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Abstract. This study presents the validation of the finite element code ERMES 20.0, benchmarked against
the well-established method-of-moments code TOPICA. The simulations focus on Ion Cyclotron Resonance
Heating (ICRH) coupling for the JET A2 antennas. Validation is performed by comparing two key metrics:
the scattering parameter matrix (S-matrix) and the electric field distribution in front of the antenna. These
parameters are critical for assessing ICRH antenna-plasma coupling efficiency and understanding interactions
with plasma-facing components. The results show a strong agreement between ERMES 20.0 and TOPICA,
confirming the accuracy and reliability of the finite element approach. This comparative analysis highlights
the capability of ERMES 20.0 to support advanced modeling of sheath rectification and wave—edge plasma
interactions, which are central phenomena in ICRH system design and optimization.

1 Introduction

Ion Cyclotron Resonance Heating (ICRH) remains a cor-
nerstone technique for auxiliary heating in magnetic con-
finement fusion devices [1, 2]. Its effectiveness critically
depends on the efficient coupling of Radio-Frequency
(RF) power to the plasma and the mitigation of parasitic
effects in the Scrape-Off Layer (SOL), such as sheath rec-
tification [3]. Accurate numerical modeling of the an-
tenna—plasma interaction is essential for optimizing an-
tenna design, predicting coupling performance, and un-
derstanding SOL phenomena that can limit ICRH heating
power and overall fusion performance.

To address this need, the open-source Finite Element
Method (FEM) code ERMES 20.0 [4] has been adapted
to provide a robust and flexible approach for handling the
complex geometries and boundary conditions inherent to
ICRH antenna—plasma systems. This paper presents a val-
idation of ERMES 20.0, benchmarked against the well-
established Method-of-Moments (MoM) code TOPICA
[5]. Simulations are carried out in the context of ICRH
coupling studies for the JET A2 antennas [6, 7], which
represent a well-characterized and experimentally relevant
test case.

The validation focuses on comparing key physical
quantities relevant to ICRH performance, such as the scat-
tering parameters matrix (S-matrix) and the electric field
distribution in the region immediately in front of the an-
tenna. These metrics are directly linked to coupling effi-
ciency and SOL effects, which are critical for understand-
ing both power deposition and plasma-wall interactions.

This paper is structured as follows: Section 2 describes
the simulation setup used as a benchmark for both ERMES
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and TOPICA. Sections 3 and 4 present the numerical ap-
proaches, boundary conditions, and distinctive features of
each code. Section 5 shows and discusses the validation
results, while section 6 summarizes the findings and offers
concluding remarks and directions for future work.

2 Benchmark description

A common benchmark configuration based on two JET
pulses, including measured plasma profiles and a realis-
tic CAD model of the JET A2 antenna, was established to
validate ERMES 20.0 against TOPICA. The 3D model of
the JET A2 antenna, shown in figure 1, includes the coax-
ial feeding ports, straps, septa, and Faraday screens. This
CAD model represents a flattened version of the actual ge-
ometry, which in reality follows the toroidal curvature of
the JET tokamak walls.

A plasma volume has been added in front of the an-
tenna, as shown in figures 2 and 3. A vacuum region is
assumed between the tokamak walls and the plasma. The
plasma profiles are configured to avoid resonances that
could lead to numerical instabilities [8] and difficult mean-
ingful comparisons.

The benchmark simulations are based on two specific
JET pulses: 94998 and 100187. Figures 4 and 5 show the
radial electron density and magnetic field profiles for these
pulses, respectively. These profiles were derived from JET
diagnostic measurements [9, 10] and were used as input
for both the ERMES and TOPICA simulations.

JET Pulse Number (JPN) 94998 was simulated at a fre-
quency of f = 42.5MHz with a OnOr strap polarization
and a coupled power of P = 1 MW. The plasma compo-
sition consisted of 2.5% Hydrogen (H) and 97.5% Deu-
terium (D). At the plasma surface directly in front of the
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Figure 1. Three-dimensional CAD model of the JET A2 ICRF
antenna used as input for both ERMES and TOPICA simulations.
The model includes the coaxial feeding ports, straps, septa, and
the Faraday screen.

antenna, the first data point of the electron density profile
isn, = 1.339 x 10'"® m™3, and the magnetic flux density at
that location is B = 2.257 T, with a angle of 8.6° relative
to the antenna axis. This angle is maintained throughout
the entire plasma volume.

