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Abstract. ITER will be equipped with three plasma heating systems: neutral beam (NB), electron cyclotron (EC), and ion cy-
clotron resonance heating (ICRH). The latter consists of two identical ICRH antennas to deliver 20 MW to the plasma (baseline,
upgradable to 40 MW). ICRH will play a crucial role in the ignition and sustainment of burning plasmas in ITER. A high fidelity
and robust modeling effort to understand the interaction of the IC waves with the scrape-off-layer (SOL) plasma is a very important
aspect. Among the main important research topics, we have the assessment of the antenna loading for different plasma scenarios,
the role of the lower hybrid resonance in front of the antenna and how to include it in our models, and the RF sheath boundary
conditions to evaluate the antenna impurity generation. In this work, we tackle the first of these by reporting on ICRF simulations
employing the Petra-M code, which is an electromagnetic simulation tool for modeling RF wave propagation based on MFEM
[http://mfem.org] for the ITER ICRH antenna. Moreover, a benchmark between the well tested antenna codes TOPICA, RAPLI-
CASOL, which is based on COMSOL [www.comsol.com], and the Petra-M code is also presented. S- and Z-matrices and wave
electric field are compared showing an excellent agreement among these codes.

INTRODUCTION

Ion cyclotron resonance heating (ICRH) actuators will play an important role in the ignition and sustainment of the
buring plasmas in ITER. ITER will be equipped with two identical ICRH antennas to deliver 20MW to the plasma
(baseline, upgradable to 40 MW). Interaction between IC waves and SOL plasma, the importance of 3D effects,
the role of the RF sheath effects on antenna impurity generation, the role of lower hybrid resonance in front of the
antenna, the coupling between core and edge plasma, and the assessment of the antenna loading for different plasma
scenarios are among the most important research topics requiring an high-fidelity ICRH modeling. In this work, we
report ICRH simulations for the ITER ICRH antenna by using the Petra-M framework, which is an integrated finite-
element-method (FEM) open source multi-physics platform. In particular, a benchmark between the Petra-M code
and two well tested antenna codes TOPICA [} 2] and RAPLICASOL [3} 4] is presented and discussed here.

This paper is structured as follows: a brief description of the Petra-M framework, TOPICA and RAPLICASOL
is given in Section 2. In Section 3 The ITER ICRH antenna geometry used in these numerical simulation and the
plasma model adopted are presented. Numerical results of this work are discussed in Section 4 showing the wave
field propagation evaluated by Petra-M, the comparison among the three codes of the S- and Z-matrices, the wave
field on a surface in front of the antenna and the coupled power to the plasma for different antenna feeding schemes.
Conclusions are provided in Section 5.

THE Petra-M FEM PLATFORM AND THE ANTENNA CODES RAPLICASOL AND
TOPICA

Petra-M stands for Physics Equation Translator for MFEM. It is an integrated finite-element-method (FEM) open
source multi-physics platform [5} 6] based on the MFEM library [7], which is an open source scalable C++ FEM
library developed by Lawrence Livermore National Laboratory team. Petra-M combines the variety of open source
libraries, a large fraction of which are being developed by Advance Scientific Computing Research (ASCR) [8]. More
specifically, in this work, OpenCASCADE [9] and GMSH [10] modules are used for mesh/geometry generation and
MUMPS [11] is the direct solver employed. For more details about Petra-M the reader is referred to [5, 16]]. Petra-M
is employed here to solve the 3D Maxwell’s equations for a cold plasma model in the frequency domain for ITER
ICRH antenna models. An application of Petra-M in high harmonic fast wave (HHFW) frequency regime was recently
published showing a full 3D torus simulations for NSTX/NSTX-U [12]]. Moreover, non-linear RF sheath model [[13]]
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FIGURE 1. ((a) and (b)): ITER ICRH antenna geometry and the outer wall+plasma as a circular torus; (c): ITER ICRH antenna
mesh used in the simulations.
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FIGURE 2. (a): Electron density as a function of the major radius R. (b): Electron density around the vacuum-plasma interface
indicated by the dashed line (at about R = 8.27 m) and chosen to avoid the S = 0 resonance.

has been implemented in Petra-M and applied to WEST tokamak [[14]. Here, a comparison with other two antenna
codes such as RAPLICASOL [3] [4] and TOPICA [1 2] is performed. RAPLICASOL is based on the commercial
software COMSOL to solve the Maxwell’s equations in frequency domain using FEM. TOPICA is an ion cyclotron
(IC) antenna code and it can handle both the realistic antenna geometry and hot, 1D plasma description [1}2]. TOPICA
is largely used in our ICRF community and it has been well tested with different codes (including RAPLICASOL)
and ICRF experiments, such as AUG, WEST, etc.. For more details about RAPLICASOL and TOPICA, the reader is
referred to [3]] and [T} 2], respectively. Reference also shows a benchmark of these two codes and describes their
main features/differences.

ITER ICRH ANTENNA MODEL

24 ports antenna

The ITER ICRH antenna geometry used in this work is shown in Figure[I] It is consists of 24 ports. In terms of wall
shape we have approximated the shape of the outer wall as a circular torus. As shown in Figures[Ifa) and [T[b), the
wall is also extended in both the poloidal and toroidal direction. This geometry was previously used in Tierens et al.
[13] [T7]]. Since the scope of this work is to show a benchmark among the three different codes, in the simulations
presented here we use the same mesh generated and used in RAPLICASOL [135[16,[17] in order to minimize possible
differences in the 3D geometry and mesh generation.



