current version of the diagnostic was impeded by the novelty of the SiPM technology. Still, the experimental measurements proved that it is able to give valuable information about rotating modes.

A significant hindrance was also the dynamic required to be able to look at both the plasma core and edges simultaneously. The suggested upgrade is to increase the number of power supplies enabling more control over the sensors gains.

The noise of the system is investigated in Appendix A. The shot noise is shown to be dominant but it cannot be easily reduced because it is inherent to any electronic device. A better cooling system would allow to reduce the dark current, especially at higher gain, but would not reduce the thermal noise by much because the electronic and mechanical system cannot go to 'low' enough temperatures in Kelvin. However, an automatic regulation of the amplifying voltage with the temperature would increase the reliability of the system.

Another possible upgrade of the diagnostic is to use smaller fibre holders, to add additional chords. This ongoing project could allow a wider distribution of the chords inside the plasma, and may help improving the tomographic inversion.

Regarding the numerical resolution itself, the observed numerical aberrations, typically due to the geometry of the system,1 might be reduced by implementing a finite element scheme. A efficient way to avoid having to develop a new code from scratch for each experiment, and sometimes for each user of an experiment, would be the development of a common numerical tool for plasma tomography inversion. However the differences of context and experimental conditions make this task very complicated.

Finally, the complexity of the system and the associated numerical tomo-Chapter 5

Characterisation of rotating modes

Je rêve d'un jour où l'égoïsme ne régnera plus dans les sciences, où on s'associera pour étudier, au lieu d'envoyer aux académiciens des plis cachetés, on s'empressera de publier ses moindres observations pour peu qu'elles soient nouvelles, et on ajoutera «je ne sais pas le reste».

-Évariste Galois

T

omography is now part of the multiple diagnostics on Mistral and can be exploited in combination with the other diagnostics to characterise the plasma. Because of their large size and low characteristic frequencies of a few kilohertz, global rotating modes can be simultaneously analysed with several diagnostics, and thus will be the focus point here. As presented in the first chapter, they have been the subject of previous investigations on Mistral and other linear devices. In this chapter, we will give some new elements completing past results and opening trails for new researches.

Radial and azimuthal structure of rotating modes

The single sensor tomography diagnostic presented in Chapter 3 is combined to a radially movable cylindrical Langmuir probe, in order to characterise the coherent rotating structures [START_REF] David | Characterisation of coherent rotating modes in a magnetised plasma column using a mono-sensor tomography diagnostic[END_REF]. The probe acquisitions were triggered using the same trigger probe as the single sensor tomography. The Langmuir probe has two main downsides here: it is intrusive, and a radially movable probe can a priori only give information on the plasma at different radii. Yet, reconstructing the azimuthal density profile using a delayed trigger is possible under the hypothesis of the plasma uniformity during its rotation, which was validated by the tomography results of Figure 3.9.

Two-dimensional probe measurements (azimuthal and radial) were, therefore, performed. The experimental parameters are as given in Table 5 ively n e , T e and V p , were computed from the probe measurements as described Section 1.2. potential and density measurements both exhibit radial and azimuthal variations in the central column with a m = 1 structure. The plasma potential maximum precedes the density maximum with a phase shift of about π/2. For density and potential fluctuations of the form n = n 0 sin(ωt + mθ n ) and V = V 0 sin(ωt + mθ V ), the particle flux from the E × B drift is given by:

Γ = n. v E× B = n. ∇ V B = m rB .n 0 sin(ωt + mθ n ).V 0 cos(ωt + mθ V ) = mn 0 V 0 2rB [sin(2ωt + m(θ V + θ n )) + sin(m(θ V -θ n ))]
Taking the time average Γ and considering a m = 1 mode, we get:

Γ = n 0 V 0 2rB sin(θ V -θ n ).
(5.1.1)

For the experimentally measured phase shift θ V -θ n π/2, the radial particle flux is outward and maximum, including inside the limiter. The phase shift measurement provides an additional experimental observation supporting the flute mode character of the oscillations (see Figure 1.7). An interesting follow up study would be to estimate the experimental absolute flux, and compare it with the injected flux of primary electron, or ideally with the axial total flux (current balance). Figure 5.2 shows the radial variation of the density azimuthal average n e θ and its associated variations δn e for both tomography and probe measurements, 1 knowing that under the uniformity hypothesis we have the probe measured n e θ n e t . The density variation δn e (r) is taken along the axis passing through the maximum density. Both diagnostics reveal a peaked 5.2. PARAMETRIC STUDY OF ROTATING MODES plasma at the center and a positive and negative shift on each side of the center. The tomographic measurements display a narrower averaged density and a lower, but more symmetrical, radial shift than the probe equivalent. This difference may be explained by the contribution of the primary electrons to the plasma emissivity and indicates that primary electrons have a radially narrower distribution than thermal electrons. This would be consistent with the fact that primary electrons have a much higher parallel velocity so that most of them are lost at the end of the machine, and with the higher contribution of hot electron to the emissivity presented in [START_REF] Escarguel | Optical diagnostics of a low frequency instability rotating around a magnetized plasma column[END_REF] (see Section 1.2.4).

Parametric study of rotating modes

A more general study has been conducted on Mistral, in order to characterise the effect of different experimental parameters on the rotating modes. Four parameters have been tested: the gas pressure P , the magnetic field B, the polarisation of the cylinder V cyl and the polarisation of the anode V anode . In general, the pressure influences the plasma densities n e and n i as well as the collisions with neutral gas. Given the asymmetry of gas injection and pumping on Mistral, higher pressures (P > 0.1 Pa) can induce a different pressure between the source chamber and the column, so the position where the pressure is measured is of importance. Also, the net neutral gas flux from the linear section to the source must be mentioned as it can play a role in the excitation of waves [START_REF] Saitou | Reduction effect of neutral density on the excitation of turbulent drift waves in a linear magnetized plasma with flow[END_REF][START_REF] Ignatenko | Numerical Study of Neutral Gas Transport in Linear Plasma Device[END_REF]. On Mistral, the plasma emission spectrum has been shown to be independent of the neutral flow [START_REF] Lefevre | Étude des propriétés radiatives d'un plasma d'hélium hors équilibre : expériences et simulations avec le code SOPHIA[END_REF], but the effect on the plasma rotation is unknown. The magnetic field influences the mobility of the species (even if ions are weakly magnetised). The polarisation of the cylinder defines the radial boundary of the plasma, and as such, participates in the radial electrical field. Finally, the anode polarisation affects the energy of the primary electrons, in turns affecting the ionisation rate, the plasma density, and the plasma potential.

