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Résumé

Le tungstène (W) est utilisé comme matériau pour les parois internes de nombreux tokamaks (AUG, WEST, ITER). Dans plusieurs réacteurs comportant des composants de paroi en W, des scénarios de plasma ont été élaborés afin de minimiser l'érosion de W des composants face au plasma et réduire la contamination en W du plasma confiné. Un critère crucial pour le succès de ces scénarios est la densité de W dans le coeur du plasma. C'est pourquoi il est important de surveiller attentivement le tungstène dans les tokamaks. Le but de ce travail est d'améliorer notre compréhension de l'émission spectrale complexe du tungstène et de fournir une méthode pour quantifier la densité de tungstène au coeur du plasma à partir des spectres mesurés.

Les spectres mesurés dans le domaine Ultra-Violet Extrême (EUV) sont très complexes lorsque le tungstène pénètre dans le plasma. L'un des objectifs de ce travail est de déterminer la nature physique du fond des spectres qui peut affecter la détermination de la densité des impuretés. L'analyse des spectres expérimentaux mesurés dans le domaine 100-300 Å révèle que l'émission du continuum est négligeable par rapport à l'émission des raies, et que les raies isolées observées se trouvent au dessus des structures spectrales (quasi-continuum) qui sont émises sur l'ensemble de ce domaine de longueur d'onde. Nous fournissons également une méthode pour déterminer l'évolution temporelle de la densité de tungstène au coeur du plasma pendant toute la durée de la décharge à partir des raies spectrales mesurées. Cependant, des erreurs aléatoires de moins de 20% dans la détermination de la densité des impuretés ne peuvent être évitées par cette méthode en raison de la nature du fond des spectres.

L'autre partie de ce travail concerne la modélisation de l'émission de tungstène dans les conditions des plasmas de tokamak. Jusqu'à présent, les résultats des modèles théoriques ab initio (modèles collisionnels-radiatifs) ont été incompatibles avec les résultats expérimentaux. Pour résoudre ce problème lié à la complétude des niveaux pris en compte, une stratégie spécifique est utilisée pour fournir une liste des configurations qu'on juge les plus pertinentes dans ces conditions, en particulier les états auto-ionisants. Ce choix de configurations, ainsi que les méthodes standard d'évaluation des taux collisionnels et radiatifs moyens des configurations, sont utilisés dans les calculs. Les résultats obtenus (i.e. ionisation moyenne) pour le tungstène sont proches des observations expérimentales. Cette approche a également permis de saisir la grande complexité des spectres de tungstène fortement ionisé.
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Introduction

At the outset of the 20th century, fossil fuels were deemed sufficient to meet the energy needs at that time. However, few years later, these needs steadily escalated. The emergence of nuclear power, after 1945 in particular, provided a solution to this growing energy demand and quickly became a prominent source of power generation. Parallel to the development of nuclear fission power plants, the idea of using nuclear fusion for civil energy production gained traction following the nuclear fusion tests and the invention of tokamaks in the 1950s. The purpose of nuclear fusion is to confine atoms at the minimum temperature necessary to overcome the Coulomb barrier. This is achieved in tokamaks by the use of magnetic field with a specific configuration to contain a plasma (charged particles). In the following years, issues related to radioactive waste and aging conventional power plants began to reshape global energy production objectives. Fusion technology emerged as a pivotal challenge, offering the potential to achieve efficiencies exceeding those of fission power plants while also presenting a cleaner and more sustainable energy alternative.

The field of magnetic confinement fusion received a significant boost in 2006 with the announcement of the construction of ITER reactor in Cadarache, France. At ITER, the vessel internal walls of which the material was planned to be beryllium (Z=5), will most likely be made of tungsten (Z=74). Light elements are not suitable for use on plasma facing components, where most of the heat and particle loads are received, as they tend to melt quickly, which damage the divertor and reduce its life time. In general, light elements like beryllium and carbon would erode too quickly in a reactor, making it expensive and impractical to use them as wall materials. Therefore, the solution is to use materials with heavier atoms like tungsten (Z=74). When hydrogen isotopes (fuel of fusion reaction) hit a tungsten wall, their energy is usually below the level needed to cause significant erosion. Instead, the main erosion in this case comes from impurities that are in the plasma. In addition, as tritium will be used to fuel the fusion reaction in ITER, tungsten has the advantage of relatively low tritium retention properties compared to some other materials commonly considered for use as plasma facing components (like carbon). This means that when tritium comes into contact with tungsten, it is less likely to be absorbed and retained by tungsten. This helps reduce the risk of tritium buildup in the reactor's walls, enhancing safety and ensuring a more efficient use of the fuel. The main issue of using high Z elements List of Tables (W in particular) as a material for plasma facing components in fusion reactors, is the high radiative losses caused as W will not be fully ionized even in ITER where temperature will be about 20 keV. This may lead to disruptions (sudden and rapid loss of plasma confinement and control) if the tungsten density reaches a certain value in the plasma core. For this reason, it is important to diagnose and control the amount of W in the plasma.

The only unambiguous method to diagnose W in the plasma is spectroscopy. The Extreme Ultra-Violet (EUV) domain is particularly well suited for plasma core investigations as it contains spectral lines of a wide range of ionisation stages. However, many different stages coexist in the plasma and each emits an extremely complex set of spectral lines. Many of them are so close to each other and they merge into the so-called quasi-continuum. The aim of this work is to analyze the Extreme-UltraViolet (EUV) spectroscopic measurements in WEST tokamak and to determine impurity densities (W in particular). The emphasis will be on two topics:

• Determination of the tungsten density from the measured spectra.

• Investigation of tungsten spectral emission using collisional radiative models.

Outline of this work:

Chapter 1 Provides background information that helps to understand the context of this work. It introduces the basics of nuclear fusion and tokamaks, EUV spectroscopy, and a brief description on impurity emission modelling.

Chapter 2 describes the WEST EUV spectrometers that records the EUV measurements used in this work. Other diagnostics that are relevant in this thesis and examples of measurements are also presented.

Chapter 3 comprises a brief description of the basics of spectral fitting and their application in EUV spectroscopy in tokamak plasmas. An approach that can be applied to non-linear fitting of spectra with many spectral lines is provided with examples on its application on the EUV spectra measured on the WEST tokamak.

In chapter 4, the measured spectra background is examined in different discharges with different temperatures. We also discuss the reasons for which the background physics should be investigated in the presence of high Z impurities (tungsten).

The purpose of chapter 5 is to provide an automatic procedure to determine the temporal evolution of impurity density (tungsten in particular) from EUV measurements in the WEST tokamak. Results of impurity density (mid-Z and W) during typical WEST discharges are illustrated.

In chapter 6, description of collisional radiative models and their limitations when dealing with high Z elements (tungsten in particular) is illustrated. We give a specific List of Tables method to generate a list of configurations that can be used in collisional radiative (CR) calculations for tungsten. This approach provides a good balance between the completeness and degree of details in CR models for high Z elements. Some results of calculations are shown and compared to spectra measured on WEST. 

Nuclear fusion and tokamaks

Nuclear fusion is considered a potentially clean and unlimited energy source as it reduces greenhouse gas emissions and minimizes the risks associated with nuclear fission. It is a reaction in which two light elements, such as hydrogen isotopes (typically deuterium and tritium), come close enough together to form a heavier element. This is only possible if the Coulomb barrier (electrical repulsion between these light ions) is overcome. During fusion reaction, the light elements are brought together under extremely high temperatures and pressures, replicating the conditions found in the core of stars (like the sun). As these atomic nuclei collide and fuse, they release an enormous amount of energy (about 4 times higher than the amount of energy 1 On tokamaks and EUV spectroscopy -1.1 Nuclear fusion and tokamaks produced in nuclear fission for a given mass of fuel) without the harmful radioactive waste produced by nuclear fission.

Thermonuclear fusion

The most promising fusion reaction is that of 2 D deuterium and 3 T tritium (Eq. 1.1), since the maximum of its effective cross-section is at moderate energy (about 100 keV), and the rate of this fusion reaction is higher than the ones for other reactions (D -D and D -He) at lower temperature, as can be seen in Fig. 1.1.

2 D + 3 T -→ 4 He (3.5MeV ) + n (14.1MeV ) (1.1)
The energy produced by this reaction, in the form of kinetic energy, is ∆E = 17.6 MeV according to Einstein's relation E = mc 2 . The fusion power density P T , which characterizes the efficiency of fusion reactions (energy produced per second and per unit volume), can be maximized by using equal densities of deuterium and tritium (n D = n T ) [START_REF] Wesson | Tokamaks[END_REF]. In this case, P T is given by

P T = n 2 4 < σv > ∆E (1.2) 
where n = n D + n T is the total ion density, and < σv > is the reaction rate defined as the number of particles having a collision per unit volume and unit time (see Fig. 1.1). Only about one-fifth of this power is used for plasma heating by the α particles (through collisions), since neutrons, which are not confined, are far too energetic to interact with other particles. Nevertheless, some of this lost power can be used to generate electrical energy by heating the reactor walls. Radiative losses can also contribute to plasma cooling, such as radiation from impurities (like W) that are generally difficult to quantify and control. Generally speaking, a thermonuclear combustion is maintained by balancing the losses and the gains:

P α + P ext = P L (1.3)
The terms on the left of this equation are the power supplied by α particles and the power injected by external sources such as injection of neutrals (NBI) and wave heating (LH, ICRH, ECRH ..). The right-hand side represents the losses. A special case, called ignition, can be reached when the losses P L are compensated by power P α . External sources P ext are no longer required, and the plasma is said to be self-sustained thanks to the energy it produces. A condition has been established for achieving ignition [START_REF] Wesson | Tokamaks[END_REF].

n e k b T τ E > 5 × 10 21 (1.4)
where n e is the plasma density (m -3 ), k b is the Boltzman constant, T the temperature (keV) and τ E the confinement time (s). This inequality is called Lawson's criterion [START_REF] Wesson | Tokamaks[END_REF].

Figure 1.1: Reaction rates < σv > for the fusion reactions of different hydrogen isotopes as a function of temperature [START_REF] Jeffrey P Freidberg | Plasma physics and fusion energy[END_REF].

Magnetic confinement

The plasma parameters largely satisfy the Lawson criterion (Eq. 1.4) in the sun where the plasma density and temperature are above 10 25 m -3 and 1 keV, respectively. The particle confinement is maintained by the gravitational force which compresses the core of the sun, increasing both pressure and temperature at its center. However, this method of confinement cannot be used on Earth. One solution is to generate a magnetic field that confines the plasma (charged particles) and prevents them from escaping so that the fusion reactions can be achieved.

When the magnetic field is uniform, each charged particle follows a helical trajectory around a magnetic field line [START_REF] José | Fundamentals of plasma physics[END_REF][START_REF] Francis F Chen | Introduction to plasma physics[END_REF]. To properly confine the plasma, the field lines must be closed creating a circular configuration. This leads, according to Ampere's law ⃗ ∇ ∧ ⃗ B = 0 (in the absence of current J = 0), to an inhomogeneous field. Because of its curvature, the guiding center (helix center) drifts perpendicular to the field lines (the drift direction depends on the sign of the charge). The resulting charge separation creates a vertical electric field that causes a further drift ⃗ E ∧ ⃗ B for electrons and ions outwards from the plasma. Thus, a plasma in circular field lines alone will be unstable. The effects of drift can be compensated for by introducing another magnetic field, called a poloidal field, which causes the field lines to take on a helical shape, closing in on themselves. This configuration is the basic of tokamaks and it is widely used for controlling nuclear fusion reactions.

1 On tokamaks and EUV spectroscopy -1.1 Nuclear fusion and tokamaks

The Tokamak [5], a machine based on this concept, is the most advanced solution for controlling the fusion reaction. Its principle is illustrated on the left of Fig. 1.2. The toroidal magnetic field is created by toroidal magnetic coils. The central solenoid induces the plasma current, which in turn generates the poloidal magnetic field (which is usually less intense than the toroidal field). The role of the poloidal coils is to control the shape and position of the plasma. Several machines currently use this concept (Tokamak): WEST, ASDEX Upgrade, JET, EAST, K-STAR and ITER. On the right of Fig. 1.2, the magnetic divertor configuration [START_REF] Peter | The plasma boundary of magnetic fusion devices[END_REF] is shown. The magnetic field in the divertor region (3) creates a magnetic separatrix that acts as a boundary that separates the plasma core [START_REF] Wesson | Tokamaks[END_REF], where fusion reactions occurs, from the plasma edge where plasma-wall interaction takes place. The aim of such a configuration, where the wall is far from the plasma, is to improve plasma confinement by extracting heat and reducing impurity content from the plasma core. Near the divertor region (3), the density is high and the temperature is low, which enable high-Z materials to be used in regions of plasma-wall interaction.

Tore Supra and WEST

Tore Supra was a tokamak that used carbon as material for plasma facing components. It was designed primarily for studying and demonstrating the feasibility of steadystate, long duration discharges. Tore Supra was extensively modified and upgraded 1 On tokamaks and EUV spectroscopy -1.1 Nuclear fusion and tokamaks to become WEST (Tungsten Environment in Steady State Tokamak) [START_REF] Bucalossi | Operating a full tungsten actively cooled tokamak: overview of WEST first phase of operation[END_REF], where a divertor configuration and an ITER-grade like actively cooled tungsten divertor was implemented. The plasma facing components are also coated with tungsten.

WEST has two high frequency heating systems: the Lower Hybrid Current Drive (LHCD) and the Ion Cyclotron Resonance Heating (ICRH). They provide up to 7 MW and 9 MW to reach temperatures of 6-8 keV at the plasma center. This tokamak can sustain long-pulses in diverted configuration. Its aspect ratio R/a is of the order of 5-6, which is unique in the current devices. This allows to investigate the impact of this parameter on the confinement properties. 

Impurities in the plasma

Impurities are the atoms (or ions) present in the plasma that do not constitute fuel for fusion reactions. There are several sources of impurities: the helium produced by the fusion reaction, intentionally injected impurities for control and diagnostic purposes, and those produced by the wall erosion (intrinsic impurities). When the plasma is in contact with the wall, atoms (impurities) can be eroded and migrate into the plasma core, causing major problems for fusion plasma operation. In the center of the plasma, medium Z and high Z impurities can cause fuel dilution and radiation losses (tungsten in particular). Plasma-facing components are the major sources of contamination, and their selection has been a key issue in tokamak design. The divertor concept allows tungsten to become a promising wall material (used on WEST and ITER). Unlike carbon, which has long been used as a plasma-facing material, W can withstand intense heat fluxes, 1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy it has a low erosion rate and low fuel (tritium) retention [START_REF] Puetterich | Control and diagnostic of high-z impurities in fusion plasmas[END_REF]. The major disadvantage of tungsten is its high radiative emission in the confined region of the plasma, which can sometimes lead to an abrupt end to the plasma discharge (disruption). Fig. 1.4 shows the effect of tungsten radiation and concentration on the plasma. The calculated tungsten cooling factor L Z that indicates its efficiency to emit radiation that causes plasma energy losses is shown on the left of Fig. 1.4 . The contribution of recombination and Bremsstrahlung is negligible compared to line emission for temperatures between 1 and 20 keV. This shows that, even at these high temperatures that can be achieved in ITER, tungsten cools down the plasma as it is only partially ionized. On the right of Fig. 1.4 , the product n T τ E shows that the minimum value for which the ignition condition can be reached is increased by 20% for a W concentration of 3 × 10 -5 compared with a plasma without tungsten. As the concentration increases, the minimum value to achieve the ignition condition also increases and the operational domain shrinks [START_REF] Pütterich | Calculation and experimental test of the cooling factor of tungsten[END_REF].

EUV spectroscopy

Various types and methods of diagnosis exist to measure radiation over the entire spectral range and obtain information on the density and temperature of the various ionic species in fusion plasmas. EUV spectroscopy is one of the most used techniques to experimentally study the presence of impurities in plasma. In this thesis, we are only interested in the EUV wavelength region λ ≈ 20 -300 Å.

Brightness and emissivity

Generally speaking, there are two types of measured plasma emitted radiation: continuous and discrete. Continuous radiation comes from free-free (Bremsstrahlung) and free-bound (radiative recombination) contributions. While discrete radiation (individual spectral lines) arises from bound-bound transitions (transitions of bound electrons between two energy levels within ions). In the case of heavy atoms or ions such as tungsten, which is not completely ionized in a tokamak but whose ionization varies with temperature (and therefore with the radial position in the tokamak plasmas), the spectrum obtained is made up of a very large number of spectral lines which can be superimposed, forming what is called a quasi-continuum (see examples at the end of the chapter 2). This makes the analysis and interpretation of such spectra extremely difficult. Experimentally, the only quantity to which we have access is the brightness (called also radiance), noted here as B(λ). It is defined as the total energy flux emitted in a specific wavelength range, in a specific direction and per unit area [START_REF] Kunze | Introduction to plasma spectroscopy[END_REF] 

B (λ) = d 2 Φ d A cosθ d Ω W m -2 sr -1 (1.5)
where d A is a surface element, d Ω the solid angle, and θ the angle between the normal to d A and the direction of radiation (see Fig. 1.5). The brightness B (λ), which is expressed in (photons m -2 s -1 sr -1 ), can be written as the integral of a local quantity ε (called local emissivity) over the line of sight

B = 1 4π Z ε d l (1.6)
This local quantity, which depends on the position r in the plasma (through its dependence on the electron density and on the temperature.), is of great importance, as it is directly related to the density of the impurity emitting the measured spectral line. However, its determination in the tokamak is very difficult due to experimental 1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy limitations and plasma in-homogeneity. The local emissivity of a spectral line can be expressed as [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF] 

ε l i ne = n e n Z f Z PEC l i ne (n e , T e ) (1.7)
where n e and n Z represent the local electron and emitting impurity densities, respectively. f Z = n Z / P n Z is the fractional abundance of the emitting ionization stage, and PEC l i ne (n e , T e ), called the photon emission coefficient that depend on the local electron density and temperature, is the number of photons emitted by an ion during a given transition [START_REF] Robert D Cowan | The theory of atomic structure and spectra[END_REF]. This coefficient is obtained by an atomic physics calculation, and is generally tabulated (as in the ADAS database, for example).

Atomic processes

In a tokamak plasma, extrinsic and intrinsic impurities eroded from the walls interact with: (i) charged particles (free electrons in particular) through collisional processes, and (ii) photons through radiative processes. The probability with which each process can happen in the plasma is defined by a rate which gives the number of particular transition of the ion from a state to another per unit of time. These atomic processes change the ionic structure leading to an excitation or de-excitation of a bound electron, or a change in the ionisation stage.

Collisional processes

i) Collisional excitation and de-excitation: when an atom A (or ion A +Z of charge Z ) collides with a free electron e, the latter transfers part of its energy to a bound electron, moving it from level d to a higher energy level u. This is collisional excitation. The inverse process is collisional de-excitation.

A +Z (d ) + e ⇌ A +Z (u) + e (1.8)
ii) Collisional ionization and three-body recombination: Collisional ionization is similar in nature to collisional excitation, except that the energy transferred by the free electron exceeds the ionization energy (the energy required to remove an electron from the ion) and allows a bound electron to be ejected. The ion with charge Z becomes an ion with charge Z + 1 (change in the ionisation stage). The inverse process, three-body recombination, occurs when the A +Z +1 ion collides with two electrons and captures one of them. This process (which depends on the square of the electron density) is generally neglected in fusion plasmas because the density is relatively low.

1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy A +Z + e ⇌ A +(Z +1) + e + e (1.9)

iii) Resonant capture, auto-ionisation and dielectronic recombination: Resonant capture and auto-ionisation are complex elementary atomic processes that can be seen as follow. An incoming free electron of energy E is captured by an ion A +(Z +1) into an excited state above the ionization threshold, which leads the ion to be in a multiply excited state A +Z (u * ). This is resonant capture. The multiply excited state (u * ) can relax to a lower energy state (k) accompanied by the ejection of one or more electrons. This is auto-ionization (AI), which is the inverse process of the resonant capture. The state (u * ) can also de-excite to a lower-energy state (d ) by emitting a photon of energy hν through spontaneous emission. The resonance capture followed by spontaneous emission constitutes the dielectronic recombination (DR). These steps are summarized by the following reaction:

A +(Z +1) + e ⇌ AI A +Z (u * ) -→ A +Z (d ) + hν (1.10)
Note how the initial and final states in dielectronic recombination (Eq. 1.10) are the same as those in radiative recombination (Eq. 1.11), the ion captures a free electron and emitting a photon hν. Dielectronic recombination is very important for the high-z elements and at high temperatures, such as those of tokamak in the presence of tungsten impurity. It can affect considerably the ionization balance. It is also important to consider the DR in computing theoretical spectral emission since photons are emitted during this process.

Radiative processes i) Photo-ionization and radiative recombination: when a photon of energy

hν is absorbed by an ion A +(Z +1) , a bound electron can leave the ion if the energy is greater than the ionization potential of the ion. The opposite process, radiative recombination, occurs if a free electron is captured into an excited state or in the ground state. In this process, the difference in energy is emitted in the form of a photon. [START_REF] Pütterich | Calculation and experimental test of the cooling factor of tungsten[END_REF] i) Spontaneous emission, photo-absorption and stimulated emission: Photoabsorption (PA) is the reaction in which an incident photon excites an electron to a state (u). Its opposite process, spontaneous emission (SE), occurs when this electron de-excites to a lower state (d ) and emitting a photon. Finally, stimulated emission is 1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy the process in which the photon emitted by the ion has the same characteristics as the incident photon.

