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Abstract

Radiofrequency sheath rectification is a phenomenon relevant to the operation of Ion Cyclotron
Range of Frequencies (ICRFs) actuators in tokamaks. Techniques to model the sheath
rectification on 3D ICRF antenna geometries have only recently become available (Shiraiw et al
2023 Nucl. Fusion 63 026024; Beers et al 2021 Phys. Plasmas 28 093503). In this work, we
apply the ‘sheath-equivalent dielectric layer’ technique, used previously only on linear devices
(Beers et al 2021 Phys. Plasmas 28 103508), in tokamak geometry, computing rectified sheath
potentials on the WEST ICRF antenna. Advancing the state of the art in sheath rectification
modeling, we compute the sheath potentials not just on the limiters, but also on the Faraday
Screen bars. The calculations show a peak rectified DC potential of 300 V on the limiters and
500V on the Faraday screen. Assuming a typical sputtering yield curve, the RF sheath
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rectification increases the sputtering yield from the limiters by a factor of 2.6 w.r.t. the

sputtering due to the non-rectified thermal sheath.
Keywords: ICREF, sheaths, PMI

(Some figures may appear in colour only in the online journal)

1. Introduction

The numerical modeling of the emission of radiofrequency
(RF) electromagnetic waves from an Ion Cyclotron Range of
Frequencies (ICRFs) actuator in a tokamak or stellarator is
an important task for which various simplifying assumptions
may be well-justified, depending on the physical quantities of
interest. If we are chiefly interested in the power coupled to the
plasma, it is entirely justified to put Perfect Electric Conductor
(PEC) boundary conditions on the antenna surface, and even
to keep the antenna in vacuum, while still getting physically
correct predictions, even in highly nontrivial plasma condi-
tions, such as those involving gas puffing or resonant magnetic
perturbations [1—4]. This is because ICRF power coupling is
mainly determined by the fast wave evanescence in front of
the antenna [5], with some minor dependence on the gradient
[6], but neither the edge physics nor the core absorption plays
much of a role.

If we are interested in finer details of the edge physics, such
as sheath formation and rectification on the antenna surfaces,
and the associated possibility of increased impurity sputter-
ing, we need to impose a sheath boundary condition [7] on the
antenna surface. This boundary condition gives the tangential
electric field E, as a function of the sheath impedance zy, and
the normal RF current J,,,

E; =V (zsn/n) - ey

Actually implementing this boundary condition in numerical
frequency-domain RF solvers proved to be difficult, espe-
cially in 3D (the first 3D time-domain implementations [8]
precede the first 3D frequency-domain implementations by
5 years). For most of the 2010 s, most researchers resorted
to 2D approaches. This includes the ‘SSWICH’ code [9-11]
for modeling of experiments and antenna designs, the ‘rfSOL’
code [12, 13] for fundamental research, and more recently the
‘Stix” code [14].

The first proof-of-concept implementation of a 3D
frequency-domain solver which could handle (1), albeit only
in severely restricted geometries, was [15]. Later, [16] man-
aged to implement this boundary condition, for general geo-
metries, in the Petra-M code. Both approaches give consistent
results in good agreement with experimental data on ASDEX
Upgrade [17].

Another effort to avoid the difficulty of a direct imple-
mentation of (1) is based on placing a dielectric layer with
finite thickness (much thicker than the physical sheath thick-
ness =~ the Debye length, yet much thinner than the other
length scales in the antenna geometry), which plays the role
of the sheath, in the simulation domain. By giving this dielec-
tric layer appropriate ‘sheath-mimicking’ material properties

(e,0), the sheath boundary condition can be self-consistently
approximated, without implementing it as a boundary condi-
tion per se. This approach [19] was applied successfully on the
linear device Proto-MPEX [20] and more recently on PISCES-
RF [18, 21]. In this work, we apply it for the first time in a
tokamak geometry.

Sheath rectification calculations are typically performed on
the ICRF antenna limiters. This is both due to inherent limita-
tions in the traditional approaches to sheath modeling, which
were specialized for that particular task and could not handle
the greater geometric complexity of the rest of the antenna, but
itis also physically justified: the limiters are where most sheath
rectification is to be expected, and where sheath rectification
should most contribute to impurity sputtering. In addition, the
validity of the sheath boundary condition is assured on the lim-
iter sides [22], but not on other surfaces which may be near
parallel to the magnetic field (‘magnetic tangency points’, see
figure 1).

