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I. INTRODUCTION

The ITER tokamak is an essential milestone in research on fusion as the energy of the future: it will be the first experimental device of sufficient size to maintain a plasma in thermonuclear combustion. Many of its plasma-facing components will be made of tungsten. This choice was motivated by its high-energy threshold of sputtering, low sputtering yield, high-redeposition efficiency, low tritium retention capacity and in addition, its excellent thermal properties.

The first two large-size tokamaks which were subsequently equipped with tungsten walls, ASDEX-Upgrade (AUG) and JET, have shown that in some experiments, tungsten accumulates in the centre of the plasma. [START_REF] Neu | Tungsten: an option for divertor and main chamber plasma facing components in future fusion devices[END_REF][START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] The radiation then increases and can become uncontrollable, which leads to a sudden recombination of the plasma (disruption). Solutions to this problem involve either the control of the W sources from the walls or that of transport in the confined plasma [START_REF] Valisa | Metal impurity transport control in JET H-mode plasmas with central ion cyclotron radiofrequency power injection[END_REF] (and preferably both). W sources on tokamak walls and transport in the poor confinement region (the so-called scrape-off layer) have been studied by means of modelling [START_REF] Bufferand | Three-dimensional modelling of edge multicomponent plasma taking into account realistic wall geometry[END_REF] but measurements about W ions in this fairly cold region (below a few 100s eV) are difficult and scarce (see e.g. Ref. 5). W transport in the confined plasma (up to a few keV) benefits from more measurements, especially in the VUV and EUV domains, but the huge number of spectral features and their complex shape makes their identification difficult. One of the reasons of the latter difficulty is the lack of consensus of the atomic models aiming, in particular, at the determination of the ionisation balance (IB), which is the key to a realistic modelling of the W spectroscopic properties.

From the atomic physics and plasma spectroscopy point of view, it should be remembered that ionisation balance (IB), i.e. the fractional abundance of the different charge states, is the most important property for describing the plasma state. From this IB depend both the radiative energy losses and the emissivity necessary for spectroscopy diagnostics. Tokamak plasmas are extremely dilute media for which the energy distribution of the ionic states of the plasma is very far from thermodynamic equilibrium. For light elements, it is close to what is called the coronal equilibrium. Ionization is then essentially the result of a balance between collisional ionization and radiative recombination. For a high Z element such as tungsten, where the ions contain a lot of bound electrons in several closed inner shells, the dominant pathway to ionization is usually excitation (or capture) to autoionizing resonance states. Therefore, autoionization/resonant capture processes and the associated radiative cascades become extremely important and make the previous quasi-coronal description even more complex. 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 containing a huge number of lines making it necessary to use global statistical methods to analyse or model them. Research in this field is related to 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 work adresses 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. Also, we do not focus on the relatively cold ITER divertor plasmas of temperatures in the range 25 -150 eV and of higher density. 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 Ref. 6. These methods have been applied with a noticeable success to dense plasmas, e.g. hot laser-produced plasmas (see for instance Ref. 7). In the present tokamak context, we did not make any adjustment to the recombination rates to reconcile the results with measurements as done in Ref. 8 with another approach (this point is discussed below). These calculations are compared with spectra observed on the WEST tokamak. This device benefits from radiation measurement systems not available on AUG and JET, namely an optimized far-UV (EUV) spectrometer with a moving line of sight and a soft X-ray measurement system with energy resolution. This work takes place in an effort aiming at determining the density of tungsten throughout the plasma. Ultimately, the results will be compared to theoretical transport models, in particular transport due to turbulence, in order to understand how to avoid tungsten accumulation in the plasma.

