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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,

1567



VOLUME 25, NUMBER 22

PHYSICAL REVIEW LETTERS

30 NOVEMBER 1970

| L TR L )
20 L0 0 10 20
RADIUS (cm)
W, T L T T T T
rof- (b) p 1
o8} |
0.6 4
04l J
02f / \ J
0 ; 2 |5 L1 N
RAmus"o(cm) 15

FIG. 1. (a) Radial profiles of floating potential for
the segmented end plate for B=3.2 kG and 7 =4 x10°
em™3, There is little change in these profiles over the
ranges of B and » in these experiments. Shaded areas
show radial extent of the gap between the concentric
plate sections. The number on each curve is voltage
applied between inner and outer sections. (b) Radial
variation of E xB rotation frequency. The velocity
shear layer is somewhat wider than the gap width (0.24
cm).

so that the finite—~Larmor-radius (FLR) fluid
equations may be used with confidence, at least
for small rotation velocity.* The radial wave
equation that describes the normal modes for
the Kelvin-Helmholtz (KH) instability in small
electric fields has been presented earlier.? The
observed instability was identified as the KH
type by comparing onset conditions, oscillation
frequencies, and radial profiles with the solu-
tions of the radial wave equation together with
the electron fluid equations.®

Figure 2 shows how the instability evolves
when the electric field, directed inward, is in-
creased at constant magnetic field (3.8 kG). The
displayed signal is the floating potential oscilla-
tion at » =7,. Mode numbers were identified with
an azimuthally traveling Langmuir probe. At
E =0 the plasma is stable and critical (i.e., en-
hanced thermal) fluctuations are observed.®
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FIG. 2. Mode evolution with electric field E. Here,

B=3.84kG and 2=5x10° em™%, (a) Frequency spectra
of potential fluctuation ¢ at small electric field, direct-
ed inward. Units of E are V/em. Range of the loga~
rithmic vertical scale is 7 dB/cm. (b) Frequency spec-
tra of ¢ at large E, denoted by values on the right.
Range of the logarithmic scale is approximately 5 dB/
cm. w, =151 kHz. (c) Oscilloscope display of ¢ for
same conditions as (b). Vertical scale is 100 mV/cm
and horizontal scale is 20 psec/cm, except for E=18.5
V/cm (20 mV/cm and 5 pusec/cm).

These are present until instability onset at £ =1.3
V/cm, where the oscillation amplitude increases
by 16 dB. At E=1.8 V/cm there is a discrete
multimode spectrum peaked at m =5 (whose sec-
ond harmonic obscures m =8). At E=3.3 V/cm
the transition to the single-mode regime occurs,
with m =4 dominant. A mode switch to m =3
follows. Just below E =14.0 V/cm this mode be-
gins to damp, and at 14.0 V/cm it has lost 10 dB
of its maximum amplitude. Oscillations at 180
kHz (1.2w,) appear at this field. At slightly larg-
er E, the m =3 KH mode completely disappears,
and at E =18.5 V/cm, only the m =6 oscillation
near w, is observed. We shall refer to the oscil
lations at w2 w, as cyclotron waves.

The ion rotation frequency € includes the po-
larization drift caused by the changing direction
of E:

sZE V E_1 4 WE 1/2:|
=—==1u |-1+(1+
ch[ 1 <1 ) . (2)

m c

In calculating 25, for each transition, where
Q, is the maximum value of Q4(7), the maximum
electric field is the average over the ion orbits
at ¥=7,.

Many mode sequences have been studied. Fig-
ure 3(a) shows the normalized Doppler-shifted
wave frequency, for the central layer of ions
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(r='ro), at the electric field at which the final KH
mode (m=2, 3, or 4) has decreased in amplitude

by 10 to 15 dB and cyclotron waves have appeared.

The KH mode is usually completely quenched at
a slightly larger field. Evidently suppression
occurs, at a given magnetic field, when the
Doppler-shifted KH frequency lies between (0.5
and 0.65)w,. There was no dependence on 7,
dn/dr, or k. Note that Q,>w,.

Now consider the multimode spectrum at small
E. At large B, the observed dominant KH mode
number is m =6 or 7. The theoretical value® is
m =T or 8, and can be calculated simply by de-
fining an effective 2, =%, and finding the “reso-
nant” mode, m =m7,/L. This spectrum is analo-
gous to the hydrodynamic KH spectrum.”® When
B is lowered, FLR stabilization reduces the
growth rates of the larger mode numbers, so
that at B =3.8 kG the dominant mode is m =5
[Fig. 2(a)]. For all observed mode sequences,
when Vg, 20.6V,, there is a series of strong
single modes, with successively decreasing
mode number. Here, V, is the ion transverse
thermal velocity and Vg, the ion azimuthal veloc-
ity at »=7,.

