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Abstract. In this paper we validate the Finite Element code RAPLICASOL,
which models radiofrequency wave propagation in edge plasmas near ICRF
antennas, against calculations with the TOPICA code. We compare the output
of both codes for the ASDEX Upgrade 2-strap antenna, and for a 4-strap WEST-
like antenna. Although RAPLICASOL requires considerably fewer computational
resources than TOPICA, we find that the predicted quantities of experimental
interest (including reflection coefficients, coupling resistances, S- and Z-matrix
entries, optimal matching settings, and even radiofrequency electric fields) are in
good agreement provided we are careful to use the same geometry in both codes.
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1. Introduction

Understanding the behaviour of radiofrequency (RF)
waves in tokamak edge plasmas is of paramount
importance since ICRF (Ion Cyclotron Range of
Frequencies) antennas are needed for heating and
current drive.  Several codes to model the wave
behaviour have been developed, notably TOPICA
(TOrino Polytechnic Ion Cyclotron Antenna [1H4]),
RAPLICASOL (based on COMSOL [5]) and more
recently ERMES [6] (open-source). RAPLICASOL
(Radiofrequency wAve couPLing for Ion Cyclotron
Antenna in Scrape-Off-Layer [7]) is a Finite Element
approach to this problem. Although it has been used
successfully to predict the influence of gas puffing on
the coupling resistance [8], it has not thus far been
validated as thoroughly as TOPICA, which is the goal
of this paper.

This paper is organized as follows: in section
we introduce the RAPLICASOL code. In section
we briefly introduce the TOPICA code. It
is not the goal of this paper to discuss TOPICA
in detail, but we do need to stress just how
different both approaches are.  Section [] contain
comparisons between RAPLICASOL, TOPICA, and
RF measurements during experiments, for the ASDEX
Upgrade 2-strap antenna. Section [5| contains similar
comparisons for a WEST-like antenna. The conclusion
is in section

2. RAPLICASOL

RAPLICASOL [7] is a program based on the commer-
cial software COMSOL [5]. COMSOL provides the
capability of solving Maxwell’s equations in frequency
domain using Finite Elements. RAPLICASOL adds
to this the Stix tensor , Perfectly Matched Layers
( [9], section [2.3)), and parametrized antennas (section
2.1). For earlier work on using COMSOL for ICRF
antennas, see [10].

RAPLICASOL was not originally intended to be
a standalone RF code, but rather to be the RF module
of the nonlinear sheath code SSWICH [11}]12]. As we
extended the capabilites of both RAPLICASOL and
SSWICH, it became apparent that RAPLICASOL has
its own uses independent from SSWICH, such as the
calculation of coupling resistances when the plasma is
not toroidally and poloidally uniform [8}|13].

RAPLICASOL uses a Finite-Element approach
in which the vacuum and plasma volumes near the
antenna are meshed with tetrahedral elements. On
this mesh, Maxwell’s equations in the cold plasma
approximation in the frequency domain (i.e. with
dielectric tensor given by (1)) in the Stix frame [14], and
density profile and background magnetic field assumed
known) reduce to a large system of linear equations,

2
Geometry Number of parameters
antenna box 28
coaxial lines 12
folded straps 58
Faraday screen 9
limiter tiles 62
PSL 5

Table 1. Overview of the RAPLICASOL geometry parameters.

which is solved iteratively.

2 2
0 0 “
w = radial antenna frequency (2)
wp = radial plasma frequency of specie p (3)
), = radial cyclotron frequency of specie p (4)

The Finite Element formulation makes it rel-
atively straightforward to impose fully non-uniform
plasma parameters, including arbitrary 3D density pro-
files and background magnetic fields [8,/13], while the
plasma module in TOPICA, FELICE, is limited to 1D
(radial) variation of the plasma parameters.

2.1. Parametrized geometry

By default, RAPLICASOL uses a fully parametrized
antenna geometry. It is procedurally generated from
about 170 numerical parameters which are summarized
in table [I] and figure [II This geometry, with default
parameters, is shown in figure RAPLICASOL
does not presently take the tokamak curvature into
account: the antenna geometry is flat. This is due
in part to the difficulty of procedurally constructing
the curved geometry, and in part to the difficulty of
constructing an absorbing boundary layer (PML) in a
curved geometry [9]. The default geometry includes
the Passive Stabilizing Loops (PSL) above and below
the antenna. The PSLs are intended to reduce the
growth rate of certain MHD instabilities. They are
included in the RAPLICASOL geometry because of
their possible influence on the parallel electric field
(and thus on sheath formation) near the top and the
bottom of the antenna.