A +Z (u) + hν ⇌ A +(Z +1) (d ) + e (1.
A +Z (d ) + hν P A ⇌ SE A +Z (u)
(1.12)

A +Z (u) + hν -→ A +Z (d ) + hν + hν (1.13)
In the case of Tokamak plasmas, the density is low so that photo-absorption and stimulated emission are negligible. Spontaneous emission is the dominant process.

Atomic structure

The purpose of atomic structure calculations is to obtain the wave functions and energies of the bound levels in plasma ions.

Schrodinger equation

The Schrodinger equation describes the behavior of quantum systems and how they evolve with time, specifically the wave function and energy of one or more particles (electrons and ions/atoms). In the steady state, the Schrodinger equation for an atom with N bound electrons is written as

H ψ = E ψ (1.14)
where ψ is the wave function, E is the energy of the atom and H is the Hamiltonian of the system which is defined as

H = - X i µ ℏ 2 2m ∆ i + Z e 2 4πϵ 0 r i ¶ + X i X j >i e 2 4πϵ 0 r i j +G (1.15)
where r i is the electron-nucleus distance, and r i j the electron-electron distance. The first three terms represent the kinetic energy of electron i , the electron-nucleus interaction and the electron-electron interaction. The last term G describes all other interactions (spin-orbit, for example). With the exception of hydrogen, exact resolution of Eq. 1.14 is not possible. Several approximate resolution methods are often used. The standard approach is the central field method, which consists in assuming a spherically symmetrical mean potential V (r i ) seen by all electrons, while other terms and corrections can be added by the perturbation method. There are other resolution methods such as the Hartree-Fock method [START_REF] Robert D Cowan | The theory of atomic structure and spectra[END_REF].

Configuration and super-configuration

To get a detailed description of an impurity in the plasma, we need to take into account all the possible atomic levels J (known as "fine structures") of all ionization stages 1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy and treat them individually. It turns out that the number of these levels increases rapidly with the number of electrons in the ion, reaching millions in the case of heavy ions (such as tungsten), which makes calculations intractable (see the last chapter). However, these levels can be grouped into configurations (C) and then super-configurations (SC) [START_REF] Peyrusse | Cinétique des plasmas hors-équilibre et supraconfigurations[END_REF], as shown in Fig. 1.6.

Figure 1.6: Grouping levels into configurations and then super-configurations [START_REF] Peyrusse | Cinétique des plasmas hors-équilibre et supraconfigurations[END_REF].

An electronic configuration is a representation of the bound electrons distribution in the nl sub-shells of an atom/ion. It is defined as

C = Y i =1 (n i l i ) N i (1.16)
with n = 1, 2, 3, ... the principal quantum number representing the shells K , L, M , ..., l = 0, 1, 2, ..., is the orbital quantum number indicating the electronic sub-shell s, p, d , ... and N i corresponds to the number of electrons occupying the sub-shell (n i l i ). A superconfiguration is obtained by grouping the (n i l i ) sub-shells in C into super-shells σ i : the super-shell σ i contains one or more sub-shells, and N = P N i the total number of electrons in the super-configuration. For example, SC = (1) 2 (2) 2 contains the configurations 1s 2 2s 2 , 1s 2 2s 1 2p 1 and 1s 2 2p 2 . This procedure, J into C and then into SC , is made possible by the assumption that J levels close in energy are thermalized by electron collisions, i.e. the populations of these levels follow Boltzmann's law within a configuration (C) or super-configuration (SC). The SC approach is rather justified in dense plasmas where collisions are considerable.

Ionization balance

Interpretation and analysis of the measured spectra require atomic and statistical physics calculations. The impurity emission depends on the population of atomic levels in a given charge state. It is therefore essential to determine these levels, their energy and population in order to characterize the presence of the impurity in the plasma by its spectral emission.

LTE and coronal equilibrium

The two models, local thermodynamic equilibrium (LTE) and coronal equilibrium, can be used to determine the ionization equilibrium in the high and low density limit. i) LTE At high plasma densities, the number of electron collisions is sufficiently large for the free electrons to be in equilibrium with each other. Their velocity can then be described by a Maxwellian distribution. Even the bound levels of an ion are thermalized and their populations follow Boltzmann's law:

n Z (u) n Z (d ) = g Z (u) g Z (d ) exp µ E (d ) -E (u) T e ¶ (1.17) 
where n Z (u) and n Z (d ) are the population densities of the u and d levels belonging to the Z ionization state, g Z (u) and g Z (d ) are the corresponding statistical weights (degeneracy), E (d ) -E (u) represents the energy difference between the d and u levels, and the temperature T e is expressed in eV. It is also possible to determine the ionization equilibrium between successive ionization states using Saha's law [START_REF] Hans R Griem | Principles of plasma spectroscopy[END_REF] n

Z n Z +1 n e = 2 U Z +1 U Z µ 2πm e k b T e h 2 ¶ 3/2 exp µ -E i T e ¶ (1.18) 
where U Z and E i are the partition function and ionization energy of the ion of charge Z .

i) Coronal equilibrium This model, unlike LTE, is valid for low densities n e , where collisional processes become weaker than radiative ones [START_REF] Kunze | Introduction to plasma spectroscopy[END_REF]. This means that the rate of spontaneous emission is large compared with that of collisional excitation, making the populations of excited levels negligible with respect to those of the ground states. The population of a particular level u is given by

n Z (u) n Z 1 = n e X 1-→u A u-→ (1.19)
1 On tokamaks and EUV spectroscopy -1.2 EUV spectroscopy where the subscript 1 indicates the ground state, X 1 -→ u is the collisional excitation rate from the fundamental to an excited level u, and A u-→ represents the rate of spontaneous emissions from the level u to all the lower ones. Similarly, steady-state ionic equilibrium is determined using the recombination rate α and collisional ionization rate S [START_REF] De | Spectroscopy and impurity behaviour in fusion plasmas[END_REF]:

n Z (S Z + α Z ) = n Z +1 α Z +1 + n Z -1 S Z -1 (1.20)
Note that three-body recombination is negligible at low density, and the α rate contains radiative and dielectronic recombination (especially for high Z ions like tungsten).

Collisional radiative model

Most laboratory plasmas are far from thermodynamic equilibrium, such as magnetic confinement fusion plasmas with intermediate densities (n e ≈ 10 19 -10 20 m -3 ). The two previous models do not apply, and a more general model, called the collisionalradiative (CR) model [START_REF] Hansen | Balancing detail and completeness in collisional-radiative models[END_REF][START_REF] Hans R Griem | Principles of plasma spectroscopy[END_REF], must be used. In the latter, populating and depopulating of an ionic level i takes place through a competition between atomic processes (collisional and radiative) characterized by their transition rates. This is translated mathematically into the following equation:

d n i d t = n j T j -→i -n i T i -→ j (1.21)
where the left-hand side indicates the temporal variation of the population n i , the subscript j represents all other levels, T j -→i and T i -→ j represent the total rates of transitions populating and depopulating level i respectively. For each level, equations of type (1.21) for all levels can be written in matrix form, using the vector ⃗ N representing the populations of ionic levels and the matrix T including all transition rates:

d ⃗ N d t = T ⃗ N (1.22)
Collisional-radiative modelling of tungsten will be the subject of the last chapter. In this chapter, we describe the Extreme UltraViolet (UV) spectrometers that are used to measure the WEST plasma emission in the EUV wavelength region (λ ≈ 15-340 Å). Then, some of the WEST diagnostics that are relevant to the work in this thesis are presented (Electron Cyclotron Emission (ECE), interfero-polarimetry and bolometry). The measurements obtained from these diagnostics are needed for the spectroscopic analysis and emission modelling presented in the next chapters. In the last section, examples of measurements obtained using the diagnostics described here are given.

WEST EUV spectrometers

The WEST tokamak is equipped with two grazing incidence spectrometers. One is called SIR and is used to measure the radiation in the wavelength range λ ≈ 15 -340 Å. The other spectrometer SURVIE is used as a survey spectrometer and allows 2 WEST extreme-UV spectrometers and measurements -2.1 WEST EUV spectrometers measurement of the radiation in the spectral region λ ≈ 225 -302 Å. The focus here will be on the SIR spectrometer since it covers a large spectral range allowing the analysis of different spectra measured in different wavelength intervals. The first spectrometer, named SIR, is a high-resolution 2-m grazing incidence Schwob-Fraenkel spectrometer that was mounted on the Rowland circle configuration. It has been described in detail in [START_REF] Jl Schwob | High-resolution duo-multichannel soft x-ray spectrometer for tokamak plasma diagnostics[END_REF] and reviewed in [START_REF] Guirlet | Absolute sensitivity calibration of an extreme ultraviolet spectrometer for tokamak measurements[END_REF][START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF]. It was installed on the Tore Supra tokamak at its very beginning and has been maintained and upgraded since. The incoming light through the entrance slit is almost tangent to the grating with an incidence angle α = π/2 -α ′ = 1.5°, as sketched on the right of Fig. 2.1. The entrance slit has a width of 20 µm and is placed on the Rowland circle at a distance of 52.32 mm from the center of the concave grating G.

The spectrometer is equipped with two interchangeable gold-coated concave gratings, one with 600 grooves/mm and the other one with 300 grooves/mm (see Fig.

2.2(b))

. Most of the measurements are performed using the 600 grooves/mm grating which allows to cover the wavelength region from 15 to 340 Å. The 300 grooves/mm grating was recently replaced by a 2400 grooves/mm grating to provide a very high spectral resolution. However, no measurements have been performed yet using this grating. The wavelength region to be covered by the spectrometer when using the 2400 grooves/mm grating is reduced to about 15-90 Å.
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The instrument is equipped with two Multi-Channel Plates (MCP) detector assemblies, named SW (for Small Wavelength λ < 120 Å) and LW (for Longer Wavelength), that are mounted on mobile carriages and scan along the Rowland circle to detect and amplify the diffracted photons (see Fig. 2.2(c)). Each detector assembly is made of a pair of multichannel plates (MCPs) which converts the EUV photons to electrons that undergo multiple collisions within each channel wall leading to the emission of secondary electrons in a cascade. The number of photo-electrons exiting the MCP may reach 10 4 for a single incident photon. Behind the MCP pair, there is a phosphor screen which converts them into visible photons. The latters are then transferred by a flexible imaging fiber bundle to a 1340x1300 pixels CCD camera, where the width of a pixel is 20 µm.

Because of the MCP carriages dimensions, there is a minimum distance that corresponds to about 100 Å in unit of wavelength between the two detectors (see Fig.

2.2(d))

. For example, if the SW detector is at a certain position on the Rowland circle measuring the light in the wavelength interval λ ≈ 45 -70 Å, the detector LW must be in a position corresponding to wavelength λ > 140Å .

The observed spectral lines have a shape very close to a Gaussian profile, and the spectral resolution (FWHM) of the spectrometer when equipped with the 600 grooves/mm grating is about 0.18 Å at λ = 25 Å and 0.27 Å at λ = 310 Å. The typical time resolution of the instrument is 15 ms.

The instrument is mounted on a mobile frame connected to a hydraulic jack controlled by a stepper motor. This allows the spectrometer SIR to operate in two modes: a fixed mode where the line of sight crosses almost horizontally the plasma magnetic axis and remains the same during the whole discharge, or an oscillating mode where the line of sight scans the lower plasma half at a frequency of 0.25 to 0.5 Hz, covering the region between the magnetic axis and the lower divertor (see Fig. 2.1 (left).

Dispersion

The dispersion is a measure of the separation between diffracted photons of different wavelengths. The angular dispersion D β expresses the spectral range per unit angle (Å/°) and is defined as

D β = d λ d β (2.1)
where β is the diffraction angle, d λ a small wavelength interval and d β the corresponding diffraction angle interval. The linear dispersion D x expresses the spectral range per unit length (Å/mm):

D x = d λ d x (2.2)
where x represents the position of the diffracted photons on the focal plane (Rowland circle here). In the following calculations, the spectrometer geometry sketched in 2 WEST extreme-UV spectrometers and measurements -2.1 WEST EUV spectrometers Fig. 2.1 (right) is considered: the incidence angle α = π/2 -α ′ and diffraction angle β = π/2 -β ′ are defined with respect to the plane tangential to the grating center (the same results can be obtained if the angles are defined with respect to the grating normal). The grating equation here is given by

cos β = cos α -mnλ (2.3)
where m is the diffraction order and n is the groove density. The 600 grooves/mm grating is considered because most measurements are recorded using it. The geometrical calculations give the coordinate x d and y d of the entrance slit image on the Rowland circle:

y d = -2R 0 (sin β) 2 (2.4
) 

x d = - y d tan β (2.5) R 0 =

Wavelength and brightness calibration

The measured spectrum is given in (counts/s) as a function of the detector pixel. These are not physical units and do not allow extracting much information from the spectrum. By contrast, the wavelength calibration allows to determine the wavelengths of observed spectral lines and subsequently to identify them. The brightness calibration is needed to get absolute intensities and then determine impurity concentrations (see chapter 5).
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The wavelength calibration of the spectrometer is based on the grating equation and geometrical computations [START_REF] Jl Schwob | High-resolution duo-multichannel soft x-ray spectrometer for tokamak plasma diagnostics[END_REF]. The authors give an equation that relates the pixel position on the CCD camera to the corresponding wavelength λ in the entire spectral range (15-340 Å). The estimated errors for the wavelength calibration is about ± 0.05 Å over the entire pixel domain when using the 600 grooves/mm grating, except near the detector edge where the errors may reach 0.5 Å.

SIR has been calibrated in absolute units of brightness (photons m -2 s -1 sr -1 ) [START_REF] Guirlet | Absolute sensitivity calibration of an extreme ultraviolet spectrometer for tokamak measurements[END_REF]. The calibration has been performed using Kα lines of six different elements in the wavelength domain 10-113 Å and a relative calibration of the domain above 113 Å has been done using spectral line brightness ratios deduced either from branching line ratios or from collisional radiative calculations. The global calibration uncertainty was estimated to be 20% below 113 Å, and up to 40% above.

The calibration coefficient C B (λ) obtained with that method is shown as a function of the wavelength in Fig. 2.4. One can see a very sharp drop of the spectrometer sensitivity below about 20-25 Å, and a fairly broad constant sensitivity over the wavelength interval [25-200 Å]. The calibration coefficient C B is used to express the measured spectrum in absolute brightness units using the following relation:

B (λ) = I (λ) ×C B (λ) (2.6)
where I (λ) represent the photon flux (counts/s) received by the detector, and B (λ) is the spectral brightness (photons m -2 s -1 sr -1 ). 2 WEST extreme-UV spectrometers and measurements -2.1 WEST EUV spectrometers

SURVIE

General description

The second spectrometer, named SURVIE, is very similar to the SIR spectrometer. It is also a grazing incidence Schwob-Fraenkel spectrometer that was mounted on the Rowland circle configuration. SURVIE is equipped with a single 600 groove/mm concave grating and a fixed pair of MCP detectors (both identical to those of SIR).

A view of the instrument mounted on the WEST tokamak is shown in Fig. 

Wavelength calibration

The wavelength calibration of the spectrometer SURVIE is done using 18 spectral lines identified in a spectrum measured during discharge WEST#57431, in which the central plasma electron temperature T e0 and density n e0 were 550 eV and 4.4×10 19 m -3 (see [START_REF] Raymond | Atomic and ionic spectrum lines below 2000 angstroms: hydrogen through krypton. Part I (H-Cr). Part II (Mn-Kr). Part III (Finding list)[END_REF]. The line identification relies on references [22,[START_REF] Raymond | Atomic and ionic spectrum lines below 2000 angstroms: hydrogen through krypton. Part I (H-Cr). Part II (Mn-Kr). Part III (Finding list)[END_REF] and it was validated by the HULLAC code [START_REF] Bar-Shalom | HULLAC, an integrated computer package for atomic processes in plasmas[END_REF]. The spectral lines are emitted by different ions of different impurities (Cu, Cl, Ar, O, N). In this particular discharge, there was an involuntary injection of Argon after t=9.5 s. That is why the spectrum in Fig. 2.6 shows many strong Argon lines. To provide a wavelength calibration over the entire pixel range, the observed wavelengths λ mes are fitted using quadratic λ (2) and cubic λ (3) functions defined by

λ (2) = a × p 2 + b × p + c (2.7) λ (3) = A × p 3 + B × p 2 +C × p + D (2.8)
where p is the pixel number and the set of parameters (a = -4.048 × 10 -6 , b = 6.666 × 10 -2 , c = 2.219 × 10 2 ) and (A = -2.373 × 10 -9 , B = 5.260 × 10 -7 , C = 6.418 × 10 -2 , D = 2.222 × 10 2 ) are determined by applying a fitting procedure. The wavelengths λ mes with the corresponding quadratic and cubic fits are shown in Fig. 2.7 as a function of the pixel number. Both polynomials seem to fit satisfactory the data. To evaluate which function fits best the measured values, the absolute error E r r is defined simply as the difference between the fitted wavelength values and the observed ones: [START_REF] Raymond | Atomic and ionic spectrum lines below 2000 angstroms: hydrogen through krypton. Part I (H-Cr). Part II (Mn-Kr). Part III (Finding list)[END_REF] Table 2.1: List of observed spectral lines that are indicated by arrows in Fig. 2.6, with the corresponding pixel number, wavelength, emitting ion and the corresponding transition.

E r r = ¯λmes -λ (i ) ¯(2.
Figure 2.7: Identified wavelengths of spectral lines λ mes versus the corresponding pixel (blue circles). Results of the quadratic λ (2) and cubic λ (3) fits are indicated by red and green colors, respectively. The absolute error R r r of each result is given in the bottom.
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This quantity is shown on the bottom of Fig. 2.7. It is clear that the cubic function λ (3) fits better the observed wavelengths than the quadratic one λ (2) since the absolute error associated with λ (3) is smaller than that of λ (2) over most of the pixels. The wavelength calibration performed here for the SURVIE spectrometer is obtained with an absolute error less than 0.12 Å over the entire pixels p (except at the detector edge (100 < p < 1200) where no spectral lines are used).

Other diagnostics on WEST

In this section, some of the WEST diagnostics that measure the most relevant plasma parameters to the work presented in this thesis (electronic density and temperature, plasma current and radiated power) are briefly described.

Interfero-polarimetry

The interferometry-polarimetry diagnostic uses Far-infrared (FIR) laser beams as sources to determine the electron density and the plasma current [START_REF] Gil | Renewal of the interfero-polarimeter diagnostic for WEST[END_REF] through 10 channels. The infrared beams cross the plasma along 10 lines of sight as illustrated in Fig. 2.8 (top): 8 chords go through an equatorial port and the other 2 chords come from a vertical port to give information on the plasma edge and near the divertor region. This geometry of the chords allows to obtain the plasma profiles with good spatial resolution according to [START_REF] Gil | Renewal of the interfero-polarimeter diagnostic for WEST[END_REF]. The interferometry part allows measuring the line integrated electron density using the phase information of two FIR beams that have wavelengths of about 195 and 119 µm. The polarimetry part uses a 195 µm wavelength beam to determine the plasma current. Hence, for each channel, 3 detectors are used to characterize the beams (the 195 and 119 µm used in interferometry, and the 195 µm used in polarimetry). The temporal resolution of the measurements is 1 µs.

The electron density n e profile is obtained by tomographic inversion of line integrated measurements [START_REF] Rj Groebner | Progress in quantifying the edge physics of the H mode regime in DIII-D[END_REF]. An example of the density n e profile and the associated upper and lower errors versus the normalised minor radius of the plasma is shown in Fig. 2.8 (bottom). The effective values of the plasma density n e are within the interval indicated by the upper and lower error (yellow area). It can be seen that the error in the experimental values of the electron density is relatively small, which shows the robustness of the diagnostic to measure n e . 

Electron cyclotron emission radiometer

The local electron temperature (electron temperature profile) and its time evolution on WEST are measured using a 32-channel heterodyne Electron Cyclotron Emission (ECE) radiometer [START_REF] Jl Ségui | An upgraded 32-channel heterodyne electron cyclotron emission radiometer on Tore Supra[END_REF]. The physical principle of this diagnostic is explained in [START_REF] Hutchinson | Principles of plasma diagnostics[END_REF].

It measures the intensity of the electromagnetic radiation emitted by the electrons as they gyrate along the magnetic field lines. This radiation is known as cyclotron emission. Its frequency is inversely proportional to the plasma radius r (through the dependence on the toroidal magnetic field B (r )), and its intensity is directly propor-2 WEST extreme-UV spectrometers and measurements -2.2 Other diagnostics on WEST tional to the electronic temperature of the plasma. Hence, the electron temperature profile can be determined.

The WEST ECE diagnostic measures the whole low field side (LFS) radial T e profile and part of the high field side (HFS) profile from a midplane port. The determination of the temperature profile requires the plasma density n e profile derived from interferometry for assessing the optical depth of the plasma. The ECE radiometer is equipped with two acquisition systems that can be used simultaneously, one with a time resolution of 1 ms for the whole plasma duration (useful for temperature profile measurements), and the other one with a time resolution of 1 µs (mostly useful for MHD studies).

This instrument provides calibrated T e values (eV), with error bars, as function of the measurement position for each time step in time. An example of a measured T e profile during shot #55789 as a function of the normalized minor radius ρ (0 on axis, 1 on separatrix) is shown if Fig. 2.9. The upper and lower errors are indicated in stars, and the effective values of the temperature T e are within the interval indicated by the upper and lower error (yellow area). The uncertainties in the temperature profile determination may reach 10-20% in the plasma core and 40% close to the plasma edge (at ρ > 0.7 approximately). In fact, the temperature measurements are usually not valid close to the plasma edge because of the low plasma density and the presence of supra-thermal electrons. The time evolution of the electronic temperature measured by the channels close to the plasma core will be shown below (Sect. 2.3). 2 WEST extreme-UV spectrometers and measurements -2.3 Examples of WEST diagnostic measurements

Bolometry

Two bolometric cameras are installed in the WEST tokamak to measure the plasma radiated power [START_REF] Devynck | Calculation of the radiated power in WEST[END_REF]. They are located in two horizontal ports and each camera has 9 lines of sight as sketched in Fig. 2.10. The bolometers are located at the same toroidal plane so that they cover the whole poloidal plasma cross section. This diagnostic provides the total radiated power in real time with a sampling rate of 8 ms when operating in normal mode, and with a temporal resolution of 10 µs when operating in fast mode. 