II. ATOMIC MODEL FOR TUNGSTEN IN TOKAMAK CONDITIONS

Many studies have already been published concerning the ions of tungsten (energy levels, spectral lines). A review can be found in Ref. 9. In particular, devices smaller than tokamaks such as electron-beam ion traps (EBIT) allowed spectral measurements of specific ions of tungsten from the medium to the rather high charge-state range. [START_REF] Radtke | Line and band emission from tungsten ions with charge 21+ to 45+ in the 45-70 angs range[END_REF][START_REF] Utter | Electron beam ion-trap spectra of tungsten in the EUV[END_REF][START_REF] Yu | Spectra of W 39+ -W 47+ in the 12-20 nm region observed with an EBIT light source[END_REF][START_REF] Biedermann | Spectroscopy of highly charged tungsten ions relevant to fusion plasmas[END_REF] Concerning the kinetics, and more specifically, the calculation of the ionization balance (IB) of W, various models have been proposed, e.g. ADPAK. [START_REF] Post | Steady-state radiative cooling rates for low-density, high-temperature plasmas[END_REF] Later, a modification of ADPAK was proposed for a better matching with experimental results. [START_REF] Asmussen | Spectroscopic investigations of tungsten in the EUV region and the determination of its concentration in tokamaks[END_REF] Still later, Loch et al proposed improved ionization rates (taking into account autoionization/resonant capture) [START_REF] Loch | Electron-impact ionization of atomic ions in the W isonuclear sequence[END_REF] but, even with this improved version of ADPAK, Pütterich et al found discrepancies between predictions and experiments. [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] Hence they proposed an ad hoc modification of recombination rates of ADPAK [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] which is now adopted in the OPEN-ADAS data base. 17 A conclusion of these studies is that it is crucial to understand the complex W population kinetics especially in the range 0.8 -3 keV where the most abundant ions have electrons in open N-shell configurations.

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

dN (z) i dt = ∑ z ′ ∑ j N (z ′ ) j T (z ′ , j → z, i) -∑ z ′ ∑ j N (z) i T (z, i → z ′ , j) (1) 
where T (z ′ , j → z, i) and T (z, i → z ′ , j) are the global (i.e. summed over various collisional and radiative processes) populating rates, and the global depopulating rates of level i in the ionic species z, respectively. One notices here that steady-state solution corresponds to dN (z) i dt = 0. The main difficulty in collisional-radiative modeling, is well known: there is literally an infinite number of levels in the isolated ions. Fortunately, the microscopic processes at work in plasmas with maxwellian electrons avoid us to consider most of the possible highly and multiply excited levels. Also, the plasma continuum lowering effect 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 parameters temperature-density. This is the problem of completeness of levels in collisional-radiative models (CRM) (for a discussion concerning this problem, see for instance Ref. 18) with the observed trend that models with an insufficient number of levels tend to overpredict ionization. At the basic atomic level, one has to list the important fine-structure 4 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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(FS) levels or, for the sake of simplification, just the configurations spawning these levels, this is the sense of configuration average (CA) calculations where one considers only the set {N

(z) c } (with N (z) c = ∑ i∈c N (z)
i ) and where instead of (1), one solves the reduced system

dN (z) c dt = ∑ z ′ ∑ c ′ N (z ′ ) c ′ T (z ′ , c ′ → z, c) -∑ z ′ ∑ c ′ N (z) c T (z, c → z ′ , c ′ ) (2) in which T (z, c → z ′ , c ′ ) = ∑ i∈c ∑ j∈c ′ g i g c T (z, i → z ′ , j
) is a configuration average rate. g i is the statistical weight of FS level i and g c is the statistical weight of configuration c. It turns out that FS versus 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 have also 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 superconfiguration 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 superconfigurations (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 untractable 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. The notion of consistent effective temperature inside each SC, i.e. assuming a Boltzmann-like distribution of configuration populations in each SC, may be an alternative. [START_REF] Bauche | Model for computing superconfiguration temperatures in non-local-thermodynamic-equilibrium hot plasmas[END_REF][START_REF] Peyrusse | Effective superconfiguration temperature and the radiative properties of non-local thermodynamical equilibrium hot dense plasma[END_REF] However, as discussed in Ref. 6 (p.278) a breakdown of effective temperatures and of the CRM with SCs occurs at electron densities typically below 10 17 cm -3 .