In this work, we will compute the rectified DC potential on
both the limiters and on the Faraday Screen bars, mainly to
demonstrate the geometric flexibility of our approach. While
erosion from the Faraday Screen bars should usually be quite
limited, there are other physical reasons to be interested in Vpc
there:

e Computing the sheaths and associated impurity release on
the Faraday Screen could provide insight on previous experi-
mental results, comparing impurity release with and without
the Faraday Screen.

e Sheaths on the Faraday Screen bars might generate convect-
ive cells which could transport plasma into that region.

e If the Faraday Screen is not perfectly parallel to the confin-
ing magnetic field, there may be field lines that connect a
Faraday Screen bar to a side limiter or septum. Such sheaths
could have high voltages.

2. Finite element model of the WEST antenna

We imported a CAD model of the WEST ICRF antenna [23,
24] (the same one used in [16]) into the COMSOL finite ele-
ment software, and built a toroidal approximation of the ves-
sel around it, as shown in figure 2. This toroidal approxim-
ation of the more complicated true vessel shape is intended
to allow for the construction of toroidal Perfectly Matched
Layers (PMLs) [25], which allow us to terminate the simu-
lation domain without including the geometry of the full torus
and without having to model core absorption, an approach
used previously on ASDEX Upgrade [2].

The nested flux surfaces along which the plasma parameters
are assumed constant are also approximated as nested circular



Nucl. Fusion 64 (2024) 126039

W. Tierens et al

ganann ==

-'-

—

r—
==

z;;'

e ey e

e r——————

== —.._._.

s

L]

e
|
2 ‘—;, :

. 0.2

180

160

120

100

80

[8ap] |ewlou a2eNS pue g usamiaq 3jSuy

Figure 1. The angle between the magnetic field and the surface normal. 90° is magnetic tangency, at which the applicability of the local

sheath boundary condition is in doubt.

Limiter

Port 3

Port 4

Limiter

Figure 2. Left: CAD model of the WEST ICRF antenna geometry. The ports, limiters, and Faraday Screen bars are labeled. Right: the

WEST ICRF antenna model inside its toroidal vessel.
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Figure 3. Left: we construct an artificial ‘sheath layer’ on the limiters. It is 2 mm thick. Within it, we will define an isotropic dielectric
material to mimic the much thinner physical sheath. Right: we also construct an artificial sheath layer on the Faraday Screen bars. Note that
the artificial sheath thickness need not be constant. In this geometry, it is constant along the limiters, but not along the Faraday Screen bars..

tori, using three measurements of the major radius coordin-
ate of a surface of constant density, at three vertical loca-
tions, from WEST shot 57877. This means that deviations
from axisymmetry are not taken into account in the plasma
model.

In WEST, the antennas can be moved radially. We adjusted
the geometry to account for the radial position of the antenna,
as it was in shot 57877: the major radius coordinate of the tip
of the lateral limiter in the equatorial plane was 3.011 m.

In order to apply the sheath-equivalent dielectric layer tech-
nique, we have extruded the limiter surfaces to a finite thick-
ness of 2 mm as shown in figure 3, such that we can include a
sheath-mimicking material in that layer. Similarly, we meshed
a thin layer around each Faraday Screen bar, which will
enable us to compute the rectified sheath potentials there as
well.

3. Coordinatizing the limiter surfaces: the Eikonal
equation

The sheath model [26] computes the rectified sheath voltage
and RF sheath impedance parameter zg, to be used in equation
(1). The sheath impedance may be converted to equivalent
material layer parameters, the permittivity € and the conductiv-
ity o, in a manner that allows the dielectric layer to mimic the
RF impedance properties of the sheath. See [19] for details.
Our implementation is based upon that of [19], with major
modifications to handle the complex tokamak geometry. These
quantities are not constant; € and ¢ vary along the sheath sur-
faces. For this reason it is necessary to coordinatize these sur-
faces: we must have a 2D coordinate system on the sheath sur-
faces such that we may interpolate € and o to any point on those
surfaces. In linear devices such as Proto-MPEX and PISCES-
RF, where this approach was applied before [20], the sheath
surface is a cylinder, and this coordinatization is trivial.

In the more complicated case of WEST, we decided to
construct this coordinate system numerically. We choose one
coordinate to be the poloidal angle, and the other one, a ‘tor-
oidal distance along the limiter’, we determine by numerically
solving the Eikonal equation in the sheath layer

|Vd| =1 )

with d =0 along the antenna-facing boundary of the sheath
layer (green in figure 3) and (Vd) - n = 0 on the other boundar-
ies. The Eikonal equation (2) defines the signed distance from
the d = 0 boundary (the distance along the limiter surface, not
the 3D Euclidean distance), hence the d field solution of (2)
is interpretable as a coordinate. Figure 4 shows these coordin-
ates. We also define cylindrical coordinates for each Faraday
Screen bar.