The low-frequency theory that neglects the
zero-order ion polarization drift is not valid
when Vg, >V, Consequently, we have derived
a second radial wave equation from the fluid
equations in which the zero-order ion polariza-
tion drift (due to ion inertia) is retained from
the start. We also drop any restriction on the
magnitude of w/w,. The ion temperature is
neglected, however, since in the large rotation
regime Qg,>20wp and FLR stabilization is not
important. Also, we set 2, =0, since parallel
resistive motion is relatively unimportant at
large rotation velocities.?

The dependent variable is the potential fluctua-
tion

P =@(7) exp(imb—-iwt), (3)

and the result is
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FIG. 3. (a) Doppler-shifted oscillation frequency of
the final Kelvin-Helmholtz mode at suppression, as a
function of magnetic field. Vertical bars represent
rms deviations for many mode sequences under various
conditions of n, dn/dr, and hot end-plate temperature.
The quantity Qz, is calculated using the average elec-
tric field over the orbits of ions whose guiding centers
are located at the maximum electric field. (b) Oscil-
lation frequencies for the unstable solutions of Eq. (4),
with n’/ () ==1.0 em™%, Solid lines are the type-A,
low-frequency Kelvin-Helmholtz solutions. Dashed
lines are the type-B solutions. Numbers designate the
modes.

g dpfldn 1 _1dAs|, | mldn As _ m>2_ld_"z_"&_m_1dflz S A dAs| o
ar? “dr \ndr v Agdr | | rndrAg, \v) ndrvA, 7 A, dr v AA, dr|
where
= _of 82 _ Qp v dQ, _ =
A= 0-Qy, A2"2<7n&>+wc’ As_wc'*'z;f"*';;#, A=w-wg, A=A-A A, (5)

If we set wz=Qg, multiply through by A,=A,, and retain terms up to first order in w/w, and wy/w,,
we recover Eq. (3.15) of Rosenbluth and Simon® with zero ion temperature.
Solutions to Eq. (4) were found by numerical integration, with wz=(1/7) sech?[7(r-1.1)]. Figure 3(b)
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shows that for each mode number there are two
unstable solutions in the range wSw,. The type-
A solutions at the lower frequencies are the KH
waves. The type-B solutions have frequencies
several times larger. The growth rate of these
modes depends only weakly on mode number,

and is always less than the growth rate of any
type-A mode (m >1). All of these instabilities
are localized in the velocity shear layer. The
type-B solutions have properties in good agree-
ment with the frequencies, mode numbers, and
localization of the observed cyclotron waves.
For example, the m =6 mode in Fig. 2(b) at

E =18.5 V/em (Qg,/mw, =0.35) has w,=1.25w,,
compared with the theoretical value of 1.3w,
from Fig. 3(b). Experimentally, as E is increased
there is mode switching in such a fashion that w
is always (1.0 to 1.4)w,_ . At electric fields below
the suppression value, the critical fluctuations®
for these modes were observed at w <w_. Note
that the observed oscillations cannot be electro-
static ion cyclotron waves, because previous
investigations of these waves have shown m =0,
which disagrees with the large mode numbers
measured here.

Finally, we consider the large electric-~field
suppression of the KH modes. Figure 3(a) shows
that there is an empirical maximum electric
field at which KH modes may exist. The sup-
pression phenomenon is independent of density,
at least in the range 1x10° <2 <3X10'° cm ™3,
and independent of dn/dv. One explanation con-
sistent with the experimental results is nonlin-
ear Landau damping,? in which the KH wave
interacts nonlinearly with itself and with the
gyrating ions. The resonant condition for non-
linear Landau damping in a magnetic field with
k=0 (in the experiment, 2,V ,~10 3w ), when
the wave interacts with itself,? is

Q=@ =3 W, . (6)

Actually this condition, which is close to the ex-
perimental stabilization condition, need be met
only to within the linear relaxation rate. This
nonlinear damping mechanism cannot be respon-
sible for total suppression, but it can reduce the
effective growth rate to zero, so the cyclotron
wave may displace it.'°

In conclusion, the evolution of the Kelvin-
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Helmbholtz instability driven by shear in the
E x B rotation develops from the stable plasma
with critical fluctuations to threshold, followed
by the hydrodynamic multimode spectrum, then
a succession of strong single modes, and, final-~
ly, complete suppression when the Doppler-
shifted wave frequency for the central layer of
ions is (0.50 to 0.65)w,. The cyclotron waves
observed upon low-frequency suppression have
properties in agreement with the solutions of the
fluid equations for large nonuniform rotation.
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FIG. 2. Mode evolution with electric field E. Here,
B=3.84 kG and 2=5%10° cm™?, (a) Frequency spectra
of potential fluctuation @ at small electric field, direct-
ed inward. Units of E are V/em. Range of the loga-
rithmic vertical scale is 7 dB/em. (b) Frequency spec-
tra of § at large E, denoted by values on the right.
Range of the logarithmic scale is approximately 5 dB/
em. w, =151 kHz. (c) Oscilloscope display of @ for
same conditions as (b). Vertical scale is 100 mV/em
and horizontal scale is 20 psec/cm, except for E=18.5
V/em (20 mV/cm and 5 psec/cm).



