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Abstract. In this paper we present the extension of a full-wave FEM model (COMSOL®+MATLAB®) - initially developed to
compute the electromagnetic field in presence of the anisotropic inhomogeneous plasma of the Electron Cyclotron Resonance Ion
Sources (ECRISs) — to the Ion Cyclotron Range of Frequency (ICRF). The model - based on the full non-uniform dielectric tensor
in "cold plasma" approximation - has been employed to study antenna geometries of increasing complexity. Various antenna types
have been analyzed, starting from single flat strap up to the three straps of the antenna currently in the design phase for the Divertor
Tokamak Test facility (DTT). The results have been compared, cross-checked and validated with a simpler COMSOL-based tool
and with the TOPICA code.

INTRODUCTION

This paper presents the extension of a 3D full wave COMSOL Multiphysics-based code - already developed for the
simulation of microwaves-plasma interaction in electron cyclotron resonance ion sources (ECRISs) [1] - to the ion
cyclotron resonance frequency (ICRF) range for the simulation of IC antennas in the Divertor Test Tokamak (DTT)
scenario [2]. The design of ICRF antennas and their coupling with magnetized plasma is of crucial importance
because IC heating is one of the three auxiliary heating tools used almost in all tokamak machines. In literature
several codes can be found to model the wave behaviour in the ICRH range, such as TOPICA (TOrino Polytechnic
Ion Cyclotron Antenna [3]) and ICANT [4] based on the plasma surface impedance, CST MWS codes [5] where
the plasma load is modeled as equivalent dielectric isotropic medium having an high dielectric constant. In order
to deal with the complex 3D ICRF antenna geometry, 3D electromagnetic codes based on Finite Element Method
(FEM) commercial software can be used [6]. In our model [1], Maxwell’equations are solved by using COMSOL
Multiphysics FEM direct solver whose input parameters are provided by a dedicated software running in MATLAB
explioting the COMSOL LiveLink®with MATLAB itself. The 3D space-varying full non-uniform dielectric tensor in
cold-plasma approximation is computed in Matlab (see Fig. 1) to load the anisotropic non-homogeneous plasma.
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FIGURE 1. Full-wave model scheme

The extension of the code to the ICRH regime has been achieved by including the ion species to the "cold" plasma
dielectric tensor. Moreover, in order to finite the otherwise semi-infinite space domain in front of the IC antennas,
Perfectly Matched Layer (PML) boundary conditions have been implemented around the edges of the cold magnetized
plasma. The model has been firstly applied on a simple single strap geometry and then on a preliminary version of the
ICH DTT antenna, currently under design [7, 8, 9, 10]. In both cases results have been cross-checked and compared
for validation with TOPICA code and with a simpler COMSOL-based tool - hereinafter indicated with SC - which is
described in [11].

MODEL EXTENSION FOR ICRH HEATING

The "cold plasma" dielectric tensor € [1], formerly developed for electrons in ECR Ion Sources plasmas, has been
extended to ions and to a tokamak magnetic field scenario. The Artificial Stretching Tensor £pyz [12] has been
included by using the polynomial stretching functions which represent a common choice for the PML stretching
functions: S,(r) = 14 (S.+S")(r/Lpmr, )P, where Lpyy,., pr , S, and S/ are respectively the the PML depth, the
order of the stretching function, the real stretch and the imaginary stretch. In our compution we fix S =1, S/ = —1
and p, = 3. These functions provide a PML (or non-reflecting boundary condition) for the DTT plasma edge in front
of the ICH antennas, which can be added at the boundaries of the open-domain problem (see Figure 2 a)) contrarily to
the closed domain delimited by the lossy cavity walls of the ECRIS plasma chamber [1]. From the general dielectric
tensor £, one obtains the perfectly matched tensor £pyy; :
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where A = det(S)S! and det(S) = S,SyS;. The same stretching has been applied to the magnetic permeability
tensor fipy. Due to the challenging problem, geometries of increasing complexities have been considered. Both
the "Import 3D from .stp" file to COMSOL and a step-by-step geometry build - in order to have fully parameterized
antenna geometry (in terms of strap distance, strap width, Box width, etc.) - have been tested (see Figure 2). The
vacuum and plasma volumes near the antenna are meshed with tetrahedral elements.

Simple single strap geometry

As a first validation of the COMSOL model, a simple scenario has been chosen and results have been compared with
a simple COMSOL-based tool. The geometry, plasma density and toroidal magnetic field profiles are depicted in
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FIGURE 2. Examples of a COMSOL geometries

Figure 3 a), b) and c) respectively. The frequency has been fixed to 30 MHz, Rg = 1.65m, Bo =2 T.
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FIGURE 3. Geometry (a), density profiles (b) and toroidal magnetic field profile (c)

Both the Electric field, power loss and S-parameters - computed at different input density profiles and frequencies
— have been retrieved and compared. Results shown in Figure 4, Figure 5 and in Table I are in very good agreement.

TABLE I. Comparison of ISy;l and /S;; results of the COMSOL model vs the SC model [11] for three different density profiles.

2 see Fig. 3(b)

|density profile® [IS;| comsor [ISi1lsc |[/Si1 comsoL [ /Siisc |

n.la) 0.90378|0.9037 -19.36° -19.416°
n,2b) 0.9397(0.9387 -23.768° |-23.849°
n.3c) 0.9563(0.9557

-25.515°|-26.016°

Three-strap geometry

A direct comparison of the COMSOL full-wave code, including a fully 3D anisotropic plasma tensor, has been carried
out as a benchmark with COMSOL SC and TOPICA models, considering the antenna reported in Figure 6 for the
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FIGURE 4. Electric field results comparison: a) COMSOL code; b) SC code
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FIGURE 5. Power loss results comparison: a) COMSOL code; b) SC code

following parameters: Ry = 2.14 m, By = 6.0 T at two different magnetic field tilt angles with respect to the antenna
horizontal axis, & = 0° and o¢ = —17.8°. In Figure 7, we report the comparison of the coupled power. It can be
observed a very good agreement among the different codes. At o« = —17.8°, slightly larger differences to be further
investigated have been observed

CONCLUSION

A 3D full wave COMSOL Multiphysics-based code - already developed for ECRISs - has been developed for for the
simulation of IC antennas in the Divertor Test Tokamak (DTT) scenario. ICH antennas in front of different plasma
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FIGURE 6. DTT-like Antenna for INFN code benchmarking for magnetic field tilt angles @ = 0°, (a) and a = —17.8° (b)
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profiles modeled as a using a simple cold plasma description - and at different frequencies have been simulated and
compared with TOPICA and simpler version [11]. A very good agreement has been found for the predictions of the

coupled Power. Computational cost in terms of RAM and CPU requirement.
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