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With the decision to use heavy metallic elements like W for PFCs in ITER, the in-depth understanding of the interaction between high-Z impurities and the physics of RF waves is of crucial importance. This key problem can be addressed extensively in the WEST tokamak at the ITER-relevant RF power level, since it is equipped with actively cooled tungsten PFCs, while all auxiliary heating and current drive systems are RFbased, in particular at the LH frequency. The HARMONIA project is a joint effort between French (CEA IRFM) and Polish (IFJ PAN) teams to study the interplay between heavy impurity transport and LH current drive in the WEST tokamak. It addresses many topics, which can be gathered into three categories :

1. Theory/modeling : Advanced LH wave modelling, Atomic physics and kinetic calculations 2. Data analysis : Soft X-ray tomographic inversion, Impurity concentration and electron temperature determination from multi-energy X-ray measurements 

Data Analysis

• Atomic form factor F(q) : Fourier transform of the density of bound electrons • Universal approach for describing the density of bound electrons from quantum calculations whatever the type of ion and its ionization state : multi-Yukawa description (up to 4 exponentials) • Consistent description of screening effects on collisions (elastic and inelastic) in Fokker-Planck (LUKE) calculations (runaway to slide-away) and bremsstrahlung (R5-X2) whatever the plasma regime. • New variational quantum model for the mean excitation energy (inelastic scattering)

• Prediction of the LH power absorption profile is a challenging issue because of the large spectral gap in existing machine (low T, aspect ratio) : toroidal refraction is not strong enough to prevent stochasticity to develop before absorption. However, it is not observed experimentally. • It was inferred that the spectral gap is already filled in the SOL, before enter the core plasma, by edge turbulence.

• The Tail Spectral Model (TSM) is tested in extreme conditions where the propagation domain is bound and the usual toroidal upshift of the parallel refractive index N || cannot be bridged by this mechanism:  without TSM, no LH current and HXR predicted;  with TSM, modeling consistent with observations.

• Chain of codes : ALOHA + (TSM) + C3PO + LUKE + R5-X2. TSM routinely used for WEST LH discharges.

ALOHA TSM

Soft X-ray tomographic inversion

Impurity concentration and electron temperature from multi-energy X-ray measurements

• Validation the robustness of the SXR reconstruction against the noise level by Tikhonov inversion method • Possibility to include the magnetic equilibrium (anisotropic regularization) in the reconstruction.

Tomographic reconstruction test for different numbers of cameras used in the reconstruction. Good resilience up to 20% noise level.

• Experimental test on WEST with SXR and HXR combined analysis. 

The
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 3 Diagnostic developments : Gas Electron Multiplier (GEM) techniques and experimental validation -Peysson 1 , D. Mazon 1 , M. Scholz 2 , J. Bielecki 2 , D. Dworak 2 , A. Jardin 2 , K. Król 2 , P. Malard 1 , Denis Guibert 1 , J. Walkowiak 2 and the WEST team* 𝜀 𝜂 𝑊 = η(ℎ𝑣)𝜀 𝑊 ℎ𝑣,𝑇 𝑒 𝑑ℎ𝑣 = 𝑛 𝑒 .𝑛 𝑊 .𝐿 η 𝑊 𝑇 𝑒 𝐿 η 𝑊 : filtered cooling factor for tungsten η(ℎ𝑣) : spectral range Pulse #58327 time trace evolution of GEM total number of counts measured/modelled (left), GEM total counts per channels (middle), total measured / modelled spectra (right)Diagnostic Developments• Multi-machine validation of the Tail Spectral Model for Lower Hybrid modelling.• Universal description of quantum atomic models for incorporation of screening effects in fast electron dynamics (Fokker-Planck and bremsstrahlung calculations). • Robustness of SXR emission tomographic reconstruction against data noise and anisotropic regularization.• Determination of the impurity (tungsten) concentration from X-ray multi-energy line-integrated measurements.• GEM synthetic modelling have now been benchmarked with experiments.• New WEST GEM SXR measurements (C7 campaign) have been successfully performed on long pulses (up to 60s) in a routinely automatic manner and are now validated.ConclusionsAcknowledgements. This work has been partially funded by the National Science Centre, Poland (NCN) grant HARMONIA 10 no. 2018/30/M/ST2/00799. We gratefully acknowledge Poland's high-performance computing infrastructure PLGrid (HPC Centers: ACK Cyfronet AGH) for providing computer facilities and support within computational grant no. PLG/2022/015994. This work has been carried out within the framework of the EUROfusion Consortium, funded by the European Union via the Euratom Research and Training Programme (Grant Agreement No 101052200 -EUROfusion). Views and opinions expressed are however those of the author(s) only and do not necessarily reflect those of the European Union or the European Commission. Neither the European Union nor the European Commission can be held responsible for them. This work has been published in the framework of the international project co-financed by the Polish Ministry of Education and Science, as program "PMW".
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 2 𝑐 𝑊,0 ,𝑇 𝑒,0 -𝑓 𝑖,𝑚𝑒𝑎𝑠 RMS error map for WEST #54981@t=6.5s and result of the HXR optimization.  Energy resolution capabilities  Radiation resilience (gaseous detection volume)  Compact 𝑐 𝑊 = 2 × 10 -4 Pulse #58327 parameters (left), c W determination by SXR horizontal camera modeling (middle), radiative power modelling from SXR horizontal and vertical GEM cameras (right) • Proof-of-principle: (c W , T e ) estimation in plasma core based on synthetic X-ray measurements. SXR RMS error map for a synthetic scenario (proof-of-principle). Left : ALOHA + TSM LH power spectrum, Center : LH domain of propagation and ray-tracing (C3PO), Right : HXR emission line-integrated profile (full chain of codes) Top left : tungsten ionized fraction vs plasma temperature, Top center : density of bound electrons for tungsten by quantum relativistic codes, Top right : Multi-Yukawa fit of quantum density of bound electrons density, Bottom Left: Multi-Yukawa fit of quantum density of bound electrons linear density, Bottom center : R2 agreement between multi-Yukawa and quantum calculations, Bottom right : Mean excitation energy for tungsten by different models using multi-Yukawa description.
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the WEST tokamak.