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An ion cyclotron resonance heating (ICRH) antenna system must launch radio frequency
(RF) power with a wavenumber spectrum which maximizes the coupling to the plasma.
It should also ensure good absorption while minimizing the wave interaction with the
plasma edge. Such interactions lead to impurity release, whose effect has been measured
far from the antenna location (Klepper et al. 2013; Wukitch et al. 2017; Perkins et al.
2019) and can involve the entire scrape-off layer. In the normal heating scenario, for
which the frequency of the waves launched by the antenna is larger than the ion cyclotron
frequency of the majority ions ω > ωci,maj, release of impurities due to ICRH can be
affected by minimizing the low |k‖| < k0 power spectrum components of the antenna.
Impurity release can be the result of low central absorption of the waves or power transfer
from the fast to the slow wave due to the presence of a confluence in the plasma edge. In
ASDEX Upgrade (AUG), a reduction of heavy impurity release by ICRH in the plasma
was qualitatively well correlated to the parallel electric field and RF currents flowing
around the antenna (Bobkov et al. 2017). In this article, we first show a correlation between
the reduction in impurity release by ICRH in AUG and the rejection of the low |k‖| < k0
region of the antenna power spectrum. We show that the same correlation holds for results
obtained in the Alcator C-Mod tokamak. Finally, using this idea, we reproduce ICRH
induced impurity release behaviour in a not yet published experiments of JET, and make
predictions for ITER and DEMO.
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1. Introduction

Experimentally, it has long been shown that switching from a monopole phasing to
a dipole one greatly reduces the impurity released by an antenna (TFR Group et al.
1985; Messiaen et al. 1989; Bures et al. 2000). These two phasings mainly differ
from the main wavenumber parallel to the magnetic field k‖ they excite in the antenna
power spectrum. The monopole phasing mainly excites low values of k‖ while the dipole
cancels the excitation of |k‖| < k0, k0 being the vacuum wavenumber.
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The reasons for the first dipole excitation attempt were dual (TFR Group et al. 1985).

(i) It was known that the power spectrum should mainly excite sufficiently large k‖ to
maximize absorption in the plasma core. It is important as all power remaining in
the edge can interfere with plasma facing components (known as PFCs) and can
ultimately create sputtering (e.g. through sheath rectification mechanism Myra et al.
(2006)).

(ii) Edge power deposition mechanisms using surface or coaxial modes, first proposed
by Messiaen et al. (1984) and then revisited multiple times (Berro & Morales 1990;
Murphy 1990; Lawson 1992), were feared to enhance impurity release.

A recent discussion of coaxial modes and surface wave excitation (Messiaen & Maquet
2020) shows that an ICRF antenna, in the presence of a lower hybrid (LH) resonance in
the edge region, can excite large fields in the scrape-off layer (SOL) due to a confluence
between the fast wave and the slow one for low |k‖| < k0 components of the antenna power
spectrum. These modes, characterized by large radial electric fields Ex, propagate along
the plasma edge toroidally far from the antenna location as coaxial or surface modes. The
same paper shows that a good way to circumvent those modes is to avoid the excitation
of the lower |k‖| < k0 part of the power spectrum (which we indicate in what follows as
coaxial part of the power spectrum).

The conditions to obtain an excellent rejection of the coaxial part of the spectrum for an
array of toroidally spaced straps are also given in Messiaen & Maquet (2020) and constrain
the current amplitude distribution in the Fourier domain to

J(k‖)
∣∣
k‖=0 = 0 and

∂J(k‖)
∂k‖

∣∣∣∣
k‖=0

= 0. (1.1a,b)

These conditions are fulfilled when the vectorial sum of the current Ii and the toroidal
positions zstrap ≡ Sz,i of strap i verify

∑
i

Ii = 0 and
∑

i

IiSz,i = 0. (1.2a,b)

From these conditions, it is clear that a 2-strap antenna can only meet the first condition
using a dipole phasing. A symmetric 3-strap antenna can verify both conditions only in one
particular case where the current amplitude in the middle strap is twice as large compared
with that in the outer straps using a (0π0) phasing. A 4-strap antenna has even more
flexibility as it can satisfy this particular condition for multiple relative strap phasings
and current amplitude distributions. Examples of this greater flexibility will be discussed
below. Finally, it should be noted that spectra meeting condition (1.2a,b) do not always
provide a suitable heating scheme.