JPN 100187 was also simulated at a frequency of
f = 42.5MHz with a OnOr strap polarization. The cou-
pled power in this case was P = 0.5MW. The plasma
composition consisted of 2.5% Hydrogen (H) and 97.5%
Tritium (T). The first data point at the plasma surface has
an electron density of n, = 1.617 x 10'® m~3 and magnetic
flux density of B = 2.286 T, with a angle of of 8.4° rel-
ative to the antenna axis, which is maintained throughout
the entire plasma volume.

The objective of the benchmark is twofold: first, to
compute the scattering matrix (S-matrix) from the four
coaxial ports; and second, to use this information to
normalize the electromagnetic fields for a given coupled
power. Based on the antenna geometry and pulse data,
the S-matrix is calculated using the approaches outlined
in sections 3 and 4. The resulting S-matrix is then used
to normalize the fields to the specified output power, fol-
lowing the methods described in [11, 12]. The normalized
electromagnetic fields are compared in the same poloidal
plane, located between the limiters and the Faraday screen.

3 ERMES model

ERMES 20.0 [4] is an open-source code that solves the
time-harmonic Maxwell equitations with the finite ele-
ment method [13]. One of its key features is the ability to
choose from various FEM formulations and, for this work,
we have selected the double-curl formulation with edge el-
ements. This formulation is stated as follows: if L>(Q) is
the Hilbert space of all the square-integrable functions in
the problem domain Q and Hy(curl; Q) is the functional
space defined as

Hy(curl; Q) ;= {F e L*(Q) | VX F e L*(Q),

1
AxF=0inT}, M

Figure 2. Simulation domain showing the JET A2 antenna and
the plasma volume (in red) positioned in front of the antenna
aperture.

T

Figure 3. Top-view of the antenna—plasma system providing a
clear view of the relative position of the plasma with respect to
the antenna limiters.

1eld

35 17— pnogsges
—— PN 100187

304

25 1

20 A

15 A

n. (m3)

104

0.5 A

0.0 = T T T T T
0o 0z 04 08 0 10

ri{m)

Figure 4. Electron density profiles for JET pulses 94998 and
100187. The first data point has an electron density of n, =
1.339 x 10" m~3 for JPN 94998, and n, = 1.617 x 10"® m~3 for
JPN 100187.

being I" a Perfect Electric Conductor (PEC) surface. Then,
solving the time-harmonic Maxwell’s equation with the
double-curl finite element formulation is equivalent to
find an electric field E € Hy(curl; Q) such as VF €
Hy(curl; Q) holds:

fl(VxE)-(VxF)—wzfsE-F +
QM Q

| 2)
f —(ﬁxVxE)-F:iwa-F.
QM Q
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Figure 5. Magnetic flux density profiles corresponding to JET
pulses 94998 and 100187. The first data point has a magnetic
flux density of B = 2.257 T for JPN 94998, and B = 2.286 T for
JPN 100187.

Being w the angular frequency of the time-harmonic prob-
lem, J the volumetric current source densities, fi the uni-
tary exterior normal to the problem domain Q with bound-
ary 0, u the complex magnetic permeability (equal to the
vacuum permeability yg in this work), and & is the cold
plasma permittivity tensor defined in [15, 16].

ERMES 20.0 can continuously integrate the dielectric
tensor across the problem domain; however, for this work,
a discontinuous transition from vacuum to cold plasma has
been considered to allow for direct comparison with TOP-
ICA. The above formulation was discretized using second-
order curl-conforming elements [14], which have 20 de-
grees of freedom per element. A detail of the mesh used
to discretize the antenna geometry is shown in figure 6.

