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Abstract. The ITER ICRF antenna plug [1, 2] can exhibit resonances at specific frequencies, some of them in
the relevant range of frequencies for IC heating. These resonances have been identified as eigenmodes of the
coaxial cavity, where the array plays the role of inner conductor [3], that can substantially increase the level
of electric fields within the cavity as well as the level of RF losses. As no grounding solution is considered,
RF probes should be installed to monitor the RF fields in the port plug cavity and additional simulations of
a realistic magnetized plasma are required to properly assess the integration (position, orientation) and their
effectiveness. Several numerical tools are available and have been extensively used to simulate the ITER ICRF
antenna, such as TOPICA [5] or CST Microwave Studio (MWS [6]), but none of these codes allow to combine
realistic geometries, realistic magnetized plasma profiles, and lossy materials. In this paper we pursue the effort
started in [8] where a method based on a modal analysis in the cavity was introduced to decouple solving the
computationally intensive plasma facing front of the launcher from the cavity. The method reproduces the
TOPICA electric fields (with gyrotropic plasma effects) obtained in a given vertical reference plane, in a MWS
cavity (including lossy materials) using the multimodal scattering matrix of the cavity obtained with MWS.
This method is here applied to several realistic ITER plasma profiles. The recently extracted magnetic fields [9]
from the TOPICA modeling results, provide an alternate way to compute the excitation spectrum of the cavity
and therefore allow to confirm our results. Accurate levels of RF losses can then be obtained from various

plasma profiles and excitation of the antenna straps.

1 Introduction

The ICRF antenna foreseen for ITER consists of an ar-
ray of 24 short radiating straps grouped in poloidal triplets
(4 toroidally and 2 poloidally) through four-port junctions
[1]. The system will be operated between 40 and 55 MHz
and should deliver 10 MW. It will operate for various
toroidal phasings for heating scenarios (00rzw, 0707 and
Onrr0). Current drive operations in 0 /2 m 37/2 are also
planned. The phase difference between two poloidally ad-
jacent triplets is —m/2. The most recent status of the RF
design of this antenna is reported in [2]. Each antenna is
built as a whole assembly inside a port plug that is located
within the vacuum vessel, and there is a gap around the
antenna between the plug and the vessel. The presence of
this gap can induce resonances of the coaxial type: the port
plug acts as the inner conductor of a rectangular coaxial
line, open on the front side and short-circuited at the back.
In particular one of the possible cavity modes occurs in
the range of frequency of interest for ICRF: a transverse
electric (TE) mode is resonant around 45 MHz and leads
to substantially large electric fields in the gap. This ef-
fect was observed in 3D numerical simulations [3] and was
also validated experimentally with the help of a reduced-
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scale mock-up of the antenna [4]. As soon as the effect
was identified, it was first considered to develop a ground-
ing of the antenna plug in such a way to reduce the electri-
cal length of the cavity and move the resonance out of the
ICRF range [3, 4]. But mechanical considerations made
these grounding solutions unpractical and unacceptable,
and various strategies were considered. Among those,
there is the option to monitor the RF fields in the cavity
with the help of RF probes.

An accurate evaluation of the RF electric fields and
currents is required to precisely define the location and the
orientation of the RF probes in case the latter are used, and
therefore a consistent modeling of the precise geometry of
the antenna front face, of the cavity, including the various
lossy materials, and of the magnetised plasma for realistic
plasma density profiles is required. A layer of Boron Car-
bide (B4C) to absorb the incoming neutrons will notably
be present at the back of the cavity, and an accurate assess-
ment of the RF losses in the material is required'. Various
numerical codes are available and were used during the
last couple of decades to model the ITER antenna. Among
those, TOPICA [5], on the one hand, is a plasma coupling
code that allows for realistic plasma profiles and can simu-

I At the time of the present study blank B4C tiles were considered in
ITER. In the meantime they could be enclosed in a metallic box.

