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Resonant Decay of Finite-Extent Cold-Electron Plasma Waves
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The parametric decay of a finite-extent cold-electron plasma wave (slow wave) was
studied experimentally, Using a frequency of w2 10w,;, it was found that the decay
waves propagated along the pump wave rather than in the EjX B direction., This is in
agreement with the recent theoretical predictions of finite-length stabilization.

Radio-frequency heating near the lower-hybrid
frequency offers an attractive means to heat fu-
sion plasmas to high temperatures.! In order
that the externally launched waves penetrate to
the plasma interior, two conditions must be met.
(1) The electromagnetic waves launched at the
plasma periphery must be slowed down by an ap-
propriate slow-wave structure of finite length.?
(2) There should not be excessive damping of the
wave in the outer plasma layers which the wave
has to penetrate before reaching the center where
W, ~w,;. Although in high-temperature plasma,
collisional damping of the slow wave may not be
important, nonlinear effects, such as parametric
decay instabilities, may provide unwanted energy
deposition in the outer layers.2™® In this Letter
we report experimental results obtained in a lin-
ear plasma device which attempts to study in de-
tail parametric instabilities excited by a finite-
extent slow wave at densities such that w, = 10w,;.
Theory predicts that, while in a spatially uni-
fornlpur_r»lp electric field in the regime w, < WW,,
the E, XB forces drive the instability, in a spa-
tially localized pump field (such as expected to
be generated in tokamaks) convective losses will
greatly reduce the growth rate (unless 1= w,/wy
<2) so that hot-ion plasma waves with small group
velocities can be excited.**

This can be seen as follows. In a magnetized
plasma, for w,<w, sw,, the parametric coup-
ling coefficient is given by?®
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where w_, is the electron cyclotron frequency, w,
is the pump frequency, and B=B,%. Here the
first term is the parallel drift, and the second
term is the ﬁo xB term. We see that in a uniform
pump field, for a slow wave the second term (ﬁo
xk,) dominates. Thus, for a radial pump elec-

tric field the decay waves should propagate in the
azimuthal direction. If the sideband waves are
also slow waves (cold-electron plasma waves)
then they must satisfy the same dispersion rela-
tionship as the pump wave, i.e.,
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Thus, slow waves that propagate mainly in the
azimuthal (E, X B) direction will get out of the fi-
nite-extent pump-field region (located between
resonance cones) and lose amplification. This
process sets a relatively high threshold for the
excitation of these waves.

To minimize the convective loss, slow waves
can propagate along the pump resonance cone and
stay inside the pump-field region until they reach
the plasma boundary, but this can be driven only
by the relatively weak E,,k, component of Eq. (1)
and it requires the sideband frequency to be very
close to the pump. Let D be the diameter of the
plasma column (D ~10 cm in our experiment);
then the threshold due to the finite-length effect
can be estimated by’

(/" =%)D/V,, =7, (3)

where V,, is the radial component of the group
velocity of the side-band and 7, is the growth rate.
In a uniform pump field without boundaries, the
decay threshold is determined only by the damp-
ing rates (y,, 7,) of the decay waves, i.e., 7,2
>7,%. If we keep only the parallel coupling term
in Eq. (1) and assume w,,?<<w_,?, then the colli-
sional threshold is given by

E,>(2V1v 4, C,w,, V) 2(m/e)(w,, /w,), (4)

where v, is the electron thermal velcoity, C,is
the ion acoustic speed, w,, and w,, are the elec-
tron plasma and cyclotron frequencies, and v, is
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the electron collision frequency (~1.2 X 10°/sec
in our experiment). It should be noted that this
is the minimum collisional threshold for spatial
amplification. However, to obtain sufficient gain,
Eq. (3) should be satisfied unless the pump is a
standing wave.

