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Abstract

The coupling between cold magnetized plasmas with Lower Hybrid Resonance Frequency antennas is gen-
erally addressed using specifically developed codes. These antenna coupling codes often approximate the
plasma to a surface impedance described by a 1D half infinite models and antennas either with simplified
2D dimensions or from 3D CAD models conversion. Such approaches add an additional steps of model
approximation/conversion which is not convenient to rapidly assess impact of geometry changes on coupling
performances. The coupling calculation of Lower Hybrid Resonance Frequency antennas are performed us-
ing ANSYS HFSS and successfully benchmarked with the fast coupling codes ALOHA on inhomogeneous
cold magnetized plasmas. Good agreements are obtained when the boundary conditions in the full-wave
modelling are properly handled. Practical advices and limitations are given in order to define correctly these

boundary conditions and insure correct results.
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1. Introduction

Achieving the plasma temperature expected for
nuclear fusion requires external heating devices,
such as dedicated Radio-Frequency systems. Di-
mensions, power level and manufacturing cost
which are at stake make it impossible to build scale-
one mock-up during design and prototyping phases.
If only for this reason, modelling the electromag-
netic interactions between magnetized plasmas and
Radio-Frequency antennas is mandatory for nuclear
fusion research. In this paper, we focus only on
the RF coupling performances of these antenna to
the tokamak edge plasma and not into the wave ab-
sorption mechanisms as we assume here that all the
power is absorbed into the plasma core.

During the last two decades, the availability of
RF full wave software eased the design of RF an-
tennas, such as Ion Cyclotron (ICRF) and Lower
Hybrid Resonance Frequency systems (LHRF). As
both software and hardware progressed, modelling
has become more and more realistic, reducing the
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gap between CAD and RF models and accelerating
the necessary feedback between mechanical and RF
engineers. Nowadays, thermal or mechanical loads
can be provided directly from the results of RF sim-
ulations inside integrated work flows, which make
design phases faster.

When the magnetic field is oriented along the z
axis, the plasma facing the antennas can be de-
scribed in the cold-plasma approximation by the
following relative permittivity tensor in the e/“?
time-harmonic convention:

S jD 0
e.= —jD S 0 (1)
0 0 P

where the parameters S, D, P are described in
[1] and depends of the RF frequency, the plasma
species and the confining magnetic field. Antenna
to plasma coupling modelling with full-wave tools
was not possible unless some severe simplifications,
as they used to not support anisotropic and inho-
mogeneous dielectric media. This is the reason why
community codes such as OLGA [2] or ALOHA 3]
and TOPLHA [4] for LHRF were developed specifi-
cally for that purpose. While these tools are gener-
ally faster than full-wave modelling since they solve
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part of the problem in the spectral domain, their
Doppelgéinger is to assume slab plasma and even-
tually simplified antenna geometries to keep an an-
alytical formulation of the problem. When dealing
with detailed and curved antennas, poloidal and
toroidal plasma curvatures or wave scattering by
plasma inhomogeneities, 3D numerical approaches
become mandatory.

Since the last decade, full wave codes such as
COMSOL, Microwave CST or ANSYS HFSS for
example, have been able to define propagating
medium as anisotropic tensor with eventually nega-
tive or complex permittivity, spatial and frequency
dependences. This ability allowed coupling calcu-
lations of the C-Mod LH launcher[5]. Recently,
the open-source initiative [6] allows modelling RF
waves propagation in edge and core plasmas. In
all cases, a difficulty arises in the model setup if
geometry is partially taken into account to save re-
sources: in this case, boundary conditions at the
edges of the plasma domain need to be defined.
Indeed, default radiation or absorbing boundary
conditions such as Perfectly Matched Layer (PML)
shipped in all these software are not designed to
be used directly on the anisotropic material bound-
aries but instead on isotropic mediums. For an-
tenna to plasma coupling, the plasma medium in
which the antenna radiate is at the contrary con-
sidered as an semi-infinite medium and should be
thus defined with attached ideal absorbing bound-
ary conditions. Specific PML for anisotropic mate-
rials such as a magnetized cold plasma have been
used in [7] and mathematically studied in [8].

Thanks to the collaboration between CEA, ITER
and ANSYS, the RF modelling software ANSYS
HFSS supports inhomogeneous anisotropic medium
since 2016. The purpose of the present work is not
to produce a rigorous approach of the coupling sim-
ulation or to model the wave absorption mechanism
in the plasma or non-linear effects such as sheaths
on the antenna boundaries. The motivation is to
assess the ability of HFSS to describe the usual
range of experimental magnetized cold plasma in-
homogeneous parameters facing LHRF (sec.2) an-
tennas, away from resonances, in order to guide the
RF designer during the design phase of an antenna.
Due to space constraint, this paper focuses only on
the LHRF case, but the treatment of ICRF cases is
similar and a future paper will be dedicated to the
ICRF topic.

2. LHRF Coupling

In the Lower Hybrid Current Drive range of fre-
quencies (2 - 6 GHz) and edge plasma electron
densities in current tokamak experiments (n. =
107 — 10 m=3), the cold plasma dielectric ten-
sor is mostly diagonal ¢, ~ (1,1, P) with ¢, ,, =

P~1-— ‘:"; =1- Z—c where wp. and w are respec-
tively the plasma and the RF angular frequency
and n, = ‘”2’:7;50 the slow-wave cut-off density.
In practice, operational plasma parameters lead to
P € [-10,0]. Thus, as n. increases, the required
mesh length in the full wave simulation should de-
crease accordingly to match the decrease of the skin
depth which depends of both permittivity (and con-
ductivity).