4. Physical parameters

We make use of a 1D density profile obtained from reflecto-
metry in WEST shot 57877, shown in figure 5 and mapped to
the 3D antenna structures in figure 6. Using this density we
construct the usual cold plasma dielectric tensor [27]

S —iD 0
e=|iD S 0 3)
0 0 P

to characterize the electromagnetic behavior of the plasma.
The notoriously problematic [28] S=0 layer occurs
between the Faraday Screen and the straps. In conventional
ICREF operation, it is more common that S = 0 occurs between
the Faraday Screen and the core plasma. In order to avoid
numerical challenges associated with the Lower Hybrid res-
onance at S =0, we make use, as is conventional, of a discon-
tinuous jump between plasma and vacuum (a plasma-vacuum
interface [1, 29]), but, because of the unusual location of
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Figure 4. Numerical coordinatization of the limiter surfaces. The ‘toroidal’ distance along the limiter (left) is determined by solving the
Eikonal equation (2) numerically. For the second coordinate on the limiter surface, we use the poloidal angle (right).
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S =0, we can place the plasma-vacuum interface between the
Faraday Screen and the straps. This is shown in figure 7.

This point deserves some discussion. The conventional
approach to ICRF antenna modeling, at least where the pre-
diction of the coupled power is concerned, relies on having a
plasma-vacuum interface between the plasma and the antenna.
This is true both for finite element approaches [1], and in other
approaches [30]. This approach gives surprisingly good agree-
ment with experiment, even in complex 3D plasma scenarios
[2, 4], lending credibility to the claim that the only thing that
matters for coupling is the thickness of the evanescence layer
[5], and that the edge physics does not matter (for the coup-
ling). For our purposes here, the sheaths, the edge physics
clearly does matter and we can no longer keep the antenna
entirely in vacuum. Figure 7 represents the best-case scenario:
we can still do a plasma-vacuum jump which skips the Lower
Hybrid resonance [28] and related resonances [31], this inter-
face does not intersect crucial antenna components (Faraday
Screen bars, straps), and we do not need to introduce large
edge losses (which would contradict the observation that we

0.25 +0.92i
(3.13 —8.71i) 104
(35.3 —3.37i) 104
(6.83 —16.3i) 1077

(1.1 40.44) 102
0.26 +0.92i
(272 +1.62i) 1073
(5.25 +0.05i) 103

and derive incident amplitudes V; such that Vi =|V;+
SV;|. Together with dipole phasing, this gives V; = 16.8kV,
—15.4kV, —18.1kV, and 17kV for ports 1 through 4 respect-
ively (see figure 2 for the port indices).

5. Iterating the sheath model

At each iteration, the sheath model [19, 26] gives us the dielec-
tric parameters € and o to be imposed in the sheath layers.
Re-running the simulation with these new material parameters
then gives us an updated RF sheath voltage (i.e. the normal RF
electric field in the sheath layers times the layer thickness),
from which we re-calculate ¢ and o until convergence is
reached, as in figure 8. Figure 9 shows the normal RF elec-
tric field and the rectified DC potential at the fourth iteration.

We see that Ve on the limiters converges to a peak value of
about 300V, while Vpc on the Faraday Screen peaks at a sub-
stantially higher value of about 500V, though the latter needs
to be taken with a grain of salt because the Faraday Screen
bars are nearly parallel to the confining magnetic field, and
also because we assumed a constant 7, even though T at the
Faraday Screen bars is, in reality, probably lower than at the
limiters.

We intend to use this Vpc as input to a sophisticated sput-
tering code in future work. For now, as a first step, we take

get the correct coupling with zero edge losses if we use the
conventional vacuum layer approach).

Assuming that this density profile remains valid even inside
the antenna (as opposed to assuming a steeper decay inside the
antenna), we can now take the physically correct approach:
we solve Maxwell’s equations in a relatively dense plasma
near the antenna, and couple it to the sheath model which gets
the same density as input. The opposite approach, i.e. solv-
ing Maxwell’s equations in vacuum and using the resulting
vacuum fields to excite a non-vacuum sheath model, has his-
torically been common. For example, all SSWICH calcula-
tions take vacuum fields computed in either RAPLICASOL
or TOPICA as input.

The electron temperature profile is not available for this
shot. This is because the pecker probes [32], which usually
measure this quantity on WEST, cannot compensate for the
rectified sheath potentials during ICRF operation. We have
thus assumed a constant electron temperature 7. = 10eV.

