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Homodyne detection of scattered CO,-laser light demonstrates a close relation between
microturbulence level and energy confinement in the Wendelstein VII A stellarator during
both Ohmic and neutral-beam heating experiments. With the onset of neutral injection an
abrupt order of magnitude decrease in (6n/2)° accompanied by a broadening of the fluc-
tuation spectra is observed, indicating an almost immediate improvement of containment

time.

PACS numbers: 52.35.Py, 52.25.Ps, 52.55.Gb

In present day toroidal plasma confinement ex-
periments anomalous energy transport limits ef-
ficient confinement to levels well below that ex-
pected from calculations based on classical Cou-
lomb scattering. This anomalous transport can
be caused if microinstabilities are driven by the
free energy in the confined plasma.'! The nonlin-
ear nature of the theory makes it extremely diffi-
cult to calculate quantitative fluctuation spectra
and their influence on energy transport; however,
in special cases such influence is strongly sug-
gested.? It is therefore desirable to investigate
these microturbulences and their effect on energy
confinement experimentally.®* ® In this communi-
cation experimental results are discussed which
were obtained with CO,-laser-light scattering
from the Wendelstein VII A(W VII A) stellarator
plasma in Garching, Germany, during the period
in which a current-free plasma was achieved as
discussed in detail in Ref. 5.

The scattered laser radiation is received in

homodyne fashion. 35 W of laser radiation pro-
duced by a single-mode cw CO, laser is redirect-
ed via mirrors over a 10-m path into the W VII A
torus into which it is focused by a set of ZnSe
lenses to a 3-mm waist. After passing through
the torus center the beam is attenuated and re-
flected from the surface of a BaF, plate towards
the detector, thus producing 0.1 mW of local oc-
cillator radiation. Scattered radiation after pass-
ing through the BaF, plate is reflected by a gold-
coated surface mirror and is made collinear with
the local oscillator beam. The angle and distance
between the BaF, plate and the gold-coated mir-
ror are chosen such that radiation scattered from
0.5-mm wavelength fluctuations propagating per-
pendicular to B, is detected. Because of the
small scattering angle the length of the scatter-
ing volume is determined by the plasma diameter.
The superimposed beams are then focused onto
the HgCdTe detector cooled to 70 °’K. Between
shots a mirror is placed in the beam path redi-

1206 © 1981 The American Physical Society



VOLUME 46, NUMBER 18

PHYSICAL REVIEW LETTERS

4 May 1981

recting it into a power meter. The detector sig-
nal after passing through a high-pass filter is
amplified by a set of two amplifiers. The ampli-
fied signal is fed via a 50-Q cable to the measur-
ing station where it is analyzed with an eight-
channel filter set. The rectified filter signals
are then recorded on oscilloscopes. For some
shots the filter set was replaced by a HP spec-
trum analyzer,

With the help of the filter set and spectrum ana-
lyzer spectra covering the range from 50 kHz to
1 MHz can be recorded. The squared rms volt-
age at different frequencies is integrated over
frequency to produce a value proportional to the
square of the fluctuation amplitude 6#° or the fluc-
tuation parameter (5n/x)° averaged over the plas-
ma diameter.

The first objective of the reported experiment
was to investigate the relation between microtur-
bulence and energy confinement. Ideally suited
for this is the study of the plasma behavior in the
purely Ohmically heated W VII A stellarator (R
=2.0 m, a=0.1m, B,< 3.5 T, helical windings:
1=2,m =5, shearless external transform=0.23).
In this mode of operation the energy confinement
time can be evaluated accurately via the plasma
energy as measured by a diamagnetic coil and
the Ohmic power as deduced from loop voltage
and plasma current.’ It has been shown that with
increasing line density by puffing in gas as meas-
ured by microwave interferometry, the confine-
ment time 75 increases in the low-density regime
with increasing density until a maximum is
reached. Beyond this value 7, decreases rapid-
ly. Figure 1 shows both 7z and (6%/n)® as a func-
tion of line density, demonstrating clearly the
relation between both quantities for deuterium
and helium plasmas.

It is now interesting to investigate the plasma
behavior under the influence of neutral-beam heat-
ing and current reduction. It has been shown®
that a high-density deuterium plasma can be
maintained in the W VII A stellator (B,=3 T) with
two and in a later series with three neutral in-
jectors (27 kV, H,, Py~1 MW). During the in-
jection phase the plasma current is reduced from
initially 17 kA to zero in a time 50 ms while the
external rotational transform is kept constant at
0.51. A considerable improvement of confine-
ment has been demonstrated during injection.®
Figure 2 shows a set of observed parameters dur-
ing this phase for the case of three neutral injec-
tors. Two interesting observations are made for
the fluctuations as indicated by the two signals at
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FIG. 1. Fluctuation parameter (6 /)% and energy
confinement 7z as a function of line density for He and
D,.