Recently, a drastic reduction in impurity release was demonstrated on ASDEX Upgrade
(AUG) using a 3-strap antenna for a ratio of power Pcentral/Ptot ≈ 0.67 between inner straps
and the total power imposed for a fixed toroidal phasing (0π0) (Bobkov et al. 2016a).
Those results were attributed to local radio frequency (RF) electric fields and RF image
currents on the limiters of the antenna (Bobkov et al. 2017).

The aim of this paper is to study the results of AUG and Alcator C-Mod applying the
new criterion mentioned above, i.e. avoiding the excitation of modes verifying |k‖| < k0.
We first introduce the model used for the study in § 2. Section 3 shows that the 3-strap
antenna, on top of minimizing the parallel electric field and image currents around
the antenna structure, also minimizes the excitation of the low-k‖ coaxial part of the
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Optimized phasing for rejection of coaxial excitation 3

FIGURE 1. The ANTITER II geometry. The x, y, z axis corresponds to the radial, poloidal and
toroidal direction, respectively. The vacuum layer is optional (Messiaen et al. 2010).

power spectrum. The same approach is then used to analyse similar Alcator C-Mod results
and reproduce the outcome of a not yet published experiment in JET. Finally, we briefly
apply this method to the next generation devices ITER and DEMO in § 4.

2. ANTITER II description

The code ANTITER II is a fast semianalytic code describing in plane geometry the
antenna in front of a plasma or a dielectric using a Fourier analysis in the toroidal z and
poloidal y directions and numerical integration in the radial direction x. The antenna is
described by a set of boxes containing one or several infinitely thin straps recessed in
a metal wall. An ideal Faraday screen (known as FS) is assumed at the antenna mouth
together with single-pass absorption in the plasma. The geometry used by ANTITER II is
summarized in figure 1 and a description of the code is given in the appendix of Messiaen
et al. (2010). The fact that the antenna is treated as recessed in a metal wall can deviate
from experimental conditions. Nevertheless, together with the ideal Faraday screen, this
recess creates the optimal conditions to avoid any unwanted side excitation of transverse
magnetic (TMz) modes due to side boundary conditions.

The present work is entirely based on ANTITER II and focuses on the antenna radiated
power spectrum. This implies that:

(a) all antennas are described by simplified plane geometries;
(b) the tokamak parameters and electron density profiles are either predicted by a

transport code (as the ITER 2010low) or reconstructed from the available references;
(c) the toroidal and poloidal periodicity of each device is taken into account through

their k‖,n ky,m eigenmodes; and
(d) the tilting of the magnetic field with respect to the antenna is not considered for this

study, such that k‖ ≡ kz, in order to reduce the complexity of the problem.

In the ANTITER simulations, the JET and ITER profiles include a LH resonance while
the AUG and Alcator C-Mod ones do not. Regardless, the LH presence in the profiles
is not guaranteed in all experimental situations. In this hypothesis, there is no direct
excitation of coaxial modes due to the LH resonance and thus the low-k‖ part excited in the
power spectrum is reduced. However, its variation with respect to other parameters (e.g.
current distribution in phase and amplitude) stays unchanged. Moreover, the IC absorption
is reduced at low |k‖| such that this low-k‖ region of the power spectrum can also be
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FIGURE 2. The two geometries considered for the study of the AUG antenna in ANTITER II.

linked to bad absorption. The LH resonance could also appear in front of the antenna
due to ponderomotive forces (e.g. Van Nieuwenhove, Koch & Van Oost 1994; Van Eester,
Crombé & Kyrytsya 2013). Consequently, all machines are discussed in the same way in
the following sections.

For a fixed geometry, the antenna power spectrum can be shaped by changing the current
distribution over the straps in amplitude and phase. Using ANTITER II, one can compute
the following.

(i) Ptot is given by the integral over the discrete normalized power spectrum radiated
by the antenna,

Ptot =
∫

Prad(ky, k‖) dk‖ dky = 1 W, (2.1)

where ky and k‖ represents the toroidal and poloidal wavenumbers. This
normalization allows an easy comparison between different spectra for the same
power coupled to the plasma. For the sake of completeness, one can also define
the ky and kz power spectra Prad,z(k‖) and Prad,y(ky) obtained by the summation of
Prad(ky, k‖), respectively, over ky,m and k‖,n terms.