Examples of WEST diagnostic measurements

In addition to ohmic heating, WEST has two external high frequency heating systems: the Lower Hybrid Current Drive (LHCD) and the Ion Cyclotron Resonance Heating (ICRH). They provide up to 7 MW and 9 MW respectively to reach temperatures T e higher than 1 or 2 keV and up to 6-8 keV. The LH antennas are usually used to heat up the plasma in WEST because the delivered power is better coupled to the plasma than that of ICRH. LHCD allows also to drive plasma current non inductively and thus to obtain long stationary discharges with a relatively high temperatures (T e > 3 keV) as will be shown in the example below.

Temporal evolution of discharge parameters

The temporal evolution of the main plasma parameters measured by the diagnostics described above during a typical discharge (WEST#55789) is illustrated in Fig. 2.11.
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The central temperature and line averaged density measured by channels close to the plasma core are shown at the top of Fig. 2.11. It is important to illustrate the measurement provided by many channels of each diagnostic since the magnetic axis position and plasma shape are not fixed, but they depend on the plasma scenario.

On the bottom of Fig. 2.11, we see that the discharge WEST#55789 discharge starts with ohmic heating, and the central temperature and density reach about 2 keV and 2 × 10 19 m -3 , respectively. Then above 4 s, about 3 MW power is delivered to the plasma by the LH antennas. The plasma parameters, central temperature and density, are maintained stable during more than 43 s, with values of about 4-4.3 keV and 3.3 -3.6 × 10 19 m -3 , respectively. The plasma current I p is constant during the whole discharge at a value of about 0.4 MW. The temporal evolution of the radiated power P r ad measured by the bolometers is also shown and it follows the same behavior as the plasma temperature in this discharge. 

Examples of typical spectra

The EUV measured spectra on WEST are dominated by tungsten (W) radiation which depends mainly on the plasma temperature T e and W concentration. The dependence of the spectra shape on the electron density n e in tokamak plasmas is generally very weak as the density n e in the WEST tokamak varies typically between 10 19 m -3 at the edge and 6 -7 × 10 19 m -3 at the plasma core (as shown in Fig. is the presence of intense tungsten lines emitted by highly charged ions (ranging from W 42+ to W 45+ ions), which makes it suitable for the tungsten density determination close to the WEST plasma core (when the plasma temperature is above 2 keV, otherwise the spectral lines do not appear). The spectra measured in this wavelength interval will be used to determine the W density in chapter 5.

The other interesting wavelength range is λ ≈ 226-302 Å. Typical spectrum measured in this range by the SURVIE spectrometer is shown on the bottom of Fig. 2.12. This wavelength interval does not show strong tungsten spectral lines as those in λ ≈ 115-165 Å. However, many moderately intense spectral lines emitted by other impurities (mid-Z impurities in particular) are present. For this reason the SURVIE spectrometer was used at its beginning as a survey spectrometer on Tore-Supra (before WEST) tokamak. The most intense spectral lines in this wavelength region are generally those emitted by the copper ions Cu 17+ and Cu 18+ (indicated by arrows on the bottom of figure 2.12). These lines are present in the measured spectra for a very broad range of temperatures (T e ≥ 300 eV) since the emitting ions are not highly ionised, which makes them very suitable for estimating the copper density that is eroded from the PFC that are protecting the LH antennas. These copper spectral lines (along with other lines emitted by Cl and Ar impurities) will be used to estimate the density of these mid-Z impurities in chapter 5. discharge (because of the MCP carriage dimensions as explained in 2.1.1), the spectrum was obtained during another discharge #55522 in which the central temperature T e0 is 4.15 keV. One can see a broad intense spectral feature between 45 and 55 Å and another feature around 60 Å (less broad and less bright than the first one), and some individual spectral lines on top of them. These features consist of a very large and close superimposed spectral lines emitted by many adjacent tungsten ions. These lines are so close that they appear as a continuum emission. These features are called quasi-continuum. The spectra measured in this wavelength region (λ ≈ 40-70 Å) will be the subject of the last chapter where the modelling of the tungsten emission shows that the quasi-continuum emission is present over all the EUV region (20-340 Å) with a different shape . This behavior is also shown in the next chapter for the wavelength regions λ ≈ 115-165 Å and λ ≈ 230-300 Å.

Spectral fitting

This chapter comprises a brief description of the basics of spectral fitting, some helpful hints on how to approach particular problems, and their application in EUV spectroscopy in tokamak plasmas. The intention here is to provide an approach that can be applied to non linear fitting of spectra with many spectral lines. The fitting method presented here will be used to fit EUV spectra measured on the WEST tokamak to mainly extract the spectral line characteristics (spectral line width and brightness in particular). The most interesting quantity that can be extracted from the measured spectrum in this thesis is the brightness of spectral lines B l m . This quantity is used to determine the impurity density in the plasma (see chapter 5). One of the main goals for developing the fitting procedure described previously is to determine accurately the quantity B l m for spectral lines (those emitted by tungsten ions in the plasma core in particular) during the whole plasma discharge.

Introduction

Spectral fitting is a technique that is used to analyze experimental or observational data by fitting it to a mathematical model or theoretical function that describes the expected spectral distribution. It involves finding the best-fit parameters that minimize the differences between the model and the experimental observation. Without loss of generality, the main steps for the spectral fitting process can be summarized as follow:

-Defining the model: The choice of the mathematical model depends on the specific application and the characteristics of the measurements being analyzed. It is based on prior knowledge about the measurements being analysed. The model should describe the expected spectral shape and have adjustable parameters that can be optimized during the fitting process.

-Optimization algorithm: The optimization algorithm iteratively adjusts the model parameters to minimize the differences between the model and the observed data (measurements).

-Fit Initialization: the initial values of the model parameters from which the algorithm starts iterating and the intervals (bounds) in which these parameters may vary can be estimated based on prior knowledge, previous measurements, or educated guesses. The choice of initial values and bounds for the model parameters can affect convergence, computation time, and accuracy of the fitting process.

3 Spectral fitting -3.2 The model Spectral fitting can be a complex process, especially when dealing with large number of parameters or complex non-linear models. It requires careful consideration of the model selection, optimization algorithm, and prior knowledge of the observed data and the instrument of measurement.

The model

The mathematical model should be based on prior knowledge or hypotheses about the experimental measurements. In this thesis, the experimental measurements are the EUV spectra measured by the spectrometers SIR and SURVIE. Hence, the spectra can be represented by two parts (two functions): one for the continuum emission (Bremsstrahlung and radiative recombination), and the other one for the discrete emission (spectral lines). In this section, the mathematical functions that are used to describe the measurements are presented and the objective function to be minimized is constructed.

Spectral lines

The emitted spectral lines by the ions are subject to some broadening effects that gives them a specific shape (Gaussian, Lorentzian or Voigt profile). For information, the profile can be more complex than that in dense plasmas. In [START_REF] Jl Schwob | High-resolution duo-multichannel soft x-ray spectrometer for tokamak plasma diagnostics[END_REF], it has been already stated that for this type of spectrometers (SIR and SURVIE) that are used in tokamak plasmas, the dominant broadening effect is the instrumental broadening. Therefore, the predicted spectral line profile is given by the convolution of the spectrometer function (without the detector) with the detector function. It was found that the observed spectral line presents a best fit with a Gaussian shape. Hence, the spectral line profile as observed by both spectrometers (SIR and SURVIE) used in this work can be represented by a Gaussian function f G :

F G = A exp µ (λ -λ 0 ) 2 2σ 2 ¶ (3.1)
where A is the amplitude, σ is the standard deviation, λ is the wavelength and λ 0 is the spectral line position. The spectral line width is often characterized by the full width at half maximum (F W H M ) instead of σ. The relation between these two variables is given by

F W H M = 2.354 σ (3.2)
In the present work, the F W H M will be used to characterize the spectral line width. An example of the Gaussian function 3.1, which is symmetric and bell-shaped, is shown on Fig. 3.1. The different parameters (A, σ, λ 0 and F W H M ) of the function are also displayed. Finally, one should note that, for this type of spectrometers with the same electronic and optical elements, the instrumental function shape remains the same (Gaussian), but the spectral line width may vary from a spectrometer to another. Even if two spectrometers have the same optical and electronic components, the optical adjustment accuracy may vary from one to another, which results in different resolution of the spectrometer and line width measured by each spectrometer. If the adjustment is accurate in both spectrometers, the difference in the line width measured by each instrument will be very small. is the standard deviation, λ 0 is the peak position, and F W H M is the full half width at half maximum.

Background

The background here means the continuum emission, which is composed of radiative recombination and Bremsstrahlung. These two processes can be represented by a linear or non linear function depending on the specific application, the plasma condi- One can see that the continuum emission of each tungsten ion is approximately linear with the wavelength in these two intervals. The small discontinuities in the continuum emission curves are due to the recombination of the ions on different atomic shells (recombination fronts). As the continuum emission (Bremsstrahlung and radiative recombination) is directly proportional to the charge of the ion (see next chapter), other impurities are expected to follow the same dependence on the wavelength.

The actual measured EUV spectra are integrated over the spectrometer line of sight. Hence, various ionisation stages of different impurities contribute to the measurements. The summation of the ion contribution does not change the linear wavelength dependence. Therefore, the measured background (continuum) emission by the two spectrometers can be represented by a linear function F 1 bg .

F 1 bg = aλ + b (3.3)
where a and b are the parameters to be adjusted during the fitting process, and λ is the measured wavelength. A quadratic function F 2 bg can also be chosen to represent the background emission:

F 2 bg = aλ 2 + bλ + c (3.4)
In the fitting procedure, a linear background 3.3 is used in most cases since it represents well the computed continuum, and the linearity of the function allows fast convergence compared to the quadratic background 3.4.

Objective function

The objective function, also known as a cost function, is defined to quantify the difference between the model predictions and the actual observed data. The most commonly used objective function is the sum of squared residuals (the differences between the predicted and observed values squared).

χ 2 = X i (y i -F i ) 2 (3.5)
where y i is the observed data and F i is the considered mathematical model. In the case of linear background, the model F i is defined as

F i = F 1 bg + X j F j G = aλ i + b + X j A j exp à λ i -λ 0 j 2σ 2 j ! (3.6)
The summation in this equation goes over all the existed spectral lines j . Hence, the expression for the objective function 3.5 in the case of linear background is:

χ 2 = X i à y i - " aλ i + b + X j A j exp à λ i -λ 0 j 2σ 2 j !#! 2 (3.7)
In case of considering a quadratic function for the background emission, Eq. 3.3 is replaced by Eq. 3.4 in the model F i . The number of parameters N p to be adjusted by the fitting procedure when using Eq. 3.6 as model for the measurements is

N p = 2 + 3 × j max (3.8)
where j max is the total number of the considered spectral lines. Two parameters a and b characterize the linear background, and three parameters (A j , λ 0 j and σ j ) characterize each spectral line j . To assess the quality of the fit, the residual is defined 3 Spectral fitting -3.3 Non linear fitting as the difference between observed and predicted values:

Re i = y i -F i (3.9)
Another quantity that can be used to quantify the quality of the fit is the percentage error Er r which is defined as:

Er r i = 100 y i -F i y i (3.10)

Non linear fitting

Non linear fitting can be a very complex process especially when one deals with a large number of adjustable parameters in the mathematical model. The EUV spectra measured in WEST contain, even in a small wavelength interval of few Å, a large number of detectable spectral lines (their peaks appear in the spectrum and can be detected, see 3.3.2). This makes the spectral fitting a complicated process for tungsten spectra (and heavy elements in general). If the measured spectra for example presents 5 detectable lines (or spectral features), the number of parameters to be varied in the model 3.6 will be 17 (2 for the background and 15 for the Gaussian functions). This number of parameters makes the fitting process very complex and may not converge to a solution in most cases. In fact, the number of detectable spectral lines that appear in the spectra measured by the spectrometers (SIR and SURVEY) may reach hundreds. In this case, to overcome this problem, a good understanding of the measurements and the spectrometer is indispensable. Three steps are followed in this work to resolve the problem:

-Choosing an appropriate optimization algorithm.

-Providing reasonable initial guesses (initial values for all parameters) that are not very far from the real solutions.

-Setting a set of bounds and constraints on the model parameters based on prior knowledge of the problem and the measurement instrument. We will discuss these three steps and provide a fast and automatic method that can be applied to different spectrometers in different wavelength regions.

Optimization algorithm

The parameter estimation problem is formulated as an optimization problem, where the goal is to minimize the objective function 3.7. In other words, this means to search for the parameters that minimize the difference between the model predictions and the experimental observation. The non linearity of the objective function 3.7 (the Gaussian part in particular) requires a non linear optimization method. The 3 Spectral fitting -3.3 Non linear fitting mathematical description of the different optimization methods is out of this thesis scope, the reader may consult [START_REF] Nicholas | An introduction to algorithms for nonlinear optimization[END_REF] and [START_REF] Paul | Sequential quadratic programming[END_REF] for details about different methods.

There are several algorithms and methods available for solving nonlinear optimization problems, each with its strengths and weaknesses. The choice of the optimization algorithm depends on the specific problem, the nature of the objective function and constraints. But it is usually necessary to try multiple algorithms to find the one that works best for a given problem.

A few nonlinear optimization algorithms have been used in this work: Nelder-Mead simplex algorithm [START_REF] Gao | Implementing the Nelder-Mead simplex algorithm with adaptive parameters[END_REF], truncated Newton algorithm [START_REF] Stephen | Newton-type minimization via the Lanczos method[END_REF] and Sequential Least SQuares Programming (SLSQP) method [START_REF] Kraft | A software package for sequential quadratic programming[END_REF]. All these algorithms are available in many programming languages (The library SciPy [START_REF] Virtanen | SciPy 1.0: fundamental algorithms for scientific computing in Python[END_REF] for the Python language in particular). They accept bounds and constraints on the model's parameters, and they use the gradient information about the objective function (the Jacobian of the objective function 3.5) to iteratively adjust the model parameters to minimize the objective function.

The Jacobian of a function of several variables (parameters) is defined as the matrix of all its first-order partial derivatives. It is preferable to provide the analytical expression of the Jacobian of the objective function rather than approximating it numerically. Numerical computation of the function derivatives can be time consuming and not as accurate as the analytical ones. The first-order partial derivatives of the objective function 3.7 that we built for the present application can be obtained analytically. Because the objective function 3.7 is a scalar one, the Jacobian reduces to a row vector:

J = • ∂χ 2 ∂p 1 ... ∂χ 2 ∂p j ¸(3.11)
where p j is a function parameter. In general, the partial derivative of the objective function 3.5 with respect to a particular parameter p j can be written as:

∂χ 2 ∂p j = X i £ 2(y i -F i (p j ) ¤ ∂ ∂p j ¡ y i -F i (p j ) ¢ = - X i G i ∂F i (p j ) ∂p j (3.12) With G i = 2(y i -F i (p j ))
The partial derivatives of the objective function are only the partial derivatives of the model F (p j ) multiplied by the function G i . y i is the measurement and it is independent of the parameters p j . The partial derivatives of the objective function 3 Spectral fitting -3.3 Non linear fitting 3.7 are:

∂χ 2 ∂a = - X i G i λ i ∂χ 2 ∂b = - X i G i ∂χ 2 ∂A j = - X i G i exp à -(λ i -λ 0 j ) 2 2σ 2 ! ∂χ 2 ∂λ 0 j = - X i G i 2A j (λ i -λ 0 j ) w 2 j exp à -(λ i -λ 0 j ) 2 2σ 2 ! ∂χ 2 ∂σ j = - X i G i 2A j (λ i -λ 0 j ) 2 w 3 j exp à -(λ i -λ 0 j ) 2 2σ 2

!

Using this analytical expression of the Jacobian in the present work allowed converging to the solution 5-7 times faster than when using numerical approximations (the finite difference approximations) for the Jacobian. In addition, we have tested the 3 algorithms that were mentioned previously on several spectra, and the Sequential Least SQuares Programming (SLSQP) method provided faster and more accurate results than to the other methods, especially in high dimensions where the number of parameters to be varied becomes large: more than 10-15. Thus, the algorithm SLSQP will be used in the present work.

Fit Initialization

The optimization algorithm (SLSQP in our case) requires initial values for all the model parameters. The choice of the initial values can affect the convergence and accuracy of the fitting process. These initial values are used by the algorithm as a starting point and they are varied to converge into a solution (until a set of parameters that minimize the objective function are found). When the initial values are close to the real solutions, the convergence will be fast and more accurate. That is why it is important to provide reasonable starting points based on the knowledge of the problem and/or previous measurements.

One of the objectives in this work is to provide an automatic fitting method that can be applied to a set of spectra measured by different spectrometers (SIR and SURVIE in particular) during a particular discharge. The number of measured spectra varies between hundreds and thousands depending on the discharge duration. For each spectrum, individual spectral lines must be detected and a set of initial values (2 for the linear background, and 3 for each detected spectral line) must be provided.

Before setting intial values, the measured spectrum y i is normalized to its maximum value. The normalization is very important as it restricts the amplitude of each spectral line to have a maximum equal to 1. Then, the spectral lines are detected automatically by computing the derivative of the measured spectrum with respect to the pixel number x i . As the measurements are discrete, we calculate the discrete difference:

d y i d x i = y i +1 -y i x i +1 -x i = y i +1 -y i (3.13)
When the derivative changes sign from a positive value to a negative one, a peak (spectral line) is detected. The corresponding position and amplitude of the detected peak are used automatically as initial values.

Before discussing the initial values for the spectral line width (F W H M ), we note that the dominant broadening effect in this type of spectrometers (SIR and SURVIE) is the instrumental one. Hence, the spectral line width determines the spectrometer resolution, and they both refer to the same quantity (F W H M ) in this case. The initial values for the spectral line width (F W H M ) are based on the F W H M measurements provided by [START_REF] Jl Schwob | High-resolution duo-multichannel soft x-ray spectrometer for tokamak plasma diagnostics[END_REF]. These values are shown in Fig. 3.3 as a function of the wavelength. The measured F W H M were obtained by using a spectrometer of the same type as the SIR and SURVIE spectrometers. It is equipped with a 600 grooves/mm grating (similar to that of SIR and SURVIE). Two entrance slits of different width ∆x s were used to measure the resolution F W H M shown in Fig. 3.3: the blue curve corresponds to ∆x s = 20 µm (similar to SIR), and the orange curve corresponds to ∆x s = 10 µm. Note how the spectral line width increases when the entrance slit width ∆x s increases. The spectrometer SIR resolution F W H M should not be far from the values obtained with the 20 µm in Fig. 3.3. However, the SURVIE spectrometer has an entrance slit of width ∆x s = 25 µm. Hence, its resolution is expected to be relatively higher. In addition, note that resolution F W H M obtained with the 20 µm slit only varies between 0.2 and 0.27 Å in the wavelength region λ ≈ 100 -300Å (where the fitting procedure will be applied). Therefore, for the SIR spectrometer measurements, the initial values for the width of all detected spectral lines are set to have the same value: F W H M 0 = 0.24Å. While for the SURVIE spectrometer measurements, we set the initial values to be 0.35Å.

For the background, it is very difficult to have an idea about its value, and therefore on its parameters a and b in the linear case 3.3 (or a, b and c in the quadratic case 3.3). The initial values of the background parameters are set to 0 as a starting point (a = 0 and b = 0).

Bounds and constraints

Bounds and constraints help for fast convergence, improve the accuracy of the fitting procedure and can prevent unrealistic or unphysical parameter values. They also help to ensure that the estimated parameters remain within reasonable ranges. In fact, the fitting procedure will not converge when the problem dimensions are high (when the number of parameters exceeds 20 or 30) without providing these parameters bounds. The bounds and constraints presented below allow fitting spectra with hundreds of spectral lines (hundreds of parameters).

To keep the fitting procedure as general as possible, the bounds are introduced based on the initial guesses that were provided before (the F W H M in particular). Starting by setting bounds on the spectral line parameters (amplitude A j , width F W H M j and line position λ 0 j ). As the measured spectra are normalized to their maximum, the amplitude will only vary between 0 and 1. But, for numerical reasons it is better to avoid setting 0. Therefore, the interval in which the amplitude will vary is set to be:

10 -3 ≥ A j ≤ 1 (3.14)
The initial value of the line width F W H M j must be introduced manually depending on the characteristics of the spectrometer that is used. Without loss of generality, the bounds on the line width F W H M j can be defined in terms of the initial value as:

F W H M j 2 ≥ F W H M j ≤ 2F W H M j (3.15)
The wavelength region where the line position can vary is defined to be:

λ 0 j - F W H M j 2 ≥ λ 0 j ≤ λ 0 j + F W H M j 2 (3.16)
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The bounds on the background parameters are left free. They can take any values between -∞ and +∞. But the expressions that are used to describe the background (3.3 and 3.4) cannot be negative. The corresponding constraint is thus

aλ i + b ≥ 0 (3.17)
The same constraint can be used in the case of a quadratic background:

aλ 2 i + bλ i + c ≥ 0 (3.18)
We should note that these bounds are not universal (on the position and width in particular), there may exist cases where these intervals must be extended. But most of these bounds are based on the accuracy of the estimated spectral line widths (which is introduced as an initial guess). If the estimated F W H M is relatively close to the real value with an error less than 50% (as it is the case here), these bounds are valid. Otherwise, the intervals must be extended.

