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Abstract. This paper complements the study reported in G. Urbanczyk et al 2025 Nucl. Fusion 65 046018
by investigating how near-field effects from Ion Cyclotron Range of Frequency (ICRF) antennas depend on
the magnetic geometry, particularly focusing on the sensitivity of rectified sheath potentials and associated
impurity production to variations in magnetic field tilt-angle. Simulations were conducted using Petra-M,
employing a flat model of the ASDEX Upgrade (AUG) three-strap antenna, and COMSOL, utilizing a curved
model of the WEST antenna. Results demonstrate indications of sensitivity of the rectified sheath potentials
and impurity sputtering to the alignment of Faraday screen bars with the magnetic field lines, emphasizing
the necessity for careful consideration of geometric alignment in antenna design for fusion devices. This trend
is consistent with experimental data measured with various diagnostics.

1 Introduction

Understanding Ion Cyclotron Range of Frequency
(ICRF)-induced sheath potentials and associated impurity
sputtering is critical for the efficient and safe operation of
fusion reactors. Near-field effects, induced at ICRF
antenna limiters, locally enhance plasma-material
interactions, potentially leading to increased impurity
production and reduced component lifetimes.
Investigating the sensitivity of these near-field effects to
variations in magnetic geometry, specifically the
magnetic field tilt-angle, is thus essential.

Experimentally — assuming all physical parameters are
uniform along a given magnetic field line — this sensitivity
is often studied by constructing radial-poloidal 2D maps
of various parameters such as

- plasma potential with reciprocating emissive probe
in WEST [1]

- ion energy with Retarded Field Analyzer in Tore
Supra [2] and ASDEX Upgrade (AUG) [3]

- density in JET [4, 5].

For each plasma current (or qos), radial profiles are
measured by different diagnostics positioned at some
distance from the powered ICRF antenna. These
diagnostics magnetically connect to different poloidal
locations on the antenna limiter depending on the plasma
current. This methodology has been widely applied across
several tokamaks, often revealing potential peaks at
antenna corners.
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However, interpreting these constructed 2D maps as
instantaneous  snapshots relies on three crucial
assumptions: (1) the measured parameter remains
insensitive to changes in plasma current (and hence
magnetic field tilt-angle), (2) RF sheath effects remain
insensitive to plasma current variations, and (3) observed
variations predominantly result from local RF sheath-
induced effects. When looking at tungsten (W) gross
erosion along AUG antenna limiter with visible
spectroscopy (cf. Figure 1), amplitude and location of
maxima change substantially during the plasma current
scan, revealing hidden dependencies that are somewhat
assumed negligible for the analysis.

With our main motivations emerging from previous
analysis of AUG experiments reported in [3], we now
evaluate the validity of these implicit assumptions
through comparative numerical simulations using Petra-
M and COMSOL codes. Simulations maintain constant
coupled power, while systematically varying the magnetic
field tilt-angle and in some cases density. Sheath
potentials at antenna limiters are computed and compared
to experimental observations from AUG and WEST,
supplemented by poloidal profile analyses via visible
spectroscopy. The implications of curvature effects are
also examined during assessments of a flat model of the
AUG three-strap antenna (Petra-M) and a curved model
of the WEST antenna (COMSOL).

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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currents (Ip [MA]), dipole phasing (180°), and two different
power balances: (top) Peent/Pou=3/2 and (bottom) Pcent/Pou=1/8.
For each value of Ip, increase factors A were estimated
(cf. eq. 1), and the corresponding value of the tilt-angle can be
found on the x-axis of Figure 9.

2 Simulation Methodology

For RF calculation, we model a deuterium plasma with
5% H minority by a cold dielectric tensor with collisions.
For erosion calculation, we include small fractions of
impurities (0.5% C, 0.5% B, 0.01% W). We
systematically compute increase factors, representative of
the gross erosion increase, integrated on the whole
antenna limiters (eq.1) and Faraday screen (eq.3):
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Figure 1. W outflux (gross erosion) measured along AUG H
antenna limiter with visible spectroscopy for various plasma 1016 ; ; ; ! .
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Figure 2. Density profiles from reflectometry in the core (top)
and in the edge (bottom) during plasma current (Ip) scan (AUG
#37150 cf. Figure 2 in [3] where also error bars are implied)

2.1 Petra-M simulations (AUG flat model)

Figure 3. Flat geometry of ASDEX Upgrade 3-strap antenna
used in Petra-M simulations, with RF sheath boundary
conditions applied on the whole limiter frame, with largest
fields appearing only on the inner part of the limiter, hence the
focus made on the inner-left surface in Figures 5-6-7 (location
best diagnosed).