(ii) The current, voltage and power at the feeder of the antenna computed from the
impedance matrix. The method used consists of imposing the current distribution
in amplitude and phase on the straps and computing, using the impedance matrix,
the corresponding voltages and power imposed at the feeders. In what follows,
we use the ratio of the power between the straps and not the ratio of the current
amplitude launched by the straps as the parameter determining the shape of
the power spectrum, in order to simplify the comparison with the experimental
measurements available. This particular point is further discussed in appendix A.
For the same reason, two different power ratios Pcentral/Pouter and Pcentral/Ptot are used
when comparing simulations and experimental data.

The ratio ρ = Prad,z(|k‖| ≤ k0)/Prad,tot, where Prad(|k‖| ≤ k0) is the coaxial part of the
power spectrum and Prad,tot is the total power radiated, is also computed. This particular
ratio is chosen because it can either be used to characterize a bad absorption of power in
the plasma core or as a direct loss of power put into the excitation of coaxial and surface
waves.
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FIGURE 3. The HFSS result. The AUG 3-strap antenna power spectrum in front of a dielectric
(Bobkov et al. 2016b).
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FIGURE 4. The ANTITER II three strap + passive strap model result. The normalized power
spectrum calculated for different power ratios Pcentral/Pouter. The low-k‖ part of the power
spectrum lies between the dashed lines.

While the link between ρ and the impurity release is not direct, bad absorption can
contribute to RF power losses in the edge. Moreover, the excitation of the slow wave at its
confluence with the fast one leads to large radial and toroidal electric fields that could be
responsible for convective cells or enhanced sheath rectification (Myra et al. 2006).

3. Assessment of the experiments with ANTITER II
3.1. AUG experiment

The 3-strap antenna geometry is modelled in ANTITER II by three antenna boxes, to
take into account the presence of septa. In AUG, the central box contains a large central
strap. The side boxes each contain one central narrower actively powered strap and one
short-circuited passive strap on the sides that are not powered directly. Two different
geometry approximations of the 3-strap antenna of AUG were considered in ANTITER
II as presented in figure 2. The first one considers the short-circuited (passive) side straps
of AUG as part of the metal wall while the second one adds two passive side straps where
the currents flowing on those passive straps is induced by mutual coupling.

In order to determine which two-dimensional antenna geometry best fits the
characteristics of the real antenna, the power spectrum computed with the
three-dimensional (3-D) electromagnetic software HFFS (ANSYS 2020), using an antenna
in front of a dielectric (Bobkov et al. 2016b), has been compared with that computed
by ANTITER II with the antenna in front of a plasma. The two geometries considered

https://doi.org/10.1017/S0022377820001415 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377820001415


6 V. Maquet and A. Messiaen

FIGURE 5. The AUG result. Tungsten core concentration �cW and average tungsten sputtering
yield �YW as a function of Pcentral/Pouter measured in AUG (Bobkov et al. 2016b).
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FIGURE 6. The ANTITER II result. Coaxial part of the power spectrum ρ in % as a function
of Pcentral/Pouter.

lead to similar results and the second one is chosen for its greater similarity with the
real geometry. The power spectra calculated by HFSS and ANTITER II are presented in
figures 3 and 4 for three different power ratios between inner and outer straps, Pcentral/Pouter,
equal to 0.1, 2 and 10. While there is a difference between the two spectra, their general
characteristics correspond. The difference could lay in the antenna geometry used, in the
way power spectra are computed or in the dielectric and plasma loads used in HFSS and
ANTITER II. It is also important to note that, in this case, changing the ratio Pcentral/Pouter
mainly changes the lower coaxial part of the power spectrum and not the dominant k‖
excited. This low k‖ part of the power spectrum can then be seen as power lost into coaxial
and surface modes or as power not absorbed into the plasma core.

In what follows we will analyse the AUG results, not using the local parallel electric
fields and image currents as was previously done, but using the low-k‖ coaxial part of the
power spectrum.

Measurements of the core tungsten (W) concentration �cW , along with the average W
sputtering yield �YW as a function of the power ratio fed between the inner and outer
straps for a fixed (0π0) phasing, are shown in figure 5. In comparison, figure 6 presents
the power ratio ρ of the power spectrum in % as a function of Pcentral/Pouter. One can
spot several similarities with the measurements, including a common minimum for a
power ratio Pcentral/Pouter ≈ 1.5 and the same asymmetry around this minimum. For the
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FIGURE 7. The AUG result. Measurement of the increment of core W content �cW as a
function of Pcentral/Ptot and �φ (Bobkov et al. 2019).