Results

The fitting method described previously can be applied automatically to one spectrum or a series of spectra measured by a spectrometer during the whole discharge. The only required inputs are: the measured spectra and the estimated width of the spectral lines F W H M . Examples of the results that are obtained by applying the fitting procedure to the spectra measured by the SIR and SURVIE spectrometers are presented in this section.

Spectral line brightness

The spectral line brightness B l m is defined as the number of photons emitted during a particular transition between two atomic levels l and m per unit area, per unit time and per solid angle (its SI unit: photons m -2 s -1 sr -1 ). From the experimental point of view, B l m represents the area of the measured spectral line (see Fig. 3.4) and not only its amplitude, because some of the emitted photons during the transition l → m can be shifted by different broadening effects (instrumental broadening in this work) and they must be taken into account. Hence, the spectral line must be well fitted by the model to determine accurately its brightness. Because the spectral lines measured by the spectrometers SIR and SURVIE present a best fit with a Gaussian shape, their brightness can be obtained by integrating the Gaussian function 3.1 that is used to fit the spectral line:

B l m = Z λ 2 λ 1 A j exp à (λ i -λ 0 j ) 2 2σ 2 j ! d λ (3.19)
As the Gaussian function takes non zero values inside a wavelength domain of a few F W H M j , the interval of integration can be modified to be [-∞, +∞]. The brightness of a spectral line can then be written as:

B l m = Z +∞ -∞ A j exp à (λ i -λ 0 j ) 2 2σ 2 j ! d λ = 2.506 σ j A j = 1.064 F W H M j A j (3.20)
where the Gaussian integral: R +∞ -∞ exp ¡ -x 2 ¢ d x = p π was used. The Brightness B l m of a spectral line depends only on the amplitude A j and the width F W H M j that are obtained from applying the fit to the spectrum.

SIR spectra

The SIR spectrometer is equipped with two mobile detectors SW and LW that are mounted on the Rowland circle (see chapter 2). This allows recording simultaneously two spectra at different wavelength regions depending on the detector position on the Rowland circle. The fitting procedure is mainly developed to fit spectra that are measured in the spectral region λ > 100 Å where the spectral lines are emitted by different impurities are intense and relatively isolated (as shown at the end of the previous chapter).

The SIR spectrometer allows recording spectra in the wavelength interval λ ≈ 115 -165 Å where strong spectral lines emitted by tungsten ions W 42+ -W 45+ (see Fig. In this spectrum, the number of detected spectral lines (or features) is 115, which means that the number of parameters to be adjusted in the mathematical model is 347. The percentage error is less than 10% over the entire wavelength domain, except in few wavelength regions like the interval between 126 and 127 Å where the error may reach 14%. The small error indicates that the fitting process was successful and gives a satisfactory results as can be seen in the figure .  The computation time was about 20 seconds, which is very fast regarding the large number of parameters. However, when treating a series of spectra obtained during a particular discharge (which may reach hundreds depending on the duration of the discharge), it may take 15 to 60 minutes. This is very long if the solutions (the obtained parameters after the fit) are needed to determine a physical quantity (impurity density for example) between two successive discharges during an experimental campaign, where the time between two successive discharges is 10-15 minutes.

Therefore, an alternative way is to apply the fitting procedure on the wavelength interval where the spectral lines of interest are emitted, like the intense tungsten lines that are emitted between 120 and 136 Å. The fitting procedure is applied to the same spectrum that was shown in Fig. 3.5 but only in the wavelength region λ ≈ 125 -134 Å. The result of the fit, the spectrum and the percentage error are shown in Fig. 3.6. The errors are also small in this case (less than 10%) and the fit results remain good. The computation time was greatly reduced to 0.07 second because the number of detected lines is also reduced to 17 spectral lines. The discrepancies between the model and the measurements in both cases (fitting the entire spectrum or a small wavelength interval) are mainly due to the presence of small spectral lines (with a low intensity) that are not detected by the derivative method explained before. For example the spectral line at λ ≈ 128 Å in Fig. 3.6 is not 3 Spectral fitting -3.4 Results well fitted because of the presence of a small line at λ ≈ 128.3 Å that was not detected (the derivative of the spectrum did not change sign), which results in an error of about 11%. This was observed in many spectra where the error varied between 10-20%.

Using a quadratic background does not change the fitting results in most cases as can be seen in Fig. 3.7, where the same spectrum WEST#55794 was fitted in the wavelength interval λ ≈ 125 -134 Å. But, the convergence time is 3-6 times slower than the the results obtained with a linear background in Fig. 3.6. 

SURVIE spectra

The SURVIE spectrometer has only one detector that is fixed at certain position on the Rowland circle. It records the spectra at the wavelength region λ = 230-300Å, in which some strong spectral lines are mainly emitted by mid-Z impurities (C l and Cu) as discussed in the previous chapter (see Fig. 2.12). Spectra measured by SURVIE cover a larger wavelength interval than those measured by the SIR spectrometer, which results in a large number of detected spectral lines (above 200 lines per spectrum). When applying the fitting procedure to such spectra where the number of parameters in the model is very large, convergence cannot be achieved by the method described here. Reducing the wavelength interval (and therefore the number of spectral lines) is probably the best solution to have accurate results and to reduce the computational time. Thus, the fitting procedure in only applied to the spectrum measured in the wavelength region λ ≈ 232 -245 Å where strong lines are emitted by mid-Z impurities (Cu, Cl and Ar). The fitting results and the corresponding percentage error are shown 3 Spectral fitting -3.5 Conclusion in Fig. 3.8. The model fit well the spectrum and the error is small (less than 10%) over the entire wavelength domain. As discussed before, the main reason for the discrepancy between the model and the measurements is due to the spectral lines that are not detected by the code. 

Conclusion

Although the mathematical model described in this chapter represents quite well the measurements from the mathematical point, but the main problem is a physical one. The obtained background from the fitting results of the spectrum WEST%55794 is different when fitting the full spectrum λ ≈ 119 -165 Å and when the wavelength region λ ≈ 125 -134 Å. This should not be the case if the spectrum background was approximately linear with the wavelength as we have seen in 3.2. The obtained parameters after the fit were different by 10-20% in the two cases: when the spectrum background is relatively low as in Fig. 3.5, the amplitude and the FWHM of the spectral lines were higher than when the background is relatively high as in Fig. 3.6. This will be the subject of the next chapter where the reasons for which investigating the background emission and its contribution to the measured spectra are discussed in details. In the past decades, many research works were performed to study the plasma emission in fusion devices with the presence of tungsten originating from the plasma facing components (WEST [START_REF] Bucalossi | Operating a full tungsten actively cooled tokamak: overview of WEST first phase of operation[END_REF], JET [START_REF] Xavier Litaudon | Overview of the JET results in support to ITER[END_REF] and ASDEX [START_REF] Kallenbach | Overview of ASDEX Upgrade results[END_REF]), or by injecting tungsten intentionally (LHD) [START_REF] Colm S Harte | Tungsten spectra recorded at the LHD and comparison with calculations[END_REF]. However, little attention has been given to the tungsten spectrum background that may affect the determination of spectral lines characteristics i.e. brightness and width (FWHM), and therefore the physical quantities (the impurity density in particular) deduced from these characteristics. In this chapter, the EUV tungsten emission measured in the WEST tokamak is analysed, with focus on spectrum background in the wavelength region 115-165 Å and 230-300 Å.

First, we discuss the reasons for which the spectrum background physics should be investigated in the presence of high Z impurities (tungsten). Then, the procedure to estimate each contribution to the emission is given. And finally, this procedure is applied to spectra measured by the spectrometers in the WEST tokamak.

4 Investigation of the extreme-UV background emission -4.1 EUV background emission

EUV background emission

In the present chapter, the purpose is to investigate the background emission of EUV spectra measured on WEST (in the presence of tungsten) with the intention to answer the following questions:

-How to estimate the continuum emission and compare it to the EUV measurements and to line radiation ? -Do higher diffraction order spectra contribute to the measurements ? And how to estimate this contribution ? -What type of emission dominates the EUV measurements in tokamaks equipped with tungsten PFCs ? A typical spectrum measured on Tore Supra, in which PFCs are made essentially of low Z elements (Carbon in particular), is shown in Fig. 4.1. The usual way to extract the line characteristics is to subtract the weak linear background from the spectrum and fit the spectral lines by an appropriate set of functions (Gaussian, Lorentzian or Voigt). As discussed in the previous chapter, the reason that justifies it is that the background (Bremsstrahlung and radiative recombination) appears to be linear with the wavelength (in the wavelength region measured by the spectrometer) and small compared to the spectral line intensities. Thus, it can be approximated by a linear function (aλ + b), as can be seen in Fig. 4.1. This method requires the spectral line under investigation to be sufficiently intense with respect to the background so that the error remains small. The more intense the line is, the smaller the error would be. However, does this remain true for heavy element spectra (tungsten in particular)? The question arises because the observed background on WEST spectra 4 Investigation of the extreme-UV background emission -4.1 EUV background emission does not seem to be linear with the wavelength. Moreover, what is considered as background emission in most cases is not small compared to the spectral lines. This can introduce a large error in the amplitude and width of the lines (and thus on the physical quantity to be determined, the impurity density in particular). This can be seen in Fig. 4.2, in which the fitting procedure described in the previous chapter (the spectral lines are represented by Gaussian functions and the background by a linear function aλ + b), is applied to a spectrum measured in the wavelength interval 115-170 Å during discharge WEST#55518. The fitting procedure is applied to the same spectrum but with different initial guesses (top and bottom of Fig. 4.2). The results fit very well the measurements in both cases, but they are different from each other: the background and line characteristics (amplitude and width) have different values for the same spectrum. Hence, the fitting procedure alone does not allow to distinguish which result corresponds better to reality.

The assumption of a linear background (radiative recombination and Bremsstrahlung) is very reasonable for low Z spectra because of the weak background compared to the spectral line brightnesses. But this is not the case for high Z spectra as can be seen in Fig. 4.2. In addition, the presence of bright and dense line features (forming a quasicontinuum of spectral lines) in high-Z spectra makes it very difficult to distinguish the true continuum emission from the spectral lines contribution. For these reasons, it is necessary to ascertain the physics basis for the spectrum background and to estimate its contribution.

To investigate the physics basis for a measured spectrum characterized by its brightness B t ot (λ), we assume that it is composed of: spectral line radiation B l i ne , Bremsstrahlung B f f , recombination radiation B f b and higher diffraction order emission B m>1 :

B t ot = B l i ne + B m>1 + B f f + B f b (4.1)
The spectral brightness B t ot here has the dimensions: photons s -1 cm -2 sr -1 ). The bound-bound emission (line radiation) is represented by the term B l i ne . The continuum emission is composed of the two last terms (B f f and B f b ). The term B m>1 in Eq.4.1 represents the brightness due to diffraction order spectra greater than 1. It is introduced here because the spectral features observed in the wavelength interval [45-65 Å] (the quasicontinuum around 50 Å in particular) are very intense, and their second and third orders may contribute to spectra measured in [115-165 Å].

Each term in the right side of Eq. 4.1, representing a particular type of emission (except B m>1 ), is defined as the integral of the local emissivity ε along the line of sight:

B i = 1 4π Z ε i d r = 1 4π Z n e X Z X z n z,Z C z,Z i (4.2)
where n e is the electron density, n z,Z is the ion density of charge z of an element of atomic number Z , and C z,Z i represents the emission coefficient associated to the considered type of emission. For example in the case of line radiation B l i ne , that coefficient is the well known photon emission coefficient PEC. In the following, the expressions for the last three terms in eq. 4.1 will be given, calculated, and compared to the line radiation B l i ne . 

Continuum emission

The continuum emission is composed of the the free-free (Bremsstrahlung) and freebound (radiative recombination) emission described in Chapter 1. For this work, the continuum is calculated following the methods described by [START_REF] Burgess | Radiative Gaunt factors[END_REF]. The free electrons are assumed fast but non relativistic, and follow a Maxwellian distribution, which is usually valid for tokamak plasmas. The Maxwellian averaged photon emission 4 Investigation of the extreme-UV background emission -4.2 Continuum emission coefficients for Bremsstrahlung (C z f f ) and radiative recombination (C z f b ) are given by:

C z f f = 9.584 × 10 -14 z 2 λ p T e G f f exp µ - hc λT e ¶ (4.3) C z f b = 2.607 × 10 -12 X z z 4 λT 1.5 e X n 1 n 3 G f b exp µ - hc λT e ¶ exp µ - z 2 I H n 2 λT e ¶ (4.4)
Where z is the charge of the ion, λ is the wavelength of the continuum (Å), T e is the electronic temperature (eV), I H ≈ 13.6 eV is the ionization potential of a hydrogen atom, and n represents the principal quantum number of the shell into which the free electron is captured. The photon emission coefficients here have units of cm 3 s -1 Å -1 . The Maxwellian averaged free-free and free-bound Gaunt factors (G f f and G f b ) are introduced to take into account the quantum mechanical correction [START_REF] Burgess | Radiative Gaunt factors[END_REF]. They both depend on the electronic temperature T e , the wavelength λ and the charge z. However, G f b depends also on the principal quantum n. and the wavelength, and decreases with the ion charge. However, for close ionization stages, the dependence of G f f on z is very weak. The Gaunt factor used here takes values between 1.2 and 2.7 in the EUV region [50-270 Å]. Introducing G f f in the expression 4.3 is necessary to obtain a good estimation of the emission, otherwise, the assumption that the Gaunt factor is close to unity may lead to an underestimation of the Bremsstrahlung contribution by a factor of 2-3. The same comments hold true for recombination.

To obtain the total emissivity of an impurity of atomic number Z in the plasma, the emission coefficients 4.3 and 4.4 must be multiplied by the electron and ion densities (n e and n z ) and summed over all ionisation states z. By using the expression of the ion density n z,Z as a function of the total impurity density N Z and the fractional abundance f z,Z : n z,Z = N Z × f z,Z , the total emissivities for Bremsstrahlung and recombination radiation can be written as

ε Z f f = n e N Z X z f z,Z C z,Z f f (4.5) ε Z f b = n e N Z X z f z,Z C z,Z f b (4.6)
The emissivities ε Z f f and ε Z f b give the number of photons emitted in a volume per unit time. They are expressed in Photons cm -3 s -1 Å -1 . The electron and impurity densities, n e and N z , are given in cm -3 . In the case where many impurities with various ionisation states exist, such as in tokamak plasmas, the emissivity expressions 4.5 and 4.6 must also be summed over all impurities

ε f f = n e X Z N Z X z f z,Z C z,Z f f (4.7) ε f b = n e X Z N Z X z f z,Z C z,Z f b (4.8)
In order to get a quantity that can be compared to the spectra measured by the EUV spectrometers, the latter expressions for the emissivities must be integrated along the spectrometer line of sight

B f f = 1 4π Z n e X Z N Z X z f z,Z C z,Z f f d r (4.9) B f b = 1 4π Z n e X Z N Z X z f z,Z C z,Z f b d r (4.10)
These are the expressions of the last two terms in eq.4.1 and they give the estimated continuum contribution.

Comparison of Bremsstrahlung and recombination radiation

Before computing the spectral brightness of Bremsstrahlung or recombination radiation given by 4.9 and 4.10, it is interesting to see which process dominates the continuum emission in the EUV region (20-300 Å). The rigorous way to compare these two processes would be to calculate the brightness ratio R B defined as

R B = B f f B f b = R n e P Z N Z P z f z,Z C z,Z f f d r R n e P Z N Z P z f z,Z C z,Z f b d r (4.11)
However, a simpler way to estimate the ratio of the free-free and free-bound emissions would be to compute the local emissivity ratio R ε for each impurity separately using the expressions 4.5 and 4.6:

R ε = ε Z f f ε Z f b = n e N Z P z f z,Z C z f f n e N Z P z f z,Z C z f b = P z f z,Z C z f f P z f z,Z C z f b (4.12)
This holds true as long as one process dominates the other for all impurities. In other words, R ε gives the ratio at each point in the plasma for one impurity, and if for example R ε is greater than 1 for all the impurities, Bremsstrahlung dominates the continuum emission at each point of the plasma. Following this reasoning, three impurities ranging from low Z to high Z are considered for the calculation: Beryllium (Z=4), Argon (Z=18) and Tungsten (Z=74). The corresponding fractional abundances f z of each element are calculated with ADAS [START_REF] Summers | The ADAS User Manual, version 2[END_REF]. The ratio R ε is shown in Fig. 4.4.

One can see that above λ ≈ 60 Å , for the three impurities (W, Ar and Be), radiative recombination is negligible with respect to Bremsstrahlung (R ε >1) for almost all temperatures (T e > 300 eV). Also, in tokamak plasmas (WEST in particular), the low temperatures correspond to regions of few centimeters close to the plasma edge, which are very small compared to the plasma radius which is about 0.5-0.6 m. Hence, the contribution of recombination radiation above 60 Å is very small and can be neglected with respect to Bremsstrahlung, especially at longer wavelength. For smaller wavelengths (λ < 60Å), the radiative recombination is not negligible, and can be dominant below T e ≈ 800 eV. In the following, radiative recombination is ignored since the wavelength region of interest is above 115 Å where Bremsstrahlung dominates largely the continuum emission. 

Bremsstrahlung brightness

It is more convenient to express the Bremsstrahlung as a function of the effective charge Z e f f that represents the concentration of impurities in tokamak plasmas. This quantity is defined as

Z e f f = P Z P z n z,Z z 2 P Z P z n z,Z z = P Z N Z P z f z,Z z 2 n e (4.13)
4 Investigation of the extreme-UV background emission -4.3 Higher diffraction order emission where the quasi-neutrality equation n e = P Z P z n z,Z × z and the expression n z,Z = N Z × f z,Z are used. We note that for tokamak plasmas, and WEST in particular, the effective charge Z e f f takes values between 1.5 and 2.5-3. Substituting the relation (4.13) in eq. (4.9) allows to express the Bremsstrahlung brightness as a function of the effective charge:

B f f (λ) = 9.584.10 -14 4π Z n 2 e (r ) p T e (r ) Z e f f (r )G f f (λ, T e (r )) exp µ - hc λT e (r ) ¶ d r (4.14)
where the dependence of different physical quantities (n e , T e and Z e f f ) on the radial position in the plasma is shown. From eq. 4.14, one can see that Bremsstrahlung increases linearly with the effective charge Z e f f and depends strongly on the electronic density n e , while its dependence on T e is weaker due to the T -0.5 e factor and the weak dependence of G f f on T e (see Fig. 4.3).

Higher diffraction order emission

The diffraction orders are not a type of emission like the continuum emission i.e. they are not produced by atomic processes, but they are a characteristic of the diffraction grating. In fact, the diffracted light by adjacent grooves of the grating interfere constructively when the path difference is an integer m multiplied by the wavelength λ. When m = 1, this gives the first order spectrum (I 1 ). When m = 2, it gives the second order spectrum (I 2 ), and so on. This means that the spectrum seen at the wavelength interval [λ1 -λ2] at order 1 will appear at m[λ1 -λ2] at order m, with m integer >1, as sketched in Fig. 4.5. However, the intensity of the spectra is not the same. In the following, a formula is derived to estimate the intensity of higher order spectra.

The expression for the term B m>1 in Eq. (4.1), that represents the contribution of higher order emission to the measurement, is derived using the following reasoning: a beam of light, characterised by its photon flux I 0 , hits the grating G with an incidence angle π/2-α (see Fig. 4.5). The light diffracted in each order m is equal to the incident flux I 0 multiplied by the grating efficiency of that order E m G . This quantity is then multiplied by the detector efficiency E D to obtain the detected photon flux I m at apparent wavelength mλ:

I m (mλ) = I 0 E m G (λ) E D (λ) (4.15)
The same relation holds for the brightness B m (mλ) since it is proportional to I m (mλ):

B m (mλ) = B 0 E m G (λ) E D (λ) (4.16)
The second and third diffraction orders of the spectrum emitted in the wavelength range λ = 45 -68 Å may contribute to the spectrum measured by the detector LW 

B m>1 (mλ) B 1 (λ) = E m>1 G (λ) E 1 G (λ) E LW D (λ) E SW D (λ) = K m>1 (λ) (4.17)
Rearranging this equation yields B m>1 (mλ) as a function of the first order spectrum B 1 (λ):

B m>1 (mλ) = B 1 (λ)K m>1 (λ) (4.18)
The coefficient K m>1 (λ), that depends on the grating efficiency for each order m and on the detectors efficiency, can be seen as a function that relates the spectrum brightness of a particular order m to the first order spectrum.

Grating efficiency

To determine the coefficient K m>1 (λ) mentioned above, the grating efficiency for each diffraction order has to be evaluated. This quantity describes how much light is diffracted in each direction (each order m), and is defined as the ratio of the diffracted light I m relative to the incident light I 0 that hits the grating (see Fig. 4.5):

E m G = I m I 0 (4.