© The Authors, published by EDP Sciences. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
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late a detailed model of the ITER antenna including a PEC
(Perfectly Electric Conducting) cavity. A limitation of the
code is the impossibility to properly represent lossy mate-
rials, a requirement to compute accurate values of the RF
losses in the cavity. On the other hand, the 3D electro-
magnetic commercial software CST Microwave Studio®
(MWS [6]) either uses the approximation of a dielectric
loading to emulate a plasma, or a cold magnetised plasma
dielectric tensor, but continuously varying spatial profiles
cannot be properly simulated. Only stratified profiles are
possible [7], and this comes at the price of additional nu-
merical complexity.

In [8] we proposed to decouple solving the computa-
tionally intensive plasma facing front of the launcher from
the cavity. The idea is to import the RF fields and currents
from TOPICA evaluated in a given vertical plane and for
a given cavity, and to reproduce them in the same plane
in the MWS cavity by expanding them in cavity eigen-
modes. We present here the results of this analysis for
three reference ITER plasma density profiles.

2 Modal analysis: methodology

Figure 1 shows the 3D RF electric field computed by TOP-
ICA at47.5 MHz for the "LowCut" plasma profile, in On7r0
toroidal phasing. Note that the poloidal phasing is —/2
for all the simulations presented here, and the fields are
normalized to a 45 kVmaximum voltage in the transmis-
sion lines. We also show the variation of the field ampli-
tude along a reference curve centred in the gap. The curve
starts from the centre of the bottom gap and loops counter-
clockwise around the inner conductor, see Figure 2(a).

As a first step, we expand the transverse component
Egr in a series of cavity eigen-modes:

Err = ) A& ()

with
Ay = ég(S)ERF,g(S)eZ,f(s)ds . 2)

where s is the coordinate along the curve, g(s) is the length
of the local normal gap, e, +(s) are the normal components
(with respect to the curve) of the eigen-modes which sat-
isfy 45 g(s)emygej;,fds = O [8], see Figure 2(b). The ap-
proximated relation (2) is valid as long as the ratio of the
gap width to the gap circumference is small, therefore the
fields of the TEM and TE modes are relatively constant
across the gap width. In practice the sum (1) is limited to
nmax terms. The first eigenmode is the first TEM mode,
while the other modes are TE modes that are ordered ac-
cording to their increasing respective cut-off frequency.
Figure 3 shows the profile of the first four modes along
the reference curve.

The tangential RF magnetic fields Hrr were recently
extracted from the TOPICA outputs [9]: they are evaluated
along a curve tangent to the inner conductor of the cavity,
and they can also be expanded in series of eigen-modes:

Hgr = ) B,h, 3)
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Figure 1. Top: RF electric field from TOPICA, "LowCut"
plasma profile, 47.5 MHz - Onn0 - the thick arrow shows the
vertical plane where the fields are measured; bottom: amplitude
of the same electric field along the reference curve in the gap, in
the vertical plane indicated by the arrow.

with

B, = (Z) f f Hyehy dS ~ (Z,)? 56 G()Hr () (5)ds.
S
4

Z, being the wave impedance of mode n. The mag-
netic eigen-modes satisfy the orthonormality relation
I hahm dS = (Z,) % 6. The values of Z, at 47.5 MHz
for the first 10 modes are given in Table 1.

