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quency, this results from Eq. (1) in longer wave-
lengths and larger phase velocities. Electrons
are then untrapped from the lower-velocity re-
gion of the trapped vortices, resulting in a posi-
tive source term from Eq. (2) as indicated in the
discussion of case (b). In effect, electrons are
untrapped after losing their kinetic energy to the
potential energy of the wave, thus maintaining
the amplitude of the potential wells as they ad-
vance to the front of the wave packet.

In the computer runs described above we do not
expect the trapped-particle instability® to appear
since even for case (c), the sideband e-folding
time 7, = 18w, "' is not much less than the reso-
nant particle transit time 7., = 2¥/v 4= 26w, "%,
For wave packets which satisfy 7,/7 «1, it ap-
pears quite likely that the collective oscillations
of the trapped particles will result in additional
density modulation. Finally, we wish to remark
that the lengthening of the wave packet by the
dressed trapped particles may be viewed as a
process which generates “clumps” or “macropar-

ticles” invoked by Dupree in his theory of turbu-
lent resistivity.”
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Direct Observation of Waves Propagating near the Lower-Hybrid-Resonance Frequency*
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Plasma Physics Labovatory, Princeton Univevsity, Princeton, New Jersey 08540
(Received 6 December 1971)

Electrostatically driven oscillations near the lower-hybrid-resonance frequency have
have been studied in a linear plasma device. The index of refraction of these waves is
measured directly and is seen to peak at a critical density as the wave propagates radial-
ly inward, A strong, nonlinear interaction is observed between the driven oscillations
and the low-frequency drift-wave-like fluctuations which exist in this plasma.

The possibility of heating plasma at frequencies
near the lower hybrid resonance has been recog-
nized for a number of years.! At the University
of Texas, experimental and theoretical studies of
the loading of an rf coil have been reported in de-
tail in a series of papers.? -Golant and his co-
workers have done experimental® and theoretical®
work on the linear-mode conversion effect em-
phasized in Ref. 1. Recently several workers
have obtained evidence of plasma heating near
the lower-hybrid-resonance frequency.®*® A fun-
damental reason for interest in this resonance is
the possibility of heating plasmas in large ther-
monuclear devices at the lower-hybrid-resonance
frequency. The term “lower hybrid resonance”
refers to a singularity in the index of refraction
which occurs, for cold unbounded plasmas, at

WP =W + Wy @)
1+ (wpiz + wciz)/wc{wce

if the angle 6 between the wave vector k and the
magnetic field B is sufficiently close to 90° to
satisfy the relation

cos?0=ky2/ (k2 +k %) <m,/m;. 2)

Here w,; and w,, are the ion and electron cyclo-
tron frequencies, and m;,m,, and w,;,w,, are the
particle masses and plasma frequencies, and &
and %2, are the components of k parallel and per-
pendicular to B.

Skipping, Oakes, and Schluter® have made a de-
tailed theoretical study of coil loading near the
lower-hybrid-resonance frequency. In this work
they emphasize the difficulty of distinguishing be-
tween the lower-hybrid and coupling resonances.
A coupling resonance involves the generation of
a natural mode in a plasma column of finite diam-
eter. Resonances associated with the finite plas-
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ma diameter D, have been studied in great detail

by Messiaen, Monfort, and Vandenplas.” For the

fundamental radial mode in a coupling resonance,
k.y~2m/D, which for most wave-damping process-
es is too small to achieve ion heating.

In all of the experiments reported so far, A,
>D,, and many, if not all, of the reported ef-
fects could conceivably result from coupling res-
onances. Furthermore, there has been no direct
experimental observation of the index of refrac-
tion of waves propagating near the lower-hybrid-
resonance frequency.

The purpose of this experiment is to measure
the index of refraction directly under experimen-
tal conditions such that w=wy y.

