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ARTICLE INFO ABSTRACT

Keywords: Experimental data from the 2022 ASDEX Upgrade (AUG) helium (He) campaign reveals that a lower tungsten
ICRF (W) content can be achieved during operation of the 3-strap antennas with the W-coated limiters. By fine-tuning

RF sheath of electrical feeding of the 3-strap antennas, the core W content was reduced by about a factor of 2 compared to
i;ggi Ungrade that during operation of the 2-strap antennas with boron coated limiters at the same power and target plasma.
Spunerin;g This is in contrast to what is observed in deuterium (D) plasmas, where both types of antennas perform similarly

in terms of the W release. A higher significance of remote W sources in He than in D is one plausible explanation.

Special AUG experiments in D plasmas, with a density in the SOL reduced to the level relevant for some of the
predicted profiles for ITER, show similar characteristics of the near-fields and the sputtering even when the slow
wave is propagative. Nevertheless, it is advised for ITER to tailor the SOL profiles by the foreseen local gas in-
jection close to the antenna, to avoid the conditions when the lower hybrid resonance position is approximately
aligned with the position the leading edges of the plasma facing components.

Based on near-field calculations for the AUG 3-strap and the ITER ICRF antennas using the HFSS code under
the same conditions, the experimentally validated RF-sheath rectified voltages of the AUG 3-strap antenna were
scaled to the ITER ICRF antenna. Using conservative assumptions, the estimations of the ICRF-specific W sources
for ITER were then made for the D-T case with neon seeding. The extrapolation shows that by carefully choosing
the electrical feeding, the increment of the W sputtering rate during ITER ICRF operation at up to 20 MW, can be
kept (in the worst case) below 10 % of the total W wall rate without ICRF, as well as below 25 % of the W rate at
the outboard wall without ICRF.

1. Introduction

Sputtering of the full-tungsten (W) wall due to the RF sheath effects
during operation of the Ion Cyclotron Range of Frequencies (ICRF) an-
tennas has been extensively studied in ASDEX Upgrade (AUG) [1]. These
studies and the AUG experimental experience are becoming increasingly
important for ITER in view of the re-baselining which aims at operations
with the full-W first wall [2,3]. One ICRF antenna is planned for the ITER
so-called SRO (Start of Research Operation) phase, with a further
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increase to 20 MW in the DT-1 (deuterium — tritium) operational phase
if its effectiveness in an all-W ITER has been confirmed.

In this work, we report on further studies of the residual W release
associated with the near-field-optimized AUG 3-strap ICRF antennas
and on the importance of the antenna feeding control. This includes
aspects of characterization at very low Scrape-Off-Layer (SOL) density
which represents special conditions for AUG, but an operational corner
expected for some of the ITER plasmas. After this, we provide conser-
vative estimates of the ICRF-specific W sources for ITER based on a near-
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field scaling of the AUG 3-strap and the ITER ICRF antennas with opti-
mized feeding.

2. AUG helium plasmas

It was shown in the previous AUG studies of the ICRF-specific W
sources and optimization of the ICRF antennas [4,5], that the optimized
3-strap antennas with the W-coated limiters compare well to the 2-strap
antennas with the boron (B) coated limiters. This was achieved using the
principle of cancellation of the RF image currents on Plasma Facing
Components (PFCs). For the antennas with 3 or more toroidally
distributed straps in dipole phasing, the RF image current contributions
by the straps closest to the PFCs (“outer” straps) can be nearly cancelled
by the out-of-phase contributions from the centre of the antenna
(“central” straps). After the successful application in AUG, this principle
has been tested in Alcator C-Mod [6] and in JET [7]. In AUG, deuterium
(D) plasmas with hydrogen (H) minority heating scenario, the residual
W contamination when using the W-coated 3-strap antennas (a2 and a4
in Fig. 1) approximately equals to that of the B-coated 2-strap antennas
(al and a3 in Fig. 1). This indicates that the sum of contributions of the
local (antenna limiters) and of the remote W sources attributed to the
ICRF heating by the 3-strap antennas is approximately equal to the
contribution of the remote W sources by the 2-strap antennas in D
plasmas. By remote W sources we define all the W sources which are not
located at the antenna limiters. Helium (He) plasmas present the most
challenging environment for ICRF operation with high-Z walls, because
the majority species (mostly double-charged ions He?") is able to sputter
W directly already at low accelerating rectified RF sheath voltages
(~few tens of volts, depending on T, in the SOL). In the He plasmas with
H minority heating, early indications were observed that the W-coated
3-strap antenna can produce marginally lower W source at the same RF
power [5].