In shot 57877, the measured total voltages Vi, in each
of the four ports were 26kV, 24kV, 28kV, and 26.5kV
respectively. From our model we obtained the 4 x 4 S-matrix

(4.14 +0.84i) 1073
(8.38 —15.1i) 1073
0.26 +0.92i
(3.22 —8.79i)10~*

(1.61 +1.48{) 103

(5.67 +1.11i) 1073

(1.09 +0.44i) 1072
0.26 +0.92i

“

a WEST-relevant sputtering yield curve [33] Yer(Vpc) shown
in figure 10, which gives the number of atoms sputtered per
incident ion, given the incident ion energy eVpc (for a singly
charged ion). Yeir(Vpe)ni v/3T;/m; is then a measure for the
number of atoms sputtered per surface area per second. The
integral of this quantity over the sheath surfaces, i.e. the total
number of atoms sputtered per second, is 1.6-10'7s~! for
the limiters, and 4.9-10'7 s~! for the Faraday Screen bars
(with the usual caveats that the sheath model may not be fully
applicable there due to the magnetic field being near par-
allel to the surface, and our assumption of a constant 7; =
T. = 10eV, in reality the plasma at the Faraday Screen is
probably colder than at the limiters). In the presence of only
the non-rectified thermal sheath, the same calculation yields
6.2 -10'6 s~! atoms sputtered per second from the limiters, and
3.7-10' s~! from the Faraday Screen. So, the RF rectification
increases the total sputtering from the limiters by a factor 2.6,
and from the Faraday Screen by a factor 13.2.

6. Conclusion

We have applied, for the first time, the sheath-equivalent
dielectric layer technique in a tokamak geometry. This tech-
nique allows greater geometric complexity than most previ-
ous approaches. We have made use of this to compute rectified
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Figure 6. Density [10"¥m™>] shown along the limiter and Faraday Screen surfaces. The 3D density is reconstructed by using the density

profile from figure 5 and assuming constant density along the flux surfaces. The density along these surfaces corresponds to 3.01 m < R <
3.18 m in figure 5.

fﬂ

Figure 7. The plasma-vacuum interface, the discontinuous transition from plasma (green) to vacuum (blue) occurs in an unusual location in

our model: it is between the Faraday Screen and the antenna straps. The yellow rings surrounding the Faraday Screen bars denote the thin
layer of sheath-mimicking material.
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Figure 8. Maximum, mean, and median Vpc as we iterate the sheath model. The difference between iteration 3 and iteration 4 is below 3%.

The main results shown in this work are at iteration 4.

sheath potentials on both the limiters and the Faraday Screen
bars of an ICRF antenna.

In future work, we intend to compare the results with
experimental data, and/or use the rectified sheath potential as
input to the GITR sputtering code [34], with the ultimate goal
of enabling predictive quantitative modeling of RF-induced
impurity sputtering.
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Appendix A. Vertical symmetry

Neither the antenna geometry nor the density are exactly
vertically symmetric. Still, the density (figure 6) is closer to
vertically symmetric than usual for WEST, the center of the
nested flux surfaces along which the density is constant being
only 0.6 cm away from the y = 0 plane (y being the vertical axis
in this geometry). Yet, the electric field and Vpc in figure 9 are
highly asymmetric, peaking at the top rather than the bottom
of the antenna. To investigate this, we have moved the density
vertically by &5 cm as shown in figure Al. The effect of this
change in density on the RF electric field at the sheath surfaces
(at the first iteration, when the sheath layers are still vacuum)
is shown in figure A2.
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Appendix B. Influence of the location of the
plasma-vacuum interface on the coupled power

We derived our S-matrix (4) from a model in which the
plasma-vacuum interface is in an unconventional location
(figure 7). To the extent that such S-matrix calculations have
been successfully compared with experiment, this has been
done with models where the plasma-vacuum interface is in
the conventional location, in front of the antenna, such that
the entire antenna is in vacuum. To check if our S-matrix cal-
culation makes sense, we compare with a conventional cal-
culation where the plasma-vacuum interface is in its conven-
tional location, outside the antenna. This comparison is shown
in figure B.1. For the same incident amplitudes as before, V; =
16.8kV, —15.4kV, —18.1kV, and 17kV for ports 1 through 4,
the coupled power is 1 MW for the plasma-vacuum interface
inside the antenna, and 0.5 MW for the conventional plasma-

vacuum interface. The former is closer to the experimentally
measured coupled power, which was over | MW in this exper-
iment, see figure B.2.

Appendix C. Insensitivity to artificial sheath
thickness parameter d

The results should be approximately independent of the thick-
ness of the sheath-mimicking layers, provided they are thin
enough. As the sheath layers on the FS bars were constructed
manually, we cannot easily modify it. The sheath layer on the
limiters, on the other hand, was constructed procedurally, so
we can adjust it with ease. In the rest of this work, we used
d =2 mm for the sheath layer thickness on the limiters. In this
appendix, we modify it to d =1 mm to verify insensitivity of
the result to d. The result in figure C.1 indeed confirms that the
results are insensitive to d.
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Figure C.1. Left: Vpc after four iterations with d = 1 mm. Right: Vpc after four iterations with d =2 mm (same parameters as in figure 9).
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