Unless specified otherwise, the experimental parameters are the one given in Table 5 as possible were recorded. The mode parity refers to its azimuthal mode number m. The frequency and parity of the mode are determined by the current collected by two probes facing each other and placed 2 cm from the wall. When there is a rotating mode both probes see a current oscillation at the same frequency,1 and the phase shift between their signal gives the parity of the mode. If they are synchronised, the mode is even, if they are in antiphase, it is odd. Tomography can then give the exact mode number, though on Mistral it is expected to be one or two, as historically measured by a camera at the end of the column. The experiments conducted here raised three warnings about the current interpretations of global modes on Mistral -and potentially other linear devices-, and will be described in the following.

Variation of the azimuthal mode number

The mode number has been monitored throughout the parametric study by measuring the mode parity as explained above, and by using tomography to ensure that 'odd' is indeed one, and 'even' is two. A typical case of m = 1 mode was shown in Figure 4.23, and similarly, the emissivity variation δE for an even mode is now shown in Figure 5.3. The tomography inversion was made on the signals filtered using empirical mode decomposition, as described in the previous chapter, and no averaging was done. Emissivity reconstructions for even modes are noisier, which is mainly explained by the lower amplitude of the mode. Emissivity variation of Figure 4.23 were about 20 % of the central emissivity, whereas it is below 10 % in Figure 5.3, being close to the noise level remaining after filtering. As reported numerous times, the mode frequency was observed to depend on the plasma parameters. However, the mode number can also change. Figure 5.4 shows an example of frequency evolution, with varying magnetic field. The 'raw' frequency measured by the probe is shown, meaning that it must be divided by m to find the actual frequency. The experimental configuration corresponds to previous analyses ([Jaeger10; Annaratone11; Pierre16]), so the differences with Table 5.2.1 are the pressure (P = 4 × 10 -2 Pa) and the cylinder polarisation (V cyl = 0 V). The frequency variations quantitatively correspond to the aforementioned works. However, the parametric study revealed that the mode number changes between B = 14 and B = 18 mT, which was not reported. Additionally, the mode change is counter intuitive, because the lower frequencies measured correspond to a m = 2 mode, so the division by 2 to obtain the actual rotation frequency increases the frequency drop even further. Such mode evolution can be source of misinterpretation of the frequency, especially if measured only by a single probe. Tomography is one of the tools allowing the monitoring of the mode number.

Hysteresis of the plasma

In some configurations, a given set of experimental inputs can actually describe two different plasma states. The main differences between the two states are the density (and emissivity), the measured current of the anode power supply (linked to the primary electron flux), and the current collected by the cylinder. An hysteresis between the two states is observed when varying the polarisation of the cylinder. By putting a positive voltage to the wall (V cyl ), the (radial) extraction of electrons is encouraged. With increasing V cyl , the plasma density increases linearly, up to a threshold. At this threshold the plasma density jumps to a much higher value (more that ten times), and will then again increase linearly, but at a higher rate. The two linear coefficients, normalised to the averaged density of the measured linear phases (respectively 1.3 × 10 8 m -3 and 5.2 × 10 9 m -3 ), are about 1 × 10 -2 V -1 and 3 × 10 -2 V -1 . The increase of current measured by the anode and cylinder power supplies also shows that a positive increasing V cyl induces a higher primary electron flux. The jump is easily detected by the current collected 5.2. PARAMETRIC STUDY OF ROTATING MODES at the wall for instance. The plasma is also observed to be much more emissive in the high density state, as expected. The tomography sensor have to be tuned down after the jump, otherwise the signal saturates the acquisition system. For the plasma to go back to the low density state, V cyl has to be decreased to a value lower than the forward transition threshold. Figure 5.5 shows this hysteresis with the current collected at the wall (in the radial direction), and the emissivity measured by a chord of the tomography diagnostic through the plasma center (∼ n e ). The same behaviour is observed with the magnetic field as a variable. But, the range of the hysteresis is much wider, so the test could not be done with several different parameters 1 because the magnetic field power supply does not allow enough variation.

Finally, both the low and high density states exhibit rotating modes. However, the change of state cannot be easily detected by monitoring the mode frequency and/or mode number. Indeed, for different experimental parameters, the change of state can either have no impact on the mode frequency and parity, or induces a change of frequency (increase of decrease) and/or parity. As it is not obvious that the two states require the same modelling ingredients, it is important to watch for the transition when investigating the mode dependencies on plasma parameters.

Radial electric field and plasma potential

The rotating modes have been shown to be closely linked to the E × B drift, on Mistral [Jaeger10; Rebont11], and on other devices [START_REF] Cortázar | Experimental evicence of ExB plasma rotation in a 2.45 GHz hydrogen discharge[END_REF][START_REF] Mcdonald | Rotating Spoke Instabilities in Hall Thrusters[END_REF]. On Mistral, the radial electric field can be estimated as the difference between the plasma potential on the column axis and the wall polarisation, divided by the radius. In the configuration b) in Figure 1.5, 2 the central plasma potential closely follows the cylinder polarisation. Figure 5.6 shows the radial variation of the plasma potential for different polarisations of the cylinder. The potential drop between the wall (∼ sheath) and the axis is about the same as k b T e /e, i.e. the whole plasma can be seen as a pre-sheath. As a result, the estimation of the radial electric field gives: E r T e [eV ]/r[m] 5/0.1 = 50 V/m, which leads to the following E×B drift speed: v E×B = E/B 50/0.02 = 2500 m/s, i.e. the rotating frequency at a radius r = 10 cm is f = 2500/(2π 0.1) 4 kHz. The calculated frequency corresponds to the experimentally measured one for the configuration b) when estimating the radial electric as presented.