2.2. Imported geometry

RAPLICASOL is also able to import (sufficiently
simple) CAD geometries. Two geometries in this
paper are imported, as opposed to being procedurally
constructed:  the “RAPLICASOL imported flat”
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Figure 1.

folded straps (left) and the limiter cross sections (right).
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Intermediate stages (not all parts of the geometry are present at this stage) in the procedural construction of the
RAPLICASOL model of the ASDEX Upgrade 2-strap antenna.

70% of the geometry parameters specify the coordinates of the
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Figure 2. Complete RAPLICASOL 2-strap antenna geometry, front and side view. The horizontal bars above and below the
antenna are the Passive Stabilizing Loops (PSL). In reality the PSLs are larger.

geometry in section and the WEST-like geometry
in section

2.3. Boundary conditions

In RAPLICASOL, as in TOPICA, the antenna is
assumed to be a perfect conductor.

RAPLICASOL does not model the core plasma
(unlike [15,[16]): the simulation region is terminated
on all but one side by an absorbing layer, a so-
called Perfectly Matched Layer or PML The
remaining side is the tokamak wall, where there is

a perfectly conducting boundary condition (Perfect
Electric Conductor “PEC” wall).

3. RAPLICASOL and TOPICA

TOPICA , like RAPLICASOL, models ICRF wave
propagation in the edge plasma near the antenna, but
the computational /mathematical approach of this code
is very different. TOPICA uses surface meshing and a
method of moments approach to calculate the fields in
vacuum near the antenna, and a full hot plasma code
(FELICE) for the plasma even in the edge (see table
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Figure 3. Limiters can protrude into the tokamak vessel
in RAPLICASOL
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Figure 4. The antenna is entirely recessed in TOPICA
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Figure 5. Protruding parts can be approximated in TOPICA only by extending the cavity in which the entire geometry is recessed

RAPLICASOL TOPICA
Geometry flat flat or curved
possibly protruding recessed
Vacuum tetrahedral volume mesh triangular surface mesh
Finite Element (FE) solution Method of Moments (MoM)
Plasma 3D Cold plasma 1D hot plasma
tetrahedral volume mesh FELICE
Finite Element solution
Termination | Perfectly Matched Layer (PML) Outward boundary condition in FELICE
(effectively an absorbing boundary condition)
CPU usage | For AUG 2-strap antenna: For AUG 2-strap antenna:
32 CPUs for 3 hours 576 CPUs for 5 hours
Workstation with 256GB RAM  High-performance computing

Table 2. Comparison between RAPLICASOL and TOPICA.

2).

In addition to the computational differences,
there is also a geometric difference. In the default
parametrized RAPLICASOL geometry, and in reality,
the antenna limiters protrude into the vessel (figure
3). Due to the way TOPICA imposes field continuity
between the vacuum and the plasma region, the entire
TOPICA antenna must be bounded in a cavity which
is recessed in the vessel wall, i.e. the antenna limiters
cannot protrude (figure 4. Protruding parts can be
approximated in TOPICA only by extending the cavity
itself to include also a portion of the first wall (figure
B).

A typical RAPLICASOL calculation runs in about
3 hours on a workstation with 32 3.4GHz processors
and 256GB of RAM (though the runtime depends on
tolerance settings for the iterative solver). A typical
TOPICA calculation requires 576 CPUs for 5 hours on

the Marconi supercomputer [17].

3.1. The Lower Hybrid resonance, and the possibility
of nonzero density in the antenna

Both RAPLICASOL and TOPICA modify the density
profile in a non-physical way to avoid the Lower Hybrid
(LH) resonance, a resonance which is mnotoriously
difficult to handle with Finite Element approaches [18].
The density is modified either by introducing a sudden
drop to vacuum (RAPLICASOL, figure |§| left) or by
keeping the density above a certain minimum level
and then suddenly dropping to vacuum (TOPICA,
figure |§| right). In TOPICA, the antenna part must
be in vacuum, since the surface meshing / Method of
Moments approach requires knowledge of the Green’s
function. In Finite Element approaches such as
RAPLICASOL, it should in principle be possible to
have nonzero density in the antenna, but in practice
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this tends to cause convergence issues (currently in
development is an upgraded version of ERMES [6], a
Finite Element code whose “regularized” formulation
may improve convergence in these conditions).

R

Figure 6. Density modification to avoid the LH resonance. Left:
a sudden drop to vacuum in RAPLICASOL. Right: a sudden
drop to vacuum and an imposed minimum density in TOPICA.