Petra-M is a FEM multi-physics platform [6]. For this
specific work, we employ boundary conditions (BCs)
implemented in Petra-M and based on a magnetic
potential formulation for both linear and non-linear 3D RF
sheath BCs [7, 8] applied only on the limiters. The
Faraday Screen typically sits behind the plasma | vacuum
interface and is modelled as a Perfect Electric Conductor.
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In this study, Petra-M simulations use a simplified flat
geometry of the 3-strap ICRF antenna of ASDEX
Upgrade (AUG). The simulations explore the influence on
rectified potentials (Vpc) and tungsten gross erosion (I'w)
of:

- magnetic tilt-angles: assessed on operational ranges
and beyond (fixing the density);

- density modifications induced by the plasma current
scan shown in Fig. 2, with a tendency to the higher density
at the higher plasma current (in [3] the density profile was
fixed at tilt-angle 11° which is the default angle used in
most previously published simulations);

- the combination of both effects.

Figures 5-7 show the results of simulations for various
parameters. For simplicity, we focus on the region of most
interest (the one best diagnosed), which is the inner
surface of the left limiter (materialized by green dashed
lines in Figure 3). Position x=0 corresponds to the plasma
| vacuum interface (in front of the Faraday Screen), and it
goes deeper in the plasma as x increases.

2.2 COMSOL simulations (WEST curved model)

Figure 4. Plasma density on the sheath surfaces of the curved
geometry of WEST antenna used in COMSOL simulations,
with RF sheath boundary conditions applied not only on the
limiters, but also on the Faraday Screen

The COMSOL Multiphysics simulations, employing the
sheath-equivalent dielectric layer technique, are used to
model the WEST antenna, which features a realistic
curved geometry [9]. Unlike the model employed for
AUG in Petra-M, COMSOL includes geometric
complexities through a finite-element approach, with an
artificial sheath layer applied to both the antenna limiters
and Faraday Screen bars (Figure 4), with the plasma |
vacuum interface just behind as shown in Figure 7 of [9].
This layer mimics sheath effects by incorporating
dielectric properties representing sheath impedance. The
assumptions specific to COMSOL simulations include a
plasma density profile obtained from reflectometry
measurements of WEST shot 59789 (cf. Figure 4), and the
radial position of the antenna consistent with
experimental conditions. In the shadow of antenna
limiters, to account for the “private SOL” region, density

decays faster (10 cm decay length in addition to the
original profile). We acknowledge the decay still is
unrealistically slow, but this is the best we can do so far,
given numerical limits of mesh thinness required to
capture sharp gradients and ensure model convergence.
The simulations analyse sheath potentials on both limiters
(coated with tungsten) and Faraday Screen (coated with
silver) across different magnetic tilt-angles, thereby
enabling a comparative evaluation of geometry impacts.

3 Simulations Results
3.1 Petra-M simulations (AUG flat model)

The results from Petra-M simulations for the AUG flat
antenna model are summarized as follows. The antenna
excitation used in these simulations corresponds to dipole
phasing with Peen/Pou=1/8 (cf. Fig.lb), unoptimized
power balance which excites high electrical field close to
the antenna side limiters.

Figure 5 presents the results of the magnetic field tilt-
angle scan performed at a fixed density profile (cf. case
Ip=0.82 in Figure 1). This figure illustrates the sensitivity
of Vpc and the associated I'w assessed for the realistic
plasma mixture shown in Figure 11 of [3], to variations in
the magnetic field tilt-angle under the used conditions.
We further explore numerically up to a tilt-angle of 22°,
beyond the operationally accessible range (limited by
maximal plasma current used in the corresponding
experiments I, < 1.2MA -> tilt-angle < 14.5°). Values of
Vpc on average appear lowest when the magnetic field tilt
angles is in the range from 14.5° to 17°, i.e. close to the
Faraday Screen bar alignment of 15°. Average values of
I'w mostly follow this trend. Also, the W increase factor —
reflecting how much more tungsten is eroded on this part
of the limiter when the antenna is powered (cf. equation
1) —is minimal in this range of tilt-angles (A = Ajim =2.5).
Note also that in the calculations, the horizontal striations
in Figures 5-7 follow the periodicity of the Faraday
Screen bars, an effect usually not observed during
experiments where the effect is typically smoothened out.

Figure 6 reveals the influence of the density variation,
as observed in the experiment and shown in Figure 2. Here
we the tilt-angle is fixed at 11°.

Finally, in Figure 7, the effects of density and
magnetic tilt-angle are combined for the experimental
range of the tilt-angles. This modifies the amplitude of the
variations observed in Figure 5. Neglecting further
uncertainties of the density profile measurements, the
effect of the magnetic field angle variation is still visible
in the calculations: Vpc, I'w and Ajm are somewhat lower
at 14.5°.