In HFSS, using standard PML around such a
medium does not give satisfactory results and one
should consider instead developing its own PMLs
as done in [7]. A workaround consists in adding
progressively artificial losses, also known as ”adi-
abatic absorbers”[9]. If the waves are sufficiently
attenuated before they reach the propagation do-
main boundaries, the edge boundaries can be set as
perfect electric conductors. In order not to inter-
fere too much with the coupling results, a non-lossy
region is made in front of the antenna (Figure 1).
A power law of increasing conductivity has been
used to attenuate the field, as o(x) = a, (v —x¢)? if
T > xo and zero otherwise, with «,, a scaling param-
eter and x( the location of the lossy region limit.
Similar expressions are used in direction y and z for
o(y) and o(z). The function o(z) can be directly
set-up in the material editor or as a global param-
eter, paying attention that the spatial parameters
(z,y,2) are the one of the local material coordi-
nates.

As a rule of thumb, a toroidal region at least
four times larger than the antenna (toroidal) width
and a radial depth at least as large as the antenna
(toroidal) width are sufficient, as long as the con-
ductivity law in the radiating region absorb enough
power. Without magnetic field tilt angle and with-
out phasing law between waveguide rows, propaga-
tion is mainly restricted to the XZ plane and thus
the poloidal volume has low influence. A poloidal
size of less than twice the height of the antenna is
sufficient. In practice, a parametric scan should be
first performed on the magnitude of the conductiv-
ity law « until convergence is obtain on the result
of interest, for example on the reflection coefficients
of the antenna.




In the example presented in figure 1, a 3D LHRF
antenna made of six waveguides (76 mm heigh in
poloidal direction, 8.5 mm width in toroidal direc-
tion and spaced by 2 mm and excited at 3.7 GHz)
is facing a small vacuum gap (few millimetres of
less) before a linearly increasing density plasma de-
scribed by ne(x) = neo (1 + %), where ), is
the density scrape-off length and dg.p the vacuum-
gap depth. In order to get physically relevant re-
sults, the mesh size should be sufficiently refined
to capture the contribution of high wavenumbers
waves propagating in the plasma. In case of LHRF
antennas, high toroidal wavenumbers are due to
the inevitable spurious lobes generated by LHRF
phased array. In the case of the cold plasma in
this range of frequencies, the medium wavelength
decreases with increasing density. Thus, for a
given convergence target criteria (for example in
this work AS ~ 1072 ), the number of elements
will increase with the initial edge density. Putting
the plasma directly at the contact of the waveg-
uide leads to high order modes (most being evanes-
cent) at the interface between the antenna and the
plasma. These modes requires very fine mesh, un-
less with the reflection inside the antenna would
be generally overestimated. A vacuum gap region
between the antenna and the plasma speeds-up
very much the convergence process since it attenu-
ates these high order modes. This model required
around 150000 elements for a convergence target
of max |AS| < 1073, solved in 10-20 minutes on a
64 GB desktop computer. For comparison, ALOHA
results are obtained in less than a minute.

The figures 2 illustrate the benchmark with the
ALOHA code on the electric field and the power
density spectrum calculated from the Fourier trans-
form of the electric and magnetic fields at the
mouth of the LHRF antenna. The maximum
electric field in HFSS is in general lower than in
ALOHA because of the smoothing effect of the
mesh. The average value is however of the same
order. The average Reflection Coefficient (RC) cal-
culated from HFSS matches well ALOHA’s calcula-
tions when the edge density is higher than the cut-
off density (Figure 3). Looking in details, waveg-
uide per waveguide, HFSS results have a reduced
RC amplitude excursion than ALOHA’s.

3. Conclusion

The ANSYS HFSS software have been bench-
marked for coupling calculations of Lower Hybrid
Resonance Frequency to usual edge tokamak cold
magnetize plasma conditions. Reflected power and
electric field obtained in HFSS agree well with the
dedicated LH coupling code ALOHA if absorbing
boundary conditions are properly set. In practice,
usual edge plasma scenario can be modelled with
the requirement of a vacuum gap. The required
memory resources increases with the electron den-
sity increase, which can be a practical limitation for
high-density scenarios.

Since it is possible to define inhomogeneous me-
dia in HFSS, it is possible to describe equation-
based evolution or to directly use numerical data
(coming from edge plasma diagnostic such as reflec-
tometers) to model various coupling scenarios. The
results obtained can be used by antenna designers
to evaluate coupling performances.
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Figure 1: © — z maps in the middle of the waveguide height. Left: conductivity map in the toroidal plane. Right: electric field

magnitude (log scale).
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Figure 2: Example of comparison between ALOHA and HFSS (ne = 3n¢ , An = 1 cm, 1 mm vacuum gap). Left: toroidal
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Figure 3: Reflection Coefficient (RC) as calculated by ALOHA and HFSS versus the edge density (ne/nc) with A,=1 cm,

dgap=2 mm vacuum gap.
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