Table 1. Wave impedance in ohms of the first 10 eigen-modes at

47.5 MHz.
Mode # 1 2 3 4 5
Z, [Q] 376.7 | 711.5 | 746.3 | 273.1j | 266.8
Mode # 6 7 8 9 10
Z,[Q] | 15945 | 159.25 | 115.55 | 114j 90.8

With the knowledge of the modal content A =
Ay, .., Apy o, Ay and B = (By, ..., By, ..., Bymax) of the
TOPICA electric and magnetic fields respectively, we
want to know which spectrum of the incoming eigen-
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Figure 2. Cavity model in MWS. (a): front view of the inner vacuum volume of the cavity, with the port where the excitation spectrum
is defined in red, and the cartesian reference frame; the origin and counter-clockwise direction of the curves are also visible; (b): zoom
on the central curve where the electric fields are evaluated, with the definition of the length parameter s, the local gap g(s), and the
normal unit vector 1,; (c) vertical cut view of the top of the cavity; the volume in green is the lossy B,C.
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Figure 3. First four eigen-modes of the rectangular cavity: mag-
nitude of the electric field along the reference curve.

modes will reproduce the TOPICA field in the MWS cav-
ity, this field being the sum of an incoming field and a
reflected field. The first method only involves the electric
field modal content A. If we define the vector @ as the
excitation of the incoming eigen-modes at the port (see
Figure 2(a)), E®) = X,a,€,, we have [8]

a=S+DA, (3)

where S is the multi-modal scattering matrix that connects
the incident and reflected waves for each eigen-mode ex-
citation of the cavity, I is the unity square matrix of order
nmax. Another method uses the electric and the magnetic
field modal contents [10]:

a:%(A+B). 6)

The solutions (5) and (6) are formally equivalent, but
in practice the accuracy with which MWS computes the
scattering matrix will depend on the way the evanescent
eigen-modes are numerically treated by the code. It should

be reminded that only the first three modes are propagative
at the frequency of concern and that all the superior modes
are below their cut-off. To ensure that the electromagnetic
properties of the metallic cavity used in TOPICA are the
same as the lossy cavity in CST, we have checked that the
matrix of the lossy cavity does not change when the losses
are neglected, as not only geometrical inhomogeneities,
but also material changes could induce superior modes ex-
citations and mode couplings. We have considered a rela-
tive electric permittivity of 4.8 and a conductivity of 1000
S/m for the lossy material B4C. Figure 4 the absolute value
of the multimodal scattering matrix for the first 15 modes.
If some cross-coupling are observed, they are due to the
existence of sharp geometry transitions ("dog-legs", see
Figure 2(c)) along the axis of the cavity. It appears that the
presence of the lossy layer has a negligible influence.

3 Modal analysis: results

We first consider the expansion of the TOPICA fields eval-
uated along the respective curves in eigen-modes, (1) and
(3): we have evaluated the coefficients A,, defined by (2),
and B,, defined by (4), respectively. We considered the
reference profile "LowCut" and the various toroidal phas-
ings considered for heating: 00xr, OnOm, OO, as well
as monopole 0000 (not really a heating scenario but use-
ful to assess a "worst case scenario"). A typical property
of the first two phasing cases is the presence of a vertical
electric symmetry plane, characterized by a zero y compo-
nent of the electric field and maximum H, and H_, while
the two latter cases exhibit a vertical magnetic symmetry
plane (with maximum E, and zero H, and H;). The carte-
sian reference frame is visible in Figure 2(a). It is there-
fore expected that the eigen-modes preferentially excited
for each case will exhibit the same symmetry properties in
their components. This is what was observed previously
in [8] is confirmed in the top plots of Figure 5. The mode
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Figure 4. First elements of the multimodal scattering matrix S;;
(absolute value) for various material assumptions of the rectan-
gular coaxial cavity: top: metallic cavity; bottom: cavity with
B,4C layer.

principally excited is the TE;, mode characterized by a
peak in E, and H, in the vertical midplane. We also plotted
on the same figure he original TOPICA fields compared
with the expansions (1) and (3) limited to 31 modes: we
see that the TOPICA fields along the curve are perfectly
reproduced. The larger gap width in the bottom part of the
cavity (25mm) as compared with the top (15mm) explains
the different amplitudes of the maxima. The displayed pic-
tures show the results for the real part of the fields, the
imaginary parts behave in the same way in terms of modal
content and accuracy of the TOPICA fields reconstruction.