Reasons invoked are that, for these "low" densities, (i) populations of excited configurations become very weak (which means that an overwhelming majority of ions resides in ground state), (ii) a SC represents too large an energy range of levels (even though it is a convenient way to include many configurations), (iii) there are no more effective SC temperatures. An additional remark concerning high-Z complex ions can be made: above the first ionization threshold of an ion of charge z, there are many multiply-excited electron states that form resonances for resonant capture of free electrons. These states are connected via autoionization with the ion of charge z + 1. It turns out that these resonances affect profoundly the IB.

For all of those reasons, we decided to adopt a specific strategy for approaching the completeness adapted to the W-contaminated plasmas found in tokamaks. First of all, we gave up the idea of superconfiguration for these calculations. Instead we make a configuration selection by a specific promotional strategy from the ground configuration of each ion. Thus, we proceed in 4 steps summarized as follows:

-step 0 (label S 0 ), we take the ground configuration and retain one-electron excitation from the last occupied subshell.

-step 1 (label S 1 ), 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 S 2 ), still from the ground configuration, one considers the excitation of one electron from the second last occupied subshell, -step 3 (label S 3 ), from configurations resulting from S0 (with the exception of the ground one), one considers the excitation of one-electron from the second last occupied subshell to the outer subshells.

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 the different subshells belonging to shells n=5 to n=10. S 0 gives, (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 4 (ground configuration),

(1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 3 4f, (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 3 (5-10) 1 , i.e. 47 configurations. S 1 gives, (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 2 4f 2 , (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 2 4f (5-10) 1 , (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 2 (5-10) 2 , i.e. 1081 configurations. S 2 gives, (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 5 4d 5 , (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 5 4d 4 4f, (1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 5 4d [START_REF] Bufferand | Three-dimensional modelling of edge multicomponent plasma taking into account realistic wall geometry[END_REF] (5-10) 1 , 6 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset.
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i.e. 47 configurations.

S 3 gives,

(1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 5 4d 3 4f 2 ,

(1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 5 4d 3 4f (5-10) 1 ,

(1) [START_REF] Pütterich | Observations on the W-transport in the core plasma of JET and ASDEX Upgrade[END_REF] (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (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 (2). A more concise and visual presentation of steps S 0 -S 3 is given in Fig. 1. As we will see, the addition of configurations obtained in step 3 has a dramatic effect on the IB. Of course we have no guarantee that this method provides a fully converged list of configurations. However, the comparison with experimental spectra shown in the Sect. 4 led us to conclude tentatively that the list generated in this way, is reasonably well converged.

Our CA calculations started with a computation of the configuration energies based on the Hartree-Fock-Slater (HFS) method, with an exchange potential of the form (in a.u) v x = -3α x ( 3 8π ) 1/3 ρ 1/3 where for W, the parameter α x was set to 0.78 [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. Then, rates or cross sections for the various processes (E1 and E2 radiative transition, electron-impact excitation, electron-impact ionization, photoionization, and autoionization) were computed according to the methods discussed in Ref. 23. These data are used to build a standard system of coupled collisional-radiative equations, solved in the steady-state regime.

III. RESULTS OF COLLISIONAL-RADIATIVE MODELING

We first present in Figure 2 the average ionization Z = ∑ c∈z zN

(z) c / ∑ c∈z N (z)
c of tungsten in the electron temperature range 0.8 -5 keV as calculated 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. We see that below 2 keV, Z undergoes a strong variation and that the addition of configurations issued from 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 from experiments [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] than FIG. 1. Schematic diagram of the promotional strategy examplified on ion W 34+ . Ground configuration is here (1) 2 (2) [START_REF] Pütterich | Modelling of measured tungsten spectra from ASDEX upgrade and predictions for ITER[END_REF] (3) 18 4s 2 4p 6 4d 4 . S 0 : one-electron excitation from the last occupied subshell (here 4d) S 1 : excitation of a second electron from the last occupied subshell (here 4d). S 2 : excitation of one electron from the second last occupied subshell (here 4p) S 3 : after S 0 , excitation of one-electron from the second last occupied subshell. T e (keV) 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 subshells 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 ionization distribution at five temperatures in the range 1 keV to 5 keV (Figure 3), 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 (Ref. 8), 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 Ref. 8.

