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Jon Cyclotron Resonance Heating Experiments on the Stellarator W7-AS
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Yon cyclotron resonance heating (ICRH) has, for the first time, successfully been demonstrated
on the stellarator W7-AS8. A novel broad antenna [1,2] designed to excite a narrow spectrum ol
ast waves was used. Two different heating scenarios were investigated: second harmonic heating
of neniral beam heated hydrogen plasmas and hydregen-minority heating of ECRH deuterium
plasmas. Both scenarios showed plasma heating without a significant concurrent increase in
. plasma density or impurity radiation loss. In addition, it was possible to sustain the plasma

with ICRH alone.

The ICRH anteana, shown in Fig. 1, is located en the -high feld side in the elliptical cross-
section of the non-axisymmetric plasma. It has four feeders that allow operation in 8- and
x- phasing, Typically it is opcr-at.‘ccl in w-phasing. Then the poloidal current has an almost
sinuseidal distribution in the toreidal direction and excites a narrow ky = 6m~! spectrum af
lfast waves. During the Spring 1995 opening of the toris vessel the [eeders to the antenna, shown
in Fig. 2, were closed off against piasma penelration, This eliminated anomalously high loading
of the antenna cduring plasma operation observed previously (3] and incressed the maximum
rf-voliage at which electzical breakdown {arcing) occurred. Most plasina targets had o = 0.33
and were shaped by inside lmiters. In thase plasmas the distance from the antenna to the
last-wave cutoff is aboul 6 cin and the observed antenra plasma. loading is only about 0.5 12,
Voltages of up to 55 kV for 400 msce, corresponding to a maximum power ol about 400 kW
at the anterna, have been achieved after extensive conditioning, Real time visual observation
of the antenna during plasma operation and inspection after the vacuum break confivmed that

ares did not occur in the antenna, but osly in the feeders and in the transmission lines.

In the second harmanic hydrogen heating scepario with a nentral beam heated tazget plasma an
inerease in the diamagnetic energy of about 10 % (G.ﬁ' kJ) was obtained. The central hydrogen

temperatute was aboul 800 €V and central eteckron densities were 8 x 100m~, One estimates
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that about 60 % of the power P radiated from the antenna is found in the plasma, if £ is the
generator power reduced by the ohmic losses in the antenna and P~%6.gcaling of the encrgy
confinement time is invoked. Under good wall conditions, the plasma density could be kept
constant during the rf-pulse, even though the Hg-observation indicated enhanced outgassing
at the antenna. The impurity radiation juferred from the bolomieter did not increase. An
increase in the flux of hydrogen atoms with energies between 10 keV and 33 keV was observed;
however, no significant increase in the bulk hydrogen lemperature was observed. Maximum
heating occurred if the location of the second harmonic resorance coincided with the center of
the plasma; almost no heating occurred if the resonance was outside of the plasma. The antenna
loading was independent of the Jocation of the resonance even though a rf-probe (located half-
way around the torus) detected a wave signal only if the resonance was outside of the plasma.
Heating at 0-phasing showed similar increases in the dlamagnetic energy as in w-phasing and
no enhanced impurity radiation, No significant heating was cbserved in ECRH plasmas of the
same density, presumably because the hydrogen temperature of the target plasma was loo low

{about 360 eV).

In the H-minority heating scenario with an BCRH target devterium plasma an increase in the
diamagnetic energy of about 15 % (1 kJ) was obtained. This corcesponds to absorption of
about all of Lthe radiated power P. Fig. 3 shows a typical example of 2 plasma shot. The
spectroscopically estimated H/D ratio was about 10%. The line-of-sight averaged deuterium
i temperature rose [rom 300 eV to 400 eV the central electron lemperature rose slightly. Energetic
' hydrogen atoms with energies up to 33 keV were observed. The impurity radiation did not

increase.

In this heating scenario it was possible to sustain an ECRH-created plasma with ICRH alone
for as long as 500 msec. The duration of the ICRH-only phase af the plasma was solely limited
by arciug in the transmission lines, An alnost steady state condition could be obtained abont
200msec into the ICR.H.—nnly. phase of the discharge. Typical parameters were diamagnetic
energy of 2 kJ, average electron density of 4, x 101%m~3, central electron temperature of 300 eV,

and central deuterium temperature of 350 eV,

An example of an [CRH sustained plasma is shown in Fig, 4 slarting at 400 msec. The generator
frequency and the approximate H/D-ratic werc such that botlk, the H-resonance and the ion-ton-
resonance were located inside of the plasma volume, as shown in Fig, 2. The average electron
density first rose by increased ontgassing of the anteuna but returned towards the initial value

near the end of the ICRH plasma. The central electron temperatuve dropped rapidly within
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an cnergy confinement time and then stayed constant throughout the ICRH phase, The total
radiation measured with bolometers stayed constant, even though an accumulation of iron and
chromium could be inferred from VUV observation; yet soft X-ray measurements indicated
that Z.g did not increase. We can therefore conclude that, at least in the range of parameters
investigated, the ICRH sustained plasma is not hampered cither by uncontrolled density increase

or by enhamced impurity production.

The plasma density profile, measured with Lithium beam ‘diagnostic:, Langmuir probes, mi-
crowave reflectometry and Thomson scattering, was narrower and had steeper edges during the
JCRH sustained plasma than during comparable ECRH heated plasmas, The transition be-
tween these two profiles occured within approximately one energy confinement time. Further
narrowing of the plasma was observed on a longer time-scale. The resulting increase of the
distance from the antenna to the fast wave cutofl could explain the decrease of the antenna
plasma loading and therefore the decrease in diamagnetic encrgy. A radial electric field of about
-1.5 kV/m built up at the beginning of the ICRH phase of the discharge, presumably due to

increased high-energy hydrogen losses as indicated by CX measurements.
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Figure 1. ICRIT antenna shown witheut Fara- I‘lgure 2. Peloidal cross-seciion through the
day streen, [CRH antenna. Resonances and cutoffs shown
for the ICRH plasma in g3,
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Figure 3. Time trace of shot 33882, len tem-  Figure 4. Thne trace of shot 33631, lon tem-
peratures Infered from unweighted line-cf-sight  peratures infered from un\\'c'Jghl('(] |mr40f' slghi
average of CX tuses. Bp = 257, :=0.34. average of CX fuxes, Hy = L5, v=0.3:
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