19) order emission

The grating efficiency depends on many parameters such as the density and shape of the grooves, the incidence angle, the material with which the grating is coated, etc. The measurement of the grating efficiency requires specific equipments that were not available at IRFM. For this reason, it was calculated numerically using the differential method described in [START_REF] Popov | Maxwell equations in Fourier space: fastconverging formulation for diffraction by arbitrary shaped, periodic, anisotropic media[END_REF]. This method is based on the electromagnetic theory that describes the interaction of light with periodic structure such as gratings. It starts by using Maxwell equations in differential form to derive a wave equation for the electromagnetic field of light. The groove profile is assumed periodic and repeats every distance d (d = 1/600 mm for the considered grating here). This allows expressing the fields as Fourier series expansions to create a set of coupled differential equations [START_REF] Nevière | Light Propagation in Periodic Media: Diffraction Theory and Design[END_REF]. Then, this system is solved using numerical integration. The concave grating parameters used in the calculations are summarised in the table 4.1. Because the grating radius is very large (about 2 m), a plane grating is assumed. To check this approximation, the variation of the incidence angle (with respect to the grating normal) as a function of the position on the grating is computed and is shown in Fig. 4.6 (left). The center of the grating corresponds to the position 0. One can see that the variation of the angle is very small, and the latter takes values between 88.37°at the edge and 88.5°at the center, which has no effect on the grating efficiency. The efficiency of the second order is smaller by a factor of 2 to 5 for λ < 65 with respect to the first order and decreases rapidly when the wavelength increases. The third order efficiency is very small compared to the first one over the whole wavelength range of interest. Its maximum is about 25 times lower than that of the first order. The errors in the theoretical results come mainly from the fact that the calculations assume an ideal grating [START_REF] Boots | Optimizing and characterizing grating efficiency for a soft X-ray emission spectrometer[END_REF], while the manufactured grating is not ideal and its parameters (blaze angle, groove shape, etc) may be different from the requested ones. In our calculations, it is assumed that the shape of the grooves is perfectly rectangular, the blaze angle is exactly 1.5°and the spatial period is perfectly uniform (1/600 mm), while the real manufactured gratings are not ideal and may present deviations from the nominal values of grating parameters. This may lead to an efficiency curves that are slightly different from the real ones and probably shifts the efficiency maxima. According to [START_REF] Boots | Optimizing and characterizing grating efficiency for a soft X-ray emission spectrometer[END_REF], the errors in calculated grating efficiency may reach 20%.

Groove density

K coefficient

The K m>1 coefficient derived above (Eq. 4.17) depends on the efficiency of the grating and on that of the detectors. The grating efficiency for higher orders (second and third in particular) was calculated in the previous paragraph. The multichannel detectors MCPs (SW and LW) mounted on the spectrometer are identical i.e. they are made of the same electronic components, hence their efficiency ratio is expected to be very close to 1. However, this is not the case, it is observed by comparing similar spectra measured by both detectors that the MCP SW efficiency is larger than that of LW by a factor close to 2. In the present work, the MCP efficiency ratio is assumed a constant close to 2 (E LW D /E SW D ≈ 2). The calculated coefficients K m>1 corresponding to the second order (blue) and to the third order (orange) are given in Fig. 4.7. The two green points represent the experimental K 2 mes obtained from two spectral lines of Carbon and Boron emitted at wavelengths λ ≈ 44.4 and λ ≈ 60 Å respectively. These spectral lines are used in the spectrometer SIR calibration [START_REF] Guirlet | Absolute sensitivity calibration of an extreme ultraviolet spectrometer for tokamak measurements[END_REF]. The agreement between K 2 and K 2 mes is satisfactory, and the difference between the calculations and the measurements is due to the small variation of E LW D /E SW D around 2, and to errors in the concave grating calculations discussed before. In the wavelength region [45-65 Å] where the tungsten bright spectral features are observed, the K 2 coefficient values show that the second order spectrum brightness is 40-10% of that of the first order, which may not be negligible. Thus, one expects that the contribution of the 2 nd order emission of spectral features emitted at [45-65 Å] cannot be ignored. However, the third order emission of the same spectral 

Application

The procedures described previously to calculate the background and the higher diffraction order emissions are applied to a typical Ohmic discharge where the central temperature T e0 is about 1 keV, and LH current drive discharge where the the core temperature T e0 ≈ 4 keV. In each case (Ohmic and LH discharges), the procedure is applied to a spectrum measured by the SIR spectrometer in the wavelength region λ ≈ 115 -165 Å and to another one measured by the SURVIE spectrometer in the wavelength region λ ≈ 220 -302 Å.

The main idea to estimate the components of the measured spectra can be summarized as follows. The measured spectrum B t ot is assumed to be composed of spectral lines B l i ne , higher diffraction order emission (B m>1 ) and Bremsstrahlung (B f f ):

B t ot = B l i ne + B m>1 + B f f (4.20)
The recombination radiation is neglected with respect to Bremsstrahlung (as illustrated earlier). The two terms, B m>1 and B f f , are computed using the methods described previously in this chapter. Then, they are compared to the measured spectrum B t ot . The remaining contribution would be that of the spectral lines B l i ne . These steps will be explained in detail in the case of an Ohmic discharge.

Ohmic discharge

The spectra under investigation here are measured during the Ohmic discharge WEST#54596 whose experimental conditions are summarized on the left of Fig. 4.8. In this figure, the time sequences of the central line averaged density n e0 , the central electron temperature T e0 , and the ohmic power (P Ohm ) are displayed. There was no auxiliary heating power in this discharge, the only heating power was the Ohmic one (0.5 MW). The measured spectra by the SIR and SURVIE spectrometers were averaged over 0.5 s between t=5.5 s and t=6 s (the grey shaded area on the left of the figure) to improve the signal to noise ratio. In this time interval, the central temperature and line averaged density were about 1.15 keV and 4.8 × 10 19 m -3 , respectively. The Bremsstrahlung is computed using Eq. 4.14, which requires the measured density n e (r ), temperature T e (r ) and the effective charge Z e f f (r ) profiles along the spectrometer line of sight:

B f f (λ) = 9.584.10 -14 4π Z n 2 e (l ) p T e (l ) Z e f f (l )G f f (λ, T e (l )) exp µ - hc λT e (l ) ¶ d l = 1 4π Z ε f f (l , λ)d l (4.22)
where ε f f (l , λ) is the Bremsstrahlung emissivity at each point along the line of sight l . The effective charge profile Z e f f (l ) is determined in WEST tokamak with a large uncertainty and may not be valid since the plasma facing components (PFC) are in tungsten or coated with tungsten. Without loss of generality, we may assume that the profile Z e f f (l ) does not vary much along the spectrometer line of sight, and we consider here the most critical case with strong bremsstrahlung level, assuming Z e f f = 2.5.

The measured plasma profiles ( n e (r ) and T e (r )) as a function of the plasma radius at The magnetic equilibrium shown in the figure is reconstructed with the code NICE [START_REF] Faugeras | An overview of the numerical methods for tokamak plasma equilibrium computation implemented in the NICE code[END_REF], which reconstructs the tokamak equilibrium using magnetic and interferopolarimetry measurement constraints. We assume that the plasma profiles are poloidally symmetric, which allows to express the plasma radius r as a function of the spectrometers LOS: l ≈ 2r . Moreover, the plasma density n e and temperature T e are assumed constant on the magnetic flux surfaces. This allows converting the integration of the emissivity ε f f (l , λ) along the spectrometer LOS into a sum of the emissivity contribution at each magnetic surface:

B f f (λ) = 1 4π Z ε f f (l , λ) d l ≈ 2 4π X i ε i f f (λ) r i (4.23)
where the index i represents a magnetic surface crossed by the spectrometer LOS and r i is its width. Thus, we compute first the Bremsstrahlung emissivity ε i f f (λ) at each magnetic surface. Then we sum their contributions to obtain the estimated Bremsstrahlung B f f (λ) that can be compared to the measured spectrum.

The spectrum B t ot measured in the wavelength range λ ≈ 115 -165 Å during the The third order emission B 3 is also negligible with respect to B t ot . Unfortunately, there was no time to investigate further if the calculation of the third diffraction order (the calculated K 3 coefficient shown in Fig. 4.7 in particular) is accurate or not since no measurements of the K 3 coefficient are available. The second order emission B 2 contributes to the measured spectrum B t ot , and it is possible to observe second order spectral lines in the wavelength region 115-135 Å. These second order lines do not appear in the spectrum because they are relatively small at these temperatures (T e ≈ 1 keV. The most significant contribution to the spectrum is the first term B l i ne in Eq. 4.20, which indicates that the emitted spectral lines dominate the emission in the wavelength region 115-165 Å at low temperatures (T r ≈ 1 keV). The spectral lines here refer to the individual lines that can be observed and those that are superimposed and forms spectral features, which means that a quasi-continuum is also emitted in the wavelength region λ ≈ 115 -165 Å. 

LH discharge

We investigate here the spectra measured during a typical LH current drive discharge WEST#55794 which is shown on the left of Fig. The Bremsstrahlung is computed using the measured temperature and density profiles at the time when the spectra were recorded during WEST#55794. The profiles are shown on the right of Fig. 4.14. An effective charge Z e f f = 2.5 is also considered here assuming a strong Bremsstrahlung level. The same steps explained before are followed to estimate the Bremsstrahlung brightness B f f . We first determine the Bremsstrahlung emissivity at each magnetic surface flux, then we assume that the plasma profiles are poloidally symmetrical and we sum the contribution at each magnetic surface crossed by the spectrometer line of sight.

The spectra measured by the SIR detector GL and SURVIE during the pulse WEST#55794 in the wavelength intervals λ ≈ 115 -165 Å and λ ≈ 226 -302 Å are shown on Fig. 4.15 along with their estimated background components: Bremsstrahlung B f f , second B 2 and third B 3 order emission. The results obtained here with LH heating power and high central temperature T e0 ≈ 3.8 keV are similar to those obtained in the case of an Ohmic discharge with relatively low temperature T e0 ≈ 1.1 keV. The Bremsstrahlung is negligible with respect to the spectral lines in both wavelength regions λ ≈ 115 -165 Å and λ ≈ 226 -302 Å, and so is the third diffraction order emission B f f . The second diffraction order contribution is not negligible, and spectral lines emitted by highly charged tungsten ions (W 41+ -W 45+ see [START_REF] Knut Asmussen | Spectroscopic investigations of tungsten in the EUV region and the determination of its concentration in tokamaks[END_REF]) emitted at λ ≈ 60 -63 Å (see Fig. 

Summary and discussion

In this chapter, the spectra measured in the WEST tokamak in the wavelength regions λ ≈ 115 -165 Å and λ ≈ 226 -302 Å are investigated (the background emission in particular). It was shown that the recombination radiation is negligible with respect to the Bremsstrahlung over the entire wavelength domain [START_REF] Radtke | Line and band emission from tungsten ions with charge 2 1+ to 4 5+ in the 45-7 0-Å range[END_REF]300] Å. A method to estimate the higher diffraction orders was provided, especially for the intense quasicontinuum that is emitted around 50 and 60 Å. These methods were applied to spectra measured by the two EUV spectrometers (SIR and SURVIE) during two typical discharges, Ohmic (WEST#54596) and LH current drive (WEST#55794) discharges. In the pulse WEST#54596, the plasma temperature was relatively low (about 1.1 keV) when the spectra were recorded, while in the second (WEST#55794), the plasma temperature was relatively high (about 3.8 keV). It was shown that for both pulses, the continuum emission (Bremsstrahlung and radiative recombination) is completely negligible with respect to spectral line emission. The second order emission of the quasi-continuum emitted around 60 Å contributes to the spectra measured in the wavelength region λ ≈ 115 -135 Å whether the temperature is low (T e ≈ 1 keV) or high (T e ≈ 4 keV), and the second order of the individual spectral lines emitted by highly charged tungsten ions (W 41+ -W 45+ ) around 60 Å can be observed clearly in the interval λ ≈ 120 -126 Å when the temperature is sufficiently high. The results also show that the third diffraction order of the quasi-continuum emitted around 50 Å is negligible in both pulses. However, as there were no measurements to validate the calculations of the third order (the grating efficiency in particular), we have some doubt on this result as the error in the calculated grating efficiency can be high due to the imperfection of the manufactured gratings which may shift the efficiency curve resulting in large errors [START_REF] Boots | Optimizing and characterizing grating efficiency for a soft X-ray emission spectrometer[END_REF], especially in the wavelength region where the efficiency curve is sharp. However, this does not change the general conclusions of this chapter which are: -Spectral lines dominate the emission in the spectra measured in the wavelength regions: λ ≈ 115 -165 Å and λ ≈ 226 -302 Å.

-The background emission observed in both wavelength regions is strongly dominated by a quasi-continuum (superimposed spectral lines). Because this quasi-continuum is also observed in the spectra measured at low temperature (T e ≈ 1.1 keV), the ions responsible for this emission are those having a charge Z < 30.

These conclusions are also confirmed by the results of the tungsten emission modelling in the last chapter where it is shown that the quasi-continuum is emitted over the entire wavelength domain λ ≈ 20 -300 Å, and most of the emission is due to photons that are emitted when the tungsten ions (open-shells ions in particular) that are in doubly excited states transit to lower energy states.

The fact that the observed spectra are only composed of a large number of su-4 Investigation of the extreme-UV background emission -4.4 Application perimposed spectral lines complicates the analysis of the tungsten emission, and more particularly when we intend to extract useful information from the measured spectra (impurity density in this thesis). The usual method to extract information from the measured spectra is by applying a fitting procedure where the background emission (mainly the continuum emission) is represented by a simplified function (linear or quadratic) and the spectral lines by an appropriate function that describe their observed shape, as explained in the previous chapter. However, for spectra measured in the presence of tungsten in the EUV region, the apparent background is strongly dominated by the quasi-continuum or complex features which on top of them individual and relatively strong lines are observed. This explains the irregular shape of the observed spectra in tokamak (WEST tokamak here) with tungsten (W) as PFC. The spectra vary with the temperature because the quasi-continuum (and therefore spectral lines) is very sensitive to the temperature. In addition, even when the temperature is stable and does not vary, the spectra may change because the spectral lines are also sensitive to the tungsten density, which in turn depends on the transport and on the amount of tungsten atoms that are eroded from the tokamak PFC. This has a consequences on the quantity of interest that is extracted when analysing the intense individual spectral lines (brightness of spectral lines in particular). When one intends to fit spectral lines, an appropriate function to describe the background is needed. Unfortunately, as the background in our case is superposition of spectral lines, it is extremely difficult to find such a function, especially when we intend to extract the brightness automatically during a discharge where the temperature and the tungsten density vary. Therefore, even when care is taken in determining impurities density, uncertainties in brightness determination (and therefore impurity density) cannot be avoided, at least from this point of view. Introduction line brightness determination when one intends to estimate the temporal evolution of the impurity density. In the last section 5.6, the same procedure will be applied to other impurities such as Cu, Ar and Cl at a particular plasma radius interval depending on the plasma parameters (plasma temperature in particular).

Introduction

Extreme UltraViolet (EUV) spectroscopy is a valuable technique that can be used to provide qualitative and quantitative information on individual impurities (contrary to bolometry and soft-X ray diagnostics which do not allow to obtain information on individual impurities). Impurities in the plasma emit continuous and discrete radiation as a result of various processes: Bremsstrahlung, radiative recombination and spontaneous emission. The latter process results in the emission of photons with discrete wavelengths (spectral lines). By analysing the detected radiation (the spectrum), spectral lines corresponding to the emitting impurity ion are identified. Then, as will be seen below in section 5.2, the number of photons emitted during a particular transition per unit time, unit area and per solid angle (brightness of a spectral line) can be related to the total density of the impurity.

In the WEST tokamak, tungsten is an intrinsic impurity originating from the plasma facing components. The WEST lower divertor, considered as the main PFC, is based on ITER-grade actively cooled tungsten monoblock technology [START_REF] Bucalossi | Operating a full tungsten actively cooled tokamak: overview of WEST first phase of operation[END_REF]. The upper divertor target and other plasma facing components (baffle, inner bumpers, antenna and ripple protections) are coated with a thin tungsten layer of about 12-15 µm. Hence, sputtering is one of the primary mechanisms through which tungsten is removed from the PFCs. This mechanism occurs when plasma particles, in particular impurity ions, collide with the tungsten surface and transfer their momentum, causing atoms or molecules of tungsten to be ejected. The sputtered tungsten particles can then be ionised and transported from the edge to the plasma core. Even though tokamak core temperatures can be very high (T e ≈ 4 -8 KeV for current tokamaks and T e ≈ 20 keV in ITER), tungsten will not be fully ionised and it causes large radiation power losses. The tungsten concentration must be kept low in the plasma core otherwise it can lead to a radiation collapse. That is why it is important to diagnose and control the tungsten concentration in the plasma.

Determination of impurity density from spectral line brightness

In the EUV region (20-300 Å), tungsten emits a very large number of isolated and unresolved spectral lines. Hence, the measurements recorded by the EUV spectrometers 5 Experimental determination of impurity density in WEST tokamak -5.2 Determination of impurity density from spectral line brightness described in this thesis (SIR in particular) are extremely useful for determining the W and other impurity densities. However, the spectrometer delivers integrated measurements along a line of sight and it is necessary to apply models and approximations in order to obtain a radial information.

As stated earlier, the spectral line brightness can be related to the total density of the impurity, which allows the determination of the impurity density (or concentration) from the following equation

B z,Z i j = 1 4π
Z n e (l )n z (l )PEC i j (n e (l ), T e (l ))d l (

where B i j represents the spectral line brightness (corresponding to the transition between levels i and j inside an ion of charge z of atomic number Z ) that is deduced from the measured spectrum, n e and n z are the electron and impurity ion density profiles, PEC i j is called the photon emission coefficient and it gives the number of photons that an ion will emit for a given transition, and l is the length along the line of sight over which the emissivity is integrated. The equation 5.1 can be modified to include the total impurity density N Z instead of the ion density using the fractional abundance f z : n z = f z N Z . Thus, Eq. 5.1 can be written as

B z,Z i j = 1 4π
Z n e (l ) N Z (l ) f z (n e (l ), T e (l )) PEC i j (n e (l ), T e (l )) d l (

As the measurements are integrated along the line of sight, a tomographic inversion has to be performed to extract the impurity density profile. However, the impurity density can be obtained with a reasonable accuracy on the assumption of uniform W density in the region where the spectral line is emitted. This approximation is usually valid because the integral in Eq. 5.2 is strongly weighted at the small radial region where the fractional abundance f z is close to its maximum (outside this region the emissivity is very weak since there are less ions). Without loss of generality, the impurity density profile N Z (l ) can thus be replaced by an averaged quantity N Z in this narrow radial region:

B z,Z i j = 1 4π N Z Z n e (l ) f z (n e (l ), T e (l )) PEC i j (n e (l ), T e (l )) d l (5.
3)

The dependence of the photon emission coefficient PEC i j and fractional abundance f z on the electron density n e is generally negligible in tokamak plasmas (where n e values ranging between approximately 10 19 and 10 20 m -3 ). Rearranging Eq. 5.3 yields the effective impurity density N Z :

N Z = 4πB z,Z i j R n e (l ) f z (T e (l )) PEC i j (T e (l )) d l (5.4)
5 Experimental determination of impurity density in WEST tokamak -5.3 Tungsten spectral lines Thus, the average tungsten ion density can be evaluated from the fractional abundance of the emitting ion, the measured electron temperature and density profiles, the photon emission coefficient and the measured brightness of the spectral line of interest. Equation 5.4 has been used to determine impurity densities in different wavelength domains: X-ray [START_REF] Nakano | Determination of tungsten and molybdenum concentrations from an X-ray range spectrum in JET with the ITER-like wall configuration[END_REF], EUV [START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF][START_REF] Kd Lawson | Observation of low temperature VUV tungsten emission in JET divertor plasmas[END_REF]. However, this equation gives only the information on the radial position where the emitting ion exists. In order to obtain the whole impurity density profile, spectral lines emitted by different ionisation stages (of the same impurity) that are not close to each other is indispensable. The spectral lines that are emitted by close ionisation stages can be used to check the accuracy of the result.

The averaged impurity concentration C Z here is simply obtained by dividing the averaged impurity density N Z by the plasma density averaged over the radial region where the emission occurs n e :

C Z = N Z n e (5.5)
The accuracy of the impurity density (or concentration) determination depends on many factors: the spectrometer brightness calibration, the temperature and density profiles and the accuracy of the calculated f z and PEC i j .

Tungsten spectral lines

The tungsten spectral lines that are used to evaluate the W density in the WEST plasma core are given in table 5.1. The emitting ions are: W 42+ , W 43+ , W 44+ and W 45+ . Discrepancies between the wavelengths measured by the SIR spectrometer λ mes and those obtained from the NIST database [22] are about 0.2 Å for all the spectral lines except the one emitted by the W 45+ ion, which shows discrepancy of 0.07 Å. These W spectral lines are sufficiently intense when the core temperature is above 2 keV, as can be seen on the spectrum shown in Fig. 5.1, which makes them suitable for diagnostic purposes (determination of tungsten density in the current tokamak plasma core in particular). They were also used to determine experimentally the fractional abundance in ASDEX tokamak [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF] and the tungsten density in WEST plasma core [START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF].