Fig. 2 summarizes the data on ICRF-specific increments of W con-
centration (Acy, Fig. 2(a)) measured by VUV spectroscopy at T, ~1.5
keV and of the W limiter source (Acy, Fig. 2(b)) measured by visible
spectroscopy (see Fig. 1), from the more recent (2022) experiments in
He H-mode plasmas at —2.5 T with 4 MW of ECRH and constant

W-coated
a2
B B-coated
a1l

reciprocating
Langmuir probe

A\. / \Iimiter

spectroscopy

W-coated
A®D control

Fig. 1. Setup of AUG ICRF antennas and measurements. al/a3 (and indepen-
dently, a2/a4) constitute an operational pair connected within the single
RF network.
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Picrr=1 MW at 36.5 MHz. Fine scans were implemented around the
optimum antenna feeding in terms of the power fraction of the central
strap to the total power Pcen/Piot and the phasing deviation from the
dipole A®. The definition and control of the dipole phasing in experiment
has previously been made within 10° accuracy, usually sufficient for D.
However, Fig. 2 shows that in He, 10° can make a significant difference
and that it is critical to control the feeding of the antenna more precisely.
In these He cases, a special attention was given to phase steering using
the new control system [8]. In AUG, the phase is controlled for one 3-
strap antenna only (a4 in this case). For the other antenna (a2), it is
defined by the symmetry and tuning of the RF feeding network. Every
point from Fig. 2 is an average over 250 ms at the end of the 400 ms long
time intervals with constant Pce,/Pior and phasing. The plasma density
close to the antenna limiters was approximately constant.

Fig. 2(a) shows that, with the precise phase control, Acy for the W-
coated 3-strap antennas with Peen/Piot = 0.6 and A®=0° can be kept
about a factor of 2 lower than that for the B-coated 2-strap antennas.
This is the first example showing that the W-coated 3-strap antennas
clearly outperform the B-coated 2-strap antennas in terms of W release.
However, in contrast to typical situations in D-plasmas (see e.g. [4]), the
reasons for this are not directly evidenced in the measurements of the W
source at the antenna limiters (Fig. 2(b)). The local W sources at the
limiters, at least those measured on the existing lines of sight of the
spectroscopic measurements (see Fig. 1) which cover predominantly the
upper half of a4, do not fully correspond to the tendencies of Acy. In
particular, in the case with A®=+10° the local W source is increased,
but not with A®=-20°, although both cases are characterized by
increased Acy. In addition to possible changes of the local W source in
the non-observed (lower, with vertical coordinate z < -0.01) regions of
the antenna limiters, one can invoke non-local W sources as likely
contributors to this behaviour. It is however difficult to pinpoint more
specifically where these remote sources are located, as the divertor W
sources were not measured during these experiments. Acy measured at
the a4 limiters when only the 2-strap antennas are powered (shown close
to Peen/Piot = 0.5 in Fig. 2(b)) is an example of such a non-local W
source. And for most cases in Fig. 2, it is comparable to the local W
source at the active 3-strap antenna (when a4 is powered). In parallel to
the propagation of the rectified sheath perturbations along the magnetic
field lines connected to powered ICRF antennas (see [5,9] and references
therein), also the effects of the non-absorbed power fraction at low
[6,10] and high k|| [6] can play a role. The latter can lead to the far fields
in the SOL and thus also to the remote ICRF-specific W sources. The high
sensitivity to the phasing and presumably the higher relative importance
of the remote W sources in He is likely caused by the high W sputtering
yield by the main species. Furthermore, only the total (thermal and RF
rectified) sheath voltages of ~ 50 V are needed for strong W sputtering
by the double-charged He ions. Therefore, in He, the W sputtering yield
is higher and its dependence on the sheath voltage is sharper compared
to the D plasmas, where only the light impurities with relatively low
concentrations sputter W.

