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REMOTE FEEDBACK STABILIZATION OF THE ION-SOUND INSTABILITY BY A
MODULATED SOURCE AT THE ELECTRON-CYCLOTRON RESONANCE FREQUENCY
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United Kingdom Atomic Energy Authority Research Group, Culham Laboratory, Abingdon, Berkshire, England

(Received 26 May 1970)

Feedback stabilization results are presented for an ion-sound instability. Sensing of
the instability was achieved by a photodiode outside the plasma, and the suppressor
element was an electron-cyclotron resonance structure remote from the plasma. Radia-
tion from this structure heats the electrons locally and feedback is achieved by ampli-
tude modulation of the electron-cyclotron resonance at the instability frequency. A

theory is developed which predicts the variation of the instability amplitude and frequency
in terms of the change in electron temperature AT, fractional modulation f, and phase
change in the loop, p. Comparison between theory and experiment shows good agreement.

Recently, there have been a number of papers
which have shown feedback stabilization of vari-
ous plasma instabilities, " Most of the previous
work'on feedback stabilization of various plasma
instabilities has been performed with feedback
suppressor elements in contact with the plasma.
However, if feedback control of instabilities is
to be a feasible method in any thermonuclear
plasma, remote sensor and suppressor elements
are essential. Lately, experiments have been

performed, ' in which a remote modulated micro-
wave source, irradiating the plasma at the upper
hybrid frequency, was used as the feedback
element. Here, experiments are reported in

which an m = 0 ion-sound instability has been
suppressed by using a remote source of energy
at the electron-cyclotron resonance (ecr) fre-
quency, modulated at the instability frequency.
The effect of the energy at ecr is to cause a
local increase in the temperature h, T which in

this case is small compared with the st"..ady-
state electron temperature T, .

The stability of the plasma has been considered
using the "two-fluid" model, in which the axial
magnetic field B, is taken in the z direction, and

only spatial variations of the form e'~~' are con-
sidered, where k, is the axial wave number of

the instability. The density n is considered of
the form n=a, +n» where n, is the zero-order
density and n„the perturbed value, and V, and

v, are taken as the potential and ion-velocity
perturbations, respectively. If the main effect
of the ecr is taken to be local heating of the elec-
trons, the z component of the electron equation
of motion reduces in the low-frequency approx-
imation to the form

e V, = T,(n,/n, )+fAT[n, (v)/n, ),

where f is the fractional modulation produced by
the feedback signal and n, (T) represents the den-
sity perturbation delayed by a time w. Here,
(d07=y the phase delay.

The ion equation of motion is

dv; e e' =-—&t/ -v. ~+ v. xB
1

where v is the ion-neutral collision time, and
the equation of continuity is

&n/st+ V ~ (nv, ) = S,.(n, ).

S,. is a source term due to ionization etc. , caused
by large-amplitude osci11ations present in the
plasma. This source term is taken to be of the
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form

S,. = nn, -yn, —Pn, ,
2 3 (4)

where Pn,.'«yn, «n . «~, =k, C„and C, = (T, /
M,.)'" is the ion-sound velocity. After eliminat-
ing v,. between (2) and (3) and substituting for S,.
from (4), in the approximation that v is small,
the equation for n, reduces to

d2 "'[n-2~,—3Pn, ']dt2 dt

+ ~, n, + &u, f — n, (~) = 0
T.

which is the equation of Van der Pol including
a feedback term. A solution of the form n, =a(t)
xcoscot may be tried in a similar manner to that
of Keen. ' This results in the following condi-
tions:

a02-a = —f (b, T/T, )(coo /n&u)ao sing

u'=u, '[I+f (b, T/T, )]cosy,

where a, and a are the instability amplitudes,
and hap and co the frequencies, with and without
feedback, respectively. Equation (6) shows that
as the fractional modulation of the ecr frequency
or the change in temperature ~T is increased,
the amplitude a will increase or decrease accord-
ing to the sign of sing. Optimum suppression is
achieved for

low-frequency amplifier, to modulate the uhf os-
cillator at the ecr frequency. The effect of the
feedback was observed by displying the output
from a separate probe on a spectrum analyzer.

With the ecr power on, the phase angle p in
the feedback loop was varied until minimum in-
stability amplitude was achieved. Then the frac-
tional modulation f was set -1.0 and the ecr
power level was varied until suppression just
occurred. At this power level and f =0, the
change in electron temperature was 4T= 0.6
+ 0.1 eV, as measured on a double probe and by
the change in floating potential technique. ' At.

this phase angle and ecr power level, the ampli-
tude a was measured as a function of the fraction-
al modulation, f. Figure 1 shows (a/a, )' plotted
versus f, and it is seen that a good linear rela-
tionship is obtained, as predicted by Eq. (6). In
Fig. 1, photograph (a) shows the instability when

f = 0, and photograph (b) shows the effect when it
is suppressed with f = 1.0.

At this same phase angle, and with the fraction-
al modulation maintained at 1.0, the instability

l '0"

08

sing = -1 fi.e., y = -90' or + 270'].

Then,

f (»/T. ) = n/~, .

