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right-hand side by 20%, indicating marginal in-
stability.

In summary, a theory is proposed which is
able to predict the wave parameters and the
stabilization by shear of resistive drift waves.
Resistive drift waves in a hydrogen plasma im-
mersed in the sheared magnetic field of the
spherator are experimentally observed to be
stabilized in accordance with the derived stability
criterion, and to possess the predicted frequen-
cies and wavelengths in a marginally unstable
condition.

We wish to thank Dr. F. W, Perkins for many
discussions on the theoretical aspects and A. B.
Chianese and the spherator staff for operating
the machine. This work was performed under the
auspices of the U. S. Atomic Energy Commission,
Contract No. AT(30-1)-1238. Use was made of
computer facilities supported in part by the Na-
tional Science Foundation under Grant No. NSF-
GP 579.

*Present address: Institut flir Plasmaphysik, Garch-
ing bei Miinchen, Federal Republic of Germany. This
work represents part of a dissertation submitted to

Princeton University in candidacy for the degree of
Doctor of Philosophy.

B Coppi, G. Laval, R. Pellat, and M. N. Rosen-
bluth, Nucl. Fusion 6, 261 (1966).

’F. F. Chen, Phys. Fluids 9, 965 (1966).

3p. H. Rutherford and E. A. Frieman, Phys. Fluids
10, 1007 (1967).

L. D. Pearlstein and H. L. Berk, Phys. Rev. Lett.
23, 220 (1969).

SH. W. Hendel, T.K. Chu, and P. A. Politzer, Phys.
Fluids 11, 2426 (1968).

C. W. Hartman and R. H. Munger, in Proceedings
of the Seventh Intevnational Confevence on Phenomena
in Ionized Gases, Belgvade, 1965, edited by B. Perovic
and D. Tosi¢ (Gradjevinska Knjiga Publishing House,
Belgrade, Yugoslavia, 1966), Vol. II, p. 667.

'F. F. Chen and D. Mosher, Phys. Rev. Lett. 18, 639
(1967).

M. Bernard, G. Briffod, R. Frank, M. Gregoire,
and J. Weisse, in Proceedings of the Thivd Euvopean
Conference on Controlled Fusion and Plasma Physics,
Utvecht, The Netherlands, June, 1969 (Wolters~
Noordhoff Publishing, Groningen, The Netherlands,
1969), p. 124.

oR. Freeman, M. Okabayashi, H. Pacher, G. Pacher,
and S. Yoshikawa, Phys. Rev. Lett. 23, 756 (1969).

103, von Goeler, M. Sadowski, H. Pacher, and S. Yo-
shikawa, Phys. Fluids 13, 790 (1970).

Uy, p. Pacher, to be published.

Anomalous Resistivity in a Steady-State, Current-Carrying Discharge-Tube Plasma

A. Hirose, I. Alexeff, W. D. Jones, S. T. Kush,* and K. E. Lonngrent
Oak Ridge National Labovatory, Oak Ridge, Tennessee 37830
(Received 28 August 1970)

The dc conductivity in a turbulent discharge-tube plasma has been measured as a func-
tion of dc electric field over the range 0.06 to 300 V/cm. Below approximately 60 V/cm
the conductivity can be interpreted quantitatively in terms of the ion-acoustic wave in-
stability. Above 60 V/cm the conductivity is approximately constant and about an order
of magnitude lower than that calculated by Buneman for the two-stream instability.

Observations of anomalously low electrical con-
ductivity in turbulent plasmas have been report-
ed.)™ The conductivity observed has been ex-
plained by the presence of electrostatic instabili-
ties such as ion-acoustic® or two-stream® insta-
bilities. Collective electric fields associated
with these instabilities provide an effective high
collision rate for electrons which, experimental-
ly, appears as anomalously low electrical con-
ductivity.

We have measured the electrical conductivity
of a plasma in a dc discharge tube (Fig. 1). The
central part was constricted in order to increase
the ratio of electron drift velocity to thermal ve-

locity in this region., That this works is evidenced
by the fact that both the low-frequency (ion-acous-
tic wave) and high-frequency (electron plasma
oscillation) instabilities appeared only in the con-
stricted region. The discharge was operated us-
ing either Ar or He at pressures typically less
that 5 X107* Torr. The maximum dc current

used was approximately 1 A.

