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By modulating a parallel-electron-current sink, the collisional drift wave is stabilized
with negative feedback in the unstable regime and destabilized with positive feedback in
the stable regime. Upon stabilization, improved plasma confinement is measured.

We report the results of work on feedback con-
tro 1 of the eollisional drift instability" by modu-
lation of the electron- current Qow along magnet-
ic field lines to an electrostatic probe immersed
in the plasma. For optimum stabilization the
modulated electron sink is approximately out of
phase with the wave and for destabilization, in
phase with the wave, in agreement with a linear-
theory interpretation: Stabilization is achieved
when feedback results in a reduced rate of expan-
sion of electron flow along the field, and destabil-
ization when feedback results in an increased
rate. Upon stabilization, the instability ampli-
tude is reduced by a factor of 100 and, concomi-
tantly, improved plasma confinement is observed.

Feedback is essential to the control of discrete
systems. Its application to the suppression of in-
stabilities in continuous media' such as fluids or
plasmas appears to be impractical, in general.
However, in confined plasmas, where boundary
conditions impose discrete wavelengths so that
only a few unstable modes are present with suffi-
ciently long spatial (wavelength) and temporal
(oscillation period and growth time) scales, feed-
back control becomes practical with only a few
suppressor elements. Such feedback suppression
of plasma instabilities has re eently been report-
ed for the rn = 1 flute~ and ion- cyclotron' modes
in the OGRA-II mirror device, using sensor and
suppressor electrodes at the radial plasma bound-
ary to stabiliz e these waves, which have finite
amplitude at the radial plasma surface. ' Howev-
er, for drift instabilities driven by a density gra-
dient located inside the plasma, radial boundary
conditions play only a supple mentary role and do
not affect the bas ic features of the instability. '
Therefore, feedback control of radial boundary
or surface conditions is expected to be ineffec-
tive, and stabiliz ation of these instabilities may
have to rely on injecting the feedback signals in-
to the plasma interior; e.g. , by modulated elec-

!
tron or ion sources.

Such feedback stabilization is performed on
collisional drift waves in the present experiment.
In previous work' this wave has been identified in
detail by comparison with the linear theory of the
parametric dependence s of ~ and k. As the mag-
netic field is increased, successive azimuthal
modes destabilize when the electron- fluid expan-
sion rate along field lines exceeds the diffusion
rate of ions across the field due to ion- fluid vis-
cosity. Below the critical onset magnetic field,
critical (i.e., enhanced thermal) fluctuations at
the drift-wave frequency appear. Concomitant
with instability onset, wave- induced ylasma loss
occurs and the plasma density decreases. The
present experiment is performed in the oscilla-
tory regime near instability onset where the
growth rate, and hence the instability amplitude,
can be varied so that feedback effects may be
studied in detail. The instability amplitude and
frequency for different growth rates a,re mea-
sured, as functions of both the feedback phase
shift and gain. Simultaneously with the reduction
of instability amplitude, improved plasma con-
finement is determined from the measured in-
crease in plasma density.

The simple feedback system employed to modu-
late local electron flow uses one sensor and one
supp res so r probe. The sensor signal, which is
the instability amplitude in the unstable regime
or the critical- fluctuation amplitude in the stable
regime, is amplified, phase- shifted, and capac ita-
tively coupled to the suppressor probe. Small
variations of the floating potential primarily vary
electron current, hence the suppressor acts as
a local electron sink. With appropriate dc bia s,
the supyressor probe may be used as an ion as
well as an electron sink.

The stability theory of localized collisional
drift modes with modulated electron and ion
flows can be carried out by including sink terms,
-S, in the lineariz ed continuity equations in a
"slab" model':

sn iieet + +z' (~e,iupe, i) + +i.' (~pue, i) + + II+p elt -Se, i
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The calculation is made particularly simple by representing the sink terms as S, ~=a, zn, ~, o= ~o
~

x exp(i8), and assuming o, & independent of spatial coordinates. Using standard notation and following
the procedure of Ref. 2, we obtain the dispersion relation:

.1+2bbu'+ b(cu, +is, ) +i

where &u, = k&v d, v d ———(cKT
and 1/t, = ,'b'v;—;.