One can summarize that for ITER, a precise feeding control with the
accuracy in phasing much better than 10° is essential. Fortunately, for
an antenna with 3 or more toroidal straps, the feeding requirements to
minimize the near-field induced local effects and the remote effects due
to the propagation of the rectified sheath perturbation along the mag-
netic field lines approximately coincide with those to minimize the far
fields caused by the RF power carried by unfavourable k|| (see section
3.1in [11]).

One nuance for ITER is that in some cases, in contrast to the standard
conditions in the existing experiments, plasma density profiles with the
density below the Lower Hybrid (LH) density n,,, in the SOL in front of
the PFCs are predicted. The next section aims to study similar conditions
experimentally in AUG.
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Fig. 2. ICRF-specific increments of: (a) the W concentration at T, ~1.5 keV Acy and; (b) the W influx spatially averaged over all lines of sight at the a4 antenna
limiters Al'y; as functions of Peen/Piot for various A®. Values close to Peen/Pior = 0.5 show Acy and Al'yy measured when only the 2-strap antennas are powered.

3. AUG low density D SOL

Condition ne = n,,1, corresponds to the LH resonance and is consid-
ered as a qualitative boundary, because the slow wave (SW) can prop-
agate at ne < ne,n. This is the same wave as used for the LH current
drive, but it is confined to low densities for ICRF and it carries the
parallel electric field E|| known to be the major contributor to the ICRF
sheath effects. In the current machines, the SW propagation region is
usually narrow in the PFC shadow and on the leading edges of PFCs the
SW is evanescent. For ITER, in some configurations the region of prop-
agative SW extends towards the plasma core and covers a finite radial
range in front of the PFCs. In AUG, this region can be artificially
extended in special, very low-density plasmas with high plasma-wall
clearance. This was done in [12] which identified that indeed the SW
can propagate in the form of the so-called resonance cones in the low-
density SOL in D plasmas and can be tracked. In such AUG scenario,
3-strap antennas were operated at Picpp~160 kW at 36.5 MHz with 0.7
MW of ECRH. The relevant data is shown in Fig. 3.

Three experimental density profiles are shown in Fig. 3(a): cases (1)
and (2) with ne < n,,1, at the antenna limiter and case (3) with ne > ne,1n
at the limiter. The density close to the limiter and up to about 5 c¢m in
front of the limiter was measured using the reciprocating Langmuir
probe (yellow-green highlighted region in Fig. 3(a)). Beyond that, the
density was measured by the Li-beam (Fig. 1). These diagnostics are
located at about the same vertical position z = 0.3 m. The local equiv-
alent RF voltage Vgr (derived from the RF current as in [5]) at the a4
limiter and the ICRF-specific increment of W influx Acy on the right
limiter of a4 close to z = 0.3 m are shown in Fig. 3(b) and Fig. 3(c)
respectively. The use of Acy in the context of the near-fields instead of
AYw (increment of the sputtering yield) is justified by the effect of
variation of light impurity content on AYy being partially compensated
by the effect of impinging particle density on Acy. Thus Acy acts as a
better proxy of the near-field effect when comparing density profiles.
The quantities are normalized to +/Picgr to compensate for variations of
the RF power in the first (linear) approximation. Power balance scans in
the dipole phasing were performed. Instead of P.en/Pyot, Voltage ratio
Veen/ Vout (ratio of the maximum voltage in the transmission line of the

central strap to that of the outer straps) is used on the horizontal axis
with a regular grid in Fig. 3(b) and Fig. 3(c). This is because at low ICRF
coupling, a large discrepancy exists between the RF power measured
close to the antennas in the unmatched lines and the RF power in the
matched lines. In AUG, the latter is usually assumed as a proxy for the
former (which is unavailable), but here this assumption would be too
imprecise.

Fig. 3(a) and 3(b) show that there is no qualitative difference be-
tween all the three density profile cases, and the optimal feeding weakly
depends on density. All of the cases exhibit a similar minimum, inde-
pendently whether n. < n,,, at the limiter (profiles (1) and (2)) or not
(profile (3)). The higher Vgr and higher Acy at lower densities are not
new observations and are expected from the previous studies. The ex-
planations involve effects due to lower plasma RF conductivity and
higher light impurity content and plasma temperature at lower densities
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Fig. 4. Near-field TOPICA calculations corresponding to the local observations
and density profiles from Fig. 3.
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(see e.g. [1,9] and references therein). Furthermore, as Fig. 4 shows, the
behaviour is well consistent with normalized local <E||> calculated by
TOPICA [13] (also acting as a proxy for the sheath voltage) for the three
density profiles without considering the SW propagation.