FIGURE 8. The ANTITER II result. Coaxial part of the power spectrum ρ in % as a function
of Pcentral/Ptot and �φ.

phasing (0π0), the minimum found corresponds to a strap current amplitude distribution
of (1, 2, 1).

As the AUG antenna straps have a complex folded shape, the relation between power,
voltage and current is not guaranteed to be reproduced exactly by the approximate
geometry used in ANTITER II. Indeed, the impedance/scattering matrices calculated
by ANTITER II and those calculated by HFSS for the AUG antenna are not identical.
Nevertheless, the variation of the low-k‖ part of the power spectrum as a function of the
power ratio between the straps of figure 3 computed by HFSS in Bobkov et al. (2016b)
and figure 6 have similar characteristics, indicating the possible relationship between the
impurity release and the coaxial part of the power spectrum.

A final test consists of comparing the power ratio ρ and the core impurity concentration
�cW as a function of the ratio between the inner and total power fed to straps Pcentral/Ptot
and a phase deviation �φ from the fixed phasing (0π0) imposed and implemented as
(0 π + �φ 0). This comparison is presented in figures 7 and 8. Once again, the minimum
around Pcentral/Ptot ≈ 0.67 and characteristic behaviour around this minimum are similar
on both figures.
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FIGURE 9. Antenna geometry approximation of Alcator C-Mod FA considered in
ANTITER II.
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FIGURE 10. Power spectrum found for three power ratio Pcentral/Ptot using ANTITER II.

The two results obtained using the coaxial part of the power spectrum seem to correlate
well with the measurements of average impurity yield and core content of the AUG device.
While the result of the AUG 3-strap antenna can be attributed to the minimization of
parallel electric fields and image currents, the antenna also minimizes the coaxial part of
the power spectrum. This last fact can be related to an improvement in core absorption in
AUG, or, in the presence of the LH resonance, to coaxial and surface mode elimination in
the edge.

3.2. Alcator C-Mod experiment
The AUG method to reduce ion cyclotron resonance heating (ICRH) induced impurity
release was also successfully applied on Alcator C-Mod field-aligned (FA) antenna using
a (0π0π) phasing and varying the power ratio fed between the two inner and outer straps
Pcentral/Ptot (Wukitch et al. 2017). The experiments monitored the antenna impurity release,
the far-field impurity sources and the RF enhanced plasma potential.

The approximate antenna geometry that was used in ANTITER II is presented in
figure 9. The corresponding power spectrum for the (0π0π) phasing and three different
ratios Pcentral/Ptot is presented in figure 10. This figure includes the spectrum corresponding
to the minimum coaxial mode excitation and obtained for a power ratio Pcentral/Ptot ≈ 0.89.
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FIGURE 11. The Alcator C-Mod result. Antenna RF induced impurity content measured as a
function of Pcentral/Ptot in the presentation of Wukitch et al. (2017), slide 9.

FIGURE 12. The Alcator C-Mod result. Core impurity measured as a function of Pcentral/Ptot
in the presentation of Wukitch et al. (2017), slide 10.

This very good rejection of coaxial modes corresponds to a current amplitude distribution
of [1, 3, 3, 1] in ANTITER II and can be derived using the relations (1.2a,b).

The antenna induced and core impurity content that was measured in Alcator C-Mod
as a function of the power ratio Pcentral/Ptot are presented in figures 11 and 12. The RF
enhanced plasma potential is also presented in figure 13 as it is believed by the Alcator
C-Mod team to be a measure of the turbulent effect caused by the RF power on the far
SOL and is considered to be closely related to the impurity transport (Cziegler et al. 2012).
In comparison, the coaxial part of the power spectrum ρ as a function of the power ratio
Pcentral/Ptot is computed using ANTITER II and presented in figure 14.

Comparing these four figures, a small difference between minima can be found but the
asymmetry around these minima is globally reproduced. The small difference remaining
may be due to the difference between the simplified model of boxes used in ANTITER II
and the real geometry of the Alcator C-Mod antenna with its folded straps.