(8)

(9)

04

Ea

02

The apparatus was similar to that employed
previously. e The plasma was the positive column
of a neon arc discharge and had a peak density
-3x10" cm ' and an electron temperature T,
= 5.4 eV, and was contained in a magnetic field of
-180 G. A remote photodiode detector was em-
ployed to sense the instability, which had a nz = 0
azimuthal mode number and a frequency -7.5
kHz independent of magnetic field. It was iden-
tified as an ion-sound instability. Power at the
ecr frequency was applied to the plasma from a
resonant structure around the glass tube, ' from
a uhf oscillator and power amplifier. The tem-
perature change 4T produced was linearly pro-
portional to the power input to the cavity in the
range used in these experiments. A signal pro-
portional to the density perturbations was fed
from the photodiode, via a phase shifter and a

0.2 0.4 0-6
Fractional modulation (f)

0.8 I.O
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0
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FIG. 1. The square of the reduced amplitude (a/a0)2
versine the fractional amplitude modulation f. photo
graph shows the spectrum analysis of the instability
for (a) f=0, and (h) f=1.0.
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amplitude a was measured as a function of the
input power at the ecr frequency (ccb,T). This is
shown plotted in Fig. 2 as (a/a, )' versus ecr
power (cab, T), and shows a linear relationship
as predicted by Eq. (6). Figure 3 shows the
square of the reduced amplitude (a/aa)' plotted
against phase angle y in the feedback loop, and
it is seen that suppression occurs at a phase
change of —105'+ 20' or 255'+ 20' as compared
with the predicted value [Eq. (8)] of —90' or 270'.
The full line in Fig. 3 is the theoretical predicted
variation of Eq. (6) shifted so that its minimum
is at -105' instead of -90'. Here, again, good
agreement is obtained.

From Eq. (6) it is possible to obtain a value
for e, the linear growth rate. At the position
for optimum suppression (a=0) and a/ c,d=f (4T/
Ta) =O. lid:0.02. This value was checked by
directly measuring the growth and decay rate of
the instability amplitude. This was effected by
suppressing the instability by the method of
"a,synchronous quenching. '" By gating the asyn-
chronous frequency, the instability was turned
on and off at periodic intervals. Analysis of the
resulting signal gave a/ada = 0.12+ 0.03, in good
agreement with the former value. A further
check was afforded by the use of Eq. (7). If the
frequency shift Leo = co-~0 is measured as a
function of phase angle, the maximum frequency
shift Etc is given by 2hrd /tea =f (b, T/T, ) = cx/ada.

The measured maximum change in frequency was
= 0.3+ 0.1 kHz and thus the value n/&d, = 0.08
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FIG. 2. The square of the reduced amplitude (a/aa)
plotted versus the input power at the ecr frequency
( &&).

1.0

+ 0.03 resulted, which is not in such good agree-
ment.

Summarizing, it is seen that theoretical rela-
tionships can be obtained which predict the
change in instability amplitude a and frequency
shift 6(d in terms of the change in electron tem-
perature b, T, its fractional modulation f, and
phase change in the loop, p. The resulting mea-
surements show the predicted variations and a
consistent value for the growth rate e is obtained,
within experimental error.
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FlG. 3. The square of the reduced amplitude (a/aa) plotted versus phase angle y, in the feedback loop.
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POSSIBILITY THAT ANOMALOUS PLASMA DIFFUSION DEPENDS ON GEOMETRIC FACTOR*

S. Yoshikawa

Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08540
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Turbulent diffusion coefficients for an assumed spectrum are derived using Quid equa-
tions, a crucial assumption being that the ion motion parallel to the magnetic field is
hindered by the collision of ions with neutrals. The result shows that the turbulent diffu-
sion coefficients depend on geometric factors, as well as on the level of Quctuations.
This dependence on geometric factors may explain the experimentally observed difference
in confinement times in different toroidal plasma confinement devices.

In recent years a number of experiments have
been carried out to establish the relationship be-
tween low-frequency fluctuations in plasmas and
the anomalous plasma loss across a magnetic
field. It is fair to say that the evidence is almost
conclusive that fluctuations do cause the anoma-
lous loss in some plasmas. In other plasmas,
however, the observed fluctuations appear to
cause an insignificant amount of plasma loss.
One of the most striking examples of the latter
case is a Tokamak plasma. ' From observations
such as those made in stellarators' and Zeta, '
Tokamak plasmas are also expected to have fluc-
tuations in potential and density. In fact, recent
measurements reported by Mirnov at the Dubna
conference on toroidal plasmas show that mag-
netic field fluctuations exist in the T-3 Tokamak.
In view of the similarity of his measurement and
that made in the C stej.larator by Young, ' density
and potential fluctuations are also to be expected.
Theoretically, a number of low-frequency insta-
bilities are possible in Tokamaks.

Yet the plasma confinement times in Tokamak
T-3 are approximately 100 times the Bohm con-
finement time T H. Here,

~8 = [B(kG)/T, (eV)][r,(cm)/5]' msec,

where ro is the plasma radius. This Bohm time
has been shown by Hinnov and Bishop' to corre-
spond approximately to the confinement time ob-
served in the C stellarator.

It is natural to consider the possibility that the

level of fluctuation is similar in the stellarator
and the Tokamak but the transport coefficient
(calculated from the fluctuation level) is smaller
in the Tokamak. In the following, a simplified
consideration for deriving the transport coef-
ficient is presented; a more detailed description
will be found elsewhere. '

The method previously used to derive an anom-
alous electron diffusion coefficient will be used,
including the motion of the ions. ' In order to al-
low for the motion of ions across the magnetic
field, collisions between ions and neutrals are
included. In Tokamak plasmas there may not be
enough neutrals; however, ion motion across
the magnetic field could be caused by effects
such as finite Larmor radius or ion viscosity.
The end result does not depend on the ion-neutral
collision frequency if ambipolar diffusion is as-
sumed.

Initially we assume that the entire space is
filled by a plasma having the density

n (r) = n, +P t,
- n k expi(k ~ r) = n, + n, (l)

where the summation g means the sum of all
the Fourier components of n except k=0. This
density perturbation, i, is assumed to be statis-
tically homogeneous. A uniform magnetic field
B is imposed in the z direction. Electrons are
assumed to be in thermal equilibrium. The pat-
tern of the density perturbation is assumed to be
time independent. This assumption of time in-
dependence can be justified approximately if the
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