To generate the high electron drift velocities
required to produce the instabilities of interest,
we kept the current density j=#,ev constant,
while reducing n,. We accomplished this by re-
ducing the gas pressure in the system, thereby
reducing the rate of plasma production. This re-
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FIG. 1. Schematic of the discharge tube. The diameter of the constricted region is either 5 or 12 mm as com-
pared with a diameter of 50 mm for the end sections. The rotating directional probe has a collecting surface of di-

mensions 1 X1 mm?,
gion of low gas pressure just before the discharge
extinguishes has been known as a region of high
voltage drop,” but has not been extensively inves-
tigated for high-frequency phenomena.

The electric field along the constricted plasma
was observed by measuring the floating potential

fields (£ > 10 V/cm). A directional rotating probe
located at the center of the constricted region
was used to obtain the ratio of electron drift ve-
locity to thermal velocity.

An example of our conductivity measurements
as a function of electric field is shown in Fig. 2,

on each of several probes spaced 0.5 cm apart.
The observed electric fields ranged from 0.06 to
300 V/cm. The electron density obtained from
the Langmuir-probe method at low values of tur-
bulence varied between 3 X10° and 10* c¢m 3.
The observed electron plasma frequency, as ob-
served on a probe inserted into the plasma, was
also used for density determination, especially
at high values of turbulence and high electric

for an argon discharge at an electron density »

=3x10 cm™3, Also shown are the electron

drift and thermal velocities obtained by means

of the rotating probe. The electron temperature

was also measured spectroscopically.®
Ion-acoustic noise has been measured as a func-

tion of electric field. The spectrum is rather

continuous, and decreases monotonically in fre-

quency. If we plot the peak intensity |¢,|? of the
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FIG. 2. Conductivity, intensity of ion-acoustic turbulence (amplitude squared), and electron drift and thermal ve-
locities (plus signs, spectroscopic; crosses, probe) versus dc electric field. The gas used was argon. The plas-
ma density was 3 x10° em™3,

1564



VOLUME 25, NUMBER 22

PHYSICAL REVIEW LETTERS

30 NOVEMBER 1970

noise spectrum versus the applied electric field
E, as shown in Fig. 2, we find that it increases
linearly in the range 1< E <50 V/cm. Above 50
V/cm, the low-frequency noise decreases, while
high-frequency noise (near w,,) increases. Below
1 V/em, noise measurements are not complete.
As seen from Fig, 2, the conductivity o has four
regions: Region I,

o=const, E<0.2 V/cm;

Region II,

6x1/E, 0.2SES2V/cm;
Region III,

ococl/EY2, 2SES60 V/cm;
Region IV,

o=const, 60 V/cm=SE.

It is also noted that the electron thermal velocity
increases as E'2 in Region III and Region IV, in-
dicating that electron heating occurs in these re-
gions.

The highest conductivity in Fig. 2 (Region I) is
already a factor of 20 lower than the value due to
electron-neutral collisions. This region is char-
acterized by the presence of low-frequency noise
below 3 MHz. We conjecture that ion-acoustic
waves are generated by the electron drift,*°
since the ratio of electron drift velocity v, to
thermal velocity B, is about 0.07, which is large
enough for generation of the instability if T',/7T;
>8. The observed cutoff frequency is about
0.5w,;, giving a cutoff wave number of about 0.6
kp, where kp is the electron Debye wave number.
Then we find T,/T;~12, or T;~0.08 eV.