Another possibility for this difference may be due to the very good antenna coupling
to the plasma in Alcator C-Mod leading to a power spectrum having large dominant k‖.
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FIGURE 13. The Alcator C-Mod result. The RF enhanced potential measured as a function of
Pcentral/Ptot in the presentation of Wukitch et al. (2017), slide 16.
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FIGURE 14. The ANTITER II result. Ratio of coaxial power spectrum ρ in % as a function of
Pcentral/Ptot.

Under these conditions, the coaxial part of the power spectrum is much smaller and could
lead to less reliable results. To illustrate this, one can note that the coaxial part of the power
spectrum is an order of magnitude smaller in Alcator C-Mod (seen in figure 14) than that
for the AUG case (seen in figure 6) and thus could have less impact on the impurity release.

3.3. JET experiment
One can now try to describe the outcome of not yet published ‘AUG-like’ experiments
in JET (V. Bobkov, private communication 2019). The A2 antenna geometry used in
ANTITER II is presented figure 15 and several phasing cases are presented figure 16. From
the previous discussions, the two most relevant phasings in a future JET experiment are the
dipole (0π0π) and symmetric dipole (0ππ0) phasing of the JET A2 antenna. The coaxial
part of the power spectrum ρ for those phasings is plotted in figures 17 and 18. The power
spectrum for the two antenna phasings corresponding to the optimum ratio Pcentral/Ptot
for coaxial rejection is presented in figure 19. These optimum ratios correspond to a
current amplitude distribution of [1, 3, 3, 1] and [1, 1, 1, 1] for the (0π0π) and (0ππ0)
phasings, respectively. From the power contained in the lower k‖ part of the power
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FIGURE 15. The JET A2 Antenna geometry considered in ANTITER II.
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FIGURE 16. Power spectrum for different phasing of JET A2 antenna.
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FIGURE 17. Coaxial part of the power spectrum ρ in % as a function of Pcentral/Ptot.

spectrum, shown in figure 19, the dominant k‖ excited and previous experiments
(Czarnecka et al. 2012), one can also expect a greater impurity release in the (0ππ0)

phasing compared with the (0π0π). However, while the early results of the experiment
seem to correlate with the predictions, those results have to be taken with caution as
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FIGURE 18. Coaxial part of the power spectrum ρ in % as a function of Pcentral/Ptot.
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FIGURE 19. Power spectrum of phasing (0π0π) and (0ππ0) for the optimum power ratio
Pcentral/Ptot ≈ 0.85 and 0.5. These power ratios corresponds to a current amplitude distribution
of [1, 1, 1, 1] and [1, 3, 3, 1].
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FIGURE 20. Two special power spectra: phasing (0.00, 3.42, 0.65, 4.05) and power balance
Pcentral/Ptot = 0.83, (blue); phasing (0, 2.96, 3.56, 0.24) and power balance Pcentral/Ptot = 0.5,
(orange). These power ratios corresponds to a current amplitude distribution of [1, 2.3, 2.3, 1]
and [1, 1, 1, 1].
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FIGURE 21. The ITER antenna geometry considered in ANTITER II.

-15 -10 -5 0 5 10 15

k
||
 (m-1)

0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

N
or

m
al

iz
ed

 P
ow

er
 S

pe
ct

ru
m

ANTITER

(0, ,0, )
(0,0, , )
(0, , ,0)
(0, /2, ,3 /2)

 k
0

FIGURE 22. The ITER normalized power spectrum for various phasing using ANTITER II.

the calculated minimum can be shifted compared with the experimental one due to the
complex geometry of the A2 antennas.

Taking the same criterion of coaxial rejection for minimal impurity production by
ICRH, one can try to select a specific parallel wavenumber k‖ while avoiding the excitation
of the low-k‖ part of the power spectrum. For example, using ANTITER II, and changing
the strap current distribution in phase and amplitude, it is possible to find phasings with
different dominant k‖ that have an asymmetric power spectrum but avoid the unwanted
region. This is shown in figure 20.

4. ITER and DEMO
4.1. ITER

The ITER antenna is composed of 24 straps grouped into eight triplets. The ITER
antenna model used in ANTITER II is presented in figure 21 where the eight triplets are
approximated by eight long straps. Corresponding power spectra for various phasing and
an even current amplitude distribution are presented in figure 22.