However, a previous study, using the configuration a) in Figure 1.5, also shown a linear correlation between the plasma potential on the axis and the polarisation of the cylinder but with a factor V p /V cyl of about 1/10 [Jaeger10, Section 6.4]. Nevertheless, the resulting E × B drift was estimated with 1. For redundancy purpose 2. i.e. by putting a limiter at V cyl directly in front of the plasma edge The plasma potential is largely dependant on several experimental parameters, such as the boundary set-up and conditions (both radially and axially) and the anode polarisation. In the end, estimating the electrical field, source of the E × B drift, is needed, yet equivocal. The averaged electric field can serve as a first approximations, but the local one may be needed, and requires more complex diagnostics to be measured, such as laser induced fluorescence, or the electric field induced Lyman-α emission of a hydrogen beam [START_REF] Chérigier-Kovacic | Electric field induced Lyman-alpha emission of a hydrogen beam for electric field measurements[END_REF].

Conclusion

Structures with azimuthal number m = 1 are evidenced in the potential and density, with a π/2 phase shift between the two maxima, compatible with 'flute' modes. The emissivity profile is found to be more peaked than the probe density profile, which is consistent with a primary electron population more localised in the inner core than the thermal population. Quantitatively, a similar mode structure and dynamics is observed with the tomography and the probe measurements, confirming that the probe insertion does not significantly perturb the plasma in these conditions (the tomography measurements were performed without the probe).

A parametric study was performed to complement previous studies. In the process, it was shown that the mode number can change in a parameter scan for previously studied conditions. This emphasis the need to monitor the mode number, for instance using a tomography diagnostic or multiple probes,1 to interpret the frequency variations. The occurrence of each mode number (m = 1 and m = 2) remains to be explained, with no clear tendency experimentally observed yet.

Additionally, different plasma states can be obtained with similar control parameters, due to an hysteresis with some of them, such as the polarisation of the cylinder, or the magnetic field. This again, complicates the interpretation of the measurements and the comparison with previous works. Also, key experimental parameters, such as the electric field, are difficult to estimate and depend on many control parameters that are usually not fully reported.

Finally, identifying key parameter for rotating modes proves to be arduous, and remains to be done. An upgraded tomography diagnostic (typically with new, less noisy, sensors) could be a useful tool to perform precise spatiotemporal analysis.

Conclusion

Try again. Fail again. Fail better.

-Samuel Beckett, Worstward Ho I n the frame of this thesis, a tomography diagnostic has been designed from scratch, implemented, calibrated, tested and used to investigate global rotating modes on the linear magnetised plasma device Mistral. The first step consisted in the development of a numerical code for the tomographic inversion, including the extension of the line of sight approximation to the collimation with a lens. Many parameters were left adjustable for versatility and tests purposes: the pixels shape, number, and distribution, the numerical regularisation and its weighting coefficient, and the number of chords, their distribution and collimation. Tests conducted with phantom images allowed to identify two critical sources of error. First, the numerical parameters for the inversion have to be chosen with care because of their influence on the selected solution, among the infinity of possible solutions of this under-defined problem. Second, some geometric configurations of the pixels and/or chords distributions and/or plasma shapes have been shown to create numerical artefacts leading to skewed solutions.

To help designing the final diagnostic, a proof of concept has then been conducted by performing tomography with a single sensor, combined with conditional sampling on coherent rotating modes. Measurements were done from 32 positions with a photodiode in highly emissive plasma conditions. The temporal evolution of the local emissivity in the core plasma was then obtained by applying the tomographic inversion to the line integrated measurements. The experimental results demonstrated a steady rotation of the plasma column, supporting two-dimensional reconstructions based on local single position measurements with Langmuir probe measurements, also used in this work. Combining the single sensor tomography to the local probe measurements, m = 1 structures with a π/2 phase shift between the potential and the density, were evidenced. A π/2 phase shift supports the flute mode character of the rotating modes. The emissivity profile is found to be more peaked than the probe density profile, which is consistent with a primary electron population more localised in the inner core than the thermal population. In the end, mono-sensor tomography proved to be a simple, low cost and low space demanding reliable diagnostic.

Next, the full installation of the 128 channels emission tomography diagnostic was described, from the choice of the SiPMs as sensors and individual collimation system with optical fibres and lenses, to the positioning and calibration of each channel, and the dark noise reduction by cooling. First experimental measurements were encouraging, but plagued by the rather high noise (see Appendix A) of this new technology sensors. New products (e.g. the R-series from SensL, early 2016) show much lower correlated noise (more than three time less), and a good spectral range, with a large peak at 550 nm. However, their small size (1 × 1 mm 2 , compared to the 4 × 4 mm 2 currently installed) hinders their gain and dynamic.

Local events could be studied using tomography. However, the signal-tonoise ratio being between 10 and 100 depending on the experimental conditions, so finding conditions with the lowest noise and the interesting local event is a key, but complex, task. Experimental measurements with Xenon would also better exploit the spectral response of the sensors and bring new elements about the behaviour of heavier gases on Mistral.

Finally, the tomography diagnostic has been put in use to help performing a parametric study of the coherent rotating modes. The parametric study was inspired by previous experimental works on Mistral, as well as promising results from particles-in-cell simulations run with Mistral configuration, with a numerical code developed by J.P. Boeuf (Laplace, Toulouse) [START_REF] Boeuf | Physics of a magnetic filter for negative ion sources. I. Collisional transport across the filter in an ideal, 1D filter[END_REF]. The experimental study revealed that many control parameters influence the rotating mode behaviour, including the boundary conditions, the magnetic field, and the anode current output. In addition, it was shown that it is 5.3. CONCLUSION essential to monitor the plasma parameters, as two different plasma states can be obtained for the same set of control parameters, due to an hysteresis. The plasma parameters to be monitored are typically the density and temperature, but also the rotating mode frequency and mode number, and local electric field. Because of the numerous control parameters, and their intricated effects on the plasma, previous studies on Mistral struggle to be consistent as a whole. Indeed, their experimental conditions being very different, finding universal interpretation is difficult. The parametric study done in this work is only a beginning toward a wrap up on the physical phenomena observed on Mistral.