These results hint at the possible effect of alignment
of the Faraday screen bars with magnetic field lines on
reduction of the near-field induced RF sheath effects and
impurity production in fusion devices. One physical
explanation is a better screening of the Slow wave (E))
when FS bars are parallel to B field lines [10].
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Figure 5. Rectified potential Vpc [V] (top row) and tungsten gross erosion ['w [atoms/m?/s] (bottom row) on the inner left surface of
the AUG 3-strap antenna. B field tilt-angle scan - n¢ profile fixed (cf. Ip=0.82 MA in Figure 2).
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Figure 6. Density scan - B field tilt-angle = 11°.
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Figure 7. Density and B field tilt-angle scan. Colored rectangles on Vpc colormaps represent the area to which the RFA probe
magnetically connect in each case, which are the areas combined for synthetically reconstructing the map shown in Figure 10. Colored
rectangles on I'w colormaps represent the radial location where synthetic profiles shown in Figure 11 are extracted.
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Figure 8. Influence of B field tilt-angle on limiters and Faraday screen. Top row: rectified potential Vpc [V].
Bottom row: tungsten gross erosion on limiters I'w [atoms/m?/s]; silver gross erosion on Faraday Screen I'ag [atoms/m?/s].
Operationally accessible angles materialized by cyan rectangle (300 <I, <700 kA).

3.2 COMSOL simulations (WEST curved model)

The COMSOL simulations on the WEST curved antenna
model provide further insight into the geometric
dependence of RF sheath potentials.

Figure 8 shows for various magnetic tilt-angles,
rectified sheath potentials on the antenna front face, W
sputtering on the limiters, and Ag sputtering from the
Faraday Screen. Unlike observation made with the flat
geometry, the results with curved geometry show a very
weak sensitivity of rectified potentials on the limiters
(Alim = 2.3). We are not certain whether the curvature
entirely explains this difference, but it the most suspected
cause. We plan on confirming this by applying Petra-M
code to the same case with the curved AUG geometry, but
this is beyond the scope of the present paper.

In contrast, Ag sputtering on the Faraday screen is
minimized when the magnetic field lines are aligned on
the Faraday Screen bars (7° = cf. green rectangles in
Figure 8). In that case, the increase of silver erosion when
powering the antenna is minimized (Ars = 4.3).

4 Comparisons with experiments

The simulation findings are now discussed in the context
of the experimental observations. Figure 9 displays
equivalent local RF potentials Vrr deduced from the RF
currents measured by shunts at various tiles of the AUG
antenna limiters. The dependence of Vgr as a function of
the plasma current shows a similar trend as that obtained
for Vpc with Petra-M simulations. While red curves
correspond exactly to the same antenna excitation as in
section 3 (bottom graph in Figure 1), blue curves also
show Vgr for a well-balanced power on the straps (top
graph in Figure 1), showing how good the tapering of the
power can mitigate RF fields on the limiter. Thus, the
results point out the sensitivity to magnetic field
alignment as a possible explanation. However, one has to
be careful with this interpretation: in these experiments,
the density close to antenna also tends to increase when
the plasma current is increased. Although this density

dependency serves as an input to the Petra-M calculations
presented in Fig. 7, experimental uncertainties of the
density distributions and the RF sheath physics which is
not included in the code (i.e. the effects beyond those
described by the RF sheath boundary condition) can still
influence local RF and DC quantities. Also, the full
magnetic equilibrium is not accounted for.
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Figure 9. Equivalent RF potentials on various tiles of AUG
antenna limiters, deduced from RF current measurements by
shunts, as described in [11].
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Figure 10. Mean ions energy at limiters. Comparison of
synthetic reconstruction from Petra-M calculations (cf. Fig.7a
with a map measured near AUG antenna with a reciprocating
RFA probe (cf. details in [3]).

Figure 10 shows on the left the 2D map synthetically
reconstructed from Petra-M simulations shown on the top
row of Figure 7, and on the right, the ion mean energy at
the limiters, mapped with the Retarded Field Analyzer
(RFA) probe during AUG experiment described in [3].
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Map pieces shown by colored rectangles in Fig. 7 are
assembled together to reconstruct what the RFA probe
should have seen. While broad greenish areas in these
maps agree quite well, they differ by several features such
as values at the bottom corner and the two red spots
registered by RFA. Note that Petra-M sensitivity to the
inputs is here of similar order of magnitude as the
uncertainties resulting from diagnostics data treatments
(density profiles, power coupled, etc.) so that one should
not expect perfect agreement. The absence of curvature in
the Petra-M model can also partially explain the
difference, in particular the smaller potentials at the
corner. Yet, large local differences such as the red spots
may be the result of mechanisms absent from the model.