We have estimated the electrical conductivity
limited by the ion-acoustic instability in low elec-
tric field where electron “runaway” may be ne-
glected. Quasilinear theory has been employed
in which a finite ion-ion collision frequency is as-
sumed. We find an effective collision frequency
which is lower than that given by Sagdeev and
Galeev," but is higher than that obtained by Si-
zonenko and Stepanov.!? The electrical conduc-
tivity is given by

ne? 1 Neg<M. IT, )"2
m Vers 4m\mT;

g=

and the “critical” field, above which the conduc-
tivity begins to decrease,

e M

m (BT, \*/2
E —;(—L) W pe-

Using w,,/27=1.7T GHz, T,/T;~12, and M/m=40
X 1840 (Ar), we expect 0=0.9 mho/cm and E,
=0.15 V/cm, compared with the experimental
values of 0.6 mho/cm and 0.1 V/ecm. We also
note that the conductivity and critical field ob-
tained above give the same order of magnitude

as those reported by Demidov, Elagin, and Fan.!3

For the second region, in which the conductivi-
ty decreases as E™!, we may apply the theory®*
developed for the ion-acoustic instability for the
case of the electric field higher than the critical
field. The electron drift velocity is “frozen” at
a value on the order of the critical drift velocity
above which the ion-acoustic wave becomes un-
stable. The “frozen” constant drift velocity of
electrons is about 0.18,, which is on the right or-
der of the critical velocity.

We notice that the results obtained in Region II
are very similar to what was reported by Bovrov-
skii et al.,'® on the anomalous resistance in TM-3
Tokamak. They observed the relationship

ox1/E

which, in our opinion, can be attributed to the on-
set of the ion-acoustic instability.

The third region (o« E “'2) is accompanied by
an increase in the electron temperature in direct
proportion to the electric field. It is possible
that the ion-acoustic instability is still responsi-
ble for the decreasing conductivity since the elec-
tron drift velocity stays relatively low (0.13,).

We notice that the critical drift velocity v, is pro-
portional to®

T \3/2
Tz o] -3z +5))

Then, if we assume that the ion temperature also
increases with the electric field so that T,/T; is
independent of £, we obtain

O’OCI/EI/z,

as observed in the present experiment. The ion
temperature has not been measured in detail.
However, requiring that the energy gain of ions
from the electric field equals the energy loss due
to ambipolar radial diffusion, we have estimated
the critical electric field at which the transition
from Region II to Region III occurs. This gives
E~3V/cm, while we observe that the transition
occurs at E~1.5 V/cm. Above this field, ions
are expected to increase their temperature.
Region IV is accompanied by strong rf oscilla-
tion. The peak frequency observed by a probe in-
side the plasma is about 1.6 GHz, is roughly pro-
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portional to the square root of the plasma cur-
rent, and is of the order of the electron plasma
frequency calculated from the electron density
obtained by Langmuir probes at low electric
fields. The highest frequency observed was
about 3 GHz, corresponding to an electron densi-
ty of 10" ecm 3,

The saturated conductivity is on the order of®

g = (W,o/47) (M /m M2,

which is a factor of 27 lower than the value re-
ported by Hamberger and Friedman.® Since the
observed conductivity is rather insensitive to the
electron thermal velocity and is not much affect-
ed by the variation of the plasma radius, we pre-
sume that it is mainly due to the turbulent energy
absorption by the plasma, not by the wall.

The maximum, steady-state electron drift ve-
locity in Region IV is observed to be on the order
of the electron thermal velocity. Correlation
studies of the electron plasma waves suggest that
the resonance condition

W, kv,

is satisfied, although the electron thermal veloci-
ty is already on the same order as the drift ve-
locity. We have not observed, and do not use in
our computations, the assumption that a double-
layer sheath on the cathode side of the constric-
tion accelerates an electron beam into a cold
electron background in the constriction. Such an
electron beam producing oscillations at w,, has
been observed in many past experiments in con-
stricted tubes. Verifying its presence, or elimi-
nating the possibility of its presence (possibly by
kinking the constricted tube, for example), is im-
portant for future experiments.

In earlier experiments, the rf signals observed
external to the tube appeared at a frequency of
w= tw,,. Correlator studies showed that this
mode of oscillation corresponded to a half-wave-
length standing wave extending along the length
of the constricted region of the tube. This is a
low-frequency form of surface wave, the general
form of which was studied by Trivelpiece and
Gould.'®

An upper limit of the ion temperature has been
established spectroscopically: 7;51 eV. This
rather ineffective ion heating can be attributed to
the fact that ions are lost to the wall rapidly.