3.2. Computational requirements

3.2.1. TOPICA: While referring the interested
reader to [2] for the detailed description of the
TOPICA code architecture (in particular section 4.1
where the full algebraic system is reported and
discussed), we would like to herein recall some basic
ideas. The full interaction matrix is a (N + M) x (N +
M) dense system, where N and M are the number
of electric and magnetic unknowns respectively. To
provide numbers, for the flat TOPICA model of the
AUG 2-strap antenna, N is about 180 - 103 and M
is about 5 - 103, hence approximately 34 billion non-
zero matrix entries need to be computed. Despite
being a lot smaller than the remaining part of the
full interaction system, the M x M subset is definitely
the most time consuming portion of the code. This
is due to the fact that this contribution, namely the
interaction with plasma, has to be computed in the
spectral domain where the spatially localized basis-
functions (“RWG” functions, a type of basis-functions
defined on triangles, named after the authors of [19])
have an infinite domain and require a non trivial
adaptive integration.  Furthermore, the integrand
function itself possesses singularities that should be
properly tackled. To provide again some numbers,
while the interaction between two cells is evaluated on
about 250 samples in the spatial domain (N x N and
N x M subsets), more than 75 - 10% sampling points
are necessary in the spectral domain (M x M subset).
Once constructed, the system is solved through a
standard inversion performed by the LAPACK library
[20] (ZGETRF and ZTEGRS subroutines); system
inversion computing time is small with respect to the
computing of the vacuum-plasma interaction integrals.
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Figure 7. 27 consecutive density profiles, measured once
every 0.2s during a triangularity scan (ASDEX Upgrade shot
#29823). The color goes from blue (the first profile) to red
(the last profile). The vertical dashed lines indicate where the
simulation region terminates: at a Perfectly Matched Layer in
RAPLICASOL, at an Outward Boundary Condition (OBC) in
TOPICA (see table . Data beyond these lines is not used by
RAPLICASOL resp. TOPICA. The horizontal dashed line is the
R-cutoff density [24].

3.2.2.  RAPLICASOL: In RAPLICASOL, on the
other hand, calculating the sparse (due to the Finite
Element approach) system of equations to be solved
can be done in real space, and the calculation of
the matrices takes a negligible fraction of the total
runtime (on the order of minutes). The system is then
solved iteratively using GMRES [21], with a multigrid
preconditioner [22}23].

The typical number of unknowns for our AUG
simulations is 18 - 10 (for a total of O(1) - 18 -
10% nonzero matrix elements in the sparse system of
equations). The basis-functions are quadratic and
the typical (tetrahedral) cell size is 5cm along the
external magnetic field By and 2cm in the directions
perpendicular to By. Reaching 1% relative tolerance
on the iterative solver typically requires about 300
iterations per port.

4. RAPLICASOL/TOPICA benchmark for
The ASDEX Upgrade 2-strap antenna

In ASDEX Upgrade experiment #29823, a triangular-
ity scan was done. During this triangularity scan, 27
consecutive density profiles were measured, one every
0.2s. These profiles were measured using a combination
of lithium beam spectroscopy and interferometry [25]
(for the location of the antennas and diagnostics, see
figure 3 in [3]). The 27 profiles are shown in figure
[l From the point of view of the codes, these chang-
ing density profiles are the only effect of the trian-
gularity scan: the distance from the antenna to the
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plasma is assumed to remain constant both toroidally
and poloidally. At any particular time, a single den-
sity profile is available for the whole tokamak: in what
follows, we must use the same density profile for an-
tennas 1 and 3 (antennas 1 and 3 are the two-strap
antennas, antennas 2 and 4 have a different geome-
try and are not considered here). The corresponding
voltage reflection coefficients at the ports of antennas
1 and 3 were also measured using voltage and cur-
rent probes. At the time, TOPICA calculations were
performed [3}/4] to compute the reflection coefficients.
They match the experimental values closely: the RMS
difference between the predicted and observed reflec-
tion coefficients is 0.05 for antenna 1 and 0.02 for an-
tenna 3. These reflection coefficients |T';| are calcu-
lated from the S-matrix, which is computed by both
TOPICA and RAPLICASOL. The S-matrix relates the
incident wave amplitudes to the reflected wave am-
plitudes: Vieflected = SVincident- The reflection coef-
ficient Fz = reﬂected,i/‘/incident,i~ For d1p0]~e phasing
on the AUG 2-strap antenna, we may assume that
Vincident,1 = Vincident,2, and we get the following ex-
pression for I';

LR 0
4.1. Geometries

The TOPICA calculations with which we wish to
compare our RAPLICASOL results were originally
done with a curved geometry [3|/4]. A comparable
flat TOPICA geometry exists whose results have been
compared with those of the curved geometry [26], and
were found to be in close agreement (on the order of 5%
difference in coupled power). We have imported this
flat TOPICA geometry into RAPLICASOL (figure .