We did the same exercise with the 00zr toroidal phas-
ing: see Figure 6. We observe a dominant excitation of
mode TE;, for the electric field, as expected. However,
unlike the previous case where the maxima of the electric
field were well toroidally centred in the top/bottom gaps,
the maxima located in the side gaps are strongly displaced
with respect to the horizontal mid-plane, showing that the
field distribution is affected by the poloidal phasing dif-
ference of —m/2 between the top and bottom half-arrays.
This is why superior modes TE,,, and TEj3, contribute sig-
nificantly to the expansion. This is particularly visible for
the magnetic field. We also see a perfect reproduction the
TOPICA field with the expansion limited to a reasonable
number of modes.

We were able to compute the modal content of the
TOPICA electric and magnetic fields for the various con-
figurations plasma profile/toroidal phasing, i.e. the con-
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Figure 5. Case of "LowCut" plasma profile, at f = 47.5 MHz
and Ozr0 toroidal phasing: real parts of the normal electric field
(left) and tangential magnetic field (right). Top: modal content.
Centre: x-component of the fields: TOPICA solution and expan-
sion limited to 31 modes. Bottom: y-component of the fields:
TOPICA solution and expansion limited to 31 modes.

tents of the vectors A and B. In the next section we will
compute the corresponding spectra of excitation which re-
produce the TOPICA fields in the MWS cavity.

4 Modal excitation of the cavity

In section 2 we introduced two formulations of the exci-
tation spectrum vector «, equations (5) and (6), which we
respectively label "Smat" and "EH". The electric field in-
cident to the port of the MWS cavity is therefore defined
as

EY =%,0,8 (7

and the resulting total electric field can be obtained from
MWS, as well as local RF electric fields, RF currents in the
cavity, and by consequent integrated volume RF losses.
Figure 7 shows the x-component of the total electric
and magnetic fields obtained following the two formula-
tions, superposed on the actual TOPICA fields, for the
three phasings. The general impression is that for the elec-
tric fields the total reconstructed fields are in very good
agreement with the TOPICA fields, for both methods. As
far as the magnetic field is concerned, we observe signif-
icant discrepancies in Onr0 phasing in the bottom part of
the cavity, where the maxima are clearly underestimated.
In 07707, only the "EH" method is able to correctly repro-
duce the variations of the magnetic field. "Smat" com-
pletely misses the strong change of sign at the top of the
cavity. This is probably due to an inaccurate treatment of

— Re(H,). approx. 31 modes
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Figure 6. Case of "LowCut" plasma profile, at f = 47.5 MHz
and 00zzr toroidal phasing: real parts of the normal electric field
(left) and tangential magnetic field (right). Top: modal content.
Centre: x-component of the fields: TOPICA solution and expan-
sion limited to 31 modes. Bottom: y-component of the fields:
TOPICA solution and expansion limited to 31 modes.

the evanescent superior modes by MWS, as we know that
this phasing needs non-negligible contributions from these
modes to be properly described. The effect is also visible
in 00mrr, where the inflexion point and the change of con-
cavity of Re (H,(s)) at the center of the top gap are not
properly described. Also for this latter case the method
(6) gives a better result. These plots were produced with
11 modes in the expansion, but increasing the number of
modes does not make the solution more accurate.

