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Abstract

The coupling characteristics of the ion cyclotron range of frequencies antenna during type I edge localized modes
(ELMs), asymmetries in the reaction of toroidally distributed antennas to ELMs and arcing phenomena following
ELMs are studied for ASDEX Upgrade. The maximum change of the antenna resistance due to ELMs increases with
triangularity Jp in the on-axis minority heating. In the cases with off-axis heating, the change of the resistance is less
sensitive to dr. Time-resolved RF measurements show asymmetries in times of response of the toroidally distributed
antennas to the rising edge of ELMs and in the further evolution of this response. Toroidal propagation of ELM per-
turbations in counter-current direction with times 50 pus for one toroidal turn is observed. ELM-induced arcing is
observed during ELMs and with delays after ELMs. Conditioning takes place as the arc number during ELMs
decreases and time delay between ELM and arc increases.
© 2004 Elsevier B.V. All rights reserved.

PACS: 52.50.G; 52.40.F; 52.40.H; 51.50
Keywords: ASDEX Upgrade; ELM; ICRF antenna; RF discharge

1. Introduction change of the plasma density in front of the ICRF

antennas. This influences the position of the cut-off of

Detailed understanding of the properties of ICRF
(Ion Cyclotron Range of Frequencies) antennas in type
I ELMy discharges, and during ELMs in particular, is
essential for designing ITER relevant ICRF systems that
are able to cope with ELMs. ELMs lead to a significant
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the fast waves used for plasma heating, affects parasitic
absorption of the RF power at the plasma boundary [1]
and influences voltage stand-off [2]. The following as-
pects of the operation of the antennas in ELMy plasma
are studied:

e coupling characteristics of a single antenna or
antenna strap and dependencies on plasma parame-
ters — to provide information to design an ELM-
resilient RF system;
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e asymmetries of reaction of different antennas/straps —
many ELM-resilient systems are based on connection
of two antennas/straps together in a RF compensa-
tion scheme [3-6];

e ELM-induced RF arcing inside the antennas [2] —
various mechanisms of high voltage breakdown exist
in the presence of the plasma delivered to the anten-
nas during ELMs and may lead to an unexpected
reaction of safety circuits and affect conditioning.

On the other hand, besides plasma heating, ICRF
antennas may provide useful information on ELM phys-
ics acting as a diagnostic for ICRF-heated discharges

(e.g. [7D-

2. ICRF antennas at ASDEX Upgrade and RF
measurements

ASDEX Upgrade (AUG) has four ICRF antennas
located at the low field side, each antenna consisting of
two straps [8]. The antenna straps are connected to res-
onant lines with 25Q characteristic impedance (‘strap
resonant lines’) which are then connected via a T to
the matching circuit (two stub tuners). The use of 3dB
hybrid couplers [6] allows to have low levels of reflected
powers at RF generators during AUG discharges,
including discharges with type I ELMs. Measurements
of coupling characteristics and asymmetries were con-
ducted at 30 MHz.

To calculate the antenna strap resistance during
ELMs, the measurement of maximal voltage in the res-
onant line of one strap is combined with the measure-
ments of the forward and reflected powers in the
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matched line. It is assumed that the net power is the
same for each of the two straps of the antenna, i.e. each
strap takes half of the power delivered to the antenna.
Phase measurements were performed using two direc-
tional couplers in the strap resonant line. RF voltage
and current were measured for all antennas at the strap
resonant lines about ~2.5m away from the antenna
feeders in order to compare the response of the antennas
to ELMs. The voltage and current probes are located be-
tween RF voltage maximum and RF current maximum,
closer to the latter. Voltage to current ratio is used to
characterize structure of the asymmetry. The signals of
RF currents decrease rapidly during ELMs; they were
used to infer the time delays of the response of the cou-
pling of the different antennas to ELMs.

To confirm arcing events inside an antenna, the
reflected powers from two antennas are compared. If
the powers deviate from each other significantly, it is
assumed that an arc occurred in the antenna with the
higher reflected power.

3. Experimental results
3.1. Coupling characteristics of antenna during ELMs

The change of the antenna resistance during ELMs
depend on many parameters: plasma density profile,
plasma shape (triangularity and antenna—plasma dis-
tance), ELM particle losses, etc. To characterize ELM
particle losses, a detailed approach is often applied
(e.g. [9]) including evaluation of density and temperature
profiles. In our (more simple) analysis ELMs are de-
tected from H, signal from the outer divertor. As the
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Fig. 1. Change of the antenna resistance depending on the lower triangularity for fixed line-averaged density and averaged antenna—
plasma distance: (a) on-axis ICR heating, (b) extreme off-axis ICR heating.
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most crucial parameters which affect changes of the an-
tenna resistance during ELMs, we note: central line-
averaged density, plasma triangularity (lower) ;. and
averaged antenna—plasma distance (average of the dis-
tances between plasma and the antenna poloidal limiter
at the top, at the middle and at the bottom of the
antenna).

