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Abstract. In ASDEX Upgrade H-modes with Hgg=0.95, similar effect of the ICRF antenna loading improvement by local
gas injection was observed as previously in L-modes. The antenna loading resistance R, between and during ELMs can
increase by more than 25% after a switch-over from a deuterium rate of 7.5-10*' D/s injected from a toroidally remote
location to the same amount of deuterium injected close to an antenna. However, in contrast to L-mode, this effect is
small in H-mode when the valve downstream w.r.t. parallel plasma flows is used. In L-mode, a non-linearity of R, at
Picrr<30 kW is observed when using the gas valve integrated in antenna. Application of magnetic perturbations (MPs) in
H-mode discharges leads to an increase of R,>30% with no effect of spectrum and phase of MPs on R, found so far. In
the case ELMs are fully mitigated, the antenna loading is higher and steadier. In the case ELMs are not fully mitigated,
the value of R, between ELMs is increased. Looking at the W source modification for the improved loading, the local
gas injection is accompanied by decreased values of tungsten (W) influx 77, from the limiters and its effective sputtering
yield Yy, with the exception of the locations directly at the antenna gas valve. Application of MPs leads to increase of 7
and Yy for some of the MP phases. With nitrogen seeding in the divertor, ICRF is routinely used to avoid impurity
accumulation and that despite enhanced 77 and Yj at the antenna limiters.

Keywords: ASDEX Upgrade, ICRF, antenna, coupling, sputtering.
PACS: 52.50.G, 52.40.F, 52.40.H

INTRODUCTION AND EXPERIMENTAL SETUP

For a variety of conditions in ITER, Ion Cyclotron Range of Frequencies (ICRF) antennas can have limitations to
couple 20 MW per antenna [1]. Application of standard ICRF coupling techniques, such as reduction of the plasma-
antenna clearance and the global increase of the density, will be limited due to machine protection and plasma
scenario limitations. It is therefore important to explore alternative possibilities to improve ICRF coupling
performance. At the same time an eye should be kept on changes in the impurity production associated with those.
Two additional methods to improve ICRF antenna loading can be utilized in ASDEX Upgrade. First, as has been
previously shown [2] for L-mode discharges, the coupling resistance of ICRF antennas can be substantially

increased by using deuterium gas valves which are located near the
antennas. Second, operation of the in-vessel magnetic perturbation
(MP) coils of ASDEX Upgrade (AUG), the so-called B-coils [3], is
often accompanied by an increased density at the plasma edge [4]
and can be used to improve the antenna loading [5].
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Fig. 1 shows the ICRF antennas, midplane gas valves and the  midplane 2 midpla?e
relevant local diagnostics. Four ICRF antennas (a/ to a4, operated xa_s sector/l 4 g3 ane s
in pairs al/a3 and a2/a4 within the 3dB hybrid scheme unless = Y W33
mentioned otherwise) were used with the hydrogen minority at g T
heating in deuterium for the experiments considered. Standard RF ~

Li-beam

signals provide measurements of antenna resistance R, averaged
over both antenna feeders, Li-beam provides density profile at the
edge and limiter spectroscopy monitors deuterium and tungsten
(W) influxes. Gas valves in sector 1 and sector 13 are recessed and
allow a toroidal and polioidal spread of neutrals before ionization.
Neutrals from the antenna valve are injected at the limiter and are
ionized close to the injection point. Compared to the setup from [2],
the antenna valve was relocated from a4 to a3. It was found that, in
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FIG. 1. AUG toroidal view of ICRF antennas,
midplane gas valves and relevant diagnostics.

Radiofrequency Power in Plasmas
ATP Conf. Proc. 1580, 271-274 (2014); doi: 10.1063/1.4864540
2014 AIP Publishing LLC 978-0-7354-1210-1/$30.00

271



contrast to a4 in 2009, a3 with the optically closed Faraday Screen (FS) has the upper limitation on the gas injection
rate from the antenna valve of =~10* deuterons (D)/s. At this limit, a3 starts arcing at low power (<50kW) and at
high power (>200kW)), supposedly due to the limited pumping through the optically closed FS.

ANTENNA LOADING IMPROVEMENT

A repeat of the L-mode discharges from [2] with the total gas rate of
7.5-10% D/s reproduced the same findings about the effect of local gas from
midplane on the antenna loading: R, of a/, a3 and a4 increase significantly
when the local gas valve is utilized instead of remote gas injection with the
same rate. However, even with the different arrangement of the antenna
valve (at a3 instead of that at a4 in 2009) w.r.t. the Li-beam diagnostics, an
effect on the density profile in the scrape-off layer (SOL) is not
distinguishable when using the antenna gas valve. Thus, measurements of
the density profiles in several locations in front of the antennas are
necessary. These should be available in the future [6]. Presently,
spectroscopy measurements on the lines of sight (LOSs) looking at both
sides of a3 confirm that the increase of deuterium influx after the switch-
over from the valve in sector 1 to the antenna valve is localized poloidally
and toroidally at the locations directly at the antenna valve injectors. Other
LOSs at a3 show small changes of deuterium influx.