For the boundary conditions, ERMES 20.0 applies a
PEC condition (i x E = 0) on the antenna structure
and side surfaces, and Robin boundary conditions on the
remaining surfaces (coaxial ports and the outer plasma
boundary). On the input ports, the following condition is
applied:

AXVXE—y@xfiAXxE) = 2y@xiaxEmpy) 3)

where y = iw +/eu is the propagation constant of the TEM
mode, with £ and u being the permittivity and permeability
of the coaxial medium, respectively, and

_ i0 n £ o
Etem = |Eole ’/—27r1n(b/a) ( . )l', @

being |Eole™ a complex scale factor, = /u/e, a the diam-
eter of the inner cylinder of the coaxial waveguide, b the
diameter of the exterior cylinder of the coaxial waveguide,
r the radial coordinate and, T the unitary radial vector. On
the output ports, the same boundary condition is applied,
but with Ergm = 0. On the outer plasma boundary, the
same expression (3) also applies, again with Ergpyy = 0,
but with y = iky VRL/S, where kg = w +/€yfig is the angu-
lar wave number in vacuum, and R, L, and S are compo-
nents of the cold plasma dielectric tensor [15, 16]. These
conditions correspond to the assumption that a fast wave
is propagating toward the outer plasma boundary.

Figure 6. Details of the FEM mesh used in ERMES.

Figure 7. Details of the MoM surface mesh used in TOPICA.

In this benchmark, since cold plasma resonances are
intentionally avoided by construction, it is not necessary
to introduce any numerical damping into the cold plasma
tensor [8].

4 TOPICA model

TOPICA [5] is a frequency-domain numerical code based
on the method of moments [17], and it has become a refer-
ence tool in the fusion community for simulating the cou-
pling between ICRH antennas and the plasma. It has been
validated through applications on several devices, includ-
ing JET, ASDEX Upgrade, and ITER.

TOPICA integrates the plasma self-consistently
through its coupling with FELICE [18, 19], a one-
dimensional finite element code that computes the plasma
response. FELICE solves the wave equations in the
plasma along the radial coordinate and connects with
TOPICA via the spectral plasma Green’s function [5],
calculated at an interface separating the vacuum from
the plasma. This integration enables a hybrid numerical
framework: MoM is used for the antenna and vacuum
region, while FEM is applied to the plasma. This approach
allows for detailed simulation of power coupling, reflec-
tion coefficients, and the spatial distribution of electric
fields. In addition, TOPICA supports the analysis of
realistic antenna geometries, including Faraday screens,
limiters, and matching circuits, making it a powerful tool
for the design and optimization of ICRH systems.

For the benchmark described in section 2, the bound-
ary conditions used by TOPICA are as follows: PEC con-
ditions are applied to all antenna structures and side sur-
faces, TEM modes are imposed at the coaxial ports to ex-
cite the fields, and plasma behaviour is modeled through
coupling with FELICE. Figure 7 shows the surface mesh
used to discretize the antenna structure.



Table 1. Scattering parameters matrix for JPN 94998.
H: 2.5%, D: 97.5%, On0Or, £ = 42.5 MHz, P = 1 MW.

ERMES TOPICA
|Sji| f@(}"ad) |Sj,'| f@(}"ad)
S 0.8143 /+0.5006 0.7688 /+0.1041
S 0.0677 /=3.0302 0.0641 /+2.6696
S3i 0.0664 /=2.9264 0.0328 /+2.5035
Sa1 0.0767 /+3.1230 0.0428 /+2.3693
Si2 0.0736 /=3.0116 0.0664 /+2.6557
S 0.8691 /+1.3146 0.8469 /=0.8902
S32 0.0509 /=2.6014 0.0271 /+2.5141
S 0.0626 /—-2.8309 0.0314 /+2.3424
Si3 0.0639 /=2.8807 0.0350 /+2.2106
Sa3 0.0472 /=2.5499 0.0227 /+2.2743
S33 0.8718 /+1.3164 0.8545 /—=0.9096
Sz 0.0520 /=2.5567 0.0668 /+2.2524
S14 0.0827 /=3.0581 0.0546 /+2.1546
So4 0.0592 /=2.8005 0.0349 /+2.0127
S34 0.0573 /=2.4980 0.0712 /+2.1960
Su4 0.8118 /+0.4620 0.7702 /+0.1107

Table 2. Scattering parameters matrix for JPN 100187.
H: 2.5%, T: 97.5%, OnOrn, f = 42.5 MHz, P = 0.5 MW.