The fractional abundances of W 42+ -W 45+ ions are calculated using the ADAS data [START_REF] Summers | The ADAS User Manual, version 2[END_REF] and are shown on the top of Fig. 5.2. The fractional abundances of these relatively high ionisation stages are broad because the tungsten ionisation energy increases with the ionization stage, which indicates that the temperature range where these ions exists is also broad. One can see that the ionisation stages W 42+ -W 45+ are only present if the plasma temperature is higher than T e > 2.2 keV. Below this temperature, lower ionisation stages must be used to determine the tungsten density. Note also that the fractional abundances are so close and overlap at a certain range of temperature (W 43+ and W 44+ in particular), which indicates that these ions can be present simultaneously at approximately the same radial position. This property allows to check the consistency of the obtained total W density. The narrower f z , having a maximum around a temperature of 3 keV, is that of the ion 42+ . The spectral lines emitted by this ion can be used to evaluate the W density in the radial position where the plasma temperature is between approximately 2.2 and 5 keV. For temperatures at the plasma center T e ≥ 4 keV (which is the case of some WEST discharges), the ion 42+ gives information on the W density in the radial position close to the plasma center (the magnetic axis), while other ionisation stages (W 43+ -W 45+ ) give information on the W density at the plasma center since their maximum fractional abundance is close to 4 keV. This can give an estimation of the tungsten density profile at the plasma core. The photon emission coefficients PEC of the W 42+ -W 45+ ionisation stages that correspond to the W spectral lines (indicated in table. 5.1) used in this work to evaluate the W density are shown on the bottom of Fig. 5.2 as a function of the temperature T e . The emission coefficients for all ionisation stages are not very sensitive to the temperature where the ions are present (T e > 2.2 keV). Hence, they can be assumed spectral lines constant and independent on the temperature. However, to be as accurate as possible, the dependence of the PEC on the temperature is included in this work. Note that the PEC corresponding to the spectral line emitted by the W 44+ is the largest one among the considered W ions. It is approximately 3 times higher than the W 43+ PEC which is the lowest one. By definition, the PEC represents the number of photons emitted by an ion during a particular transition. This suggests that, when the core temperature is sufficiently high (T e ≈ 4 keV), the strongest lines would be those emitted by the W 44+ and W 45+ ions since the fractional abundances of the W 43+ -W 45+ are close to each other. This can also be seen in the spectrum shown in Fig. 5.1 where the plasma core temperature is 3.8 keV. 5 Experimental determination of impurity density in WEST tokamak -5.4 Calculation method

Calculation method

The determination of tungsten density from the EUV measurements using Eq. 5.4 is not straight forward, but requires the spectral line brightness that is extracted from the measured spectrum and the integration of the quantity ε * (l ) along the spectrometer line of sight (LOS): ε * (l ) = n e (l ) f z (T e (l )) PEC i j (T e (l )) (5.6)

The method presented here is automatic i.e. it requires only the pulse number as an input, and the other inputs (plasma profiles, spectra ..) are directly retrieved from the IMAS [START_REF] Imbeaux | Design and first applications of the ITER integrated modelling & analysis suite[END_REF] or WEST databases. The steps for the determination of tungsten density are illustrated here using the pulse WEST#55506 (see Fig. 5.8 as an example).

Integration along the line of sight

The steps that are followed to perform the integration along the spectrometer line of sight are very similar to those explained in detail in the last section of the previous chapter. We summarize them briefly here for this case. The quantity ε * (l ) describes the shape of the spectral line emissivity along the spectrometer line of sight. Its integration necessitates to express the plasma profiles (T e and n e ), the fractional abundance f z (T e ) and the photon emission coefficient PEC i j (T e ) as a function of the coordinate l along the LOS. Then, using the reconstructed magnetic equilibrium, the integration can be transformed into a sum of the Calculation method 

Brightness and width of spectral lines

In the previous chapter, it was shown that the EUV measured spectra on WEST are only composed of spectral lines. A quasi-continuum is emitted in the wavelength region λ ≈ 115 -165 Å where the strong tungsten spectral lines that are used to estimate the W density lie. This means that the assumption of linear background that is used in the fitting process (presented in chapter 3) to describe the continuum emission is not valid, even in the small wavelength interval λ ≈ 125 -134 Å where the strong tungsten lines W 42+ -W 45+ are emitted, which may introduce a large error in the spectral line brightness determination. However, we will assume that the quasi-continuum under each spectral line can be described by a linear function, and instead of fitting the wavelength interval λ ≈ 125 -134 Å, we apply the fit on each spectral line separately.

To keep the fitting procedure automatic, the wavelength interval where the fitting 5 Experimental determination of impurity density in WEST tokamak -5.4 Calculation method procedure is applied to each spectral line is

λ = [λ 0 -3σ, λ 0 + 3σ] (5.8)
where σ = F W H M /2.345 is the standard deviation of the Gaussian function that is used to fit the spectral line, and λ 0 is the position of the line. This means that for each spectrum, the fit is applied to each wavelength interval [λ 0 -3σ, λ 0 + 3σ] Å centred at the tungsten line position λ 0 (see for example The spectra were averaged over 60 ms, and the time resolution (time step) is also chosen to be 60 ms. It can be seen on Fig. 5.5 that the F W H M of the spectral line emitted by the W 44+ exhibits a fast variation (between approximately 0.27 and 0.4 Å) during the time interval t ≈ 4.1 -7.25 s, and it is relatively high compared to the F W H M of the other spectral lines. In addition, the brightness of this spectral line is larger compared to the other lines (see the bottom of Fig. 5.5), which suggests that the W 44+ line is blended with another line whose contribution is not weak. That is why the spectral line W 44+ width F W H M and brightness are larger than the other lines. The fitting results of this line at t = 6.52 s shows clearly on the left of Fig. 5.6 that it is blended with another line. This line is emitted by F e 19+ and/or F e 22+ (as suggested by [START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF]) around 132.84 Å. After t ≈ 7.25 s, the width of the line W 44+ increases drastically to reach a value of about 0.66 Å. The reason is that it gets saturated and could not be fitted with a Gaussian, resulting in a very large apparent width as can be seen in the fitting results at t = 7.42 s shown on the right of Fig. 5.6. For these reasons, the line W 44+ will be discarded in the following. The variation of the F W H M (between ≈ 0.27 and 0.36 Å) of the spectral lines W 42+ , W 43+ and W 45+ shown in Fig. 5.5 is due to the fluctuations of the spectral lines that are emitted at wavelengths very close to these lines. An example that illustrates that is shown in Fig. 5.7 where the line W 43+ and the result of the fit to a Gaussian function is shown at t = 4.96 s and t = 5.02 s during WEST#55506. At both instants, the results of the fit are very satisfactory (at t = 4.96 s in particular), but the obtained F W H M values are not the same. The reason is that a weak spectral line is emitted at wavelength λ ≈ 126.3 Å that is very close to that of W 43+ , which overestimates the obtained F W H M . While at t = 5.02 s, this line becomes so small that it does not affect density in WEST plasma core the width of the W 43+ . Note also that the difference in the obtained amplitude A at these two instants is small, which indicate that the adjacent line is weak. This is observed in many cases where the F W H M obtained by applying the fit to the other lines fluctuates. This means that even with a high resolution spectrometer as the SIR, the strong lines are not isolated, and errors in determining brightness cannot be avoided by the present method.

The most obtained value of the spectral lines width (F W H M ) is about 0.27 ± 0.005 and it is the lowest one. This indicates that the resolution of the spectrometer SIR at this wavelength range λ ≈ 126 -130 Å is about 0.27 Å as the dominant broadening effect is the instrumental one. This value is considered as the real (measured) one for the spectral lines F W H M , and the deviation from it caused by the fluctuations of the adjacent lines is considered as the error in brightness determination, since the variation in the amplitude is very small and negligible (errors are less than 5% in most cases that are investigated). To keep the errors in brightness determination (and tungsten density) below 20%, only spectral lines that have a F W H M less than 0.32 Å are retained. 

Tungsten density in WEST plasma core

In the previous sections, the calculation method for the integration of the quantity ε * along the spectrometer LOS and the determination of the spectral line brightness B i j were illustrated using the pulse WEST#55506 as an example. Dividing the spectral line brightness by the integrated ε * along the spectrometer LOS yields the averaged impurity density, which can be divided by the averaged electron density to obtain the 5 Experimental determination of impurity density in WEST tokamak -5.5 Tungsten density in WEST plasma core averaged impurity concentration. These steps are now applied to different typical discharges to determine the temporal evolution of the averaged tungsten density in WEST plasma core. As these steps are automatic, the method can be applied to any discharge. The only input that is required is the pulse number. The time resolution can also be chosen. By default, it has a value of 60 ms. The computational time varies from a few seconds (for short pulses) to 1-2 minutes (for long pulses) depending on the duration of the discharge. This pulse was analysed in [START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF], and the reason for which the plasma temperature drops after t ≈ 7.4 s is that the tungsten density increases in the plasma core. This can be seen in Fig. 5.9 where the temporal evolution of the determined tungsten density and concentration from the spectral lines W 42+ , W 43+ and W 45+ in the core is shown. Before t ≈ 4 s, the spectral lines are not present in the spectrum because the temperature was below 2.1 keV. After that, these lines fluctuate during the time (as discussed in the previous section) because of the variation of the temperature and the fluctuation of the adjacent lines (quasi-continuum) that makes the tungsten 5 Experimental determination of impurity density in WEST tokamak -5.5 Tungsten density in WEST plasma core density fluctuates between values 1 × 10 16 and 4 × 10 16 m -3 (which corresponds to W concentrations of the order of 2 -8 × 10 -4 ) as well. Then, the tungsten density starts to increase when ICRH is added at t = 7 s, and the electron temperature slowly decreases after that. When the tungsten density reaches values of about 1 × 10 17 (W concentration of 2 × 10 -3 ) at t ≈ 7.5 s, the electron temperature decreases very rapidly due to the tungsten accumulation that results in radiative collapse.

Radiative collapse and tungsten accumulation

Other works [START_REF] Ostuni | Impact of plasma composition and aspect ratio on overall tokamak performance[END_REF][START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF] reported less tungsten density (deduced from bolometry or EUV measurements) by a factor of 2-3. The most probable reason for the disagreement is the quality of the atomic data ( f z , PEC and cooling factor L z ) that are used to quantify the tungsten density in each case. This emphasizes the need for the highest quality atomic data (for tungsten in particular) for reliable measurements of impurity densities. The temporal evolution of the tungsten density and concentration at the plasma core determined by the spectral lines W 42+ , W 43+ and W 45+ (as discussed before) is shown in Fig. 5.11. During the first 4 seconds, the temperature was too low (T e < 2.2 keV) to observe the tungsten lines of interest. After that, during the stationary phase, the tungsten density is almost stationary over the whole discharge. It has values between 2 × 10 16 and 5 × 10 16 m -3 . The concentration is also constant with values of about 4 -10 × 10 -4 . In addition, as discussed in section 5.3, the tungsten profile at the plasma core seems to be a bit peaked at the radial position where the W 43+ ion is abundant, as observed in the previous discharge (WEST#55506). However, the 5 Experimental determination of impurity density in WEST tokamak -5.5 Tungsten density in WEST plasma core density deduced from the W 45+ ion is the lowest one in both discharges although the central temperature here is about 4 keV. The fractional abundances f z calculated by ADAS that are used in this work (shown in Fig. 5.2), which are considered as a fit of the measured f z in ASDEX tokamak, suggest that the abundant ion at these temperatures is the W 45+ , while the W 43+ ion is abundant at approximately T e ≈ 3.5 keV. But, this is not what the present measurements of tungsten density show in WEST discharges.

Long stationary discharges

In the next chapter, the modelling of tungsten ionisation balance that is obtained from collisional radiative model indicates that the ion W 45+ is abundant at temperatures of about 4.5 keV. Could the f z calculated by ADAS be slightly under-estimated at these temperatures for WEST plasmas ? An interesting way to go is to use the calculated fractional abundances by the method described in the next chapter to determine the tungsten density in WEST tokamak in order to check if the tungsten density deduced by these spectral lines is consistent or not.

Errors and uncertainties

The method explained previously for tungsten density determination depends on many quantities. Some of them are obtained from collisional radiative calculations: the photon emission coefficients PEC i j and the fractional abundances f z , and the others are obtained from the measurements: plasma profiles (T e (r ) and n e (r )), and the brightness of spectral lines that is deduced from the measured spectra. Errors in determining these quantities affect tungsten density measurements either directly or indirectly.

The quantity that directly affects the tungsten density is the spectral line brightness, as it is proportional to the impurity density (see Eq. 5.4). The uncertainties in determining the spectral line brightness comes from the fluctuations of the quasicontinuum (which is composed of a very large number of spectral lines) that is very sensitive to the temperature, especially when we intend to determine the temporal evolution of the tungsten density. The error in brightness determination by the method presented here is less than 20%. This error cannot be avoided even if the spectrometer was perfect (the instrumental broadening is zero), because the measured spectral lines (quasi-continuum) are very close and always exhibit a finite line-width (due to natural and Doppler broadening effects in particular). Hence, the observed quasi-continuum under the strong spectral lines of interest will always be unresolved. In addition, uncertainties in the spectrometer brightness calibration can also affect the impurity density determination. The global calibration uncertainty for the SIR spectrometer was estimated to be about 20% in the wavelength region where the tungsten spectral line are emitted.

The effect of the errors in the other quantities on tungsten density are extremely difficult to evaluate (PEC and f z in particular). The electron temperature and density 5 Experimental determination of impurity density in WEST tokamak -5.6 Mid-Z impurity concentrations in the WEST plasmas are relatively accurate close to the plasma core where the tungsten spectral lines W 42+ , W 43+ and W 45+ are emitted, but uncertainties of about ± 5-10% are expected. The errors in the PEC and f z that are calculated using collisional radiative (CR) models are more difficult to be estimated because measurements of these quantities are rare or unavailable. Because of the large discrepancy between CR calculations [START_REF] Ralchenko | Collisional-radiative modeling for highly-charged ions of tungsten[END_REF], error in the calculated quantities ( f z and PEC ) is expected to be large. For example the PEC calculated by ADAS and those in [START_REF] Liu | Density evaluation of tungsten W24+, W25+, and W26+ ions using unresolved transition array at 27-34 Å in Large Helical Device[END_REF] differ by a factor of 2-3 for tungsten ions W 24+ , W 25+ and W 26+ .

Mid-Z impurity concentrations in the WEST plasmas

In this section, we apply the same method presented previously to spectral lines emitted by mid-Z impurities (Cu, C l and Ar ) in order to estimate their density (and concentration) in the WEST tokamak.

Brightness calibration of SURVIE

The calibration of the spectrometer in brightness units (photons m -2 s -1 sr -1 ) is necessary to determine the impurity density. As the SURVIE spectrometer is not calibrated, we intended to give a rough estimation for the SURVIE calibration coefficient C sur v (λ), which relates the measured photon flux I sur v (λ) (given in counts/s) to the spectral brightness B sur v (λ), using the SIR brightness calibration coefficient C si r (λ) shown in Fig. 2.4 (chapter 2).

Because the two spectrometers are not at the same position on the torus, their LOS do not cross the same poloidal plane. In the following we will assume that the plasma is toroidally symmetric so that the same photon flux is received by both spectrometers. In addition, when the SIR spectrometer is operated in a fixed mode (its line of sight is not moving), its LOS is not at the same position as that of SURVIE: there is a small poloidal angle θ between them. The measurements that will be used to make the calibration transfer must be recorded during a discharge where the SIR line of sight is oscillating and at a particular time t where the SIR LOS is the closest as possible to that of SURVIE. The SIR detector LW must also be in a position on the Rowland circle that allows it to record the spectra at the same wavelength region as SURVIE (λ ≈ 230 -300 Å). In those conditions, it is possible to assume that the spectrometers spectral brightness is almost the same: B sur v (λ) ≈ B si r (λ), and the SURVIE calibration coefficient C sur v (λ) can be determined by

C sur v (λ) ≈ I si r (λ) I sur v (λ) C si r (λ) (5.9)
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Where I si r (λ) and I sur v (λ) represent the measurements. The discharge that satisfies the previous conditions and that is used here is WEST#55521. The spectra measured by the SURVIE and SIR spectrometers at t = 2.02 s during WEST#55521 are shown in Fig 5 .13. The three most intense spectral lines that are emitted by the ions N 4+ and N 3+ of the same impurity are used for the calibration transfer. Using these spectral lines and Eq. 5.9, the SURVIE calibration coefficient C sur v (λ) can be estimated. The results are shown in Fig. 5.14. Both calibration coefficients (for SIR and SURVIE) are plotted as a function of the wavelength where C sur v (λ) is 2-3 times larger than that of SIR. This approximated coefficient will be used to express the measured spectra by the SURVIE spectrometer in brightness units (photons m -2 s -1 sr -1 ) in order to estimate the impurity concentrations. 5 Experimental determination of impurity density in WEST tokamak -5.6 Mid-Z impurity concentrations in the WEST plasmas

Spectral lines

The impurities that are determined here are: Copper (Cu), Chlorine (Cl) and Argon (Ar). Cu and Cl are intrinsic impurities, while Ar is an extrinsic one which is injected for diagnosis purposes. The ions Cu 17+ , Cl 13+ and Ar 13+ (when injected) emit strong spectral lines in the wavelength region measured by the SURVIE spectrometer, as shown in Fig. 5.15. Depending on the discharge scenario and the plasma conditions, these spectral lines can be among the strongest lines emitted in this wavelength range (λ ≈ 230 -300 Å), which makes them suitable for the determination of the total impurity density as discussed previously. The spectral lines emitted by the ions Cu 17+ , Cl 13+ and Ar 13+ (indicated on Fig. 5.15 by arrows) are summarized in table 5.2. Their measured positions λ mes by the SURVIE spectrometer are given in Å.

The fractional abundances of the ions Cu 17+ , Cl 13+ and Ar 13+ are calculated using ADAS datasets [START_REF] Summers | The ADAS User Manual, version 2[END_REF], and they are shown on the top of Fig. 5.16. The fractional abundances of these ionisation stages are relatively narrow, and the temperature range where they are abundant is relatively small (a few hundreds of eV). Note that the fractional abundances of these ions overlap at a certain range of temperature (ions with the same charge: Cl 13+ , Ar 13+ in particular), which indicates that these ions are at the same radial position during the discharge. These ions are usually at the edge of the plasma (at r>0.4 m) in WEST, especially when the temperature is above 1 keV. As the temperature increases, these ions shifts further away from the plasma core. the temperature T e . Contrary to the highly ionized stages of tungsten, the emission coefficients for these low ionisation stages are sensitive to the temperature in the region where the ions are abundant (0.15 < T e < 0.6 keV). Their dependence on the temperature must be taken into account (for the Cu 17+ in particular). The photon emission coefficients PEC that correspond to the spectral lines that are summarised in table. 5.2.
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Pulse WEST#57431

The method described previously to determine the tungsten density is applied here to spectra measured by SURVIE in order to determine an averaged density for the mid-Z impurities (Cl, Cu, and Ar) in WEST.

We illustrate the results obtained by this method using as an example the discharge WEST#57431. The time behaviour of the plasma parameters is shown in Fig. 5.17. This discharge was an ohmic one, there was no power injected by the auxiliary heating systems (LH and ICRH). The central line averaged density and temperature were stationary in the time interval [START_REF] José | Fundamentals of plasma physics[END_REF][START_REF] Francis F Chen | Introduction to plasma physics[END_REF][5][6][START_REF] Meyer | X-UV spectroscopy for nuclear magnetic fusion diagnostic[END_REF][START_REF] Peter | The plasma boundary of magnetic fusion devices[END_REF][START_REF] Bucalossi | Operating a full tungsten actively cooled tokamak: overview of WEST first phase of operation[END_REF] s. They had values of about 3 × 10 19 m -3 and 1.15 keV, respectively. After t ≈ 9, the central temperature starts decreasing and the plasma density increases. Then, the plasma ends with a disruption shortly after that at t = 10 s. The reason for this is the involuntary continuous injection of Argon at t ≈ 9 s. 

Introduction

Ionization balance (IB), which represents the fractional abundance of different charge states of an element in a plasma, is a crucial property for characterizing the state of the plasma. It is used in various calculations, including radiative energy losses, emissivity, and the determination of impurity density (as discussed in the previous chapter). Tokamak plasmas are extremely dilute media for which the energy distribution of the ionic states of the plasma is very far from local thermodynamic equilibrium. For a high Z element such as tungsten (74), where the ions contain many bound electrons, the dominant pathway to ionization is usually excitation (or capture) to autoionizing resonance states. Therefore, autoionization/resonant capture processes and the associated radiative cascades (described in chapter 1) become extremely important. In a diluted plasma, the problem remains open because of many uncertainties concerning the quality of autoionization rates and concerning the completeness (i.e., the atomic levels to be taken into account) necessary for the population kinetics. Furthermore, spectral emission of these heavy elements is characterized by many overlapping features (quasi-continuum) containing a huge number of lines making it necessary to use global statistical methods to analyze or model them. Research in this field is related to 6 Tungsten emission modelling in tokamak plasmas -6.2 Collisional radiative model the physics of complex atoms where one faces the problem of dealing with a very large number of atomic levels. Thus, for the calculation of population kinetics and emissivity, proper averaging of levels, rates, and lines, can hardly be avoided. As mentioned above, models for calculating ionization distribution and spectral emission encounter difficulties when dealing with heavy elements. This chapter addresses some of these issues in the specific case of tungsten in tokamak plasmas. Temperatures considered are in the range 0.8-5 keV characterizing existing or past tokamaks.

We report here calculations of ionic abundances and emission spectra of tungsten for the interpretation of spectroscopic measurements. These calculations are based on configuration average (CA) mode and make use of the Unresolved Transition Arrays (UTA) and of the Spin-Orbit-Split Arrays (SOSA) theories, and use a proper configuration averaging of levels, rates, and spectral structures as reviewed in [START_REF] Bauche | Atomic properties in hot plasmas: From levels to superconfigurations[END_REF]. In the present tokamak context, we did not make any adjustment to the recombination rates to reconcile the results with measurements as done in [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF]. The results of calculations are also compared with spectra recorded by the SIR spectrometer in the wavelength region λ ≈ 40 -70 Å.