Thus, there is so far no indication of a strong impact of the propa-
gating SW on the behaviour of the local RF properties and sputtering at
the ICRF antenna PFCs. This result is insofar unsurprising as the previous
experimental studies, in particular of the ICRF-specific heat loads, (see e.
g. [14]) do not report noticeably increased heat loads in the lower
density regions of the antenna PFCs. Such increased heat loads could be
expected if the propagating SW increases significantly the rectified RF
sheath voltages, because the heat loads should not saturate at high ion
energies. The opposite trend is observed: the regions with the highest
densities are characterized by the highest heat loads. Still, with the LH
resonance in front of the PFCs, the propagating SW remains a potential
cause of the parasitic power absorption in the SOL [10] and of the far-
fields. It is also advisable to avoid alignment of the LH resonance with
the leading edges of the PFCs, i.e. ne~n,,|, at the limiter. Such alignment
is difficult to achieve in experiments, but can in theory lead to focusing
of the RF power carried by the resonance cones on the PFC leading
edges. In ITER this can be avoided using the local gas injection [15] to
tailor the density profiles in front of the antenna PFCs, presumably at
low gas puff rates.

The fact that there is no indication pointing on the propagative SW
(at ne < ne1n) as an important contributor to the RF fields and the W
sputtering at antenna PFCs and the fact that the optimal antenna feeding
weakly depends on density are encouraging results for ITER. This allows
to further use the existing guidelines [1] to reduce the sputtering, and to
conduct a simplified scaling of the sheath voltages based on the relative
comparisons of the antennas in terms of the near-fields, including the LH
density range.

4. Extrapolations to ITER

The AUG 3-strap antenna image current cancellation principle can be
successfully applied to the current ITER ICRF antenna design with 4
toroidal columns of straps. In order to put the performance of the ITER
antenna with optimized antenna feeding in terms of W sources into
perspective, we compare at first the E|| near-fields at PFCs for both the
AUG 3-strap antenna (Fig. 5(a)) and for the ITER antenna (Fig. 5(b))
using HFSS [16] models with the same lossy dielectric (sea water)
loading and with the same PFCs. Then, using the near-field comparison
and the validated AUG experimental results, as well as the known de-
pendencies of the W sputtering yield on impinging species, we scale the
W sources to the specific conditions relevant for ITER. A more detailed
description is available as ITER report [17]. A more sophisticated
approach in estimating the ICRF-specific W sources is described in [18].

Fig. 6(a) shows the comparison of the average parallel field <E|>
calculated in the regions illustrated in Fig. 5 for various antennas and
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feedings, for the distance between the antenna and the loading (see
Fig. 5) d = 8 cm. Fig. 6(b) presents results of extended calculations with
various values of d. For the ITER antenna, toroidal phasings (0; 7; w; 0)
and (0; w; O; ©) are considered with phasings between the two poloidal
antenna halves (0; n) and (0; —n/2). For these feedings, <Ej|> is
compared to <E||> of the AUG 3-strap antenna with optimized feeding
((0;7;0) with Pgepn/Pyot=0.6) in Fig. 6(a) and is normalized to the latter in
Fig. 6(b). The comparison is on the conservative side for the ITER an-
tenna, as it favours reduction of the 3-strap antenna image currents
which decay more efficiently on the larger conductive area around the
antenna.

The ITER antenna feeding of (0; w; m; 0)(0; ©) is conceptually the
closest to the 3-strap antenna and has very similar <E|>. From all the
ITER antenna feeding phasings, only (0; m; m; 0)(0; —n/2) “balanced”
with uniform power distribution is not optimized for lowest <E||>. The
dashed curve in Fig. 6(b) shows that in this case, <E||> can be reduced
by increasing the phase by 5°, confirming that the precise phase control
is crucial, as discussed in section 2. For the feedings with optimized
<E||>, ITER antenna compares well with the AUG 3-strap antenna: all
(0; m; 0; m) “tapered” (Pcen/Prot~0.8) cases show noticeably lower <E||>
than that for the 3-strap antenna.