ERMES TOPICA
|Sj,'| fG(Vad) |Sji| fO(rad)
S 0.8201 /+0.4963 0.7638 /+0.1015
Sai 0.0671 /+3.0678 0.0676 /+2.6995
S3i 0.0605 /=3.0751 0.0376 /+2.3463
Sa1 0.0741 /+2.9759 0.0558 /+2.2967
Si2 0.0700 /+3.0965 0.0665 /+2.7930
S 0.8732 /+1.3119 0.8416 /—0.8887
S3 0.0502 /=2.7664 0.0265 /+2.3166
S4 0.0563 /=2.9944 0.0368 /+2.1557
Si3 0.0658 /=2.9450 0.0374 /+2.6657
S23 0.0485 /=2.6847 0.0318 /+2.6040
S33 0.8751 /+1.3116 0.8492 /-0.9074
S43 0.0455 /=2.7108 0.0723 /+2.2332
S14 0.0810 /+3.0708 0.0462 /+2.5803
S 0.0626 /-2.8481 0.0357 /+2.5401
S34 0.0464 /—=2.6438 0.0665 /+2.3710
Sus 0.8168 /+0.4539 0.7650 /+0.1084

5 Validation results

The objective of the benchmark is first, to compute the
scattering matrix from the four coaxial ports and second,
to use this matrix to normalize the electromagnetic fields
for a specified output power and to visualize the resulting
fields in a poloidal plane near the antenna. These calcu-
lations are performed using the antenna geometry, pulse
data, and numerical models described in the preceding sec-
tions.

Tables 1 and 2 show the computed scattering param-
eters obtained from both simulation tools for JPN 94998
and JPN 100187, respectively. The scattering matrix ele-
ments are expressed as S j;, where the indices j and i cor-
respond to each of the four coaxial ports of the JET A2
antenna. A good level of agreement is observed between
ERMES and TOPICA, indicating consistency in the treat-
ment of port excitations and boundary conditions across
the two numerical approaches.

To compute the electromagnetic fields, TOPICA im-
poses a voltage of 1 V (through a TEM mode) at each port,
with a phase shift of 25° applied to ports 1 and 4 to account
for the approximate 50 cm difference in the feeding line
lengths. This results in the following complex voltage ex-
citations: V| = 0.9063-i0.4226, V] = 1.0, Vi = 1.0, and
Vi = —0.9063 + i 0.4226, which correspond to the desired
OnOr strap excitation pattern. Using these voltages along
with the computed scattering matrix, the net power deliv-
ered to the plasma is calculated using the formula [11]:

4
Pa= - S (IVIE = V2R, s)

=

where Zy = 30Q is the characteristic impedance of the
coaxial ports, V‘jf is the forward voltage at port j, and Vj.’

is the corresponding backward voltage. The forward and
backward voltage vectors are computed from the total ap-
plied voltages V' using the expressions [11]:

Vi=[S+UT! .V, (6)

Vb =S - V/, (7

where S is the scattering matrix and U is the identity ma-
trix. Finally, the normalization constant @ used to scale the
fields to a desired output power Py is given by:

Py
= . 8
YT NPy ®

ERMES follows a similar procedure, with the primary
difference being that the voltage excitations in TOPICA
must be translated into the electric field values used in the
boundary condition (3). To achieve this, we use the same
complex voltage vector V! imposed in TOPICA and apply
the relation |Egle” = V//+/Zy in (4). We then use equa-
tions (5) through (8), replacing S with the scattering ma-
trix computed by ERMES, to calculate the normalization
factor . This approach ensures that the boundary con-
ditions in ERMES accurately reproduce the desired exci-
tation at the coaxial ports, allowing for a consistent com-
parison between the two simulation frameworks. The nor-
malized fields obtained from this procedure are shown in
figures 8, 9, 10, and 11. These figures demonstrate excel-
lent agreement between the results produced by both sim-
ulation tools, thereby validating the accuracy of the ER-
MES approach for modeling ICRH antenna—plasma inter-
actions.