The next step would be to further develop the experimental study and the numerical and theoretical work in parallel, in order to isolate the mechanisms responsible for the global mode existence. Their growth and the dominant azimuthal mode number are interesting focus points.

• The residual electric current flowing in a photoelectric device when there is no incident illumination, called the dark current I D .

• The thermal noise of the internal resistance of the sensor, also called the Johnson noise, with the standard deviation:

σ J = 4k B T R (A.1)
with the Boltzmann constant k B , the temperature T , and the sensor equivalent resistance R.

• The excess noise, or correlated noises, namely here the crosstalk and afterpulse (see Sec. 4.2.1). For the ASD-RGB4S-P-4x4T, the combination of the two gives an excess noise factor F Between 1.1 and 1.3, meaning that we have between 10 and 30 % of additional signal, depending on the amplification voltage.

• The The inherent noise from the discrete nature of electric discharge, called the shot noise. The standard deviation of the shot noise is expressed, for each current sources I X , as:

σ SN = 2e I X G ∆f (A.2)
with e the elementary charge, G the sensor gain of about 10 6 , and ∆f the bandwidth of the observed light, here 1 MHz. As a result, the total Signal-to-Noise Ratio (SNR), including all aforementioned noises, is expressed as:

SNR = I S 2e F ∆f G (I S + 2I D ) , (A.3)
in which I S is the output signal current, F the excess noise coefficient, I D is the dark current. Additionally, I S can be expressed as function of the sensor's photon detection efficiency PDE and gain G, the incoming light power P λ , and the photon energy E λ :

I S = P λ PDE G e E λ .
(A.4) 2. Transimpedance: coming from the thermal agitation of electronic component, the Johnson noise is the same as defined in Eq. (A.1), but with the transimpedance resistance, here 750 Ω.

3. Variable gain: analogically multiplies all incoming signal (both signal and noise) by a constant. The signal-to-noise ratio is left unchanged.

4. Analogue-to-Digital converter: the discretisation of the signal has a noise that is considered just above one numerical bit, i.e. the measured signal between 0 and 4095 is always read ±1.5.

The analytical calculation of the acquisition system noises, i.e. without the sensor, gives a cumulated signal-to-noise ratio largely dominated by the Analogue-to-Digital converter, being one bit. Our first conclusion is that the acquisition system does not deteriorate the signal measured by the sensor. Also, since the noise is always ±1.5 ADC value (just over one bit), the analogue signal must be scaled to take as much of the 12 bits as possible. For instance, a signal of 4000 ADC values has a signal-to-noise ratio of 3000/3 = 1000, but for a signal of 40 ADC values it falls to 30/3 = 10. This scaling is done by varying the amplification voltage of the sensors and the variable gain before the integrator.

Signal-to-noise ratio of the whole system: simulations, theory and experiments

We will now estimate the total noise of the system.1 In order to quantify the total noise, the light of a calibrated LED with a steady signal was measured and compared to the dark current.

The dark current level (i.e. the standard deviation of the signal in the absence of light) has been measured to be less than 3 ADC values, for any temperature of the connexion boards. However, the signal to noise ratiothe signal average divided by its standard deviation-with light is between 10 and 100 for different integration times, amplifications and light levels. The better ratios are obtained for higher light level and integration time, also allowing to lower the amplification voltage. AND LEVEL Simulink simulations of the system showed that afterpulse and crosstalk have no effect on the standard deviation of the signal since they only multiply the detected value by a fixed number, and can be cancelled through the calibration of the whole system. They are, however, problematic for photon counting, but this case is not detailed here as the system is solely used in continuous wave mode with a gated integrator.

Experimental work and simulations have been compared to the model described in Finocchiaro et al. [START_REF] Finocchiaro | Characterization of a Novel 100-Channel Silicon Photomultiplier Part I: Noise[END_REF] and Adamo et al. [START_REF] Adamo | Silicon Photomultipliers Signal-to-Noise Ratio in the Continuous Wave Regime[END_REF] and using Eq. (A.3). Both simulations and model lead to a signal to noise ratio of about 10 to 100 for a photon flux between 10 8 and 10 10 photons per second, corresponding to the light levels measured experimentally on Mistral. As a result, we can infer the predominance of the thermal noise and shot noise in the SNR, as explained in the two papers.

In conclusion, the acquisition board has a noise below 3 ADC values, so all the noise come from the sensors themselves. The main noise sources are the thermal noise and the shot noise, giving a signal to noise ratio of several tens. Since the thermal noise is proportional to the temperature, in Kelvin, going from 20 • C to 0 • C only slightly reduces the random noise (but reduces the dark current to almost zero as shown in Sec. 4.3.2). With the thermal restriction of the sensors and the electronic board (T > -20 • C), the reduction of the thermal noise through better cooling is limited. Since the sensors breakdown voltages change by 27 mV/ • C adding a control loop of the sensors power supply with the real time temperature variation could be considered in order to increase the measurements reliability and reproducibility.

Hidden track

Trouver la joie dans le ciel, dans les arbres, dans les fleurs. Il y a des fleurs partout pour qui veut bien les voir.

-Henri Matisse, Écrits et propos sur l'art.
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'est ainsi que s'achève cette pièce, non pas musicale, mais scientifique. Il ne reste maintenant plus qu'à rendre l'hommage que mérite chacun des acteurs qui m'ont aidé à en arriver là. Afin de rester bref, je n'entrerai pas dans les détails de la part que chacun a pu apporter, d'autant qu'il s'est principalement agi d'un effort de groupe. Je me contenterai ici de les lister, je pense qu'ils se reconnaîtront sans problème.

À tous, je vous dis un grand merci pour ces trois années, et plus encore. Merci de m'avoir fait confiance et donné cette opportunité, puis pour l'accueil au PIIM. Merci pour le soutien et les encouragements. Pour avoir été là quand il y en avait besoin. Pour avoir été là quand il n'y en avait pas besoin aussi. Merci pour votre aide et votre participation, qu'elles furent directes ou indirectes. Merci pour avoir fait le déplacement jusqu'à Marseille. Merci pour les innombrables expériences, que ce soit sur le lieu de travail, à la maison, ou n'importe où ailleurs, en recherche, en enseignement, humainement, culturellement, musicalement, sportivement, et j'en passe. Vous avez tous contribué à rendre ces trois années plus que mémorables.