In general, the simplified flat 3D model in
TOPICA can be considered as a rather good
approximation of the real curved one, in particular
for the estimation of antenna coupling [3} 4} [26]27].
However, for more local phenomena such as the
radiated electric fields, there are significant differences
between the flat and the more realistic curved model
127].

To get a more meaningful comparison, we repeated
the RAPLICASOL calculations with the flat geometry
imported from TOPICA, and repeated the TOPICA
calculations with the same flat geometry, thereby
eliminating most geometry differences as a source of
error (aside from differences in the embedding of the
antenna geometry in the tokamak wall, recall figures
o).

In the end, we have simulation results for three
geometries (figure [0 table [3) and four sets of
simulations as described below:

6
Box width
Lﬁw Strap distance (E'
E C ] [ ) B
2| — =3
@ Strap width @

Figure 9. Diagram for comparing the geometries in table

Geometry Box Strap Strap
width width distance

Real antenna 0.80m 0.18m 0.21m
RAPLICASOL | 0.74m 0.20m 0.20m
default

TOPICA 0.80m 0.18m 0.21m
curved

TOPICA flat 0.65m 0.18m 0.15m
RAPLICASOL | 0.65m 0.18m 0.15m
imported flat

Table 3. Relevant measurements of the antenna geometries.
Distances are measured in a straight line, not along the
curvature. All geometries are intended to represent the
ASDEX Upgrade 2-strap antenna. Some of these measurements
(shaded in red) differ from the correct value. This, to our
knowledge, is simply due to oversights during the construction
of these geometries, and was not realized at the time they were
constructed.

e “TOPICA curved”: TOPICA calculations with
the curved 2-strap geometry (from [3/4]).

e “TOPICA flat”: TOPICA calculations with the
flat 2-strap geometry.

o “RAPLICASOL default”: RAPLICASOL calcu-
lations with its default (flat) geometry.

e “RAPLICASOL imported flat”: RAPLICASOL
calculations with the “TOPICA flat” geometry.

4.2. Reflection coefficients and coupling resistance

Figures(10[and[11]|contain the experimentally measured
absolute reflection coefficients for antennas 1 and 3, as
well as the numerical results for the four cases listed
above.

Because the density profile in front of both
antennas is assumed to be the same, and the geometry
for antenna 1 and 3 are the same, the numerical
results in figures[10] (antenna 1) and [11] (antenna 3) are
identical, only the experimental measurements differ.
There are several possible reasons for the difference
in the experimental measurements. At the time this
experiment was done (March 2013), antenna 3 had
a closed Faraday screen, which is consistent with
higher reflection coefficients (28] (all antenna models
in this paper have open Faraday screens). Recent
measurements indicate that antenna 1 is a few mm
closer to the plasma than antenna 3, which is also
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Figure 8. TOPICA flat antenna geometry, front and side view.
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Figure 10. Reflection coefficients for both ports (P1 and P2):

comparison with antenna 1

consistent with lower reflection (better coupling) at
antenna 1, but concludes that the difference in
radial position is too small to explain the observed
differences. Toroidal non-uniformity of the plasma
and/or RF probe calibration uncertainties |3] may also

play a role.
We see that “TOPICA curved”, “TOPICA
flat”, and “RAPLICASOL imported” give very

similar results for the reflection coefficient (table .
“TOPICA flat” and “RAPLICASOL imported” are
geometrically nearly identical, with the only difference
being the embedding in the tokamak wall (see section
. The small remaining difference is either due to this
embedding, to the different plasma model (hot plasma
in FELICE vs. cold plasma in RAPLICASOL) or to

7
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Figure 11. Reflection coefficients for both ports (P1 and P2):
comparison with antenna 3

the different way the density profile is modified to deal
with the LH resonance (see section [3.I). (There is
one odd point in “TOPICA flat”: the fifth point, at
2.4s, which seems to be a local minimum where the
same point is a local maximum for all cases other than
“TOPICA flat”. We suspect this is due to a sub-
optimal setting of one of the TOPICA parameters,
but we were not able to test this due to CPU time
constraints).

That the “TOPICA curved” and “TOPICA flat”
results are similar is entirely in line with the results
of . The “RAPLICASOL default” geometry gives
results that are only qualitatively similar to the other
three, which we suspect is due to the geometry
differences, see table
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RAPLICASOL Experiment TOPICA TOPICA flat RAPLICASOL
default (antenna 3) curved imported flat

RAPLICASOL 0 0 0.1032 0.1126 0.0895 0.0942 | 0.0779 0.0744 | 0.0910 0.0738
default

Experiment 0.1032 0.1126 0 0 0.0187 0.0221 | 0.0391 0.0476 | 0.0269 0.0537
(antenna 3)

TOPICA curved 0.0895 0.0942 0.0187 0.0221 0 0 0.0298 0.0323 | 0.0228 0.0405
TOPICA flat 0.0779 0.0744 0.0391 0.0476 0.0298 0.0323 0 0 0.0227 0.0204
RAPLICASOL 0.0910 0.0738 0.0269 0.0537 0.0228 0.0405 | 0.0227 0.0204 0 0
imported flat

Table 4. Root-mean-square differences of the reflection coefficients (one for each port).

