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Abstract.  RF measurements during variation of the strap voltage balance of the original 2-strap ICRF antenna in 

ASDEX Upgrade at constant power are consistent with electromagnetic calculations by HFSS and TOPICA, more so for 

the latter. RF image current compensation is observed at the antenna limiters in the experiment at a local strap voltage of 

about half of the value of the remote strap, albeit with a non-negligible uncertainty in phasing. The RF-specific tungsten 

(W) source at the broad-limiter 2-strap antenna correlates strongly with the RF voltage at the local strap at the locations 

not connected to opposite side of the antenna along magnetic field lines. The trends of the observed increase of the RF 

loading with injection of local gas are well described by a combined EMC3-Eirene – FELICE calculations, with the most 

efficient improvement confirmed for the outer-midplane valves, but underestimated by about 1/3. The corresponding 

deuterium density tailoring is also likely responsible for the decrease of local W sources observed in the experiment.                                                

INTRODUCTION AND EXPERIMENTAL SETUP 

Development of Ion Cyclotron Range of Frequencies (ICRF) systems for reactor-relevant magnetic fusion 

devices requires implementation of strategies to reduce the accompanying parasitic RF sheath effects on one hand 

and to increase the RF power capability on the other.  

Several strategies of antenna design development aimed to reduce the RF sheath effects have been proposed and 

partially implemented recently [1-3]. Assessment of the role of antenna design in experiments is generally not 

straightforward. In this paper, we discuss the near-antenna measurements as well as the measurements on the field 

lines connected to an antenna (parallel ion energy) in combination with the variations of antenna strap voltage 

balance and strap phasing as tools to evaluate antenna designs experimentally in ASDEX Upgrade (AUG). The strap 

voltage balance and the phasing flexibility has been made possible by the recent upgrade of the ICRF system in 

preparation of the new AUG three-strap antenna installation in 2015 [2].  

The gas injection technique to increase the local plasma density and therefore the RF loading [4, 5] is reliably 

used in AUG and in JET [6]. Furthermore it is beneficial for reduction of impurity production. The intrinsically 3D 

plasma density distribution in front of the antennas is now simulated by the plasma transport code EMC3-Eirene [7] 

that solves Braginskii’ fluid equations and is self-consistently coupled to the kinetic neutral transport code Eirene.  
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the discharge to be radiatively stable for the phasing 

close to the monopole. 

major deviation

the reaction 

phasing almost

1 to 4 is strongly 

is somewhat 

edge-RF interactions, t

scan provides a useful experimental tool to control the W 

source which can be used in various other experiments, if 

order to keep 

The modulation

fact that 

when the strap 
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of the amplitude for 

TOPICA. However the variation of RF amplitude in the experiment is considerably weaker than 
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TOPICA. However the variation of RF amplitude in the experiment is considerably weaker than 

FIG.

double full 360° phasing scan

RF measurements iL 

amplitudes from EM modeling of 

the (0,π)-phased contributions of the RF image currents, 

measurements, cannot

cancelation has driven

the 2015/2016 experimental campaign. For this antenna, 

antenna sides simultaneously. 

the low density scenarios 

STRAP PHASING CHARACTERISTICS
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0.5MW 
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reaction of the W source 

for AUG discharge #30761

(AUG discharge #31515) and field 

vs. deviation of strap phasing from dipole.

sed contributions of the RF image currents, 

simultaneously on both sides of the 
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the whole antenna is expected to be exposed to strong RF electric
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deviations 

experiment and calculations for
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Certainly it is of 

the phasing controlled based on the measurements inside the 

larger number of the RF measurements at the limiters to monitor the 
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Independently
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gas valve system 

locations; from top location in sector

Apart from the 

injection 

The r
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rate of about 

approximately the same for each valve.

The changes

range close to

8.  Left: Relative improvement of antenna 

valve-antenna distance

Right: Calculations of 

the phasing at the antenna 
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would not reduce the sensitivity to the phasing
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fluctuations.  This serves as
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deviations of 45° the cancelation 
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Certainly it is of advantage
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works, albeit not as efficiently

the strap voltage characteristics 

lower sensitivity of the experimental curves in Fig.

a phasing uncertainty 

minimize the phasing errors. 

the phasing controlled based on the measurements inside the 

larger number of the RF measurements at the limiters to monitor the 

and optimize antenna settings.

IMPROVEMENTS WITH LO

the antenna actuators such as strap voltage and phasing

the flexibility to affect the RF coupling and RF-related W release locally. 

was used to inject gas in one of the 

; from top location in sector 2 or in sector 

standard lower divertor valves with 4 injection 

here. 

elative improvement of antenna coupling resistance 

divertor valves are used, is shown in Fig. 8(left) 
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injection location can be assessed from Fig. 10 which shows W concentration in the confined plasma in the region of 

Te≈1.5keV. Midplane valves are most efficient in increasing the density at the outer wall where the dominant W 

source is present. The largest W source is observed with the standard lower divertor valves which are less efficient 

in increasing the density close to the locations at the low field side. 

The midplane valves are thus the valves of the first choice during ICRF operation, since they lead to improved 

coupling and reduced impurity release. However not every design of the midplane valve is suitable. As shown in 

[15], valves with the orifices close to the antenna mouth can lead to enhancement of non-linear effects and 

extremely local density increase. It is therefore preferable to place the orifices with a significant radial retraction, so 

that neutral can spread poloidally and toroidally before getting ionized. 

CONCLUSIONS 

Compensation of RF image currents expected from HFSS and TOPICA calculations, is evidenced by the RF 

measurements at the limiters of the 2-strap AUG ICRF antenna phased close to the dipole. The basic principle 

behind the design of the planned new 3-strap antenna is therefore confirmed experimentally. It is still to be tested 

whether the RF image currents can efficiently be compensated at a large plasma facing area of the new antenna 

simultaneously, so that the W source can be reduced significantly. Meanwhile for the 2-strap antenna, the W source 

measured at the locations not connected to the opposite antenna side along magnetic field lines, strongly correlate 

with the RF voltage at the local strap. The observations of RF amplitudes and W source are consistent with previous 

observations of heat flux at Tore Supra [1] and recent developments in theory [13, 16] stating that the local RF 

amplitude of parallel electric field plays the major role in causing the non-linear RF-plasma interactions, and not the 

field integrated along a magnetic field line. However the effect of the local RF field on the interactions is difficult to 

differentiate from the plasma biasing of the magnetic field lines connected to regions with high RF fields. Such 

plasma biasing is observed in AUG with a retarding field analyzer. 

For the first time the effect of local gas injection on RF coupling and local W sources by means of deuterium 

density tailoring can be assessed theoretically with the help of SOL code EMC3-Eirene and coupling calculations by 

FELICE. A good agreement between the experiment and the calculations is found, except that estimates of the 

coupling resistance by FELICE using 1D plasma profiles averaged from the 3D profiles of EMC3-Eirene show 

lower values for the valves at the outer midplane compared to the experiment. Nevertheless the estimates confirm 

these valves to be most efficient in tailoring the density in front of the antennas. 
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