Sans classement particulier, je parlais, non exhaustivement, de : Fabrice, Dominique, Lénaïc, Cécile, Nicolas, Laurence, Yves, Nicolas, Olivier, David, Guillaume, Magali, Peter, Sadri, mais aussi tous les autres membres du labo-Abstract What do satellites thrusters, ions sources, and fusion devices have in common? They all have plasmas with orthogonal electric and magnetic fields and their size, complexity and accessibility often make them hard to be directly studied. Simpler devices, like the linear magnetised plasma device Mistral described in the manuscript (B z ∼ 30 mT, P ∼ 10 -2 Pa, n e ∼ 10 15 m -3 and T e ∼ 4 eV), are conceived in order to understand, predict, and eventually control, some of their fundamental mechanisms. To this purpose, a tomography diagnostic is developed. Tomography is a well known diagnostic in tokamaks and stellarators, but remains seldom used in low temperature plasma experimental studies. Its main advantages are to give access to the temporal evolution of a two-dimensional section of the plasma emissivity, and to be non-intrusive. In the frame of this thesis, a tomography diagnostic has been designed from scratch, implemented, calibrated and tested. The first step consists in the adaptation of existing tomography models in this context, and the full development and validation of the associated numerical code. Then, a proof of concept is conducted with a mono-sensor diagnostic using conditional sampling on coherent rotating modes. Following, the development, configuration, and application of the full 128 channels emission tomography diagnostics on Mistral are reported. The strengths and weaknesses of this new diagnostic are presented. New insights to characterise coherent rotating modes, such as the evolution of their shape and the behaviour of the core plasma, are given. Additionally, a parametric study of the rotating modes revealed the complex and intricated effect of control parameters on the modes (existence, frequency, and mode number), and the care that has to be put in monitoring many experimental parameters.

Résumé

Quel est le point commun entre des propulseurs à effet hall, des sources d'ions et les grandes machines de recherche sur la fusion magnétique ? Ils sont tous composés de plasmas interagissant avec des champs électrique et magnétique orthogonaux, et leurs tailles, sophistications et inaccessibilités rendent leur étude directe compliquée. Cette étude directe peut être menée à bien sur des machines plus simples, comme la colonne de plasma magnétisée Mistral décrite dans ce manuscrit (B z ∼ 30 mT, P ∼ 10 -2 Pa, n e ∼ 10 15 m -3 et T e ∼ 4 eV), qui sont conçues pour l'étude de mécanismes fondamentaux. C'est dans cette optique qu'un diagnostic de tomographie a été développé. La tomographie est couramment utilisée dans les tokamaks et stellarators, mais plus rarement sur des machines de laboratoire. Son intérêt majeur est de pouvoir reconstituer l'évolution temporelle de section 2D de plasma, et ce sans mesure intrusive. Dans le cadre de cette thèse un diagnostic de tomographie a été entièrement conçu, installé, calibré et testé. La première étape consiste à adapter les modèles existant de tomographie à ce nouveau contexte, pour ensuite développer et valider le code complet d'inversion tomographique associé. Ensuite, une étude de faisabilité a été réalisée en mettant au point un diagnostic de tomographie utilisant un seul capteur avec un échantillonnage conditionnel sur des modes réguliers. L'attention est alors portée au développement, à la configuration et à l'application du diagnostic complet à 128 voies. Ses avantages et inconvénients sont en particulier détaillés. De nouvelles connaissances sont apportées sur les modes réguliers, telles que l'évolution de leur forme et le comportement du plasma central. Enfin, une étude paramétrique des modes réguliers a fait ressortir l'importance des paramètre de contrôle sur les modes (présence, fréquence et parité), et l'attention qui doit être portée à l'ensemble des paramètres expérimentaux.
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 1 Figure 1.1 -Summary of the interactions between electromagnetic fields, charges and currents, and particles motions.

Figure 1

 1 Figure 1.2 -(a) An aurora seen from the International Space Station. (b) A thunderbolt (source: UCAR).

FilamentsFigure 1

 1 Figure 1.3 -Picture (top) and schema (bottom) of the Mistral device. The elements underlined in blue can be individually polarised.

Figure 1

 1 Figure 1.4 -Electrical configuration of Mistral.
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 1 Figure 1.5 -Two configurations for the separation between the linear column (left side) and the plasma source (right side).

Figure 1

 1 Figure 1.6 -Black body spectrum measured by the 3-channels Jaz Spectrometer before (left) and after (right) calibration.
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 17 Figure 1.7 -Summary of low frequency instabilities mechanisms (adapted from [Klose00]).

Figure 1

 1 Figure 1.8 -Velocities (plain arrows) and electric field (dashed arrows) map at a radius r = 3 cm in Mistral for a m = 2 mode. The long dash-dotted line indicates the position of the two plasma arms. (Source: [Rebont10])
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 21 Figure 2.1 -Medical tomography system with a mobile emissive source and sensors.
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 22 Figure 2.2 -Schema of the light received by a sensor. Top: light is received from every plasma element d 3 r in the acceptance cone. Bottom: the fraction of light received from d 3 r is the solid angle Ω ap divided by the whole space (4π)

e

  sp (r, hν) E(hν) d(hν).
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 23 Figure 2.3 -Schematic of the variables for the conical line of sight.
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 24 Figure2.4 -Collimation system with a lens and an optical fibre. 'Ideal collimation' is for a punctual fibre or sensor and 'real collimation' is for a fibre or sensor of finite size. The scale has been freely adapted to better visualise all the elements.

Figure 2

 2 Figure 2.5 -Light received from three volume elements for a collimation with an optical fibre behind a lens. The plain coloured lines are transmitted by the optical fibre whereas the dotted ones are not. The scale has been freely adapted to beter visualise all the elements.
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 1 ALGEBRAIC DESCRIPTION OF THE TOMOGRAPHY PROBLEM by the lens is collected, 1 as is shown by the extremal rays in dotted line for example. The rays collimated by the lens have a finite width [I 1 , I 2 ] at the focal plane, and amongst them, only the ones included in the fibre entrance [F 1 , F 2 ] are actually collected. The notations are presented in Figure 2.6.