The reflection coefficients |T';| relate to the per-
port loading resistance Ry ; via the Standing Wave
Ratio

14Ty
SWR= 1= T ©)
Rri = swr (7)

where the characteristic impedance of the coaxial
feeders is Zy = 25€).

A comparison between the predicted and observed
Ry, ; is shown in figures 12 and Assuming the same
incident voltage V;;,, on both ports, the total power is

2
S/ o LY (8)

27, -

For a desired coupled power P, the incident port
voltage should be

2PZ,
2 (1= [Taf?)
The corresponding maximum voltage in the transmis-
sion lines is

Vin = (9)

2PZ,
>2(1=1T4?)
The maximum port voltages for a coupled power of
1MW are shown in figures [14] and

Vmaz,j = (]- + |P]|) (10)

4.8. Complex S-matriz entries

In the previous subsection we considered experimen-
tally accessible quantities such as |T'|, Ry, and Via4, as
predicted by RAPLICASOL and TOPICA. All these
quantities are derived from the 4 complex entries of the
S-matrix, which we cannot measure directly on AUG
(although there are plans to do so based on [29]). They
are computed by both RAPLICASOL and TOPICA,
S0 we can compare them, albeit without experimental
references. The absolute values and arguments of the
4 S-matrix entries are shown in figures [16] and [17] and
generally show fairly good agreement.

5. RAPLICASOL/TOPICA benchmark for a
4-strap test-case antenna

In this section, we compare RAPLICASOL and
TOPICA calculations for a 4-strap antenna, similar to
the ICRF antennas of the WEST tokamak [30].

5.1. Geometry

The test-case antenna, illustrated in figure is a
simple flat 4-strap antenna with no Faraday Screen.
The operation frequency is set to 55 MHz, similarly
to the WEST ICRF launchers. The four straps are
separated by poloidal and toroidal septa. The straps
are connected to the antenna box at one extremity
and they are fed by coaxial transmission lines at the
other extremity (the characteristic impedance of these
transmission lines is Zg = 44Q). All conductors are
supposed to be Perfect Electric Conductors. The
front faces of the straps are located 35mm behind the
antenna aperture (plane A of figure . A vacuum
layer of width Dy,. separates the antenna aperture
from the magnetized plasma. The latter is a cold
radially inhomogeneous deuterium-hydrogen plasma
where the hydrogen concentration is taken as 5%. The
density and magnetic profiles are shown in figure
The parameter Dy, is scanned from 2 to 42 mm with
a 10 mm step as if the antenna was radially moved
closer to or away from the plasma. In RAPLICASOL
simulations the plasma radial width is 10 cm and, as
before, the simulation region terminates with PMLs
(section . Meshing the domain with tetrahedra
whose size is at most a few millimetres leads to about 6
million degrees of freedom. In such conditions, a 4 x 4
Z-matrix calculation requires about 20 hours and 80Gb
of memory.

5.2. Comparison of strap impedances and 4 X 4
impedance matrices

At first, we compare the impedances seen at the strap
inputs (Z; = R; + jX;,i € {1,2,3,4}) when the
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«104 Maximum voltage (antenna 1)

@)

o}
o}

o

o)

25t ©}

oooOQQO
0090

/N\Ogoo
S /Y
\/?.\f.a// P02

o ©

) é;:\\ OO
/S
T

~

2t 32082
8
\ kS

\

\/ —

—— RAPLICASOL default P1
— RAPLICASOL default P2
*  Experiment P1
1+ +  Experiment P2
TOPICA curved P1
TOPICA curved P2
— — RAPLICASOL imported flat P1
—-—- RAPLICASOL imported flat P2
TOPICA flat P1
O TOPICA flat P2

—

N

(ON©)

.« o:)/

By

~—/

« QO

O 1 1 1 1 1
2 3 4

t(s)

Figure 14. Maximum voltage in the transmission lines required

for IMW of coupled power: comparison with antenna 1.