IV. EMISSION SPECTRA -COMPARISON WITH EXPERIMENTS A. Calculation of tungsten radiative emission

Using the previously calculated population distribution of configurations, spectral modeling has been realized using the UTA/SOSA formalism (see Refs. 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) (3) 
and this formalism allows to calculate properly the average position ν and width characterizing the (gaussian) profile φ cc ′ of each array. In (3), A cc ′ is the configuration average spontaneous emission rate. It is also possible to include relaxation, [START_REF] Blenski | Hartree-Fock statistical approach to atoms and photoabsorption in plasmas[END_REF] i.e. the fact that the potential of the lower configuration is not strictly identical to the potential of the upper configuration in the radiative electron jump. Considering the relativistic configurations spawned by the previous non-relativistic ones, spin-orbit interaction may split the UTA into 2-3 peaks called SOSAs. An approximate treatment of configuration interaction between the two most intense SOSA peaks is possible. [START_REF] Bauche | Breakdown of jj coupling in spin-orbit-split atomic transition arrays[END_REF][START_REF] Bar-Shalom | Configuration interaction in LTE spectra of Heavy Elements[END_REF][START_REF] Gilleron | A statistical approach for simulating detailedline spectra[END_REF] At this step, the treatment of transitions between very simple pairs of configurations where a statistical approach does not make sense, deserves comments. Taking the example of the transitions 4d 9 4f -4d [START_REF] Radtke | Line and band emission from tungsten ions with charge 21+ to 45+ in the 45-70 angs range[END_REF] in the Pd-like ion (46 bound electrons), if the SOSA formalism splits properly the UTA into the right number of lines (i.e. three), the position and intensity of these lines are not correct. The main reason is that an underlying assumption of a statistical treatment is the statistical population of levels inside a configuration, i.e. according to their statistical weights. In fact, in low density plasmas, population of a level i in an upper weakly degenerated configuration rather results from a simple balance between collisional excitation from the ground level of the lower configuration (rate C 1i ) and radiative deexcitation toward this level (rate A i1 ), i.e. one has

N i A i1 = C 1i N 1 .
As a consequence, it is more appropriate to build the emissivity with an upper population thus defined and use a lorentzian profile for each of the 3 lines. In this paper, we applied this procedure for each pair of configurations where the lowest one is not degenerated. The rate A i1 we used results from an atomic structure calculation while the rate C 1i makes use of a cross section calculated at the distorted wave (DW) approximation. In the calculated spectral emissivities presented below (Figs 34) and which assume an infinite resolution, these lines correspond to the most prominent and very narrow peaks. These lines are likely to be strongly affected by instrumental broadening.

It is interesting to look at the emission as calculated on a large spectral range. Figure 4 displays the W emission calculated for T e = 1000 eV and 1500 eV, respectively. These spectra (of infinite resolution) correspond to a pure tungsten plasma.

One observes bright and prominent emission features for photon energies between 180 eV and In addition, on the top of the QC, isolated lines are superimposed. In Fig. 4, one sees that this QC emission is particularly distinguishable which explains why it has been investigated on various devices. Also one notices that this QC is of importance concerning the total radiated power. Thus, hot tungsten plasma spectroscopy started at ORMAK. [START_REF] Isler | Tungsten radiation from tokamak-produced plasmas[END_REF] In particular, what was observed is unresolved, wide band-like structures between 40 and 70 Å. This was later confirmed at TEXT [START_REF] Finkenthal | Soft x-ray bands of highly ionized tungsten, gold and lead emitted by the TEXT tokamak plasma[END_REF] and at ASDEX Upgrade. [START_REF] Asmussen | Spectroscopic investigations of tungsten in the EUV region and the determination of its concentration in tokamaks[END_REF] These structures, corresponding 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+ , were 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] One can notice that this specific EUV QC emission was also observed in experiments carried out in the LHD device in the electron temperature range 0.6 -1.3 keV. [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] In these experiments, the tungsten was intentionally injected in the device in order to observe its emission spectrum.