Fig. 1 presents results of the analysis of 54 plasma
discharges with type I ELMs and hydrogen minority
ICRF heating in deuterium with the launched power
in the range 1.5-5MW. The figure illustrates a depen-
dence of the maximal change of the antenna resistance
during ELMs on the plasma triangularity for on-axis
heating (Fig. 1(a)) and off-axis heating, when the cyclo-
tron resonance of hydrogen minority is placed at a dis-
tance of ~10-20cm from the antenna (Fig. 1(b)). In
both cases similar amplitudes of H, signals were
observed.

One observes that for a fixed line-averaged density
and averaged antenna—plasma distance, the change of
the resistance grows when the triangularity increases in
discharges with on-axis minority heating. The same kind
of dependence is observed at JET and reported in [10].
The phase measurements for the on-axis heating also
show the same behaviour as at JET: change of the effec-
tive length of the antennas is negative during ELMs and
has higher amplitude at high triangularity. In a particu-
lar case, the change of the effective length of the AUG
antenna due to an ELM was measured to be ~3cm at
low triangularity and ~35cm at high triangularity.

During off-axis minority heating at AUG, the change
of the antenna resistance is not so sensitive to the trian-
gularity and even becomes smaller when triangularity is
increased. No measurements of effective electrical length

of the antennas have been conducted for the off-axis
heating.

3.2. Toroidal asymmetry and propagation of ELM
perturbation

RF antennas react sensitively on the density change in
front of them (in the outer scrape-off-layer). During the
beginning of ELMs, the density profile in front of the
antennas is highly irregular in three dimensions, since
ELM is characterized as a number of helical plasma fila-
ments, elongated along magnetic field lines. If structure
of the filaments is not stationary in time with respect to
the ICRF antennas, the antennas response can have a un-
ique time evolution for each antenna. In Fig. 2(a), V/I ra-
tios in the resonant line of each strap of the four antennas
are shown together with H, time trace for a type I ELM
in a discharge with d; = 0.4 and central line-averaged
density 6 x 10" m 3. The loss of diamagnetic energy for
this ELM is ~30kJ (=4.5%), i.e. it can be characterized
as a ‘strong’ type I ELM at AUG. One observes that in
the first 500 ps of the ELM, a highly structured pattern
of the time traces is recognizable. The pattern is very
similar for adjacent straps within one antenna and for
adjacent antennas, and is significantly different for the
antennas located opposite to each other in the torus.
After the 500pus time, the time traces become smooth
and similar for all antenna straps indicating that the den-
sity profile in front of the antennas has no three dimen-
sional peculiarities changing in time with respect to the
antennas. During the latter phase, when the density pro-
file in front of the antennas is smooth and monotonic, the
antenna coupling can be successfully modeled by numer-
ical calculations [7].
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Fig. 2. (a) Time traces for H,, V/I ratio at different antenna straps and saturation current measured by a Langmuir probe at the outer
midplane. (b) Time traces for RF current. The vertical lines are the time points where the first derivative of the signal is maximal.
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On the low field side at midplane, the reciprocating
probe [11] has been used to measure ion saturation cur-
rent. The ion saturation current to one of the probe pins
is illustrated in the lower part of Fig. 2(a). Usually the
response of this signal to the rising edge of an ELM
comes later than the response from the antennas. This
local measurement (scale of millimeters) confirms the
observation of evolution of the filament-like structures
during ELMs by ICRF antennas (scale of tens of centi-
meters) and also fits to the picture of an ELM develop-
ment as an MHD instability leading to a complex
pattern of power and particle deposition on the plasma
facing components [12].

At the very beginning (rising edge) of ELMs, the an-
tenna signals show that for most of the cases, ELM per-
turbation moves toroidally in the direction opposite to
plasma current direction, i.e. in electron diamagnetic
drift direction. This statement is consistent with observa-
tion of ELM-precursors and ELM activity by magnetic
coils on different machines [13-15]. The best view of the
propagation of ELM perturbation around torus is
achieved by using the amplitudes of the RF current since
these are extremely sensitive to changes of RF load dur-
ing ELMs. The case considered in Fig. 2(a) is presented
in Fig. 2(b) with RF current signals. An algorithm is ap-
plied using time points of the maximal first derivative of
the signals, i.e. the most dynamical point of the change
of the signals, to derive propagation times. The analyzed
times of ELM propagation between two antenna pairs
(180° in torus) for the given shot are in the range 25—
150ps. In many cases the times of propagation of
ELM perturbation can be overestimated since the time
evolution of the RF signals does not stay constant from
strap to strap (ELM structure is strongly non-stationary
at the rising edge of ELMs). Therefore minimal values
from Fig. 3(b) present the cases where evolution of the
ELM perturbation during toroidal propagation has little
influence on the toroidal propagation times deduced
from the RF signals. Minimal values result in a 50 us
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time required for ELM perturbation in the taken dis-
charge to spread around the torus (360°). This time is
of the order or smaller than the parallel ion transit time,
however the real nature of this propagation has not been
determined yet.