Figure 2

 2 Figure 2.6 -Object M and its image M through a lens with an optical fibre at its focal point. Dashed blue rays are the construction rays for M . In this case, only the rays between I 1 and F 2 enter the fibre
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 28 Figure 2.8 -Example of one chord (red line) through a mesh of 183 pixels. Only 23 pixels are crossed by the chord (coloured in red).

-

  Number of pixels (= unknowns) -Pixels shape -*Number of measurements (= equations) -*Distribution of the chords -*Relative position of the chords to the inverted plane -Regularisation method R -Regularisation factor α -(*)Total size and position of the section S

Figure 2

 2 Figure 2.9 -Flowchart of the tomography code developed for Mistral.

Figure 2

 2 Figure 2.10 -Pixel grids preset in the tomography code with respectively 196, 196, 196 and 183 pixels.

Figure 2

 2 Figure 2.11 -Best case (a) and worst case (b) of 'L-curves' for α between 10 -8 and 10 13 . The four colours are four different time steps of each experiment.
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 2 Figure 2.12 -Ghost plasma image (top left) and its discretisation (top right) compared to its tomographic reconstruction (bottom right). The bottom-left graph shows the signal measured by each channel on the ghost image (red crosses) and the reconstructed image (green line). On the ghost image, the pixels used in tomography are shown in white and the lines of sight for the artificial measurements are in green.

Figure 2

 2 Figure 2.13 -Ghost images used to test the tomography inversion code. From top to bottom: two dimensional images and the pixel grid (in white); discretisation on said pixels; tomographic inversions. From left to right: reconstruction from probe measurements; discrete circle; flattened Gaussian function.
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 2 Figure 2.14 -Definition of the p and ϕ coordinates for a line of sight L (source: [Granetz88]).

Figure 2

 2 Figure 2.15 -Efficient (top) and inefficient (bottom) distribution of lines of sights (left) and their associated (p, ϕ) graphs (right).

Figure 2

 2 Figure 2.16 -Same ghost image as in Figure 2.13, with parallel chords distribution in green (a) and tomography inversion with first order regularisation and added noise to the measured signal (b).

Figure 3

 3 Figure 3.1 -Single sensor tomography set-up (mid-plane section of the column).

Figure 3

 3 Figure 3.2 -Signal of the trigger probe placed close to the wall and polarised at V > V p .

Figure 3

 3 Figure 3.3 -Photodiode signal during two plasma rotation of a m = 1 mode, averaged over 16 acquisitions. The plain and dashed line are respectively the chords 14 (edge) and 8 (core).

Figure 3

 3 Photon

Figure 3

 3 Figure 3.5 -Photo (left), zoom (middle) and equivalent electronic circuit (rigth) of one SiPM sensor (source: Hamamatsu website).

Figure 3

 3 Figure 3.6 -Photomultiplier tube raw signal during two plasma rotation for the chords number 8 (a) and 14 (b). The thin lines represent the lowpass filtered signal. Sensors are at room temperature.

Figure 3

 3 Figure 3.7 -Comparison of the signal from all 32 lines of sight with (blue) and without (red) the anti-reflection coating, averaged from several plasma rotations.

Figure 3 . 8 -

 38 Figure 3.8 -Raw time evolution (horizontal axis) of the signal from each position (vertical axis) during 1 ms. See figure 3.1 for the position numbering. The signal is normalized to the highest value of the whole acquisition.

Figure 3

 3 Figure 3.9 -Tomographic inversion results: (a) temporal average emissivity over the whole acquisition normalized to the central point of the plasma. (b) Emissivity variation at four different times of a single period. The black circle represents the limiter. The spatial scale is in millimetres.

Figure 3

 3 Figure 3.10 -Averaged emissivity over the whole rotation of the tomographic reconstruction of the experimental measurements as a function of the azimuthal angle at different radii. The errorbars represent the standard deviation during the whole rotation of the plasma.

  CHAPTER 4. ... TO THE 128 SYNCHRONOUS SENSORS DIAGNOSTIC -128 synchronous channels -300 ns minimum integration time -Maximum acquisition rate 1 MHz in burst mode up to 4000 acquisition -Or continuous acquisition at a 500 kHz acquisition rate -Gain: > 10 6 -Photon detection efficiency peak: 30 % -Dark count 70 kCps/mm 2

Figure 4

 4 Figure 4.2 -Lateral (left) and front (right) picture of the plasma with exposure time of 10 µs with no rotating mode. A mask is installed to obscure the most intense part of the plasma.

Figure 4 . 4 -

 44 Figure 4.4 -Connexion board with four 4x4 sensor matrices (64 channels total) on the left , designed to be aligned with the optical fibre bundle.

Figure 4

 4 Figure 4.5 -Current pulse of one (orange) and five (black) cells receiving a photon. The output current value depends on SiPM model and its overvoltage (source AdvanSiD website).

Figure 4

 4 Figure 4.6 -Picture of one of the 128 collimators.

  Figure 4.6 shows one collimator, and Figure 4.7 one of the two panels holding 64 collimated fibres.

  Figure 4.7 -One of the two fibre holder with the individual collimation of the 64 fibre.

Figure 4

 4 Figure 4.8 -Schematic of the computer-aided designed fibre holder assembly.

Figure 4

 4 Figure 4.9 -Dark current of 64 channels versus the temperature of the acquisition board for +2 V (top), and +4 V (bottom) amplification voltages. Integration time of 10 µs.

Figure 4

 4 Figure 4.10 -Experimental set-up to test the frequency response of the system. 'AOM' stands for acousto-optic modulator.

Figure 4 .

 4 Figure4.11 shows the variation of the mode amplitude with the modulation frequency, normalised to their average value. The two curves are two different acquisitions in the same conditions, and gives an estimate of the variation due to experimental noise. The difference between the two curves corresponds to the ∼ 4 % variation, hence the conclusion of a constant frequency response in the studied range. Finer measurements have been made for frequencies between 1 and 20 kHz with the same results.

Figure 4 .

 4 Figure 4.11 -Fundamental mode amplitude of the signal measured for different light modulation frequencies. The two lines represent two different sets of acquisitions.