Figure 11 shows the result of similar exercise and
compares W outflux synthetically reconstructed from
Petra-M calculations with profiles measured by visible
spectroscopy shown in Fig.lb. Again, the difference
between the results, both qualitative and quantitatively
(based on increase factors A), which relies on a series of
assumptions, confirms that what is observed
experimentally can differ quite a lot from modelling, and
invites us to further think of mechanisms that we
neglected, but which may play a crucial role, perhaps such
as convective cells.
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Figure 11. W outflux (gross erosion). Comparison of synthetic
reconstruction from Petra-M calculations with profiles
measured by visible spectroscopy (cf. Fig.1b).

Figure 12 presents core spectroscopy measurements of
Ag!'7" and Ag!®" in WEST discharges at different plasma
current, showing clear correlation with the ICRF power.
Note first that the presence of Ag is perfectly correlated
with the ICRF power; almost no Ag without ICRF. Also,
the very similar trend of Ag'™ and Ag'®" is reassuring
regarding an eventual mis-interpretation of these trends;
if spectral lines were somehow “polluted” by other
species emitting at similar wavelength. Ag content also
seems to increase faster with Picrr for [,=400kA than
700kA. Given the quite stable influx of ions on the limiter
for both discharges (cf. DI on the 3™ panel), these data
support a correlation between magnetic tilt-angle
alignment and reduced core Ag content, in a good
agreement with COMSOL predictions. Interpretation can
yet be more complex considering different edge densities
registered.

Results of a full I, scan experiment in WEST are
reported in section 6 of [1] where 2D maps of plasma
potentials are measured with a reciprocating emissive
probe plunging at different Ip from the top of the machine
and magnetically connecting to the top right corner of

WEST ICRF antenna, nearby maximal Vpc predicted by
simulations in Fig. 8.
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Figure 12. Brightness of two lines of Ag measured in the core
of WEST by UV spectroscopy, versus total ICRH power, for
pulses at Ip=400kA (#61662, magnetic tilt angle ~ 3°) and for
Ip=700kA (#61658, tilt angle ~ 5°). D I line brightness averaged
over antenna side limiters in the same time windows.

Note that Vpc insensitivity to the tilt angle observed in
Figure 8 suggest that measurements in [1] are a priori fully
representative of Vpc spatial variation. In addition, to try
compensating for the density influence on wave coupling
efficiency, voltages on coaxial lines and Greenwald
fraction were kept constant during the experiment.
Regarding Ag content in the core, since the experiment
was made shortly after boronization, the dominant effect
observed is unfortunately the shot-to-shot erosion of the
boron layer on the FS screen, rather than the effect of the
B field tilt angle.

5 Conclusion

This study has investigated how ICRF-induced near-field
effects depend on magnetic field geometry by the means
of analysis of numerical simulations and comparisons
with experimental diagnostics in AUG and WEST
tokamaks. Using Petra-M simulations for the AUG flat
antenna model and COMSOL simulations for the curved
WEST antenna, we find indications that aligning the B
field lines with the Faraday screen bars can indeed
help reducing sheath rectification and associated
impurity sputtering. This analysis, however, is
hampered by various effects imposed by density
variations in the experiments.

On the limiters of the AUG flat model, potentials
show a sensitivity to the alignment, whereas no such
sensitivity is observed on the WEST curved limiter. We
suppose this can be due to the curvature, but this still
needs to be confirmed. On the Faraday screen, trends on
the WEST antenna with Ag eroded during experiments
encourage to align the magnetic field lines with the
Faraday screen bars.

Further comparisons with experiments — including
RF potential measurements with shunts, RFA-mapped ion
energies and gross erosion measured by visible
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spectroscopy — partially support these findings. Besides,
differences in particular on synthetically assessed gross
erosion suggest that we may have neglected key
mechanisms in our model.

Beyond antenna front face design, the magnetic
alignment has broader implications. Recent
experimental evidence [12] suggests that antenna limiters
also, when properly aligned with magnetic field lines,
may also facilitate the flow of ExB convective cells
without edge interception (corners). For typical
“toroidally aligned” limiters, ExB cells are misaligned
with the limiter curvature, therefore convecting hot and
dense plasma to some corners, enhancing plasma surface
interactions. However, when limiters are “field aligned”,
the convection occurs along the curvature of the limiter
without hitting any corner, resulting in a net reduction of
interaction.

All these results together highlight the importance to
consider magnetic field alignment in antenna design and
component integration to minimize sheath-related effects
and improve plasma performance in fusion devices.
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