For an electron sink, the

1 1 1
+—(u- [2+tIto +t~cr j+i&u ———+g.—g =0

t t ] 8 & I 8 t t I 8

/eB)(1/n, )(dn, /dx), b =-,'k~'rz', rz=(2KT/M)' '/0;, 1/t~~ =k~~'KT/m, v„,

stability criteria in the limiting cases are

(2)

(a) 1/t &1/t
~l

+ ~v, ~
cos8 if &u, »1/t

~~

(long-wavelength limit),

(b) 2/t [[ti & (2b~& + Iv, ) sin8) if e, «1/t
[~

(short-wavelength limit). (4)

These criteria have been found independently by Furth and Rutherford. The additional effect of mo-
mentum sources on resistive drift waves has been discussed by Chen and Furth. " We note that the
criteria (3) and (4) for o, = 0 reduce to the conventional stability criteria of the collisional drift wave. '

Several important points are revealed by the stability criteria (3) and (4), and the dispersion rela-
tion, Eq. (2). First, by adjusting feedback gain ~o, ~

and phase 8 the growth rate y can be controlled,
and thus the wave can be stabilized or destabilized. The optimum feedback phase for stabilization is
180' and 270' in the long- and short-wavelength limits, respectively. Second, the instability frequen-
cy varies when feedback is applied. "

The effect of feedback control by modulated electron sinks can be further clarified through the lin-
earized complex amplitude equation, '-

8 (n ey 1~n erp 1 n ey S,
St &no KT t~[ (no KT t no KT n o

Here the destabilizing term (1/t ~~)(n/n, ) is the
rate of expansion of electron fluid along the field
due to the perturbing pressure gradient. In the
short-mean-free-path' limit (e, »1/t ~~), the drift
frequency is small (8/st-y) and ~n/n, ~

becomes
much larger than ~e y/KT ~. Clearly, for stabil-
ization the electron sink must be out of phase
with the wave in order to reduce the rate of ex-
pansion. In the limit of long mean free path (1/
t~~»~, ), ( / nn~ and ~ey/KT~ become comparable
and the drift frequency approaches ~„ i.e., 9/at

i&a, -Ther.efore, for stabilization S=in(o
~
sin8,

i.e., the electron sink is 270' out of phase with
the wave.

The experiment was performed on the Prince-
ton Q-1 device. ' The magnetically confined, ful-

ly ionized plasma is produced by surface ioniza-
tion of potassium atom beams incident on 3.2-cm-
diam incandescent, electron-emitting tungsten
plates located at both ends of the 128-cm-long
plasma column. Ion and electron temperatures
are assumed equal to the ionizer-plate tempera-
ture. The sensor used in the feedback experi-
ment was a 0.25-mm-diam by 0.61-mm-long
Langmuir probe; the suppressor was a similar
Langmuir probe, a 0.1-cm' disk (oriented per-
pendicular to the field), or, for the present data,
a 0.25-mm-diam by 3-cm-long wire oriented
along the magnetic field. The sensor signal was

passed through a broad-band audio amplifier and
a continuously variable phase shifter. Detector
and suppressor probes were generally located in
the region of maximum wave amplitude; i.e., axi-
ally in the midplane between ionizer plates, and
radially at x=7.5 mm= ~~&&„,. However, feed-
back suppression could be achieved for any radi-
al, azimuthal, or axial locations of sensor and
suppressor probes within the plasma provided
the phase shift was adjusted for the relative
probe positions and for the instability mode num-
ber.