The differences of the response of the antennas to
ELMs have marginal effects for the design of ELM-resil-
ient ICRF systems, if two straps or antennas used in an
RF compensation scheme are located toroidally close to
each other (less than 70° of toroidal angle, see also [16]).

3.3. Influence of ELMs on arcing on the antennas

To study influence of ELMs on arcing in the anten-
nas, data was taken from ICRF minority heated dis-
charges with type I ELMs with periods between Sms
and 20ms. The analysis included 102 arcs. Fig. 3(a) pre-
sents the experimental distribution of number of arcs
versus time between ELM and arc. The negative times
between ELMs and arcs represent the same data set with
respect to the ELM which follows arc. Each point in the
figure corresponds to the number of arcs counted in a
1 ms range of the delays. Since the ELM period changes
over the mentioned range, the probability of arcing is
biased towards the smaller values of the time between
ELM and arc. In order to eliminate this bias, a probabil-
ity function for ELM periods was obtained for the whole
data set. Then the experimental curve in Fig. 3(a) was
renormalized by dividing each point by the value of
the probability function at equal values of the ELM
periods and the times between ELMs and arcs.

The resulting picture is represented in Fig. 3(b). The
negative delays are occasional (do not correlate with
ELMs). The positive delays have two separated maxima
with high number of arcs. The first one appears right
after ELMs and indicates the arcs initiated during ELMs
[2]. The second maximum has a delay of about 10ms
from start of ELMs. Arcs are likely to appear also with
a certain delay after an ELM crashes the plasma density
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Fig. 3. (a) Initial number of arcs depending on time between ELM and arc, averaged over 1 ms. (b) Number of arcs renormalized
according to the probability (see text) of occasional appearance of arcs.
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profile because of the following mechanism. ELM leads
to an increase of plasma density in front of the antenna
and in the antenna box and to an increase of neutral gas
pressure by particle induced gas desorption. The in-
creased neutral pressure accompanied by the presence
of the plasma may easily lead to the ignition of an ion-
ization RF gas discharge and consequently to an arc. In
this case it is probable that the delay between ELM and
arc has a certain value due to fixed geometry of the
antennas and therefore fixed neutral gas diffusion times.
Often a small increase of this time delay between ELMs
and arcs is observed within one AUG shot from arc to
arc. Also the number of arcs initiated immediately after
or during ELMs decreases from shot to shot. One can
conclude that ELMs play a significant role in condition-
ing of the antennas. The basic mechanisms of this condi-
tioning include bombardment of RF electrode surfaces
with high energy ions, gas desorption, and surface mod-
ification processes enhanced in the presence of plasma.
Thus ELMs do lead to arcing, but while doing that, par-
ticipate in improving the voltage stand-off of the
antennas.

4. Summary and conclusions

Observations of strong changes of coupling charac-
teristics during ELMs in the case of the on-axis ICRF
minority heating with various power in high triangular-
ity discharges confirm the observations at JET reported
in [10]. In addition, it is observed that during extreme
off-axis minority heating, the changes of the antenna
resistance are smaller at high triangularity.

Toroidal asymmetries of the response of ICRF anten-
nas to ELMs are observed. Differences in times of re-
sponse of toroidally distributed antennas to the rising
edge of ELMs indicate a toroidal propagation of the
ELM perturbation with typically a time of 50 ps required
for the perturbation of the density profile to finish a single
toroidal turn. The direction of propagation in most cases
is observed to be counter-current, hence the perturbation
of the edge plasma density follows MHD perturbation
[13-15]. The differences in time of the response to the
rising edge of ELMs and in the further evolution of the
RF time traces on a longer time scale (up to 100-500 ps)
become more pronounced for the farthest antennas.
These differences will affect marginally the ELM-resilient
ICRF systems as long as two antennas or straps toroi-
dally close to each other (<70° in torus) are used.

Observations of arcing show that RF breakdown on
the antennas is probable during ELMs and with a fixed

delay after ELMs. From shot to shot, number of arcs
during ELMs is decreased and delays between ELMs
and arcs are increased. Thus ELMs often initiate arcing
as well as play an important role in improving voltage
stand-off of the ICRF antennas.
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