70 and 900 kHz. With the onset of injection with-
in a time of 1 or 2 ms, (a) the fluctuation ampli-
tude at lower frequency drops significantly and
(b) the spectral composition is changed. Before
injection the spectrum is relatively narrow, ex-
tending from small frequencies to a slight maxi-
mum at 50—100 kHz and then dropping rapidly to
small values beyond 200 kHz. During injection
the spectrum is much wider, extending out to 1
MHz but of much smaller amplitude at frequen-
cies <200 kHz. The last curve of Fig. 2 shows
that the total fluctuation parameter (6x/%)> de-
creases by a factor of 10 with the onset of injec-
tion, and then decreases very slowly until a mini-
mum is reached in the current-free phase. 10
ms after current zero, the fluctuations grow
rapidly, coinciding with a rapid increase in radi-
ation losses as observed by the bolometer.® Un-
fortunately, it is impossible to evaluate an accu-
rate energy confinement time during injection be-
cause of the uncertainty in absorbed beam power
in the plasma.®

1207



VoLUME 46, NUMBER 18

PHYSICAL REVIEW

LETTERS 4 May 1981

Plasma Current
10

Total Energy

ms

80

120 %0 160

Aem™2

Line Density

-

ms

Power of Neutral Injection

1
, wg’s

120 %0 160

FIG. 2. A set of discharge parameters as a functidn of time of a deuterium plasma heated by three neutral beams

injected during current reduction.

In order to further investigate the relation be-
tween confinement and turbulence during injec-
tion, a set of discharges was evaluated for which
all external parameters were kept the same as in
Fig. 2, but for which the plasma energy reached
different maximum values. This may be due to
different purity levels of the target plasma. For
two situations, with two and with three neutral in-
jectors operating, such discharges were observed,
The results are indicated in Fig. 3, where the
fluctuation parameter (6z/x)° is plotted as a func-
tion of the maximum plasma energy. Since the in-
jected power was kept constant (=600 kW in the
case of two and = 900 kW in the case of three neu-
tral injectors), the piasma energy is a measure
of the energy confinement time. Figure 3 then
suggests that with decreasing microinstability
level the energy confinement improves drastical-
ly. With two injectors the turbulence level can
be decreased to the same value as with three in-
jectors, indicating a threshold problem. For the
particles this threshold in improved confinement
is more evident in Fig. 4. A few current reduc-
tion discharges were fired with either one, two,
three, or four injectors heating a target plasma
of the same initial conditions as in Fig. 2 (n,~5
% 10" em™3). No additional gas was puffed into
the torus; however, the density increased in all
cases linearly with time during injection.’® Fig-
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ure 4 shows the increase in line density over the
60 ms injection period as well as (dn/#)* evaluat-
ed just after the start of injection as a function
of beam power. The linear relation for the den-
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FIG. 3. Fluctuation parameter (6n/2)% as a function
of maximum plasma energy reached for the cases of
two and three neutral injectors. All global parameters
were kept constant in each of the two cases.
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FIG. 4. Fluctuation parameter (62 /2)> and increase
in line density A [z dl as a function of neutral injection
power for one, two, three, or four neutral injectors.

sity increase intersects the abscissa at around
200 kW, indicating a threshold power below which
no density increase occurs. This and the linear
temporal density rise could be explained if the
particle confinement at threshold is suddenly
drastically improved. Making the simplified as-
sumption that at threshold particle losses from
the plasma are made up by refueling from the
beams leads to an estimate of 0.1 sec particle
confinement time, which is an order of magni-
tude larger than before injection. (dn/n)? shows
the same threshold power beyond which it drops
by an order of magnitude, indicating again the
close correlation between confinement and turbu-
lence. '
The results of Figs. 1, 3, and 4 show that con-
finement times and microturbulence levels are

closely correlated. In the case of neutral-beam
heating an improvement of confinement time is
observed. Since the fluctuation amplitude drops
immediately following the start of neutral injec-
tion, before any global plasma parameter has
changed, it is reasonable to argue that the micro-
turbulences determine energy and particle trans-
port. It is then interesting to note that in a stel-
larator neutral beams of sufficient power can im-
prove the confinement properties of the plasma
by an order of magnitude within a couple of milli-
seconds.
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