The oscillations are generated electrostatically
by a balanced rf system which drives the plates
shown in Fig. 1(a). A doubly shielded (i.e., tri-
axial) electrostatic probe travels in the radial di-
rection and is used to detect the plasma waves.
The generating and detecting systems are electro-
static, since the waves generated here are basi-
cally electrostatic in nature. The T -shaped probe
is used merely to increase the probe-tip area in
order to enhance the rf signal. The rf signal from
the probe is fed, together with a reference signal,
into an amplitude-insensitive interferometer sys-
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FIG. 1. (a) Schematic of experimental setup. The
doubly shielded probe moves radially through a hole
in the wave generating plate. The plates are insulated
from the plasma by a glass cylinder. (b) Amplitude of
the rf signal detected by the probe. The signal is mea-
sured with a spectrum analyzer which drives a chart
recorder,
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tem which gives the phase ® as a function of the
radial position of the probe. For the case of trav-
eling waves with no reflections, we have & =["%, d7,
where &, is the local wave number and 7 is the
radial probe position. The local index of refrac-
tion can be computed from » ,(7) =(c/w)k ,(r)
=(c/w)dd/dr.

The plate length L, is made rather long (70 cm)
in the direction parallel to _}§, since, in order to
satisfy Eq. (2), we make %, as small as possible.
The Fourier spectrum of the driving field gives

ky<n/Lp. (3)

The plasma in this linear device is generated
by a “Lisitano coil”® operating at 2.45 GHz. The
magnetic field is typically 1200 G, and the peak
electron density ranges up to about 2X10'! ¢cm ™3,
The electron temperature varies between 5 and
10 eV, and the ion temperature is of the order of
1 eV. The dominant collisional process is elec-
tron-neutral, and the neutral pressure is typical-
ly 2X107® Torr so that WT o11i5i0n~50. The abso-
lute value of the electron density is obtained from
an 8-mm microwave interferometer.

Figure 1(b) shows the amplitude of the rf signal
as a function of radius. The experimental condi-
tions are such that for f <35 MHz the waves en-
counter a density where w =w . At higher fre-
quencies w >wy, the resonance condition is not
satisfied, and experimentally we see an increased
radial penetration and even an amplitude maxi-
mum in the center of the plasma. This center-
peaked distribution is exactly what one expects
for a coupling resonance.

Results of the interferometer measurements
are shown in Fig. 2(a). The index of refraction
is immeasurably small near the plasma surface,
but rapidly approaches a maximum at a particu-
lar radial position. The dashed curves show
that for a less dense plasma the point of maxi-
mum index of refraction moves radially inward
until the local density is approximately the same
as for the higher-density case. We equate equal
ion saturation currents with equal densities,
since the electron temperature difference in the
two cases is negligibly small. These data indi-
cate that for a fixed frequency and magnetic field
the point of peak index of refraction is determined
by a critical value of the density. The value of
the density obtained from Eq. (1) for this case
agrees, within a factor of 2, with the density mea-
sured with the microwave interferometer and
Langmuir-probe measurements. If we take the
estimated value of 2 from Eq. (3) together with



VoLUME 28, NUMBER 7

PHYSICAL REVIEW LETTERS

14 FEBRUARY 1972

@ i
1000 f = 20MHZ
800}
600}
ng
400
200}
0 CENTER
- (b) aoMC
6ot -
L .7 ION
,/CURRENT|
40t 1
ky )
20t ]
7 .
L - HELIUM
A~ B = 12506
03 p) ] 6

RADIAL DISTANCE (CM)

FIG. 2. (a) Index of refraction versus radial position
for two different plasma densities, The solid (dashed)
index-of-refraction curves correspond to measure-
ments made with the solid (dashed) radial-density-dis-
tribution curves. (b) Perpendicular wave number ver-
sus radial position for several frequencies.

the maximum measured value of 2,, we see that
cos®0~ % (m,/m;) and the inequality (2) is approxi-
mately satisfied. The physical effect leading to
the finite value of k£, at resonance is being studied.

We have observed that the direction of the phase
velocity of these waves points from the center of
the plasma foward the wave-generating plates. It
is easily shown that in the radial direction this
mode is a backward wave; and if energy is flow-
ing from the plates to the plasma, we should ob-
serve the phase velocity of the waves to be di-
rected radially outward as seen in these experi-
ments.

Figure 2(b) shows plots of the local perpendicu-
lar wave number versus radial position for sever-
al different frequencies. As predicted by Eq. (1),
the critical density n, increases with frequency.
However, the rate of increase is not as rapid as
that predicted from Eq. (1). The experimentally
observed critical density agrees with this rela-
tion within a factor of 2 for the lower frequencies,
but as the frequency increases, the discrepancy
between the observed and predicted density in-
creases to as much as a factor of 8. Equation (1),
however, comes from the theory for cold, uni-
form, finite, collisionless plasmas. These rela-
tions cannot adequately describe the present ex-
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FIG. 8. (a) Frequency spectrum of the driven plasma
oscillations near the plasma surface (top) and in the
plasma near the region of critical density (bottom).