Approximated ranges of the sheath accelerating voltage and effective
sputtering yield Yy observed in AUG experiments, which are backed up
by simulations of the 2-strap and the 3-strap antenna (see [1,4,5,19,20]
and references therein), are summarized in Fig. 7. Yyy is calculated based
on the examples with the light impurity contents from [19], one for the
case without boronizations (orange), one for the case with regular
boronizations (black). Curves for single ionized and for multi- ionized
(based on average charge states estimated for coronal equilibrium)
including contributions from W self-sputtering (simplified model) are
shown. The upper estimate for the 3-strap antenna induced sheath
voltage of about 90 V with 1 MW of power is taken and the sheath
voltage is scaled to the ITER antenna using the near-field results pre-
sented in Fig. 6, but excluding the (0; ©; n; 0) “balanced” feeding. The
voltages are kept constant throughout the whole density range,
providing conservative estimates.

The ICRF-specific W sputtering in ITER is estimated for the “worst
case” for the W sources at ITER: D-T plasma with 2 % of neon (Ne) with
charge state distribution 28 %Ne'%"+22 %Ne®*+34 %Ne®*+16 %Ne’*
as the dominant light impurity species during seeding in the D-T
mixture, provided by the ITER Organization (IO) as input to [17]. The
estimates are made under the assumptions of constant light impurity
content and constant T, = 20 eV with T; = 2.T,. This naturally leads to
the W sputtering flux and W sputtering rate being as a quantity pro-
portional to density ne at the edge of the antenna PFCs. As could be
followed from the section 3 discussion, such assumptions do no precisely
describe typical experimental situations during density scans. On the
other hand, we use the assumptions to provide conservative (upper
limit) W source estimates.

- ?ﬁéé}]etic
field

e .

L olfer straps e

Fig. 5. Antenna models for near-field comparison: a) AUG; b) ITER. Dashed red rectangles show areas of E|| assessment. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)



V. Bobkov et al.

T T —

0.8F T T T

a
) v
ITER
(0;m;0;m)
0.6 (0;-m/2) 7
balanced
T x
S ITER
X, 04- ITER ITER ©O;mm0)]
A (O;m0;m)  ITER  (0;7;0;m) (05-m/2)
w AUG 3-strap (0;r)  (0:mim:0)  (0;-m/2)
v (0;m;0) tapered  (0;m)  tapered
02F @-------- o S b
A
+
00— 2 3 4 5 6

case number

Nuclear Materials and Energy 41 (2024) 101742

~
(=}
T
T
-~
I

. il V.. ~
“ITER (0;7;0;m) (0;-m/2) ™=~
balanced, + 5 deg. N

w
{=3
T

E
<E||>min, 3-strap
g
o
T
1

5
T
-
-
p
1

distance loading-antenna [cm]

Fig. 6. Near field comparison. a) < E)|> for d = 8 cm; b) normalized to < E|> the 3-strap antenna as a function of d.

thermal thermaI+V2 ,
102" =" —F . s
F thermal+V ISP 3
r 3-strap ___,_-‘ -____--‘
1 0-35_ R
z [/
> I :':'
104 E
1070 100 20 300 400

Accelerating voltage [V]

—— 0.7%C"*+0.7%B*+0.04%01*+D*+\yself
- === 0.7%C*+0.7%B3%*+0.04%03*+D*+\self
--------- W self-sputtering

— 2% C™+0.2% Q' + D* + Wseff

-———— 2 CA+ +0.2% O3+ +D"+ Wse\f

-------- W self-sputtering

100 % D

Fig. 7. Summary of AUG observations and approximate regions covered by
experiments. Orange: light impurities w/o boronizations, black: with bor-
ornozations [16]. Ranges for themal and ICRF contributions (2-strap or 3-strap
with 1 MW) are illustrated by rectangles. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)

thermal+V
T T T ITER
R [ e (0;7:0) (0;-1/2)
P X [1 G SEEEEEEEEE SEEETEETTELTRETTELTEES CEPPEETEE 1
20k thermal+V_
10 g (0;mt;m;0) (0;7)
~ 1
= 1019 z thermaI+V‘TER
»n 5 (0;m;0;m) (0;-m/2) tap.
d © ol T
24018 g g 3 | thermal+V,
g z | % (0;m;0;7) (0;m) tap.
1 01 7 g é 4
2 g £
1016 B
10— 1017 1078
N [m~]

Fig. 8. ICRF-specific W sputtering rate for Picgr=10 MW as a function of ne.