For characterization of R, in H-mode, discharges #29477 and #29514
were used with Pyg=5SMW, P;cr=1.5MW at 30 MHz and B=-2.0T, gas rate
of 7.5-10%' D/s. The waveforms of the ICRF power toggling between the
antenna pairs and the scan of antenna-separatrix clearance at midplane Ar
were similar to [2]. The discharges were stable, with 7,=6.5-10" m™ line
average density on the central line of sight of DCN interferometer and the H-
mode performance of Hgg=0.95. Fig.2 shows time-averaged R, for each
antenna between and during ELMs depending on Ar for the conditions when
the whole gas injection is performed from a single midplane valve, for
different valves. Fig.2 uses the color and the symbol coding for the gas
valves as shown in Fig.1. For al and a3, at least 25% of R, between ELMs
can be gained when using the sector 1 valve or the antenna valve
respectively. For R,; and R,; during ELMs, the difference between the
valves is higher (up to 50 %). Interestingly, in contrast to the L-mode
discharges, a4 shows very little improvement when local gas valve at sector
13 is used. Thus the toroidal proximity of gas valve [2] is not the only
important parameter for gas valve placement needed to achieve the ICRF
loading improvement in H-mode. The side where the valve is placed
toroidally w.r.t. antenna can obviously play a role. One of the explanations of
this could be an influence of the parallel plasma flows on the build-up of the
density profile in front of the antennas. Assuming the parallel flow pattern is
as described in [7] for AUG, the sector 13 gas valve (with a small effect on
R.,) is located downstream (i.e. towards flow direction) w.r.t. a4, whereas
the sector 1 gas (with a significant effect on R,;) is located upstream w.r.t.
al. The smaller effect on R,; in H-mode could also be influenced by the
unique design of a4 which is the antenna with broad limiters and narrower
straps [8]. It is noteworthy, that for the cases of remote gas injection, similar
R, is observed for each antenna, with R,, being marginally lower.

The use of logarithmic RF detectors [9] made possible the measurements
of the RF power dependence of R, in the low power range and thus a
characterization of the antenna loading non-linearity. The data for the L-
mode discharge #29472 is presented in Fig.3. The discharges had
synchronous replacement of the power from one antenna pair by the power
from another antenna pair to keep the total heating power Pj..=Picrr—1MW
and the central plasma parameters constant. A small influence of the local
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vs. Ar for all antennas. Colors and
symbols for gas valves are as in Fig.1.

FIG. 3. R, vs. RF power in L-mode for
al and a3 for 4r=6 cm (hollow) and
Ar=10.5 cm (filled). Colors and symbols
for gas valves are as in Fig.1.



gas injection on the power dependence of R, is present for a/, whereas a #29863 R,y [Ohm]
large influence is observed for a3 when the valve in the antenna is used. E
For the latter case R, is strongly non-linear at P;cg=<30kW. This could be 3f
interpreted as a sign of the local gas ionization by RF fields in front of the 5
antenn;}s: a rough estimate of the maximum power required to ionize 1E ¢ exp. with Bcois s FELICE with B-colls]
7.5:107" D/s yields 40 kW and would be compatible with the observed f —¢-exp. wioB-coils g FELICE wio B-coils
picture. However other effects like multipactor, RF sheath losses and O
density depletion due to the ExB convection and due to the a4f
ponderomotive effect can take part in producing a similar dependency. In
addition, at least a part of the interactions is likely to happen inside the ¢
antenna box and/or in the vacuum transmission lines, because of the 2f
increased arcing probability at low power levels (as mentioned above), 1t E
supposedly aided by the multipactor-assisted ionization at the observed ¢
RF voltages below 3 kV. 5 6 7 8 Ar[cm]

Generally in H-modes, the MP coils influence R, positively. Operation ~ FIG. 4. Time-averaged R, between ELMs
of the coils in high density H-mode discharges influences ELM behavior at @/ and a2 vs. Ar (solid) for the cases with
as well as the density profile. So far no distinguishable influence of the B-ceils and without B-coils and comparison
spectrum or the phase of the coils on the loading was found. In the case of to R, calculated by FELICE (dotted).
ELM mitigation, antenna loading is higher and much steadier [9]. In the case when ELMs are not mitigated or
mitigated partially, averaged R, between ELMs increases, as can be seen in Fig. 4, for al and a2 in #29863 with
Prs=5SMW, Pcp=1.5MW at 30 MHz with all antennas powered simultenously, B=-2.0T, 7,=9.5-10" m>, n=2 for
B-coils at 1kA, with gas rate of 2.5-10** D/s, all injected from the divertor. The effect can be reproduced relatively
well by R, calculated by the FELICE code with real plasma profiles averaged in time in the code’s input (see Fig.4).
Some scatter in the FELICE results is present due to the ELM-like events between ELMs influencing the measured
profiles in the SOL. Best agreement of FELICE is observed with a2. The latter shows a difference to a/ at these
high gas injection rates, despite the fact that gas injection from the divertor is used. This implies that there are
density profile asymmetries in front of the antennas under these conditions as well.