(b) The index of refraction, the wave amplitude, and
the satellite amplitude as a function of radial position,

periment and we are, therefore, developing a
more comprehensive theory. The important point
here is that a resonance-like behavior is ob-
served in the refractive index even though we are
working with free-space wavelengths many times
greater than the plasma diameter. We conclude
that it is possible to generate a plasma resonance
even though A,>D,, and that many of the pre-
viously reported experimental effects may come
from achieving a genuine lower hybrid resonance
rather than a coupling resonance.

Furthermore, most of the wave energy appears
to be absorbed rather than reflected. Occasional-
ly we see rapid changes in phase shift every 180°
as the wave moves radially inwards. This rapid
change is expected if there is some wave reflec-
tion. In general, however, we see no evidence
for reflection over the entire range of about 700°
of phase shift.

An interesting phenomenon observed near the
position of peak index of refraction is shown in
Fig. 3(a). Near the outside edge of the plasma
the frequency spectrum of the oscillation is rela-
tively narrow and is similar to that of the driving
oscillator as shown in the top half of Fig. 3(a).

As the probe is moved radially inward the wave
spectrum develops the satellites shown in the bot-
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tom of Fig. 3(a). These satellites are shifted by
approximately 70 to 100 kHz from the oscillator
frequency. Near the region of maximum refrac-
tive index the amplitude of the satellites grows
and becomes nearly equal to that of the central
peak. Figure 3(b) shows simultaneous values of
the index of refraction, the wave amplitude, and
the satellite amplitude as a function of radial po-
sition.

There are oscillations in this plasma which
modulate the density by about 10% and which ap-
pear to be drift waves. The dependence of ampli-
tude on radius and magnetic field and the depen-
dence of frequency on magnetic field and ion
mass indicate that these low-frequency oscilla-
tions are drift waves. We have observed that the
frequency of these oscillations is always exactly
equal to the frequency separation between the
satellites and central peak for the driven high-
frequency waves. These data indicate a strong
nonlinear interaction between the driven waves
propagating near the lower hybrid resonance
and the drift waves which are always present in
the plasma column. Furthermore, as the ampli-
tude of the high-frequency waves increases, the
low-frequency oscillation amplitude is affected
and usually decreased. It is possible that this
effect may be caused by a change in the plasma
equilibrium induced by the driven oscillations
rather than dynamic stabilization. However, the
relatively intense satellites indicate a strong in-
teraction between the low-frequency and high-fre-

quency waves that could be of considerable inter-
est to those workers concerned with dynamic or
feedback stabilization.
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Ion Heating in High—Mach-Number, Oblique, Collisionless Shock Waves
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A mechanism for strong ion heating in oblique, collisionless shock waves is found in
numerical-simulation experiments and identified with an essentially electrostatic two-
ion-beam instability excited nonlinearly by the potential oscillations accompanying the

whistler precursor,

In the theory of collisionless shock waves in a
magnetized plasma two regimes are conveniently
distinguished: (a) the resistive regime, valid
for low Mach numbers, M =<3, where the main
dissipation process is electron heating by anoma-
lous resistivity; and (b) the viscous regime,
valid for higher Mach numbers, where anoma-
lous ion heating prevails. The resistive regime
is now quite well understood, since the instabil-
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ity mechanism has been identified.! As it pro-
duces a microturbulence with wavelength A ~xp,
which is much smaller than typical magnetic
scales, ¢/w,, —c/w,;, a fluid description in terms
of a phenomenological resistivity is adequate.

The so-called viscous or supercritical regime
is more complicated to understand, and several
different ideas on how ion heating takes place
have been proposed.?"® The case of a perpendicu-
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FIG. 3. (a) Frequency spectrum of the driven plasma
oscillations near the plasma surface (top) and in the
plasma near the region of critical density (bottom),

(b) The index of refraction, the wave amplitude, and
the satellite amplitude as a function of radial position,