We have been able to reproduce the TOPICA fields in
the MWS cavity with a satisfactory level of accuracy, and
for the following discussion we will use the results pro-
vided by the "EH" method. The distribution of the field
amplitude is plotted in Figure 8: this will allow to pre-
cisely determine the best position of the RF probes dur-
ing ITER first phase of ICRH operation. It should be re-
minded that these fields were computed with the assump-
tion of a maximum voltage of 45kV in the transmission
lines. From these fields we can compute the expected level
of RF losses in the B4C layer under the same assumption.
For all the considered cases where the coupled power P is
larger than the maximum power of 10MW available from
the source, we have renormalized the RF losses P; and the
maximum local electric field magnitude E,,,, for a maxi-
mum coupled power of I0MW, see Table 4. Interestingly,
the trends and the orders of magnitude of the RF losses are
very similar to what was presented in [11], where prelim-
inary evaluations of the RF losses and fields at the reso-
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Figure 7. Total cavity electric and magnetic fields (x-component,
real part) at 47.5 MHz along the s-curves in the MWS cavity:
comparison between the fields reproduced by the "Smat" and
"EH" methods ((5) and (6) respectively) and the TOPICA field,
for the reference heating toroidal phasings.

nance were performed in MWS with an equivalent dielec-
tric loading and a simplified geometry of the antenna. The
"LowCut+150cm" case is equivalent to a vacuum loading,
and is presented as an illustration, stressing the strong im-
pact of very low coupling situations on the excitation of
the resonance. In wall conditioning scenarios it is clear
that there is some freedom in the choice of the generator
frequency and it is very likely that the resonance regime
will be avoided.

5 Conclusion

The problem of the excitation of cavity resonances be-
tween the ITER ICRF antenna and the ICRF port plug
was identified in [3] but it became clear that no ground-
ing solution could be technically considered. Therefore, a
thorough evaluation of the potential consequence of these
modes on the operation of the antenna was deemed nec-
essary. The numerical tools available do not individually
allow to assess the level of RF fields in the cavity with a
detailed geometry of the array and of the cavity, and a re-
alistic description of the magnetised plasma and the lossy
materials. In [8] a method that can combine the various
approaches was proposed. It allows to include a detailed
geometry of the antenna, the gyrotropic effects induced
by the magnetised plasma, and the lossy materials. In the
present work we extended the method and used it on a se-
ries of results (RF electric fields and surface currents) from
TOPICA modelings, with various toroidal phasings and
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Table 2. Cavity RF electric fields & RF losses (assuming uncoated B,C)
Profile Phasing | Pc/MW P; kW E,.../(kV/m)
45 kV max. 45 kV max. 10 MW max. 45 kV max. 10 MW max.
"LowCut" 007 15.3 40 26.1 33.8 27.3
"LowCut" (079,(0) 11.1 43 38.7 36.4 34.5
"LowCut" (07400 9.1 33.5 - 28.9 -
"LowCut-4cm" 007 24.6 28 114 31 19.8
"LowCut-4cm" (079,40] 19.7 11 5.6 19.1 13.6
"LowCut-4cm" 0m0m 17.4 12 6.9 17.7 134
"LowCut+150cm" 0000 - 1600 - 2215 -
6 Disclaimer

Plasma profile "LowCut" Plasma profile "LowCut-4cm"

Figure 8. 3D electric fields amplitude distribution in the MWS
cavity (45 kV max. in the transmission lines) for two plasma
profiles and three cases of toroidal phasings (from top to bottom):
0077, O7rr0 and OzOzr. Plots maximum is 100 kV/m.

plasma profiles. From the evaluation of the model content
of these fields and the subsequent calculation of the modal
excitations of the cavity, we could not only reproduce the
TOPICA fields in a model of the cavity in CST MWS, but
from this we were able to evaluate the maximum fields ex-
pected in the cavity, as well as the RF losses.

This information will guide the next steps in the plan-
ification of ICRF in ITER. A procedure will indeed have
to be defined to avoid the regime where the resonance ap-
pears during the operation of the antenna. At the time of
writing there is still no final decision about the strategy
involving the RF probes: location, calibration, how long
they will stay and whether they will be kept installed dur-
ing operation in the tokamak. In case no probes are consid-
ered, another option would involve the measurement of the
scattering matrix at the back of the 8 four-port junctions
and the identification of the peaks where the resonances
occur.

The views and opinions expressed herein do not necessar-
ily reflect those of the ITER Organization.
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