Coupling resistance for antenna 3

— RAPLICASOL default P1
7 | |7 RAPLICASOL default P2
+ Experiment P1
+ Experiment P2
6 - O TOPICA curved P1
O TOPICA curved P2
— — RAPLICASOL imported flat P1
5 I |—-—- RAPLICASOL imported flat P2
TOPICA flat P1
1 O TOPICA flat P2
of At
o Y
3r 8g/: °8 1
//‘4 L]
[
2 L
00Q .
@ —
1»®0©@é @©. 8@90
O 1 1 1 1 1
2 3 4 5 6
t(s)

Figure 13. Loading resistances for both ports (P1 and P2):

comparison with antenna 3

«104 Maximum voltage (antenna 3)

3
]
@ o )
O []
25t J® ¢ S o
e} [}
’ / ? e o
© N O
JIANNE 533?’/@\0 852"
2| ,“o./\\o 0
5 79/,0005° \,// 09000,
0g 0 T YN0
s | 8
x15¢1 ¢ ®
>E —— RAPLICASOL default P1 0
—— RAPLICASOL default P2
1 « Experiment P1
[ | + ExperimentP2
O  TOPICA curved P1
O TOPICA curved P2
o5 L |7~ RAPLICASOL imported flat P1
: —-—- RAPLICASOL imported flat P2
TOPICA flat P1
O TOPICA flat P2
O L L L L L

3 4

t(s)

Figure 15. Maximum voltage in the transmission lines required

for IMW of coupled power: comparison with antenna 3.




Validation of RAPLICASOL against TOPICA 10

! o 1 » 0
: = TOPICA Flat 2 2 mW .
O RAPLICASOL imported flat . — e
— —
f— Ju— — N
205 J05 2 0 e 0
© ) = =
5 =
«  TOPICA Flat TOPICA Flat +  TOPICA Flat
O RAPLICASOL imported flat -2 O RAPLICASOL imported flat 2 O RAPLICASOL imported flat
0 ‘ 0 s ‘ fa'a) ‘
2 4 6 2 4 6 2 4 6 2 4 6
t(s) t(s) t(s) t(s)
i 1 50
TOPICA Flat 2 | osiooonoooo 2
O RAPLICASOL imported flat toentte .
N o
— o~
805 05 » 0 o 0
o (2] =) =2
5 =
+  TOPICA Flat +  TOPICA Flat +  TOPICA Flat
O RAPLICASOL imported flat -2 O RAPLICASOL imported flat -2 O RAPLICASOL imported flat
0 0 I ol I
2 4 6 2 4 6 2 4 6

t(s) t(s) t(s)

Figure 16. Absolute value of the 4 complex S-matrix entries for Figure 17. Argument of the 4 complex S-matrix entries for the

the 27 density profiles 27 density profiles
3D view Cross section (P) Cross section (T)

 — 290mm So—
s 273mm

H 285mm 205mm H

H H 20mm

H
H 1
H " 130mm H _
13mm
10mm —f~ H
“@Plane E

H<:|F’Iane E

[<@Plane A

[<Plane A

Figure 18. The 4-strap test-case antenna. (a) 3D view. The straps numbering and two cross sections are visible. (b) Poloidal cross
section. (c) Toroidal cross section. The antenna aperture corresponds to the plane A which is shown in (b) and (c).

Opd PML in RAPLICASOL Sl PML in RAPLICASOL
i
. 40 2.8 |
y :
£
o 30 —~26
=) c DL/ac
* 20 24 |
<’ |
10 2.2 |
|
0 T ——T 25
i 0 100 200 300 400 i 0 100 200 300 400
i X (mm) ! X (mm)
Plane A Plane A

Figure 19. Density and magnetic field profiles in front of the test-case antenna.



Validation of RAPLICASOL against TOPICA 11

4 50
o TOPICA
~ 3 *o * RAPLICASOL 45
) a
~ 2 ® = 40 Lo 2 9 8 ®
hd ® <
1 LA 35
0 30
1 : . . 98
0.98 ® >
— 0.96 ® ® = 9% * * * * *
[_“_ ® [ o e} o Ie) o)
= 0.94 . S o
0.92 ©
095 40 20 30 40 2% 10 20 30 40
D _ (mm) D _ (mm)
vac vac

Figure 20. R;, X;,|[';| and arg(l';) as function of Dyac for i = 1 and I = Ip = [+14,—1A, —1A, +1A]T. Similar results are
obtained for the other straps.