B. Main EUV spectral features

We now examine the emission spectrum of W in this QC range of 15 -70 Å. We first present in Fig. 5, the calculated emission for a few temperatures in the range [800-1350] eV. These are purely 11 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. -70] Å. The latter contains also 4d-4p, 4p-4s, 5d-4f, 6s-5p, and 6p-5d transitions. This secondary feature seems to move toward shorter wavelengths when T e increases. One remarks here that Pütterich et al 8 tried to reproduce this feature with a detailed fine-structure approach but they did not succeed. The interval [20 -35] Å is also interesting as it contains features which clearly moves toward shorter wavelengths when T e increases. This interval consists of 5p-5s, 5p-4d, 5g-4f, 6d-4f and 6g-4f transitions. Around 42 Å, there is a broad feature whose intensity increases with T e .

PLEASE CITE THIS ARTICLE AS

It consists of 4d-4p, 5d-4f, 6p-5s and 6d-5p transitions. For higher temperatures, the feature [45 -55] Å, corresponds to emission of ions W 35+ to W 41+ . Last, one notices here that the range of 4-4 (∆n = 0) transitions is likely to be strongly affected by the configuration interaction (CI) effect which modifies energies and oscillator strengths.
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C. Comparison with experiments

In tokamak plasmas, the domain of interest for spectroscopic diagnostics is the EUV range as most emission of highly ionized heavy impurities, tungsten in particular, lies in the 10 -400 Å wavelength region. Spectra measured with sufficiently high accuracy and resolution can provide detailed information on the impurity atomic structure and their concentration inside the plasma. [START_REF] Asmussen | Spectroscopic investigations of tungsten in the EUV region and the determination of its concentration in tokamaks[END_REF][START_REF] Guirlet | Extreme UV spectroscopy measurements and analysis for tungsten density studies in the west tokamak[END_REF] On the WEST tokamak, the EUV spectra are recorded with a high-resolution 2-m grazing incidence Schwob-Fraenkel spectrometer [START_REF] Schwob | High-resolution duomultichannel soft x-ray spectrometer for tokamak plasma diagnostics[END_REF] named SIR. It is equipped with a 600 grooves mm -1 concave grating, and two mobile detector assemblies which are used to scan the wavelength domain along the Rowland circle. Each one is made of a pair of multichannel plates (MCPs) followed with a phosphor screen which converts the photoelectrons into visible photons. These photons are then detected by a 1340x1300 pixels CCD camera. By moving the two MCPs along the Rowland circle, the spectrometer is capable of covering a large wavelength band from 15 to 340 Å with a high spectral resolution (FWHM of about 0.18 Å at 25 Å and 0.23 Å at 120 Å). The typical time resolution (i.e. the best compromise between time resolution and a satisfactory signal-to-noise ratio) is 15 ms.

The SIR has been calibrated in absolute units of brightness (photons m -2 s -1 sr -1 ). 36 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 calculated by a collisional radiative model. The global calibration uncertainty was estimated to be 20% below 113 Å, and up to 40% above. The spectrometer is mounted on a mobile frame connected to an electric jack controlled by a stepper motor. It can scan vertically the lower plasma half at a frequency of 0.5 Hz, covering the region between the magnetic axis and the lower divertor.

A series of experiments have been conducted on WEST where W spectra have been recorded

with the SIR spectrometer. To obtain the measurements presented in the following, the spectrometer was used with a fixed line of sight during two typical discharges WEST#54723 and WEST#55522 i.e. the spectrometer line of sight crosses almost horizontally the magnetic axis during the discharges as illustrated in Figure 6.

The main parameters of these two typical discharges are shown in Figure 7 (WEST#54723)

and Figure 8 (WEST#55522), respectively. The first discharge WEST#54723, shown in Figure 13 This is the author's peer reviewed, accepted manuscript. However, the online version of record will be different from this version once it has been copyedited and typeset. 20-20.5 s. The corresponding density and temperature profiles are shown in Figure 9. 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 n e and T e (see Fig. 9) is expected to play an important role in the measured EUV radiation. In other words, the sum over different emitting zones along the line of sight has to be invoked here. as mentioned above). Figure 10 also shows synthetized spectra using the methods mentioned above, for different temperatures around the maximum temperature of the plasma (see Fig. 9).
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The calculated spectra have been convolved 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.