The two most promising phasings are (0ππ0) and (0π0π). A detailed 3-D plot of the
respective power spectra around their coaxial part is shown figure 23. One can see that
the (0ππ0) case has a behaviour similar to the 3-strap AUG antenna in that it rejects
efficiently the coaxial part of the spectrum. It could then be a very good candidate for
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(a) (b)

FIGURE 23. The ITER normalized 3-D power spectrum around the coaxial part for (0π0π)
and (0ππ0) phasing.

(a) (b)

FIGURE 24. Coaxial part ρ of the power spectrum as a function of Pcentral/Ptot and phase
deviation �φ.
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FIGURE 25. Normalized power spectrum for the (0π0π) and (0ππ0) phasing for a
corresponding power ratio of Pcentral/Ptot ≈ 0.45 and 0.9. These power ratios correspond to a
current amplitude distribution of [1, 1, 1, 1] and [1, 3, 3, 1] on the strap.
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FIGURE 26. Normalized power spectrum for an even current amplitude distribution in the
current drive case and for a special phasing (0.00, 2.93, 3.65, 0.29) that eliminates the power
in the coaxial part of the power spectrum.
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FIGURE 27. The DEMO antenna geometry considered with quadruplets instead of triplets to
benefit of the larger poloidal extent of the present DEMO port configuration.
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impurity minimization in future ITER experiments given a sufficiently good ‘single-pass
absorption’ of its dominant excited k‖ ≈ 5 m−1.

One can still apply the AUG method of varying the power ratio Pcentral/Ptot and look
at the coaxial part of the power spectrum to see if a minimum can be obtained in those
cases. This is presented in figure 24. One can see a clear minimum for the coaxial mode
excitation in the (0ππ0) case for a power balance Pcentral/Ptot ≈ 0.46 and in the (0π0π)
case for Pcentral/Ptot ≈ 0.9. The current amplitude distribution for the optimum case in
ITER corresponds to the same optimal current amplitude distribution as JET and the power
spectra corresponding to those two optimal cases are presented in figure 25. One can
also obtain non-conventional phasings that avoid a large excitation of the coaxial part of
the power spectrum. In the case presented, a very clear asymmetrical power spectrum is
obtained with an even current amplitude distribution on all straps as shown in figure 26.

4.2. DEMO
In order to benefit from the return of experience of ITER, an in-port solution is considered
for the future demonstration power plant (DEMO). A travelling wave antenna (known as
TWA) is also considered as a backup option (Ragona et al. 2019).

Compared with ITER, the standard port of DEMO will have (i) a smaller toroidal
extension and (ii) a larger poloidal extension. To better optimize the available port space,
quadruplets could replace the ITER triplets. If a DEMO antenna could be implemented
with a larger toroidal extension like the ITER antenna (see figure 27), the goal of 50
MW coupled could be achieved with three or four such antenna using (0ππ0) phasing.
Lacking a realistic SOL profile for DEMO, these numbers assume the characteristic profile
2010low (S. Carpentier & R. Pitts, private communication 2010) usually used in ITER
and are presented in figure 28 where the power coupled by ITER and DEMO antenna
of figures 21 and 27 is computed using ANTITER II for different relative phasings and
an even current amplitude distribution between straps. Provided such a configuration is
possible, the discussions about coaxial rejection in ITER are applicable for DEMO.

5. Conclusion

In this paper, we show that minimizing the power in the low |k‖| < k0 part of the power
spectrum correlates well with minimizing the ICRH induced impurity release. This is first
illustrated with experimental observations of AUG using a 3-strap antenna. The success
of the AUG 3-strap antenna was up to now qualitatively correlated with minimizing
the peaked parallel electric field and RF image currents around the antenna frame. The
proposed criterion is a complementary way to explain those results. We then further
substantiate the validity of this criterion with observations from experiments performed on
Alcator C-Mod and try to reproduce the outcome of a not yet published JET experiment.
Finally, we predict antenna current and phasing configurations to minimize the ICRH
induced impurity release on JET, the planned ITER antenna and its possible future upgrade
to DEMO for the (0ππ0) and (0π0π) phasing.
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Appendix A. Relationship between strap current distribution and radiated power by
the antenna

The relationship between the current distribution on the straps and the power radiated by
the antenna is discussed using the example of the simplest AUG 3-strap geometry shown in
figure 2(a). Here again, we stress that the current imposed on the straps is used to compute
the remaining quantities because it is this current that determines the shape of the antenna
radiated power spectrum.