Rit Rz Ra1 Ra
3 15 04 15 0 15 0 15
*
o]
o + &
25 03 + o4, -0.1 -0.1
10 10 10 * 110
2 0.2r * o g o
® o -0.2 . * 02 &
1.5 0.1 o o * o x 5
+ @ 4+ + 5 O o 5 ¥ + © + 5 5
-0.3 o -0.3 -
1 P 0 * le) +
@ * * +
. 0 -01 * 0 -0. 0 -0 0
0575 10 20 30 40 0 0 10 20 30 40 0475 10 20 30 40 0475 10 20 30 40
D, (mm) D, (mm) D, __ (mm) D, (mm)
vac vac vac vac

Figure 21. R;; as function of Dyac (left y-axis) for ¢ € {1,2,3,4} and j = 1 as calculated by TOPICA and RAPLICASOL. The

R;j rAPLICASOL —Rij TOPICA

2
\/Zl Ry ropica

percentual discrepancy between the codes is given by the right y-axis.

X1 %21 X31 Xa1
42 + 4 1.5 1 1.5 05 1.5 05 1.5
+ +
415 o)
o) 0.4 0.4
o © 0.5 o % % © * "c';
41 o % |1 O % 1 * O 1 1
* * o * 0.3 ® © 0.3
405 * 0
0.2 0.2 *
a0l % 0.5 0.5 0.5 o * %, 05
05 * 4 R
395 ’ + o+ 4 0.1 % 0.1 +
+ + + * o 0 0 ©
_ &+
395 10 20 30 a0 ° ! 0 10 20 30 a0 ° %6 10 20 30 a0 ° %6 10 20 30 a0 °
D __ (mm) D _ (mm) D _ (mm) D _ (mm)
vac vac vac vac

Figure 22. X;; as function of Dyac (left y-axis) for ¢ € {1,2,3,4} and j = 1 as calculated by TOPICA and RAPLICASOL. The

Xij, RAPLICASOL — Xij, TOPICA

2
\/Zl Xij,TOPICA

percentual discrepancy between the codes is given by the right y-axis.



Validation of RAPLICASOL against TOPICA

antenna is excited by a current vector I

I 1A

I B O R R V|
I=Ib=|p =] 14 (11)

Iy 1A
corresponding to an ideal dipole excitation. The
impedances Z; are taken as Z; = V;/I; where the

voltage vector V. = [Vq, Vo, V5, V4|7 is equal to ZI
where Z = R+ jX is the 4 x 4 Z—matrix computed
by each code. The results for the real (R;) and
imaginary (X;) parts of Z; are shown in figure
for ¢+ = 1, together with the modulus and the
argument of the reflection coefficient I'; = g;gg Very
similar results are obtained for i € {2,3,4}. Figure
shows a good agreement between RAPLICASOL
and TOPICA. The discrepancy between the codes is
around or below +5%, £2%, £2%, +1° for R;, X;, ||
and arg(T;) respectively. As one would expect, R;
decreases with D, since as D,,. increases the waves
radiated by the antenna have to tunnel through a
larger evanescent region. It should be noted that
while TOPICA’s formulation allows handling Dy,. as
small as 2mm, doing the same in RAPLICASOL is
too costly in terms of meshing. Hence, for the case
of the smallest Dvac, the vacuum layer has been
eliminated in RAPLICASOL (Dy,. = Omm in lieu of
Dyae = 2mm). Thus, strictly speaking, comparisons
between RAPLICASOL and TOPICA for the smallest
considered Dy, is not valid, but the results are shown
for completeness.

As a more general comparison between the
codes, we then compare the elements R;;and X;; of
respectively the real (R) and imaginary (X) parts of
the Z-matrix (figures and . If we define the

Aij RAPLICASOL
1-— hroron |’ where A

is R or X, we find it is around or below 5% for the
diagonal elements, but sometimes large for off-diagonal
elements (e.g. 180% and 800% for respectively Rjs
and X41 at Dyae = 20mm).

Because the amplitude of the mutual coupling
terms is small with respect to the amplitude
of the diagonal terms, it is more appropriate
to define the discrepancy between the codes as
A;j RAPLICASOL—Aj TOPICA where A is R or X (thiS

\/21 A?j,TOPICA

is the error metric used in figures and . We
conclude that RAPLICASOL and TOPICA produce
globally similar values for the Z matrices. The
discrepancies between the codes will be further
evaluated in the next section.

relative error naively as
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5.8. Discrepancy between RAPLICASOL and
TOPICA through RF network calculations

It was shown in section 5.2 that RAPLICASOL
and TOPICA calculate very similar values for
the impedances at the strap inputs Z; (i €
{1,2,3,4}) for a straps current vector I = Ip =
[+1A4,—1A, —1A,+1A]7 (see figure . However, was
also mentioned that while the relative error between
the codes on the diagonal elements of the Z-matrix is
small, there is a considerable relative error for certain
mutual coupling terms (figures 21] and [22)). Since the
impedance of a strap of index i is Z; = Z?Zl Zi; L | I;,
one understands that the discrepancy between the
codes’ Z; values depends not only on the discrepancy
between the Z;; parameters (small for ¢ = j, and large
for some i # j) but also on the current vector I. Hence,
one cannot a priori exclude the existence of current
vectors that can lead to large discrepancies between
the Z; calculated by both codes.