TUNGSTEN SOURCE WITH IMPROVED LOADING AND N,-INJECTION

Local gas injection can affect the ICRF specific W source from the antenna limiters. The latter is characterized
by intensity of the WI spectral line at 400.9 nm, with the time resolution of 3.4 ms. In L-mode discharges, a4
experiences typically a reduction of W influx 7 and effective W sputtering yield Yy = I'/1, when the sector 13
gas valve is used [10]. A similar effect, but smaller and with larger oscillations due to ELMs is present in H-mode
discharges.

When the gas is injected from the antenna valve in a3, the W source distribution at the limiters of this antenna is
affected significantly. General tendency is reflected in Fig.5 for the H-mode discharge #29477. During the switch-
over of the gas injection from the sector 1 valve to the a3 antenna valve, values Yy and 7y, averaged over multiple
ELM periods during a3 operation, are decreased at the LOSs which look at Yy, [x109] '-%-LOSS'al a3 valve, a3 gas
the limiters areas further away from the valve injectors (solid lines) for 8f ;t?ﬁ;fé%iﬁ';%;?é‘;! 9
small Ar. At the same time, at the LOSs which look directly at the injectors, g A other LOSs atad, sector 1 gas
Yy and Iy are strongly increased (dashed lines) for all Ar. This indicates
that integrating a gas valve inside the antenna is not the best option in terms
of impurity production. A valve near antenna results in consistently better 2
behavior impurity wise. Unfortunately no spectroscopy measurements are #29477% ,
available at a/ where the benefit of local gas injection from the valve near [T, [x10'® m?s-]
antenna is largest in H-mode discharges. 6 o,

It has been previously observed [11] that the precise configuration of
magnetic field lines and their connection lengths is important for the W
source during ICRF. It is therefore interesting if MPs have an effect on the
W source. An example of the effect of MPs on the W production on a3 is
shown in Fig.6, where the dependencies of Yy and 7 between ELMs vs. Ar
are presented for different phases of MPs (polarity of B-coils [3] is
indiclzlted in the figure) and thg cases without M(II’)S for ?Z29863. All antennas T(();S 5. Yy and Ty vs. Ar at spectroscopy

. s looking directly at the a3 injectors
are powered simultaneously, and Y and 7 are shown on the LOSs at a3 (dashed) and the a3 LOSs looking further
which are not connected to other antennas along the magnetic field lines. It away from injectors (solid).

R,, [Ohm]

5 6 7 8 9 Ar [cm]



can be seen that some of the phases of MPs produce a moderate increase
of the W source. Such reaction is similar to the reaction during reduction
of Ar. Fig.6 encourages further studies of the influence of MPs on the W
source and its distribution at the antenna limiters, in particular in L-mode
shots with discrete antenna powering.

The effect of N, on the ICRF performance is important to look at,
especially in the context of the success of radiative scenarios in AUG [12].
Whereas dosing the N, injection from the midplane to test a possible effect
on antenna loading has proved difficult, N, divertor injection is used
regularly with ICRF which provides central heating to avoid impurity
accumulation in the plasma center. Fig.7 summarizes findings for W
concentration ¢y measured close to 7,=1.5 keV using quasi-continuum
spectral lines of highly charges W ions, and averaged Yy and 7 at all
LOSs looking at the limiters of a3 and a4. Phases with al/a2 (boron
coated limiters) and a3/a4 antenna (W coated limiters) pairing are
distinguished. Fig. 7 shows that the W sputtering at the limiters is
enhanced by N, at low and at high injection rates. Here the W source
grows continuously with the increase of N, injection rate. However, ¢y
experiences a drop at higher level of N, injection. This is connected rather
to a transport effect than to the W source effect.

CONCLUSIONS

AUG data shows that the local deuterium injection can increase the ICRF
antenna loading significantly both in L-mode and in H-mode discharges.
In H-mode discharges, the toroidal proximity of gas valve w.r.t. antenna is
not the only parameter describing the potential benefit of the loading
improvement. The data suggests that the location w.r.t. the upstream or
downstream sides of the SOL parallel plasma flows can be important. The
antenna valve with injectors close to the ionization zone leads to a very
local ionization near antenna and to enhanced non-linear antenna-plasma
interactions. A more favorable solution in AUG is the midplane valve next
to antenna with injectors radially retracted. Such valve has the positive
effect on the loading without the drawbacks of increased arcing
probability and increased local impurity source and even with a positive
effect on the latter. MP coils can improve the antenna loading by
increasing the density profiles at the plasma edge. The accompanying
modification of W source is moderate and should be studied more in
details in the future. Injection of N, can be successfully used with ICRF
despite the enhanced W source.
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