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1. Introduction

Plasma heaing wsing radio frequency waves in the ion cyclotron range of frequencies (ICRF)
is particularly attradive for supercondicting fusion devices, such as the forthcoming stellara
tor W7-X, with their patential for stealy-state operation since cw cagpable generators of at
least 0.5 MW power are dready commercially available. In helicd confinement device, ICRF
has only rather recently become successul [1,2]. In perticular, on the medium size stell arator
W7-AS (major radius R=2 m, average minor radius a=0.18 m, maximum magnetic field on
axis B=2.5 T) the first ICRF plasma heaing and gasma sustainment results were obtained
using an antenna of novel design, caled broad antenna. This antenna was designed for are-
duced RF eledric nea field in order to minimize deleterious power absorption in the plasma
edge. For the last experimental campaign the broad antenna was replaced with a conventional
doule strap antenna in order to evaluate the importance of the RF eledric nea field. The
plasma properties of similar magnetic configuration and densiti es were being compared.

2. Antenna coupling and heating efficiency

The broad antenna and the doulle strap antenna were both mourted on the high field sidein a
region where the plasma has €lli pticd crosssedion and a tokamak-like magnetic field profile.
Both antennas had a Faraday screen. The broad antenna (described in detail in [3]) consisted
of an asembly of 58 straight pooidal conductors whaose verticd inclination changed with
position such that they stayed tangential to the last closed flux surface(LCFS) of a standard
plasma wnfiguration with an average distance of 0.08 m. The double strap antenna mnsisted
of two straps of such a shape that it matched the three dimensional form of the plasma so that
the distance of the aurrent strap and the LCFS was constant at 0.05 m. Fig. 1 shows the ca-
culated, normali zed kj-spedrum of the measured RF magnetic vaauum field, By, in the direc-
tion d the confining magnetic field if the two straps are fed with a phase diff erence of 180,
cdled tephasing. Obviously only the doulde strap antenna has high k; comporents. These
comporents coude wedkly to the plasma since the autoff density for fast wave propagation
rises with k? and since the radial decay of the B -field is propational to €%, where &r is the
radia distancefrom the antenna. They do, however, contribute to the dedric nea-field of the
antenna and could thereby increase the recycling a impurity production.

For similar plasmas the antenna loading resistance, R, ., was about 8 Q for the doulde strap
antenna and abou 1.5 Q for the broad antenna. Both antennas had approximately the same
antenna vaauum resistance, R, of 0.8 Q since it was predominantly given by the stainless
sted vaauum feed through. Both antennas showed the same dependence of the loading resis-
tance on the distance between the airrent strap and the fast wave autoff density (caculated
from the edge density profile measured with Lithium beam). This difference cana exclu-
sively be explained by the doser fit of the dowble strap antenna to the plasma cntour. One
possble explanation is that in the broad antenna a larger than evaluated fradion d the an-
tenna aurrent flew toroidaly and thus did not contribute to the wuging. Taking the disspa-
tion d RF power in the feedersinto acourt the fradion o RF power that is radiated into the
plasma, P, ,is cdculated from the generator power, P_,, acording to:
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Because of the good voltage standoff of the broad antenna system and the high antenna load-
ing of the double strap antenna system the power was limited by the maximum generator
power of 1.1 MW in both cases. However, because of the large difference in antenna loading
only a maximum of 500 kW of power could be launched into the plasma with the broad an-
tenna, compared to 900 kW with the double strap antenna. The heating efficiency, n, is ex-
perimentally determined by heating a target plasma with ICRF and calculating the ratio of
power that can account for the observed increase in diamagnetic energy, AW, based on the
established power scding o the energy confinement time and the launched ICRF power, P_..
For W7-AS thisis approximately given by.

_ Po  Wo+AW,,,
r’ Pant [( WO ) 1] ’
where P,, W, are power and energy of the target plasma.

The best heding scenario for comparing the two antennas is mnd harmonic hydrogen
heaing since the cabon tiles of the inner limiters congtitute large reservoirs of hydrogen
which make it difficult to oltain condtions of low hydrogen concentration, e.g. for hydrogen
in deuterium minority heding. Fig.2 shows the measured heding efficiency of bath, the broad
antenna and the doulde strap antenna versus launched ICRF power for second harmonic
heding at a generator frequency of 38 MHz and a magnetic field on axis of 1.25 T. Obviously
within the launched power range that was accessble for both antennas they had the same
heaing efficiency of abou 70%. Only at the highest powers with the doulde strap antenna a
degradation is naticedle. Since seand harmonic hydrogen heding increases the perpen-
dicular energy of hydrogen it islikely that this deaease in efficiency is due to lossof fast hy-
drogen with energies above 30 keV. The increase of bolometric radiation, which in the given
temperature range is a measure of the impurity acamulation, shows the same increase with
launched pawer, i.e. for the given condtions, particularly of a boronized machine, the differ-
ent nea fields of the antenna do nd affed the heding efficiency. However, there is a differ-
encein RF induced regycling. The increase in H—radiation and the ensuing increase in plasma
density was much larger with the doule strap antenna than with the broad antenna. So ICRF
sustained plasmas were terminated by a radiation coll apse caused by the cnstant increase of
density. The rate of density increase was larger if the hydrogen resonance was moved from
onaxisto df-axis heding. Thisisin quitative agreanent with a concurrent deaease in the
estimated single passabsorption from 25% to 15%. The sSituation was even worse for a gen-
erator frequency of 74 MHz and a magnetic field of B;=2.5 T which was only dore with the
doule strap antenna. Heding was always acaompanied by an even stronger density increase
in concordance with an estimated single passabsorption of 8% only.