As discussed in paragraph 4.1, 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 [START_REF] Bauche | Atomic Properties in Hot Plasmas -From Levels to Superconfigurations[END_REF] 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 21+ to 45+ in the 45-70 angs range[END_REF] are rather well reproduced by the calculation given the uncertainty of 15-20% on the measured temperature. Calculated spectra suggest here a temperature of about 1 to 1.2 keV. The wavelength interval in which lies the 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 for instance Ref. 33). 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 Figure 3). In the modeled spectra of Figure 10, 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 [START_REF] Radtke | Line and band emission from tungsten ions with charge 21+ to 45+ in the 45-70 angs range[END_REF] 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. and density in this case (see Fig. 9), one expects the emissivity to be strongly inhomogeneous along the line of sight of the spectrometer. Figure 11 (b) displays the synthetized spectrum (LOS integration) resulting from adding ten consecutive emitting zones taken along the gradients (T e , n e ) of Figure 8 (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 note also 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 W 46+ (see Figure 3). In the modeled spectra of Figure 11, 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.
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V. SUMMARY

We have developed a tungsten atomic model based on standard configuration-averaged energies and rates although calculated with proper quantum mechanical methods (i.e. not relying on any hydrogenic approach). The resulting synthetic spectra rely on a proper implementation of the UTA/SOSA theory. In a range of temperatures between 1 and about 2.5 keV, we evidenced a strong sensitivity of the ionization balance on the list of configurations included in the model.

From the resulting spectra and a comparison with tungsten experimental spectra measured on the WEST tokamak, we shown that a specific choice of the configuration list allows one to capture the large complexity of highly ionized tungsten spectra, and in particular, to recover most of the features of the quasi-continuum (QC) emission. An important specificity of these calculations is that no modification of the ionization and recombination rates has to be invoked to recover or at least to approach a reasonable ionization balance.

To go beyond the UTA/SOSA approach, it could be interesting to predict emission using a mixedunresolved-transition-array (MUTA) approach, 39 i.e. an approach which allows to capture more details in the emission. However this approach cannot address strong CI effects between different arrays (which is a concern for n=4 -n=4 transitions). Another improvement could be an artificial adjustment of energies and intensities for the simplest SOSAs (those with a zero variance), from the results of specific detailed atomic physics calculations taking into account CI.

As a last comment, this work is a prequisite for any work aiming at characterizing tokamak plasmas by using tungsten broadband emission, for calculating line emission coefficients or more generally radiation power losses.

extreme ultraviolet spectrometer for tokamak measurements," Journal of Instrumentation 12, P01006 (2017). 
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 3 FIG.3. Ionization distribution of tungsten at five temperatures and electron density of 5 10 13 cm -3 .
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350 eV ( 35 - 9 FIG. 4 .

 3594 photon energy (eV)

FIG. 5 .

 5 FIG. 5. Calculated tungsten EUV spectra for four temperatures in the range [800 -1350] eV (infinite resolution).

  FIG. 6. The magnetic equilibrium (WEST#55522 case) with the spectrometer line of sight (LOS). The spectroscopic measurements are integrated along the line of sight, and the plasma parameters (density and temperature in particular) are spatially uniform on the flux surfaces.

Figure 10 (

 10 Figure 10 (top figure) shows 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,

FIG. 9 .

 9 FIG. 8. Discharge WEST#55522 : (a) Time behavior of the power injected in the plasma, ohmic heating (ohm) and lower hybrid (LH) heating, (b) electron density and (c) electron temperature at the center of the plasma.

1 FIG. 10

 110 FIG. 10. (a) EUV spectrum averaged between 19 and 20 s for the discharge corresponding to WEST#54723. (b, c) Calculated EUV spectra with a UTA/SOSA description, for different temperature between 0.8 and 1.35 keV.

Figure 11 (FIG. 11

 1111 Figure 11 (a) shows the EUV spectrum corresponding to WEST#55522, as measured in the same conditions as case WEST#54723. Because of the strong radial variation of temperature
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