FIGURE 3. Collision profiles used in the Petra-M simulations: (a) poloidal cross-section in the plasma; (b) toroidal cross-section
in the plasma; (c) poloidal cross-section in vacuum; (d) toroidal cross-section in vacuum;

FIGURE 4. E; component (vertical) of the wave electric field obtained by the Petra-M code for the ITER ICRH antenna shown in
Figure[T}

Plasma scenario

Unlike RAPLICASOL simulations where perfectly matched layer (PML) boundaries conditions [18]] were employed
(in the inner and side surfaces of the numerical domain), in the Petra-M simulations a cold plasma model with addi-
tional collision damping were used assuming perfect electric conductor (PEC) boundary conditions on the wall. The
use of the collisions to model the wave damping in the core requires a “tuning” of such damping to match as best
as possible with the PML boundary conditions. Several attempts were performed: constant collisions for the entire
plasma, collisions assuming a radial profile only and finally radial, poloidal and toroidal profiles (see Figure[3). In this
work, we focus on the last case which provides the best agreement with the other two codes discussed here. In terms
of plasma models we have assumed a magnetic field of 5.3 T at R = 6.2 m (where R is the major radius). We have also
assumed a 1/R dependence of the magnetic field with a pitch angle of 15 degrees. The plasma composition is 50%
deuterium and 50% tritium. The electron density profile used in the simulations is shown in Figure 2] In particular,
Figure 2[a) shows the electron density as a function of the major radius, R, from the core to the antenna location.
The gray-area in figure 2fa) indicates the actual plasma and vacuum domain used in the simulation as shown in Fig-
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FIGURE 5. Absolute value of the S-matrix evaluated by RAPLICASOL/COMSOL (a), TOPICA (b), and Petra-M (c) codes.

0.8
. ..COMSOL
0.6 .« TOPICA
.. Petra-M
- 04
wn
=
£ 0.2
0.0 T L LT TT T
02— 320 30 40 50
[¢, j] element
0.8
.. COMSOL
. .« TOPICA
0.6 . . .. Petra-M
—~ 0.4 * & U .
ﬁ + . + . 2 u. . 2
£ 02 v Fx v a L
g og 58025 ;5525'535'3
° + ¥ ]
0.0 . . * * 8 : 8 2
— ¥
0.2 10 20 30 40 50

¢, j] element

FIGURE 6. Real and imaginary part of the S- and Z-matrices evaluated by RAPLICASOL/COMSOL, TOPICA, and Petra-M for

the first 50 elements.
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ure [2b), which corresponds to the plasma-vacuum domain shown also in Figure[T{a). Moreover, Figure 2[b) shows

the plasma-vacuum interface location used in our simulation to avoid the presence of the lower hybrid resonance in
front of the antenna (also knowns as § = 0 resonance where S is the component of the plasma dielectic tensor in Stix

notation [19]]). Wave frequency is 55 MHz and vacuum is assumed for R > 8.27 m including the antenna box.
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FIGURE 7. The amplitude of the wave electric field evaluated by RAPLICASOL (a), TOPICA (b), and Petra-M (c) on a surface
just in front of the antenna.
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FIGURE 8. (a) Coupled power obtained from the three different codes and for different antenna feeding schemes as shown in
the figure. Here a peak voltage of 45 kV is assumed; (b) Relative error for RAPLICASOL/COMSOL and Petra-M of the coupled
power with respect to TOPICA calculation.

NUMERICAL RESULTS

In this section we show a benchmark between Petra-M, TOPICA, and RAPLICASOL in terms of S- and Z- matrices
and the electric field on a surface in front of the antenna. An example of the wave field obtained by using the Petra-M
FEM framework for the ITER ICRH antenna is shown in Figure @] In this figure the E, component (vertical) of the
wave field is plotted. Figure 4 shows both the mid-plane and a poloidal cross sections as a reference. In this work
we used 2nd order basis Nedelec elements to solve Maxwell’s equations in Petra-M. As a internal check, a simulation
with the 3rd order elements were also performed (not shown here) showing an excellent agreement with respect to the
simulation using 2nd order elements.

Figure |§| shows the absolute value of the S-matrix elements evaluated by RAPLICASOL (a), TOPICA (b), and
Petra-M (c). From this comparison a good agreement between these codes is apparent. However, in order to be able
to investigate smaller discrepancies, a plot of both the real and imaginary part of the S- and Z-matrices elements are
shown in Figure[§] Here we show the 48 elements of the first two rows of the S- and Z-matrices. Again, a very good
agreement is obtained for both matrices in real and imaginary parts. Figure [7] shows the amplitude of the electric
field on a surface in front of the antenna mouth for the three codes: RAPLICASOL (a), TOPICA (b), and Petra-M
(c). A quite good agreement is also found in terms of the amplitude of the electric field. Finally, the coupled power
evaluated by the three codes for different antenna feeding schemes is shown in Figure 8] assuming a peak voltage of
45 kV. In particular, Figure[8(b) shows the relative error of the couple power evaluated by RAPLICASOL/COMSOL
and Petra-M with respect to the TOPICA code. The relative error is well below 10% for all antenna feeding schemes
except for the monopole phasing ¢, = [0,0,0,0] which is up to 15% for the Petra-M case and it generally shows a
larger disagreement.



CONCLUSIONS

A benchmark between Petra-M, RAPLICASOL and TOPICA was shown. An excellent agreement in S-, Z- matrices,
amplitude of the wave field in front of the antenna and c oupled power for different antenna feeding schemes was
found. A good agreegement among these codes was also found for another plasma scenario (not shown here) with
higher antenna loading (namely, higher density in front of the antenna). At the same time, a different ITER ICRH
antenna model with 8 ports was also considered for the benchmark activity between TOPICA and Petra-M but an
agreement among these codes has not been obtained yet and we are currently working to identify the reason. One
possibility is a difference on the geometries used in each codes unlike the case shown here where the mesh generated
in COMSOL was used in both RAPLICASOL and Petra-M.
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