Figure 4 .

 4 Figure 4.12 -Experimental set-up for the calibration of the 128 channels at the same time. The two fibre holding board are on top of each other.

Figure 4 .

 4 Figure 4.13 -Intensities measured from different angles to the black body for a single sensor. The errorbars are the standard deviation over 4000 identical acquisitions, and the squares are the mean value.

Figure 4

 4 Figure 4.14 -ADC values for channels 1 (yellow), 54 (green) and 118 (red) for amplification voltages of +2 V (dotted lines), +3 V (dashed lines) and +4 V (plain lines)

Figure 4 .

 4 Figure 4.15 -Picture of Mistral with the full tomography diagnostic installed (128 individually collimated optical fibres)

Figure 4 .Figure 4

 44 Figure 4.17 -(a) Raw measurement with the full diagnostic over one 500 µs time window. (b) Same signals after calibration, i.e. temporal evolution of the signal S used for the tomography inversion, and conditional averaging.

Figure 4

 4 Figure 4.19 -Individual signal for channels 90, 91, 92, 93 (from bottom to top).

Figure 4

 4 Figure 4.20 -Empirical mode decomposition of the signal of channel 33 (first mode is top)

Figure 4

 4 Figure4.21 -Raw signal of channel 91 (black), and a zoom on its filtered signal by removing the first one (red) and two (green) intrinsic mode functions (corresponding to the higher frequencies).

Figure 4

 4 Figure 4.22 -Temporal average over the whole acquisition of the tomographic inversion of the EMD filtered 128 channels (channel 33 shown in Figure 4.21) with second order regularisation on a 15x15 grid.

Figure 4 .

 4 Figure 4.23 -Tomographic inversion of the EMD filtered 128 channels with second order regularisation on a 15x15 grid showing the emissiviy variation normalised to the time averaged emissivity at the center (see Figure 4.22).
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  Figure 5.1 -Two-dimentional probe measurements of the plasma potential V p and electron density n e . Each area contains the value measured at its center. The red arrow shows the rotation direction of the plasma (counter clockwise). The inner black circle represents the limiter and the outer circle (visible at each corner) is the polarised wall.

Figure 5

 5 Figure 5.2 -Radial evolution of the averaged density (top) and density perturbation through the density maximum (bottom) from probe measurements (red) and tomography (green). Values are normalized to the maximum averaged density. Vertical lines show the central region of the plasma.
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 53 Figure 5.3 -Evolution of the emissivity variation δE for a m = 2 rotating mode. Each image is separated by 45 µs and the period of the mode of about 195 µs. Values are normalised to the average emissivity at the center.

Figure 5

 5 Figure 5.4 -Frequency of the signal measured by a Langmuir probe 2 cm from the wall. The actual frequency of the mode is f divided by m.

Figure 5

 5 Figure 5.5 -Current collected by the cylinder (top), and emissivity (∼ n e ) measured through the plasma core (bottom), for increasing (plain line) and decreasing (dashed line) polarisations.

Figure 5

 5 Figure 5.6 -Radial distribution of the plasma potential for different values of the cylinder polarisation. The two curves at each values (except for 40 V) represent the increasing and decreasing polarisation to ensure the absence of effect from the plasma hysteresis.

  

Table 1

 1 

	Unit Value

.2.1 -Mistral experimental parameters.

  th,e = 2k B T e /m e ) m/s 0.5 × 10 6 Primary to secondary electron ratio (n e,p /n e )

		1.2. MISTRAL DEVICE
	Parameter		Unit Magnitude
	Secondary electron density (n e )		m -3 10 16
	Secondary electron temperature (T e )		eV	1
	Secondary electrons velocity (v %	1
	Primary electron temperature (T e,p )		eV	50
	Primary electrons velocity (v th,e = 2k B T e /m e ) Ions density (n i )	m/s 5 × 10 6 m -3 10 16
	Ions temperature (T i )		eV	0.01 -0.1
	Ions thermal velocity (v th,i = 2k B T i /m i )	m/s 500
	Ionisation rate		%	< 1
	Debye length (λ D =	2 )	m	10 -4
	Electron cyclotron frequency (f c,e = eB/m e ) Electron Larmor radius (ρ L,e = √ 2v th,e /f c,e )	Hz m	10 6 10 -4
	Ion cyclotron frequency (f c,i = eB/m i )		Hz	10 3
	Ion Larmor radius (ρ			

0 k B (T e + T i )/n e e

  th . σv

		T e,th 0	+ n e,p . σv	Te,p 0	(1.2.5)
	were n 0 is the neutral density, and σv	Te,p 0	and σv	Te,p 0	are the temperature
	dependant rate coefficients for excitation from the ground state to the n * state
	by thermal and primary electron collisions respectively. The local emissivity
	E is then a linear combination of n e,th and n e,p	1
	E = C 0 (a.n e,th + b.n e,p ),	(1.2.6)
	in which				

  Figure 4.3 -Calibrated spectrum for an argon plasma in Mistral measured with the Oceanoptics Jaz spectrometer.

					4.2. HARDWARE DESCRIPTION
	the spectral range the most centred on the visible light (see table 4.2.1).
	/sr/nm)	25					
	Spectral radiance (µW/cm 2	0 5 10 15 20	500	600	700	800	900
					Wavelength (λ)		
		Spectral range (Sensitivity > 30 % of max)	400 -800 nm	
		Spectral peak		550 nm		
		Photon detection efficiency	32.5 %		
		Gain			0.5 10 8 -3.5 10 8	
		Crosstalk and afterpulse probability 5 % -35 %	
		Dark count		100 -170 kCps/mm 2 at 20 • 25 -105 kCps/mm 2 at 0 •
		Effective area par channel Cells size Cells per channel	4 × 4 mm 40 × 40 µm 9340	
		Fill factor			60 %		
		Working voltage		27 + 1 -4 V	
	Table 4.2.1 -Technical data of the Advansid ASD-RGB4S-P-4x4T used for
	tomography on Mistral.				