Instead of comparing the strap impedances when
a current vector is non-self-consistently imposed at the
strap inputs (as performed in section 5.2), we perform
in this section a benchmark between RAPLICASOL
and TOPICA through advanced and realistic RF
network calculations. The latter are similar to the
calculations that are performed for the WEST ICRF
launchers [31] and for the JET’s ILA [32] to simulate
their operation on plasma and to simulate the real-
time control of their impedance matching systems.
Here the array of straps of figure is excited by
the same feeding circuit as the one the WEST ICRF
launchers (see figure (for the details about the
WEST ICRF launchers and their load-resilient feeding
circuit, see [30431}33]). Every component of figure[23]is
characterized by: an S-matrix derived from HFSS [34]
for the feeding circuit (the variable capacitors, the
bridges, the impedance transformers, the RF windows
and the service stubs) and by a Z-matrix derived from
RAPLICASOL or TOPICA for the array of straps. As
for WEST ICRF launchers, the launcher of figure 22
is powered by two incident waves carrying powers of
Pine1 and Pjnc2 = Pipe1 and phase-shifted by Ae.

At this point it should be mentioned that a task
of great importance for a numerical ICRF antenna
code is to correctly predict the maximum power that
can be coupled by the antenna to a given plasma,
and to correctly predict the settings of the impedance
matching network. In particular these predictive
capabilities are crucial in the antenna design phase,
where one has to optimize the geometry of the antenna
in order to enhance its power capabilities and to insure
that the settings for the impedance matching elements
fall well within the ranges given in their datasheets.

For each Dy,. case, and using a RAPLICASOL
or a TOPICA Z-matrix, we assess in this section: (a)
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the settings of the variable capacitors that impedance-
match the launcher (the settings of the variable
capacitors is found iteratively using an algorithm
similar to the one of [311[32]), and, (b) the maximum
power that can be coupled by the launcher at matching
(Pinei = Pine,2 is increased until reaching V4, or
Iee at a strap input with V... and I, taken
respectively as 35 kV and 1 kA).

The circuit of figure involves multiport
components described by S or Z-matrices and cannot
be solved using Kirchhoff’s laws. SIDON |[31] is instead
used here to solve the RF circuit: knowing the S or Z
matrices for every component, the connections between
them, and the excitations at the launcher’s inputs (i.e.
the values of Pjyc1, Pinc2 and Agp), SIDON finds the
voltages and currents at all the components ports, in
particular at the strap inputs.

Figure 23 shows the maximum power that can
be coupled by the launcher of figure and the
settings of the variable capacitors at matching as
computed by SIDON using the Z-matrices obtained
from RAPLICASOL or TOPICA. The 4 cases of
Dyae (12, 22, 32 and 42mm) and 8 cases of Ay
(—135°,—90°, —45°,0°,+45°,+90°, +135° and 180°)
are considered in figure and the error is

1— Pcoupled, RAPLICASOL
Pecoupled, TOPICA

Ci rarricasor, — Ci topica for the capacitors’ values
(¢ € {1,2,3,4}). The discrepancy on the coupled power
between the RAPLICASOL and TOPICA is generally
below 10%, and the discrepancy for the matching
capacitors is generally minor and below 1.5pF (for
comparison, the WEST ICRF capacitors cover a 15
to 150 pF range [30], compared to which a difference
of 1.5pF is minor).

taken as for the power, and

5.4. Comparison of the electric fields near the
antenna aperture

This paper focuses on comparing quantities of direct
experimental interest, like the S-matrix, coupling
resistance, and matching settings. It is also
possible to compare quantities that are not so easily
experimentally accessible, such as the electric field
in the antenna [35] and currents induced on the
antenna surface. Figures and show such a
comparison, for IMW of coupled power. We show the
electric field components on plane E in figure [1§] (5mm
behind plane A, the plane of the leading edge of the
limiters). We see that the electric fields as calculated
by RAPLICASOL are in good agreement with those
calculated by TOPICA.
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6. Conclusion

In this paper we show that the Finite Element code
RAPLICASOL, using a simple cold plasma description
of the plasma near the antenna, can predict comparable
port reflection coefficients, port impedances, coupling
resistances, and optimal matching settings, as the
TOPICA code. The difference in predicted reflection
coeflicients is about 2% for the AUG 2-strap antenna.
The difference in the predicted maximal coupled power
on a 4-strap WEST-like antenna is generally below
10%. This good agreement is achieved at a fraction
of the computational cost in terms of RAM and CPU
requirements.
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