Using ANTITER II, one can compute the impedance matrix Z of the antenna geometry
considered. This is made possible by using an even–odd unitary excitation of the ports and
the matrix found for the 3-strap case is of the form

Z =
⎡
⎣ 5.3740 − 72.8146i −0.5197 + 1.3883i −0.2938 + 1.8706i

−0.5197 + 1.3883i 7.6267 − 55.0446i −0.5200 + 1.3780i
−0.2938 + 1.8706i −0.5200 + 1.3780i 5.3740 − 72.8146i

⎤
⎦ . (A 1)

This matrix relates the voltage and currents at the ports V = ZI and gives access to
the power fed at each ports using Pi = ViI∗

i /2. It is the ratio of these port powers (e.g.
Pcentral/Ptot and Pcentral/Pouter) that are used throughout the paper. The power of each port
Pi corresponds to the sum of the self and mutual power of the strap considered:

Pi =
∑

j

Pi,j where Pi,j = 1
2 Zi,jIjI∗

i . (A 2)

Consequently, the method used in the paper consists of

(i) first imposing a set of values for the current I at the strap port and then computing,
via the matrix impedance Z, the associated port voltages;

(ii) from these two values, the corresponding power fed at the port can be obtained; and
(iii) the same current distribution can also be used to derive the power spectrum.

REFERENCES

ANSYS 2020 High frequency structure simulator. Available at: www.ansys.com.
BERRO, E. A. & MORALES, G. J. 1990 Excitation of the lower-hybrid resonance at the plasma edge by

ICRF couplers. IEEE Trans. Plasma Sci. 18 (1), 142–148.
BOBKOV, V., AGUIAM, D., BILATO, R., BREZINSEK, S., COLAS, L., CZARNECKA, A.,

DUMORTIER, P., DUX, R., FAUGEL, H., FÜNFGELDER, H., et al. 2019 Impact of ICRF on the
scrape-off layer and on plasma wall interactions: from present experiments to fusion reactor. Nucl.
Mater. Energy 18, 131–140.

BOBKOV, V., AGUIAM, D., BILATO, R., BREZINSEK, S.,COLAS, L., FAUGEL, H., FÜNFGELDER, H.,
HERRMANN, A., JACQUOT, J., KALLENBACH, A., et al. 2016a Making ICRF power compatible
with a high-z wall in ASDEX upgrade. Plasma Phys. Control. Fusion 59 (1), 014022.

BOBKOV, V., BILATO, R., COLAS, L., DUX, R., FAUDOT, E., FAUGEL, H., FÜNFGELDER, H.,
HERRMANN, A., JACQUOT, J., KALLENBACH, A., et al. 2017 Characterization of 3-strap antennas
in ASDEX upgrade. In EPJ Web of Conferences, vol. 157, 03005.

https://doi.org/10.1017/S0022377820001415 Published online by Cambridge University Press

www.ansys.com
https://doi.org/10.1017/S0022377820001415


18 V. Maquet and A. Messiaen

BOBKOV, V., BRAUN, F., DUX, R., HERRMANN, A., FAUGEL, H., FÜNFGELDER, H.,
KALLENBACH, A., NEU, R., NOTERDAEME, J.-M., OCHOUKOV, R., et al. 2016b First results
with 3-strap ICRF antennas in ASDEX upgrade. Nucl. Fusion 56 (8), 084001.

BURES, M., BRINKSCHULTE, H., JACQUINOT, J., LAWSON, K., KAYE, A & TAGLE, J. 2000 The
modification of the plasma edge and impurity production by antenna phasing during ICRF heating
on jet. Plasma Phys. Control. Fusion 30, 149.

CZARNECKA, A., DURODIÉ, F., FIGUEIREDO, A. C. A., LAWSON, K. D., LERCHE, E.,
MAYORAL, M. L., ONGENA, J., VAN EESTER, D., ZASTROW, K. D., BOBKOV, V. L., et al.
2012 Impurity production from the ion cyclotron resonance heating antennas in jet. Plasma Phys.
Control. Fusion 54 (7), 074013.

CZIEGLER, I., TERRY, J. L., WUKITCH, S. J., GARRETT, M. L., LAU, C. & LIN, Y. 2012 Ion-cyclotron
range of frequencies in the scrape-off-layer: fine structure radial electric fields. Plasma Phys.
Control. Fusion 54 (10), 105019.