  .1.1. The electron density and temperature, and the plasma potential, respect-

	Parameter	Unit Value
	Gas	-	Ar
	Pressure (P) Magnetic field (B)	Pa mT 17 3.1 × 10 -2
	Total filaments current (linked to primary electrons flux)	A	∼ 122
	Discharge + anode voltage (linked to primary electrons energy)	V	40 + 10
	Separating grid polarisation	V	floating potential
	Collector polarisation	V	grounded
	Cylinder polarisation	V	+4
	Table 5.1.1 -Reference of Mistral experimental parameters for the parametric
	study.		

  .2.1. For each configuration, the existence of a rotating mode, its parity, and frequency, and as many monitored experimental parameters

	Parameter	Unit Value
	Gas	-	Ar
	Pressure (P) Magnetic field (B)	Pa mT 16 2.5 × 10 -2
	Total filaments current (linked to primary electrons flux)	A	∼ 124
	Discharge + anode voltage (linked to primary electrons energy)	V	70
	Separating grid polarisation	V	floating potential
	Collector polarisation	V	floating potential
	Cylinder polarisation	V	+30
	Table 5.2.1 -Reference of Mistral experimental parameters for the parametric
	study.		

Different definitions can be found in the literature, however they always revolve around the global energy of the system. In this regard a plasma with very few high energy charged particles may be considered 'cold', whereas a plasma with a lot of low energy charged particles would be called 'hot'. Which is why the ionisation rate is considered to be a suitable parameter.

The amount of propellant stored is very limited, but the satellite can collect as much energy from the sun as needed.

Another energy source technology helped by plasma physics are the solar panels. They benefit from plasma surface processing mentioned earlier for more efficient production and higher energy efficiency.

The magnetic field is fixed by the coils current I coils , and in this configuration we have B z (r = 0) [Gauss] I coils [Ampere]. So the Gauss unit will here be preferred to its S.I. counterpart.

For example, an optical fibre can be used to freely control the position and collimation of the measurements.

There is no detectable emissivity due to bremsstrahlung in Mistral because of the plasma conditions[START_REF] Hans | Principles of Plasma Spectroscopy. Cambridge Monographs on Plasma Physics[END_REF].

Meaning that any photon emitted by the plasma in the direction of the sensor will reach it before being re-absorbed by the plasma, i.e. the mean free path of a photon emitted by the plasma is larger than the typical size of the whole system.

In an optically opaque sense.

l depends on the divergence angle of the line of sight.

In this regard, we have to note that the whole lens is within the numerical aperture of the fibre.

The term of kernel, found in the literature, is borrowed from the convolution matrix used as a mask in image processing, it is not related to the kernel of a function.

given the usual size of the problem, manual inversion are not even considered.

t T.T + αH E = t T.S(2.2.5)1. In fact, most of the time we are mathematically calculating the conjugate of the matrices, but the two notions are mixed since we are always dealing with real numbers here.

The convergence being defined in the sense of the root-mean-squared error criterion.

In this case, the regularisations based on finite differences do not work since they are determined by the pixels shape

We are still looking for the emissivity of a transparent plasma, so necessarily E 0.

Meaning the average emissivity E 0 for the ghost image, and the calculated emissivity E for the output image

Measured with a photodiode from the lateral apertures.

Especially when the measurements are made in spectral ranges where sensors are expensive, like the electrons bremsstrahlung measurements in tokamaks in the soft X-rays range for example.

CT stands for Computed Tomography. This generic term most of the time refers to medical imaging. However, even in this context a CT scan may refer to X-ray, positron or gamma ray imaging.

ratio of the number of photon creating an output signal over the number of incoming photons

Ambient light is typically already way too much

To this point we have no way of discriminating actual high frequency signal variation from measurement noise

All tests were conducted at ambient temperature

because there is then a lower risk of photons arriving on the same cell at the same time

The cost does not come from the total power of the supplies, but from the required stability.

As potential customers for the developed system we were highly consulted for its design and dimensioning

This time period is defined by the time the sensors need to have their output current down to almost zero.

Additionally, they allow to put the sensors and acquisition system away from any magnetic field, however in our case it proved to be insignificant, because of its low intensity and stationarity.

Most of the device's structure is round, following its cylindrical symmetry.

See 3.1.2

Which is delicate since for large angles the surface of the aperture seen by the detector is about the same as the chord's.

The exact breakdown voltage for each channel (±0.05 volt) is given by the manufacturer, but the power supplies are common for 64 channels.

The trigger corresponds to a current peak detected by a Langmuir probe. See Figure3.1 and its description in Chapter 3

Time (µs)Chord number

The lost of punctual variation with the conditional averaging prevents any local (in time) study.

The difference between the integration time and the trigger delay is the time needed to transfer the data and clear the analogical integrators.

see http://perso.ens-lyon.fr/patrick.flandrin/emd.html

As opposed to (fast) Fourier transform, or other filtering methods, that need more advanced analytical definitions.

Since no strict hypothesis is made for the regularisation, the different methods are supposed to give close results.

Meaning the pixels and measurements disposition and numbers.

graphy may a priori discourage the development or even the use of tomography diagnostic on small machines. Yet, its possibilities are countless, as we have only scratched the surface of its potential. Also, the technology and knowledge progressing at a high pace makes it easier and more efficient with every couple months. An example of project in progress on Mistral is to add the spectral dimension to the time and space now available, by replacing the SiPM by a spectrometer and a CCD.

Assuming for the tomography measurements that the emissivity is following Eq. (1.2.6)

Typically a few kilohertz

Don't forget that probe are intrusive.

External parasite waves (such as the power grid 50 Hz, or from large power supplies of the room) have been checked to have no noticeable effect on the measurements.

System overview

The 128 sensors tomography diagnostic installed on Mistral is described in Figure 4.1. the sensors consist of eight silicon photomultipliers Advansid ASD-RGB4S-P-4x4T, each made of 4 × 4 channels. They are powered, controlled, and read with the acquisition board MDU3-GI64X2 (AiT instrument). The sensors output current is integrated and converted to a 12 bits digital signal saved on a computer. Light is brought to the sensors using optical fibre bundles collimated by lenses into conical chords. Enfin, les deux derniers ne sont pas des oublis, loin de là. Alexandre, Yann, un grand merci pour tout.