Simultaneous measurements of the instability
amplitude, equilibrium center-density change,
and frequency are shown in Fig. 1 for constant
feedback gain as a function of the phase delay 8
of the applied suppressor voltage for different
magnetic fields, i.e., different growth rates.
Here I9 is referenced to the spontaneous density
oscillation at the location of the suppressor. Sta-
bilization occurs with negative feedback, 8 = 180',
and destabilization with positive feedback, 8-0 .
With stabilization, the plasma density increases,
while positive feedback enhances plasma losses.
Figure 1 also shows that the frequency decreas-
es toward stabilization, and that stabilization is
achieved over a range of feedback phase shift
centered near 180 . This range widens with in-
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FIG. 1. (a) Instability amplitude, (b) change of den-
sity at center of plasma column, and (c) instability fre-
quency after subtraction of Doppler shift due to radial
electric field, as functions of feedback phase shift in
both stable and unstable regimes (B~= 2190 G). The
suppressor probe was displaced azimuthally 180' from
the detector. The instability is an m = 2 azimuthal
mode. Potassium plasma, T = 2700'K, no ——7x10~
cm, 7no/so=-1. 25 cm ', and Xii=256 cm. Dotted-3
curves in (a) and (c) are, respectively, theoretical
growth rate and frequency according to Eq. (2) for o;
=0, 0~=2.8 msec, and &=1.1B~. As in Ref. 2, the
critical magnetic field has been scaled by 1.5.

creasing feedback gain and with decreasing insta-
bility growth rate. Also shown in Fig. 1 are the
growth rate y and frequency f calculated from
Eq. (2) using the experimental plasma parame-
ters. The observed optimum phase shift, fre-
quency reduction, and feedback-phase-shift
range, as affected by growth rates, are in quali-
tative agreement with Eq. (2). We note that no

other instabilities were driven unstable. Similar
measurements and agreement as functions of
feedback gain at optimum feedback phase shift
are shown in Fig. 2.

Figure 3(a) shows the measured radial distri-
bution of equilibrium density no, the instability
amplitude n, and the required minimum suppres-

FIG. 2. (a) Instability amplitude, (b) change of den-
sity at center of plasma column, and (c) instability
frequency as functions of feedback gain G. Cond t
as in Fig. 1. Dotted curves in (a) and (c) are, respec-
tively, theoretical growth rate and frequency accord-
ing to Eq. (2) for 0 =180'. The theoretical gain is rel-
ative, referenced to the experimental stabilization
polQt,

sor voltage V. Suppression is achieved with low-
est feedback voltage at the radial location of
la.rgest wave amplitude. Beyond the plasma
boundary, r =16 mm, suppression could not be
achieved with as much as 300 V, differing from
the results of Ref. 6. Figure 3(b) shows the
plasma density in the center of the column as a
function of magnetic field strength for constant
input flux. Starting with low magnetic field, con-
finement increases with increasing B. When the
drift wave destabilizes, at B=B,=2190 G, the
density decreases abruptly. However, with feed-
back the density increases continuously beyond

B, indicating that all the instability-induced loss-
es are recovered.

With the present feedback circuit arrangement,
stabilization of the m = 2 azimuthal mode can be
achieved up to B=1.2B,. Farther in the unstable
regime, and in the higher-mode regime, large
feedback amplification results in the destabiliza-
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FIG. 3. (a) Radial distribution of plasma density no,
instability amplitude n, and minimum required sup-
pressor voltage for stabilization, V; (b) plasma den-
sity at center of column as a function of B with and
without feedback stabilization of dry wave.

tion of oscillations at different frequencies and
modes. For example, upon feedback suppres-
sion of the nz =3 mode, the m = 2 mode destabil-
izes. Such destabilization is consistent with lin-
ear-theory results. '

The present work demonstrates that drift in-
stabilities, driven by a density gradient located
inside the plasma, can be feedback controlled
with injection of feedback signals into the plasma
interior. Upon stabilization, improved plasma
confinement is observed.

Additional experimental and theoretical data
will be reported elsewhere.
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