Collisional radiative model

Population kinetics calculations or collisional-radiative modeling consist in obtaining the population set N z i for atomic levels i in all charge states z. This set is obtained by solving the system,

d N z i d t = X z ′ X j N z ′ j T (z ′ , j -→ z, i ) - X z ′ X j N z i T (z, i -→ z ′ , j ) (6.1)
where T (z ′ , j -→ z, i ) and T (z, i -→ z ′ , j ) are the global (summed over various collisional and radiative processes) populating rates, and the global depopulating rates of level i in the ionic species z, respectively. The main challenge in collisional-radiative modeling arises from the fact that isolated ions have an infinite number of energy levels, even for the hydrogen atom where the principal quantum number n -→ ∞. Fortunately, the microscopic processes at work in plasmas with Maxwellian electrons allow to ignore most of these highly excited levels. Also, the plasma continuum lowering effect [START_REF] Calisti | Ionization potential depression for non equilibrated aluminum plasmas[END_REF] helps to reduce the number of levels by cutting off highly excited levels. But still, there are no obvious rules to select the important levels to be taken into account for a given set of plasma parameters (n e , T e ). This is the problem of completeness of levels in collisional radiative models [START_REF] Hansen | Balancing detail and completeness in collisional-radiative models[END_REF], with the observed trend that models with an insufficient number of levels tend to over-predict ionization. At the basic atomic level, one has to list the important fine-structure (FS) levels or, for the sake of simplification, just the configurations 6 Tungsten emission modelling in tokamak plasmas -6.2 Collisional radiative model spawning these levels, this is the sense of configuration average (CA) calculations where one considers only the set N z c where N z c = P i ∈c N z i . Thus, instead of Eq. 6.1, one solves the reduced system:

d N z c d t = X z ′ X c ′ N z ′ c ′ T (z ′ , c ′ -→ z, c) - X z ′ X c ′ N z c T (z, c -→ z ′ , c ′ ) (6.2)
where T (z, c -→ z ′ , c ′ ) is a configuration average rate. The characteristic time of the evolution of the excited populations τ ex and that of the ionization equilibrium τ i on are small compared to the evolution time of the plasma parameters τ p (n e , T e ) [START_REF] Kunze | Introduction to plasma spectroscopy[END_REF]: τ ex << τ i on < τ p . Hence, the set of equations 6.2 reduce to a system of linear equations (steady-state solution):

X z ′ X c ′ N z ′ c ′ T (z ′ , c ′ -→ z, c) - X z ′ X c ′ N z c T (z, c -→ z ′ , c ′ ) = 0 (6.3)
It turns out that FS vs CA calculations are only possible in light elements, i.e., those for which the number of FS levels remains tractable. Between CA and FS calculations, comparisons may show some disagreements due to the existence of metastable levels (which are naturally taken into account with a FS description). Obviously, CA models also have a lower fidelity at the spectroscopic level but their advantage is that completeness is easier to satisfy. Indeed, the calculation of ionization balance in high-Z elements involves too many FS levels for a reliable calculation to be tractable. One must resort to a bundling of levels, i.e., to the configuration averaging (CA) mentioned above or even to the super-configuration averaging (SCA) and/or a mix of both [START_REF] Peyrusse | Calculation of the charge state distribution of a highly ionized coronal Au plasma[END_REF]. In the latter case, it has been shown that a convergence on the average ionization (and thus on IB) can be observed when one splits gradually the super-configurations (SC) into configurations. While this convergence is fast in high density plasmas (e.g., laser-produced plasmas), it is more difficult in lower density plasmas and may lead to an intractable number of configurations when one deals with complex many open shell configurations such as in tokamak plasmas where tungsten is present as an impurity and for temperatures of about 1-2 keV.

Promotional strategy

Collisional radiative models require a list of all possible levels as an input. As the present work is based on configuration average calculations, the most pertinent configurations must be included, especially the multiply excited levels (autoionizing levels) that act as dielectronic recombination channels. The resonant capture and autoionization are very important processes for high Z elements, the absence of the levels (configurations) that are connecting them can under-estimate these processes, resulting in inaccurate IB. The CA approach is the best one to model high Z elements since it provides a balance between the ions structure details and the tractability (as discussed before). The FS approach becomes quickly intractable even for mid-Z elements, while the SC approach lack details on the ion structure. In fact, for high Z elements, the ∆n = 0 dielectronic channels (resonant capture and and the associated radiative cascades) are non negligible, and may become the dominant "process" for temperatures around 1 and 2 keV where the tungsten ions with openshells are abundant. For these reasons, it is very reasonable (probably essential) to adopt configuration average calculations for high Z elements.

The approach that was adopted for approaching the completeness and providing the most pertinent configurations in the case of tungsten in tokamaks conditions is summarized in the following 4 steps:

-step 0 (label S0): we take the ground configuration for each ion stage and retain one-electron excitation from the last occupied subshell.

-step 1 (label S1): one considers the excitation of a second electron from the last occupied subshell (only if it contains at least 2 electrons in the ground configuration) -step 2 (label S2): still from the ground configuration, one considers the excitation of one electron from the second last occupied subshell -step 3 (label S3): from configurations resulting from S0 (with the exception of the ground one), one considers the excitation of one-electron from the second last occupied sub-shell to the outer sub-shells.

These different steps are best explained taking the example of the Zr-like ion (40 electrons). Here, for shortening, the notations, (3) 18 means 3s 2 3p 6 3d 10 while, for instance, (5-10) 2 represents all the permutations of 2 electrons in different sub-shells belonging to shells n=5 to n=10 S 0 gives (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 4 (ground configuration) (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 3 4f (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 3 (5-10) 1 i.e., 47 configurations.

S 1 gives (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 2 4f 2 (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 2 4f (5-10) 1 (1) 2 (2) 8 (3) 18 4s 2 4p 6 4d 2 (5-10) 2 i.e., 1081 configurations.

S 2 gives (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 5 (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 4 4f (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 4 (5-10) 1 i.e., 47 configurations. S 3 gives (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 3 4f 2 6 Tungsten emission modelling in tokamak plasmas -6.2 Collisional radiative model (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 3 4f (5-10) 1 (1) 2 (2) 8 (3) 18 4s 2 4p 5 4d 3 (5-10) 2 i.e., 1081 configurations.

This results in 2256 configurations in this ion stage, which remains very reasonable since a typical calculation with about 20 ion stages centered around the mean ionization leads to about 40 000-50 000 rate equations of kind 6.3.

Configuration energies and transition rates

The energy of each configuration obtained by the promotional strategy described above must be calculated for two main purposes: it is used in the calculation of the transition rates that are connecting the configurations, and it is also used in determining the emitted spectral lines wavelength during the radiative transitions. In this work, the configuration energy is computed using the Hartree-Fock-Slater (HFS) method, with an exchange potential of the form (in a.u.):

v x = -3α x µ 3 8π ¶ 1/3 ρ 1/3 (6.4)
where for tungsten, the parameter α x was set to 0.7822 [START_REF] Herman | Empirically adjusted and consistent set of EHT valence orbital parameters for all elements of the periodic table[END_REF] (instead of the standard value of 2/3). In these calculations, mass-velocity and Darwin relativistic corrections have been accounted for. The rates or cross sections for the various microscopic processes that are taken into account (E1 and E2 radiative transitions, electron-impact excitation, electron-impact ionization, photoionization, and autoionization) were computed according to the methods discussed in [START_REF] Peyrusse | Atomic configuration averages and non-local thermodynamical equilibrium plasma spectroscopy calculations[END_REF]. Most of the collisional processes are computed by the distorted wave (DW) approximation. The inverse processes are obtained using the principle of detailed balance. These rates are used to build a standard system of coupled collisional-radiative equations solved in the steady-state regime.

Calculation of the spectral emissivity

Once the system of coupled collisional-radiative equations 6.3 is solved in the steadystate regime, the obtained population distribution of configurations is used to compute the emissivity. This is realized by using the UTA/SOSA formalism [START_REF] Bauche | Transition arrays in the spectra of ionized atoms[END_REF]. For each couple of configurations (c, c') connected by radiative emission (forming a Transition Array), the contribution to the emissivity reads in the UTA limit

j cc ′ (ν) = h ν 4π
A cc ′ N z c φ cc ′ (ν) (6.5) where A cc ′ is the configuration average spontaneous emission rate, N z c is the population distribution of configuration c belonging to the ionisation stage z. The UTA 6 Tungsten emission modelling in tokamak plasmas -6.3 Results of collisional radiative modelling formalism allows to calculate properly the average position ν and width characterizing the Gaussian profile φ cc ′ of each array. , for the different lists of configurations discussed above. The two calculation points of [START_REF] Colgan | Collisional-radiative modeling of tungsten at temperatures of 1200-2400 eV[END_REF] are also reported as well as semi-empirical results of [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF].

Results of collisional radiative modelling

The solutions of the collisional radiative modelling are the population distribution of the configurations N z c . A common way to visualize these solutions is to calculate the average ionization Z defined as

Z = P c∈z zN z c P c∈z N z c (6.6)
This quantity is calculated for tungsten in the electron temperature range 0.8-5 keV with the four lists of configurations: S 0 , S 0 + S 1 , S 0 + S 1 + S 2 , and S 0 + S 1 + S 2 + S 3 , respectively. The results are shown in Fig. 6.1. We see that below 2 keV, Z undergoes a strong variation and that the addition of configurations issued from S 1 and S 3 has a dramatic impact on this average ionization. This means that these configurations open important channels for resonant captures. It turns out that these last calculations performed with a modest number of configurations (of the order of 50 000 on the whole) lie much closer to ionization inferred 6 Tungsten emission modelling in tokamak plasmas -6.3 Results of collisional radiative modelling from experiments [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF] than calculations performed with a much larger number of configurations [START_REF] Colgan | Collisional-radiative modeling of tungsten at temperatures of 1200-2400 eV[END_REF] and without any artificial factor introduced on the recombination rates. While calculations of [START_REF] Colgan | Collisional-radiative modeling of tungsten at temperatures of 1200-2400 eV[END_REF] considered a very large number of configurations mostly spawned from large SCs (although with necessary restrictions), it turns out that many configurations spawned from the complexes (3) 18 (4) 10 (7-10) 2 (the specific Zr like ion is kept as example) are not taken into account in these calculations. With regard to our choice in S 1 and S 3 , we thus identified here important configurations which have to be considered for an accurate completeness of configurations in low density high-Z plasmas. In particular, the promotion of 2 electrons from 4p, 4d, 4f to all sub-shells with n=5-10 seems to play an important role. Hereafter, all calculations are performed from lists S 0 + S 1 + S 2 + S 3 . A comparison of the fractional abundances at five temperatures in the range 1-5 keV (Fig. 6.2) is also instructive. While they are obviously shifted, the last three ones are close to each other. This is a clear illustration of the shell closure effect where ionization tends to favor closed-shell ions. Moreover, at 4 keV, the mean calculated ion charge is about 44 while available experimental data obtained in an impurity accumulation mode [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF], suggests an optimal temperature of 3.5 keV for this ion charge. However, this difference remains compatible with the uncertainty associated with the temperature measurement reported in [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF].

The tungsten emission is calculated using Eq 6.5 on a large spectral range (λ ≈ 10-600 Å) for a plasma density of 5 × 10 The results of the tungsten emission calculations show that spectral features (quasicontinuum) are emitted over the entire EUV domain (λ ≈ 10-600 Å), as discussed in the experimental analysis of the measured spectra in chapter 4. These spectral structures contain a very large number of overlapping lines, and isolated lines are superimposed on the top of them. One notices also that the shape of these features vary strongly with the wavelength and temperature. The most distinguishable quasi-continuum (QC) is the bright and prominent emission features in the wavelength range λ ≈35-68 Å (180 and 350 eV). Also, one notices that this QC is of importance concerning the total radiated power. The spectral structures emitted in this wavelength interval λ ≈35-68 Å correspond to a very large number of superimposed lines originating from transitions of the type 4d 10 4f n -4d 9 4f n+1 , 4d 10 4f n -4d 9 4f n 5p, and 4d 10 4f n -4d 10 4f n-1 5l(l=d, g) in ions W 24+ to W 35+ . This quasi-continuum (40-70 Å) was interpreted for the first time in terms of unresolved transition arrays (UTAs) [START_REF] Finkenthal | Soft X-ray bands of highly ionized tungsten, gold and lead emitted by the TEXT tokamak plasma[END_REF]. experiments

Comparison with experiments

In this section, the modelling results of the tungsten emission obtained by the method described above are compared to the EUV spectra measured in the WEST tokamak. In particular, the comparison is made for two spectra measured at low (T e ≈ 1 keV) and high (T e ≈ 4 keV) temperatures.

The measurements

The measured spectra presented in the following are recorded by the SIR detector SW during two typical discharges WEST#54723 and WEST#55522. The SIR was operated in a fixed mode (fixed line of sight crossing the magnetic axis). Despite these limitations, the global features of the measured spectrum are rather well reproduced by the calculation given the uncertainty of 15%-20% on the measured temperature. The wavelength interval in which lies the bright QC is modeled with a very satisfactory accuracy. Note, in particular, that the steep rise of the main structure's left wing measured at 46-48 Å is well reproduced by the model. The shape of this structure is also well reproduced: a very prominent, broad peak around 50 Å which the model reveals to be the sum of two broad features and the weak feature around 60 Å, which is modeled at a slightly higher wavelength. The structure modeled at 40-45 Å might correspond to the left foot of the main feature measured in the 45-48 Å interval. Below 30 Å, the modeled spectrum is reminiscent of the "sawtooth" aspect of measurements in WEST and other devices (see [START_REF] Liu | Component investigation of ionization stages on tungsten unresolved transition array spectra for plasma diagnostics based on space-resolved extreme-ultra violet spectroscopy in large helical device[END_REF]). We note that for a temperature of 1 keV, the calculated average ionization is Z = 29.08 and the emission is mainly due to charge states W 27+ to W 31+ (see Fig. 6.1). In the modeled spectra of Fig. 6.7, prominent narrow peaks in the interval 46-50 Å correspond to the contribution of the W 28+ ion (46 bound electrons), i.e., to lines 4d 9 4f -4d 10 and also to lines 4f -4d in slightly higher ionization stages. For these lines, a precise position cannot be expected with the present formalism which ignores configuration interaction. The EUV measured spectrum during WEST#55522 is shown in Fig. 6.8 (a). Because of the strong radial variation of temperature and density in this case (see Fig. 6.6), one expects the emissivity to be strongly in-homogeneous along the line of sight of the spectrometer. In particular, the non negligible contribution of the strong quasicontinuum that is emitted by the relatively low ionisation stages (W 24+ -W 35+ ). Fig. 6.8 (b) displays the synthesized spectrum (LOS integration) resulting from adding ten consecutive emitting zones taken along the gradients (T e , n e ) of Fig. 6.6 (WEST#55522). For information, the emissivity of the central zone is also displayed (red curve). Here also, global features of the spectrum are reproduced. In this hot plasma, both the measured and the modeled spectra exhibit a more intense feature around 60 Å with respect to the main feature. The brightness ratio of the two features is also well reproduced. Again, the feature modeled at 40-45 Å is not visible in the measurements, possibly because its actual wavelength is slightly larger (45-48 Å) than modeled. We also note that the main feature becomes broader, both in the model and the measurements. At about 4 keV (central zone of the plasma) the calculated average ionization lies between 44 and 45 so that the emission is mainly due to ion stages W 43+ to 46+ . In the 6 Tungsten emission modelling in tokamak plasmas -6. [START_REF] Francis F Chen | Introduction to plasma physics[END_REF] Comparison with experiments modeled spectra of Fig. 6.8, prominent narrow peaks around 60 Å correspond to the contribution of the W 44+ ion (30 bound electrons) and W 45+ ion (29 bound electrons), i.e., to single lines of the kind 4p-4s. Again for these lines (in these ions), a precise position cannot be expected with the present formalism.

Conclusion

This work has provided a tool to determine the temporal evolution of impurities density (tungsten at the plasma core in particular) in the WEST tokamak. It is now possible to rapidly (in less than a minute) obtain impurity densities (W, Ar, Cl and Cu) from the EUV spectroscopic measurements, enabling analysis of these impurities found in or introduced into the WEST plasmas. This can also be used to quantify the amount of these impurities between successive pulses during the experimental campaigns, allowing for a better control and monitoring of plasmas scenarios. Other works [START_REF] Ostuni | Impact of plasma composition and aspect ratio on overall tokamak performance[END_REF][START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the WEST tokamak[END_REF] reported less tungsten density by a factor of 2-3. The reason for that is believed to be in the quality of the atomic data ( f z , PEC and cooling factor L z ). This could be investigated in the future. It was shown in this thesis, through the analysis of the background emission in the EUV spectra measured on WEST, that the spectral lines dominate the emission, and a spectral structures (quasi-continuum) are emitted over, the wavelength intervals λ ≈ 115 -165 and λ ≈ 230 -300 Å. This was also confirmed by the results of collisionalradiative (CR) calculations that were performed in this work, which allowed to capture the large complexity of highly ionized tungsten spectra. It was shown that spectral features, sensitive to both temperature and wavelength, are emitted over the whole wavelength range λ ≈ 10 -600 Å. In addition, the obtained ionic populations for tungsten (ionization balance), without using any empirical modifications on the collisional-radiative rates, are close to the measurements obtained in ASDEX tokamak. The comparison of the calculated emissivity with the measured spectra showed a relatively good agreement where most of the spectral features emitted in 40-70 Å were well reproduced. These results show that the strategy used to generate the configuration list to be included in the CR model is accurate, and it allows to consider the most relevant configurations in tokamak plasmas conditions. As the results of this approach allows to capture most of the tungsten complex characteristics, this work can be a prerequisite for any work aiming at characterizing tokamak plasmas, for calculating line emission coefficients or more generally radiation power losses.
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 12 Figure 1.2: (Left): Tokamak configuration and principle [6]. (Right): Divertor magnetic configuration [7].
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 13 Figure 1.3: Picture of the WEST tokamak and its main plasma facing components that are made of tungsten [9].
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 14 Figure 1.4: (Left): Total tungsten cooling factor calculated by different codes (blue and red), and continuum emission (Bremsstrahlung and recombinations) in grey color as a function of temperature. (Right): Effect of W concentration on the ignition condition [11].
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 15 Figure 1.5: Illustration of the brightness definitions
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 21 Figure 2.1: (Left): Lines of sight (LOS) of WEST EUV spectrometers. Green: SURVIE, Red: SIR in fixed mode, and yellow represents the area covered by the LOS of SIR when operating in oscillating mode (see text). (Right) Sketch of the spectrometer SIR that is equipped with a concave grating (G) and two mobile multichannel plates (MCP) detectors (SW and LW) that scan along the Rowland circle.
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 22 Figure 2.2: View of the spectrometer SIR and its main components. (a) Side view of the instrument. (b) Front part with two interchangeable gratings where the 600 grooves/mm grating is used. (c) View of the MCP detector carriages mounted on the materialised Rowland circle. (d) MCP detector mounted on its carriage.

  10 3 mm is the Rowland circle radius which is half the grating curvature radius R (R 0 = R/2). These equations are used to determine the diffraction angle and the image position on the Rowland circle, which allows to compute the theoretical linear and angular dispersion. These two quantities are given in Fig.2.3 versus the wavelength λ of the entrance slit image on the Rowland circle. Note how the dispersion (linear and angular) increases non linearly with the wavelength.

Figure 2 . 3 :

 23 Figure 2.3: Linear and angular dispersion of the spectrometer using the 600 g/mm grating versus the wavelength.
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 24 Figure 2.4: Brightness calibration coefficient C B (λ) versus wavelength λ for the spectrometer SIR.

  2.5. The radiation coming from the plasma goes through the entrance slit and hits the 600g/mm concave grating. The diffracted light by the grating is focused in the focal plane (Rowland circle) where the MCP detector is placed. The detector is located in a fixed position that allows recieving light with a wavelength λ ≈ 225 -302Å . Hence, the spectra measured by the SURVIE spectrometer lie only in the spectral region λ ≈ 225 -302Å . The spectrometer line of sight (LOS) crosses almost horizontally the magnetic axis as illustrated in Fig. 2.1 (left).
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 25 Figure 2.5: View of the spectrometer SURVIE mounted on the WEST tokamak.
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 26 Figure 2.6: Spectrum measured with the SURVIE spectrometer during discharge WEST#57431. The identified spectral lines that are used for the wavelength calibration are indicated by arrows (see table 2.1).
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 28 Figure 2.8: Top: Geometry of chords in WEST plasma [25]. Bottom: electron density profile and the associated error bars measured during WEST#55789.
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 29 Figure 2.9: Example of electron temperature profile and the associated error bars measured during shot #55789.
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 210 Figure 2.10: The two horizontal bolometric cameras and the corresponding lines of sight in WEST [29].
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 211 Figure 2.11: Time history for discharge WEST#55789: electron temperature near the plasma center, central line averaged density, Ohmic and LH heating power, plasma current and total radiated power.