The estimates of the W sputtering rate, presented in Fig. 8 for
Picrr=10 MW, are also made conservatively, using the affected area
formed by the full antenna circumference and an additional safety
margin of factor of 2, accounting for RF sheath effects along the field
lines etc. The parallel W flux is integrated over the radial decay of the
density, using the highest possible e-folding length available from the
predicted profiles. Three reference densities shown by the vertical grey
lines in Fig. 8: lowest density from 2010, as well as the highest opera-
tional densities from 2010 and from 2023.

For the more practical poloidal phasing (0; —n/2) for one antenna,
toroidal (0; m; 7; 0) is the most convenient option at lowest density, as it
maximizes the coupling. At high densities, the toroidal phasing can be
switched to (0; ; 0; ©t) “tapered” optimized in terms of the near-fields
and reduced sputtering. This possible course of action is shown in
Fig. 8 by the dotted lines with arrows and would allow to keep the ICRF-
specific W rate at 10 MW below 6 % of the total W rate, as well as below
16 % of the W rate at the outboard wall at the highest possible density.
The total W rate of 5.5-102° s~! and the W rate at the outboard wall of
2:10% 571, shown in Fig. 8 as horizontal grey dashed lines, were esti-
mated separately using a sophisticated approach without ICRF effects
[21] and were provided by the I0. At Picgg=20 MW, the maximum
relative contributions of the ICRF-specific W sources are 10 % to the
total and 25 % to the outboard wall W sources respectively.

In contrast to many experiments, the outer wall area affected by the
ICRF sheaths in ITER will be significantly lower compared to the area of
the outer wall exposed to the thermal sheaths. Hence the relative role of
the ICRF-specific W source is a-priori limited, when the W sputtering is
substantial already with the thermal sheaths. This is demonstrated in
Fig. 9 which shows the fraction of the ICRF-specific W rate w.r.t. the
outboard wall contribution to the W sources without ICRF. The latter is
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Fig. 9. ICRF-specific W sputtering rate relative to the thermal contribution of
18 equivalent ports, as a function of ICRF power.
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assumed here to be a sum of 18 equivalent outer midplane ports with the
same surface area as for the ICRF case, but only with the thermal
sheaths. This estimated thermal contribution from the outboard wall is
close to 810%° s7!, exceeding the provided W source estimate
mentioned above by 4 times. Thus, the model used in this work generally
overestimates W sources, and the relative ICRF-specific W source with
the optimized (0; x; 0; 7)(0; —n/2) feeding is actually limited by 6 % at
Picrp=20 MW.

5. Conclusions

AUG He experiments demonstrate the importance of a precise
phasing control of the W-coated 3-stap antennas which allows a reduc-
tion of the ICRF-specific W content in He plasmas to the level about
twice lower than that for the B-coated 2-strap antennas, presumably by
reducing both local and remote W sources.

Studies of the ITER-like low-density SOL in AUG D plasmas, by
extending the region of the propagating SW in front of the PFCs, shows
that the near-fields and the W sputtering characteristics are similar to
those in the higher density SOL, when the SW propagation region is
narrow in the limiter shadow. This allows the use of the existing
guidelines to reduce the sputtering, elaborated at high SOL density.

The ITER ICRF antenna design with 4 toroidal strap columns com-
pares favourably with the experimentally tested 3-strap antenna in
ASDEX Upgrade. The ITER ICRF system allows the optimization of the
electrical settings and minimizes the near-fields. The ICRF-specific
increment of the W sputtering rate during ICRF operation at up to 20
MW for the D-T case with Ne seeding can be kept below 10 % of the total
W wall rate without ICRF and below 25 % of the W rate at the outer wall
without ICRF.
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