For plasmas consisting d a mixture of hydrogen and ceuterium we term minority heding,
D(H), the situation where bath the hydrogen resonance and the two ion hybrid resonance ae
inside of the plasma (for hydrogen concentrations lessthan 10%) and we term mode cnwver-
sion, D/H, the situation where only the two ion hybrid resonance is inside of the plasma (for
hydrogen concentrations between 20 and 40% and for a generator frequency of 34 MHz).
The heding efficiencies of bath scenarios, shown in Fig. 2, are comparable for both the broad
antenna and the doule strap. Similarly there is no significant diff erencein the increase of the
bolometric radiation with RF power. For launched RF powers above éou 500 RV thereis a
marked deaease in heding efficiency in the minority heaing scenario. Simultaneously satu-
ration d the measured hydogen tail temperature and a sharply increased signal of lost ionsis
observed [4]. Thusit can again be concluded that the deaease in heaing efficiency is due to
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orbit loss effeds. For the mode @nwversion scenario, on the other hand, where the launched
fast wave aonwerts to an ion-Bernstein wave nea the two ion hybrid resonance which then is
damped by eledrons propagating paralel to the confining magnetic field, only aweek degra-
dation was observed within the range of launched RF power. Using minority or mode @nver-
sion heding it was possble with either antenna to sustain the plasma under stealy-state @n-
ditionswith ICRF aone.

3. Magnetic beach heating

In W7-AS the posshility to independently feed diff erent sets of field coil s all ows the rediza-
tion d a magnetic field configuration where the field deaeases toroidally away from the an-
tenna. Fig. 3 shows the horizontal crosssedion d the vacuum mod B contour lines in a half
modue of the W7-AS field for such a magnetic mirror configuration together with the loca
tion d the hydrogen resonance, mode mnversion layer and associated cutoff cdculated for a
hydrogen concentration d 30% and a generator frequency of 34 MHz. When the launched
fast wave propagates towards the mode @nwversion zone the group velocity perpendicular to
the mode @mnwversion layer approadhes zero such that the fast wave can propagate toroidally
towards deaeasing magnetic field. Approaching the hydrogen resonanceit is converted into a
dow wave (shea Alfven wave). The dow wave finaly is grondgy damped on hydrogen via
cyclotron damping [5]. In the original experiments on magnetic bead heaing o mode @n-
version zone was hecessary and the dow wave could be excited at the plasma periphery be-
cause of the low density and the radialy constant magnetic field [6]. For the W7-AS situation
substantial heding d an ECRH target plasma and dasma sustainment with ICRF aone ae
possble. For an ECRH target plasma the increase in the hydrogen temperature is larger than
the increase in the dedron temperature which is an indicaion of direa hydrogen heding. In
the ICRF stand aone plasma the hydrogen temperature is higher than bah the dedron tem-
perature and ceuterium temperature. No heding is observed if the hydrogen concentration is
too high so that the mode conversion layer is no longer in the core plasma. No fast hydrogen
is observed if the magnetic mirror is reduced and the hydrogen resonanceis no longer inside
of the plasma.

For the magnetic mirror configuration one expeds me @mpetition between mode nwver-
son heding and dred hydrogen heaing. We define the mirror ratio to be the ratio of the
minimum megnetic field in front of the aitenna, B,,, to the maximum magnretic field at the
end d one modue, B,, (comp. Fig. 3). In Fig.4 theratio of the measured eledron to hydrogen
temperature is plotted versus mirror ratio (abscissa) and dstance of the mode @nwversion layer
from the plasma ceter (ordinate). Lowering the hydrogen concentration, i.e. shifting the
mode @nversion layer towards the plasma center, favors eledron heaing; lowering the mir-
ror ratio, i.e. shifting the gyclotron layer in the maximum B region towards the center, favors
hydrogen heding.

4. Conclusions

Both antennas dhow abou the same heding efficiency for al the known ICRF heaing
schemes available on W7AS. The only substantial difference is the wall regycling which is
increased when the doule strap antenna is used for second hrarmonic heding. For hydrogen,
deuterium plasmas the locaion d the mode conversion layer is of crucial importance for the
heaing performance of both antennas. For two comporent plasmas no heding is observed if
the mode @mnwversion layer is nat inside the plasma. It seems likely, that ealier experiments
with alow field side doulde strap antenna were not succesdul also becaise the mode conwver-
sion was outside the plasma and the we&k absorption all owed for incressed RF induced wall-
sputtering. The ICRF antennas of W7-X are foreseen for the low field side. For this device
second kermonic hydrogen hedingisapromising scenario since density control will pose less
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of aproblem in W7-X and, in addition, increased plasma size and plasma beta as well as wave
focussing will increase the absorption. Whether mode conversion and magnetic mirror heat-
ing, particularly attractive since the standard magnetic field has already a mirror configura
tion, will be equally successive has to be tested.
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