KLEPPER, C. C., et al. 2013 RF sheath-enhanced beryllium sources at jet’s ICRH antennas. J. Nucl. Mater.
438, S594–S598. Proceedings of the 20th International Conference on Plasma-Surface Interactions
in Controlled Fusion Devices.

LAWSON, W. S. 1992 Coaxial and surface modes in tokamaks in the complete cold-plasma limit. Plasma
Phys. Control. Fusion 34 (2), 175–189.

MESSIAEN, A., BEUKEN, J.-M., DE KEYSER, L., DELVIGNE, T., DESCAMPS, P., DURODIE, F.,
GAIGNEAUX, M., JADOUL, M., KOCH, R., LEBEAU, D., et al. 1989 Effect of antenna phasing
and wall conditioning on ICRH in TEXTOR. Plasma Phys. Control. Fusion 31 (6), 921–939.

MESSIAEN, A., KOCH, R., BHATNAGAR, V. P., VANDENPLAS, P. E. & WEYNANTS, R. R. 1984
Analysis of the plasma edge radiation by ICRH antenna. In Commission of the European
Communities, (Report), vol. 1, pp. 315–329. EUR.

MESSIAEN, A., KOCH, R., WEYNANTS, R. R., DUMORTIER, P., LOUCHE, F., MAGGIORA, R. &
MILANESIO, D. 2010 Performance of the ITER ICRH system as expected from TOPICA and
ANTITER II modelling. Nucl. Fusion 50 (2), 025026.

MESSIAEN, A. & MAQUET, V. 2020 Coaxial and surface mode excitation by an ICRF antenna in large
machines like DEMO and ITER. Nucl. Fusion 60 (7), 076014.

MURPHY, A. B. 1990 Waves in the edge plasma during ion cyclotron resonance heating. Fusion Engng
Des. 12 (1–2), 79–92.

MYRA, J. R., D’IPPOLITO, D. A., RUSSELL, D. A., BERRY, L. A., JAEGER, E. F. & CARTER, M. D.
2006 Nonlinear ICRF-plasma interactions. Nucl. Fusion 46 (7), S455.

PERKINS, R. J., HOSEA, J. C., TAYLOR, G., BERTELLI, N., KRAMER, G. J., LUO, Z. P., QIN, C. M.,
WANG, L., XU, J. C. & ZHANG, X. J. 2019 Resolving interactions between ion-cyclotron range
of frequencies heating and the scrape-off layer plasma in east using divertor probes. Plasma Phys.
Control. Fusion 61 (4), 045011.

RAGONA, R., MESSIAEN, A., ONGENA, J., VAN EESTER, D., VAN SCHOOR, M., BERNARD, J.-M.,
HILLAIRET, J. & NOTERDAEME, J.-M. 2019 A travelling wave array system as solution for the ion
cyclotron resonance frequencies heating of DEMO. Nucl. Fusion 60 (1), 016027.

TFR GROUP, et al. 1985 Comparison of two k‖ antenna configurations for ICRH experiments in TFR.
In Proceedings of the 12th European Conference on Controlled Fusion and Plasma physics,
vol. 9F, p. 108.

VAN EESTER, D., CROMBÉ, K. & KYRYTSYA, V. 2013 Ion cyclotron resonance heating-induced density
modification near antennas. Plasma Phys. Control. Fusion 55, 12.

VAN NIEUWENHOVE, R., KOCH, R & VAN OOST, G. 1994 Observation of plasma expulsion from
a powered screenless ICRF antenna. In 21st EPS Conference on Controlled Fusion and Plasma
Physics (Montpellier, 1994) 18B II, vol. 976.

WUKITCH, S., et al. 2017 Towards ICRF antennas compatible with high performance plasmas:
characterization and mitigation of ICRF antenna–plasma edge interaction. In The 22nd Topical
Conference on Radio-Frequency Power in Plasmas, Aix-en-Provence, France. Inv-08.

https://doi.org/10.1017/S0022377820001415 Published online by Cambridge University Press

https://doi.org/10.1017/S0022377820001415

	1 Introduction
	2 ANTITER II description
	3 Assessment of the experiments with ANTITER II
	3.1 AUG experiment
	3.2 Alcator C-Mod experiment
	3.3 JET experiment

	4 ITER and DEMO
	4.1 ITER
	4.2 DEMO

	5 Conclusion
	A Appendix A. Relationship between strap current distribution and radiated power by the antenna
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