  2.8). In this section, examples of spectra measured in different wavelength regions that are relevant to this thesis are presented. The focus will be on the wavelength intervals: λ ≈ 40-70 Å, λ ≈ 115-165 Å and λ ≈ 230-300 Å.
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 212 Figure 2.12: Typical spectra obtained during discharge #55789. (Top) Spectrum measured by the detector LW of the SIR spectrometer in the wavelength interval λ ≈ 115-165 Å. (Bottom) Spectrum measured by the SURVIE spectrometer in the wavelength interval λ ≈ 226-302 Å.
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 213 Figure 2.13: Typical spectrum measured by the detector SW of the SIR spectrometer in the wavelength interval λ ≈ 34-67 Å during discharge #55522.
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 31 Figure 3.1: Example of a Gaussian function and its parameters: A is the amplitude, σis the standard deviation, λ 0 is the peak position, and F W H M is the full half width at half maximum.

  tions and the wavelength interval. The size of the spectrometers (SIR and SURVIE) detectors only allows to measure a wavelength interval of about 40 to 60 Å depending on the detector position on the Rowland circle. An example of the calculated continuum emission (Bremsstrahlung C f f and radiative recombination C f b ) for various tungsten (W) ions in the wavelength regions λ ≈ 110 -170 Å and λ ≈ 230 -300 Å is shown in Fig. 3.2. The continuum emissivity is calculated by the expressions 4.3 and 4.4 that are given in the next chapter. The emission of each W ion (z = 28, 34, 45) is computed for a value of temperature (T e = 1, 1.5, 4.2 keV) in which the ion is abundant.
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 32 Figure 3.2: Continuum emission (C f f +C f b ) for various tungsten ions of charge z at different temperatures T e in which each W ion is abundant.
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 33 Figure 3.3: Measured spectral resolution (F W H M ) obtained by [19] using a 600 grooves/mm grating and two entrance slits of width ∆x s equal to 10 and 20 µm.
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 34 Figure 3.4: Brightness B l m (colored area) of a spectral line who's shape is represented by a Gaussian function.

  3.5). These lines are of great interest in determining tungsten density in the plasma core of current tokamaks. A typical spectrum measured in this wavelength interval during the pulse WEST#55794 and the result of the fitting procedure are shown in Fig.3.5. The percentage error Er r (λ) 3.10 is also shown at the bottom.
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 35 Figure 3.5: Typical spectrum measured by the SIR spectrometer in the wavelength region λ ≈ 119 -165 Å (bleu). Results of the fitting procedure: the mathematical model (orange) and the linear background (black). The percentage error is shown at the bottom.
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 36 Figure 3.6: The same measured spectrum WEST#55794 in the wavelength region λ ≈ 125 -134 Åand the corresponding fit results using a linear background.
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 37 Figure 3.7: Spectrum WEST#55794 in the wavelength region λ ≈ 125 -134 Å and the corresponding fit results using a quadratic background.
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 38 Figure 3.8: The measured spectrum by SURVIE during WEST#55794 in the wavelength region λ ≈ 232 -245 Åand the corresponding fit results.
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 41 Figure 4.1: Typical spectrum measured on Tore Supra during shot#31518.
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 42 Figure 4.2: Example of spectrum measured on WEST during shot#55518 and two different results obtained from applying the fitting procedure for the same spectrum.
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 43 Figure 4.3: Free-free Gaunt factor G f f as function of the temperature T e for typical values of ion charge z (top) and wavelength λ (bottom).

Figure 4 .

 4 3 shows the free-free Gaunt factor G f f as a function of the temperature T e for different values of the charge z (top), and of the wavelength λ (bottom). We see that G f f increases with the temperature 4 Investigation of the extreme-UV background emission -4.2 Continuum emission
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 44 Figure 4.4: Emissivity ratio R ε as a function of the temperature T e and the wavelength λ for three impurities: Tungsten, Argon and Beryllium. The colored curves are shown to facilitate the visualisation: White curve: R ε ≈ 1, yellow: R ε ≈ 3 and red: R ε ≈ 5.
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 45 Figure 4.5: Schematic view of the spectrometer SIR that is equipped with a 600g/mm concave grating (G) and two multichannel detectors MCPs (SW and LW) that scan along the Rowland circle. The directions of the diffracted light I m are indicated by arrows.
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 46 Figure 4.6: (Left) Incidence angle as a function of the position on the grating. (Right:) calculated grating efficiency for the first three diffraction orders.

4

  Figure 4.7: Coefficient K m>1 as function of the wavelength for the first and secondorder. The green points were determined experimentally[START_REF] Guirlet | Absolute sensitivity calibration of an extreme ultraviolet spectrometer for tokamak measurements[END_REF] 
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 48 Figure 4.8: Time sequences of central electron temperature, central line averaged density, Ohmic and LH heating power for discharges WEST#54596 and WEST#54560. The shaded areas (grey) correspond to the time intervals during which spectra were averaged.
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 49 Figure 4.9: (Left): Measured spectrum by the SIR detector SW during WEST#54560 that is used to estimate the higher diffraction order emission. (right): plasma profiles n e (r ) and T e (r ) measured at t ≈ 5.7 during the discharge WEST#54596
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  Investigation of the extreme-UV background emission -4.4 Application the time t ≈ 5.7 where the spectrum was recorded during the discharge WEST#54596 are shown on the right of Fig. 4.9. The plasma radius r is defined here as the distance from the magnetic axis to approximately the middle of the vessel at the equatorial mid-plane, where the spectrometers LOS are located, as shown in Fig. 4.10.
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 410 Figure 4.10: The reconstructed magnetic equilibrium for WEST#54596 at t=5.7 with the spectrometers line of sight (LOS) and the approximate position of the radial coordinate r considered in the calculation.
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  Investigation of the extreme-UV background emission -4.4 Application discharge WEST#54560 and its components B f f and B m>1 as defined by Eq. 4.20 are shown in Fig. 4.11. The results show that the contribution of the estimated Bremsstrahlung is completely negligible with respect to the measured spectrum B t ot .
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 411 Figure 4.11: Spectrum measured by the SIR LW detector spectrometer in the wavelength range λ ≈ 115 -165 Å during discharge WEST#54560 and the estimated Bremsstrahlung B f f and the higher diffraction order emission B m>1 .
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 412 Figure 4.12: Spectrum measured by the SURVIE spectrometer in the wavelength range λ ≈ 226 -302 Å during discharge WEST#54560 and the estimated Bremsstrahlung B f f .
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 413 The discharge starts with Ohmic heating and then is maintained stable during 7-34.5 s by a 3 MW of lower hybrid (LH) power. The central temperature and line averaged density reach about 3.7-4 keV and 3.2-3.6×10 19 m -3 , respectively. The spectra measured by the two spectrometers were averaged over the time interval 20-20.5 s (the grey shaded area on the left of the figure) in which the central temperature and line averaged density were about 3.8 keV and 3.55 × 10 19 m -3 , respectively.On the right of Fig.4.13, the discharge WEST#55522 that has very similar parameters (the plasma density and temperature in particular) to those of WEST#55954 is shown. The spectrum that was recorded by the SIR SW detector during this discharge is used to estimate the second B 2 and third B 3 diffraction orders of the quasi-continuum (QC) emission around 60 and 50 Å. It was averaged over the time interval 20-20.5 s indicated by the shaded area on the right of Fig.4.13. The temperature and line averaged density were about 3.9 keV and 3.6 × 10 19 m -3 , respectively. This spectrum is shown on the left of Fig.4.14.

Figure 4 . 13 :

 413 Figure 4.13: Time sequences of central electron temperature, central line averaged density, Ohmic and LH heating power for discharges WEST#55794 and WEST#55222. The shaded areas (grey) correspond to the time intervals during which spectra were averaged.

  4.14) are observed at the wavelength region 120 -126 Å. These lines are also observed in the ASDEX-Upgrade tokamak[START_REF] Knut Asmussen | Spectroscopic investigations of tungsten in the EUV region and the determination of its concentration in tokamaks[END_REF][START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF]. The spectral lines B l i ne dominate also the emission at high temperatures, where strong individual lines are observed on the top of a quasi-continuum.

Figure 4 . 55522 Figure 4 . 15 :

 455522415 Figure 4.14: (Left): the measured spectrum by the SIR detector PL during WEST#55794 that is used to estimate the higher diffraction order emission. (right): plasma profiles n e (r ) and T e (r ) measured at t ≈ 20.2 during the pulse WEST#55522

Figure 5 . 1 :

 51 Figure 5.1: Typical spectrum WEST#54178 measured by the SIR detector LW . The spectral lines emitted by the sequential tungsten ions W 42+ -W 45+ are indicated by arrows.

Figure 5 . 2 :

 52 Figure 5.2: (Top): fractional abundances f z of the sequential tungsten ions W 42+ -W 45+ as a function of the temperature T e . (Bottom): The photon emission coefficients PEC that correspond to the W spectral lines that are summarised in table. 5.1.

Figure 5 . 3 :

 53 Figure 5.3: (a): radial profiles of N e , T e for WEST#55506 at t = 6.5 s (red curves) and at t = 8.3 s (green curves). (b): reconstructed magnetic equilibrium, the spectrometer LOS (green line) and the approximate position of the plasma radius r at t = 6.5 s.

Figure 5 . 4 :

 54 Figure 5.4: The photon emission coefficients PEC i j , the fractional abundances f z and the calculated ε * of the tungsten lines (W 42+ -W 45+ ) as a function of the plasma radius r during WEST#55506 at two instants: t=6.5 s where the central temperature T e0 is 3.6 keV, and t=8.5 where T e0 ≈ 2.8 keV.

Fig. 5 .

 5 6). This interval was chosen because it contains 99.73 % of the area of the Gaussian function (the brightness of the spectral line).This was applied to the spectra measured during the discharge WEST#55506, the obtained F W H M and brightness B i j of each spectral line (W 42+ -W 45+ ) as a function of the discharge time are shown in Fig.5.5. The temperature was below 2.1 keV during the first seconds and no spectral line is emitted by the ions W 42+ -W 45+ below this temperature.
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 55 Figure 5.5: FWHM and brightness obtained by applying the fitting procedure to spectra measured during WEST#55506.

Figure 5 . 6 :

 56 Figure 5.6: Profiles of the blended W 44+ spectral line at two instants of WEST#55506: t=6.52 s and t=7.42 s. The measurements are in blue while the dashed red line denotes the best fit of the data to Gaussian profiles.
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 57 Figure 5.7: Profiles of the W 43+ spectral line (blue color) and the corresponding fit (dashed red lines) at two instants of WEST#55506: t=4.96 s and t=5.02 s. The obtained width F W H M and the amplitude A at each instant are given.
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 58 Figure 5.8: Time traces of the main parameters of the discharge WEST#55506: line averaged electron density at the center of the plasma, central electron temperature, and time behavior of the power injected in the plasma (ohmic, ICRH and LH heating).

Figure 5 . 9 :

 59 Figure 5.9: Temporal evolution of tungsten density (top) and its concentration (bottom) deduced from the spectral lines W 42+ , W 43+ and W 45+ during the pulse WEST#55506.

Figure 5 . 10 :

 510 Figure 5.10: Temporal evolution of the main parameters of WEST#55506: line averaged electron density and temperature at the center of the plasma, and time behavior of the Ohmic and LH heating power.
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 511 Figure 5.11: Temporal evolution of tungsten density (top) and its concentration (bottom) deduced from the spectral lines W 42+ , W 43+ and W 45+ during the pulse WEST#55789.

Figure 5 .

 5 Figure 5.12: (Top): The SIR line of sight angle θ as a function of time during discharge WEST#55521. (Bottom): Position of SIR and SURVIE line of sight at t = 2.02 s during WEST#55521.
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 514 Figure 5.14: Calibration coefficients for the SIR and SURVIE spectrometers as a function of the wavelength.

Figure 5 . 15 :

 515 Figure 5.15: Typical spectrum measured by the SURVIE spectrometer during pulse WEST#57431. The spectral lines emitted by the ions Cu 17+ , Cl 13+ and Ar 13+ are indicated by arrows.

  5.2 used to evaluate the mid-Z impurity densities are shown on the bottom of Fig. 5.16 as a function of

Figure 5 .

 5 Figure 5.16: (Top): Fractional abundances f z of the ions Cu 17+ , Cl 13+ and Ar 13+ as a function of the temperature T e . (Bottom): The photon emission coefficients PEC that correspond to the spectral lines that are summarised in table. 5.2.
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 517 Figure 5.17: Time behaviour of the central line averaged density, the central temperature and the Ohmic and LH power.

Figure 5 .Figure 5 . 20 :

 5520 Figure 5.19: FWHM of the spectral lines emitted by the ionisation stages Cu 17+ , Cl 13+ and Ar 13+ during WEST#57431

Figure 6 . 1 :

 61 Figure 6.1: Average ionization as a function of temperature at electron density of 5 × 10 19 m -3, for the different lists of configurations discussed above. The two calculation points of[START_REF] Colgan | Collisional-radiative modeling of tungsten at temperatures of 1200-2400 eV[END_REF] are also reported as well as semi-empirical results of[START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX Upgrade and predictions for ITER[END_REF].

Figure 6 . 2 :

 62 Figure 6.2: Ionization distribution of tungsten at five temperatures and electron density of 5 × 10 19 m -3 .

  19 m -3 and temperatures of T e = 1 keV and 6 Tungsten emission modelling in tokamak plasmas -6.3 Results of collisional radiative modelling T e = 1.5 keV. It is displayed in Fig. 6.3.

Figure 6 . 3 :

 63 Figure 6.3: Calculated tungsten emission spectra on a large spectral range for T e = 1 keV (black) and T e = 1.5 keV (red), respectively. The inset is a linear scale zoom of the interval 180-350 eV (35-68 Å) where the maximum of emission lies.

Figure 6 . 4 :

 64 Figure 6.4: Discharge WEST#54723: (a) Time behavior of the power injected in the plasma, Ohmic heating and lower hybrid (LH) heating, (b) line averaged electron density and (c) electron temperature at the center of the plasma.

Figure 6 . 7 : 6 . 4 . 3 Figure 6 . 8 :

 6764368 Figure 6.7: (a) EUV spectrum averaged between 19 and 20 s for the WEST#54723. (b) and (c) Calculated EUV spectra with a UTA/SOSA description for different temperatures between 0.8 and 1.35 keV.
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 4 

		Length	Radius	Incidence angle Blaze angle Coating
	600/mm	35 mm 1999.5 mm	π/2 -α	1.5°Gold

1: Grating parameters used in the calculations.

Table 5 .

 5 1: List of observed W spectral lines that are used to evaluate the tungsten density, with the corresponding ionisation stage, measured λ mes and refereed λ r e f wavelengths, and the corresponding transition.

	5 Experimental determination of impurity density in WEST tokamak -5.3 Tungsten
					spectral lines
	Tungsten Wavelength Wavelength	Transition	Reference
	ion	λ mes (Å)	λ r e f (Å)		
	W 42+	129.2	129.41	4s 2 4p 2 3 P 0 -4s 2 4p 2 1 D 2	[22]
	W 43+	126.11	126.29	4s 2 4p 2 P 1/2 -4s 2 4p 2 P 3/2	[22]
	W 44+	132.66	132.88	4s 2 1 S 0 -4s4p 3 P 1	[22]
	W 45+	126.92	126.99	4s 2 S 1/2 -4p 2 P 1/2	[22]

5

  Experimental determination of impurity density in WEST tokamak -5.6 Mid-Z impurity concentrations in the WEST plasmas

	Spectral Wavelength Impurity ion	Transition	Reference
	line	λ mes (Å)			
	1	234.19	Cu XVIII	3s 2 1 S 0 -3s3p 1 P 1	[22], [23]
	2	237.7	Cl XIV	2s 2 1 S 0 -2s2p 1 P 1	[23]
	3	243.79	Ar XIV	2s 2 2p 2 P 1/2 -2s 2 p 2 2 D 3/2	[22]

Table 5 . 2 :

 52 The observed spectral lines that are indicated by arrows in Fig.5.15, with the corresponding wavelength measured by SURVIE spectrometer, emitting ion and the corresponding transition.
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5 Experimental determination of impurity density in WEST tokamak -5. [START_REF] Francis F Chen | Introduction to plasma physics[END_REF] Calculation method contribution of ε * (l ) at each magnetic surface crossed by the LOS (where the plasma density and temperature are nearly constant). The details of the calculation are illustrated for two different instants t = 5 and t = 8 of the pulse WEST#55506 whose temporal evolution is shown in Fig. 5.8. The plasma profiles measured by the ECE and the interferometry at these two instants are shown in Fig. 5.3 (a). They are given here as a function of the plasma minor radius r . The reconstructed magnetic equilibrium with the code NICE [START_REF] Faugeras | An overview of the numerical methods for tokamak plasma equilibrium computation implemented in the NICE code[END_REF] is shown in Fig. 5. 3 (b) with the spectrometer (SIR) line of sight. The separatrix that separates the plasma core from the edge is also shown on the figure. The plasma profiles are assumed poloidally symmetric l ≈ 2r , and constant on the magnetic surfaces. This allows converting the integration of the quantity ε * (l ) along the spectrometer LOS into a sum:

where the index i represents a magnetic surface crossed by the spectrometer and r i is its width. The photon emission coefficients PEC i j and fractional abundances f z of the tungsten lines (W 42+ -W 45+ ) discussed previously are calculated as a function of the temperature T e . They can also be expressed as a function of the plasma radius through their dependence on T e by using the measured temperature profiles. In the present example, the measured temperature profiles during the pulse WEST#55506 at t=6.5 s and t=8.3 s, shown on the left of Fig. 5.3, are used to express the photon emission coefficients and fractional abundances as a function of the plasma radius r , as shown in Fig. 5.4. The quantity ε * (r ) = n e (r ) f z (r ) PEC i j (r ) is also shown in Fig. 5.4.

The quantity ε * (r ) here describes the radial shape of the spectral lines (W 42+ -W 45+ ) emissivity at two different instants. At t=6.5 s where the central temperature T e0 is 3.6 keV, the radial region where the emission occurs is relatively large and extends to about one third of the confined plasma. While at t=8.3 s where T e0 is about 2.8 keV, the radial region of the emissivity is weaker and narrower (about 1/5 of the confined plasma). This is directly related to the T e dependence of the fractional abundances, as can be seen in the fractional abundance profiles shown Fig. 5.4. The emissivity is strongly weighted by the fractional abundances where the shape of ε * (r ) is very similar to that of f z (r ). Thus, as the temperature increases (above T e0 ≈ 2.1 keV), the radial profile of the emissivity gets stronger and larger until the central temperatures reaches values (of about 4 keV) where the fractional abundances are at their maximum.

5 Experimental determination of impurity density in WEST tokamak -5.6 Mid-Z impurity concentrations in the WEST plasmas

LOS integration and FWHM

The same steps are followed to perform the integration along the SURVIE line of sight using the plasma profiles. The photon emission coefficients PEC, and the fractional abundances for the ions Cu 17+ , Cl 13+ and Ar 13+ are expressed as a function of the plasma radius to calculate the quantity ε * (l ) = n e (l ) f z (T e (l )) PEC i j (T e (l )) at each point on the LOS. Then, using the reconstructed magnetic equilibrium, the integration along the LOS can be performed.

The line brightness and FWHM of the spectral lines emitted by the mid-Z ions mentioned above are determined by applying the fitting procedure (that was used in the case of tungsten) to the spectra measured by SURVIE assuming an initial value of 0.35 Å for the FWHM (since the SIR and SURVIE resolution is not the same). Examples of the spectral lines (Cl 13+ and Ar 13+ ) profiles measured by SURVIE and the corresponding fit during WEST#57431 are displayed in Fig. 5.18. The results are very satisfactory (as it was the case for tungsten lines). However, when these lines become weaker (as it is the case in other discharges), the fitting results may not be good. We also note that the quasi-continuum emitted in this wavelength interval seems to be weak and does not exhibit a strong variation with the wavelength during this discharge (see for example The temporal evolution of the spectral lines FWHM is shown in Fig. 5.19. The FWHM is about 0.41 Å in most cases (for Cl 13+ in particular), which correspond to the lowest obtained values. Hence, it is assumed that the SURVIE resolution is also about 0.41 Å. The fitting results were more accurate for the Cl 13+ line than the others because this line is very intense and well isolated. For SURVIE, and after analysing several spectra (during this pulse or in others), it was concluded that the FWHM smaller than 0. In these discharges, tungsten is an intrinsic impurity, originating from the tungsten divertor plates and the other W surfaces facing the plasma. The EUV spectra, recorded in the wavelength region from 40 to 70 Å and displayed in Figs. 6.7 and 6.8, are averaged over 0.5 s to improve the signal-to-noise ratio. More specifically, the spectrum corresponding to WEST#54723 is averaged over the interval 7.5-8 s, while the spectrum corresponding to WEST#55522 is averaged over the interval 20-20.5 s. The corresponding density and temperature profiles are shown in Fig. 6.6. We note that for WEST#55522, the temperature range explored by the spectrometer line of sight is substantially broader than that of WEST#54723. In the former case (WEST#55522), the radial distribution of both T e and n e (see Fig. 

Low temperature spectrum

The EUV spectrum corresponding to WEST#54723, as measured using the spectrometer SIR in the range (35-70) Å (and averaged in the time interval 7.5-8 s, as mentioned above) is shown on the top of Fig. 6.7. This figure also shows synthesized spectra using the methods mentioned above, for different temperatures around the maximum temperature of the plasma (see Fig. 6.6). The calculated spectra have been convoluted with a Gaussian of FWHM=0.2 Å. We did not attempt to make a proper quantitative comparison. We restrict our comments to the most obvious features of the spectra, which are extremely complex and for which a line by line account of all transitions is impossible. We remind that our calculations are Hartree-Fock-Slater calculations, not fully relativistic but based on a properly implemented UTA/SOSA description of the spectral emission. This statistical approach cannot provide an accurate description when the SOSAs contain a single line (the statistical variance of those SOSAs is 0). This is the case for transitions 4d 9 4f -4d 10 in the Pd-like ion or for transitions 4p 5 4d -4p 6 in the Kr-like ion. Another issue is that transitions ∆n = 0 with n=4 may be strongly affected by configuration interaction (CI) effects which change oscillator strengths and line positions. In particular, the mixing between configurations 4p 6 4d m-1 4f and 4p 5 4d m+1 , m = 1-9, i.e., in ions W 37+ to W 29+ turns out to be important [START_REF] Radtke | Line and band emission from tungsten ions with charge 2 1+ to 4 5+ in the 45-7 0-Å range[END_REF].