We estimate the intensity of rf oscillation at the
electron plasma frequency to be on the order of
100 V/cm or larger. That is, the turbulent high-
frequency electric fields are on the order of the
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applied dc electric field. The density perturba-
tion |An/n| is calculated, using the value of the

rf electric field observed, to be about 0.3 at our
highest level of turbulence-—presumably the max-
imum that could be produced.

A surprising feature of this experiment is that
our conductivity calculations, made for an ideal-
ized, infinite plasma, agree reasonably well with
the experiments made on an inhomogeneous,
bounded gas-discharge column. The agreement
may be fortuitous. However, the actual operating
conditions may really approximate an ideal case.
For example, the wavelengths involved are small
compared with the plasma column size. More
work needs to be done on this point.

In conclusion, we have measured the electrical
conductivity of a steady-state plasma produced
in a very simple discharge tube. The degree of
turbulence can be varied over a wide range. The
observed anomalously low conductivity has been
interpreted quantitatively in terms of the ion-
acoustic wave instability. For E260 V/cm, how-
ever, the conductivity more nearly agrees with
the two-stream instability result reported by Bun-
eman.®
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Evolution and Large-Electric-Field Suppression of
the Transverse Kelvin-Helmholtz Instability

D. L. Jassby*
Plasma Physics Labovatovy, Princeton University, Princeton, New Jevsey 08540
(Received 14 September 1970)

The interior of a plasma column is subjected to shear of arbitrary magnitude in the
E xB rotation. The resultant Kelvin-Helmholtz instability undergoes an evolution in
mode structure as the radial electric field is increased, and is suppressed when the
Doppler-shifted wave frequency equals 0.5 to 0.65 times the ion-cyclotron frequency.
Cyclotron waves appear concomitant with this suppression; these have properties in

agreement with linear fluid theory.

A cylindrical plasma column in a uniform axial
magnetic field and a nonuniform radial electric
field is unstable to Kelvin-Helmholtz waves if
the shear in the ExB rotation is sufficiently
large. For example, the edge oscillation of @
machines is essentially a transverse Kelvin-
Helmholtz instability.”? In order to study this
instability in detail, we have set up a velocity
shear layer of externally controlled magnitude.
In this Letter we describe how the observed in-
stability evolves as the radial electric field is
increased from zero to large values.

The significant experimental results, at large
electric field, are the suppression of the low-
frequency instability when the Doppler-shifted
wave frequency is slightly greater than one-half
the ion-cyclotron frequency w, and, concomitant
with this suppression, the appearance of coher-
ent, higher-frequency oscillations near w_,. A
radial wave equation valid for instabilities of
arbitrary frequency in a nonuniformly rotating
plasma cylinder is presented. This equation has
two sets of solutions: One set corresponds to
the observed high-frequency modes near w_; the
other set consists of the low-frequency Kelvin-
Helmholtz modes. The suppression of the low-
frequency waves occurs at the resonant condition

for nonlinear Landau damping.?

The experiment was performed in a single-
ended @-machine plasma with a specially de-
signed segmented hot end plate. This consisted
essentially of two concentric tantalum sections,
insulated from each other and separated by an
annular nonemitting region. The entire end-
plate assembly was heated by electron bombard-
ment. Controlled E#XB2 velocities in the annu-
lar region were established by applying a static
voltage between the concentric plate sections.
Typical radial profiles of the equilibrium floating
potential are shown in Fig. 1(a). These potential
distributions can be represented by ¢ =y, tanh[A
X(r-7,)}; here, A=7.0 cm™! and »,=1.1 cm. The
corresponding radial variation of EXB rotation
frequency is shown in Fig. 1(b), where

w () = =mcE(r)/¥B, (1)

and m is the mode number. We define L as the
width of the velocity shear layer.

When the applied voltage is sufficiently large
(the value depends on B, &, n, and dn/dr),
oscillations localized in the gap region and trav-
eling in the E X B direction are observed. In
these experiments, using a potassium plasma,
there are as many as seven ion gyroradii in L,
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