In order to test this theory, one must measure
the direction of propagation of the decay waves.
In the present work, a two-wavelength-long slow-
wave structure was used in a nearly uniform plas-
ma, and because of the clean geometry of our sys-
tem the decay spectrum was very narrow (i.e.,
w/w, =~1072) and the sideband (electron plasma
wave) propagated almost parallel to the pump
wave, while the acoustic wave propagated at a
large angle to it. We interpret these results as
a consequence of the finite-length stabilization of
waves propagating in the ﬁo X B direction (i.e.,
wave propagation in the Eo X B direction was not
observed). We note that similar parametric de-
cay has been observed in a number of different
experiments.®”'* However, to the best of our
knowledge, this is the first experiment with de-
tailed wavelength measurement in all directions
which reveals the driving mechanism and con-
firms the stabilizing effect of convective loss due
to the finite extent of the pump field. In some of
the previous experiments,®!° parametric decay
due to EXB coupling was observed because of the
difference in plasma parameters. ExXE coupling
dominates at large values of w,,*/w,w,.. Besides,
the pump in those experiments was a capacitive
electric field excited between metal plates which
was different from a propagating electron plasma
wave launched from a slow-wave structure.

The experiment was performed in the Prince-
otn L-3 device with the following parameters:
B~13kG, n~2X10"*/cm? T,~1-3 eV, T;<0.1
eV. The neutral pressure was 2 X 10™ Torr and
the argon plasma was produced by a multifila-
ment source.” The slow waves at f, =75 MHz
were launched by a 50-cm-long slow-wave struc-
ture,’® consisting of four alternately phased rings
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FIG. 1. Schematic of experimental setup.

driven by an rf oscillator. Figure 1 shows a
schematic of the experimental setup. When the
input rf power was increased above a threshold
value, parametric decay occurred as shown in
Fig. 2(a). From the spectrum, it is apparent
that the frequency-matching condition is satis-
fied. In order to identify the decay waves, the
wavelengths were measured by interferometry.
The interferograms are shown in Fig. 3(a). The
pump wavelength (1, ~1.5 cm) is about 5 times
longer than that of the decay waves. The high-
and low-frequency decay waves have nearly equal
wavelengths in the radial (A, ~3 mm) and axial
(X, ~4 cm) directions, respectively. Azimuthal
interferometer measurements made with a ro-
tating azimuthal probe showed that there was no
measurable wavelength in the azimuthal direc-
tion. A lower bound of A,>2 cm is set for the
azimuthal wavelength. Thus, we conclude that
from Eq. (1) the parallel coupling dominates the
ExB coupling. Phase-velocity directions of the
two daughter waves were determined either by
inserting an additional length of transmission line
at the reference side of the interferometer, or by
using a boxcar integrator (applicable only for the
ion-acoustic wave). As expected, the decay waves
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FIG. 2. (a) Determination of parametric decay thresh~
old. (b) Parametric decay spectrum (linear sensitivity).
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FIG. 3. (a) Radial and axial igterferograms of the
pump and the decay waves, (b) k-vector diagram and
group velocities constructed from the interferograms.

propagated nearly in opposite directions, thus
satisfying the K-matching condition. The K-vec-
tor diagram is shown in Fig. 3(b). From the
measured frequencies and wavelengths, the low-
frequency decay wave was found to be an ion-
acoustic wave (w ~kC > w_;) which propagated
nearly perpendicularly to the pump resonance
cone. The high-frequency decay wave was iden-
tified to be an electrostatic electron plasma wave
which obeyed the dispersion relation of Eq. (2)
and it propagated along the pump wave packet.
This is shown in the k-vector diagram as well as
in Fig. 4(a) where axial interferometer traces at
various radial positions are displayed. The in-
terferograms indicate that the sideband propa-
gates along a conical trajectory and that the cone
angle is nearly the same as the pump.

A different way to verify the effect of convec-
tive loss is to use the reference probe to launch
a test wave near 1 MHz. To distinguish the test
wave from the decay wave, the test wave was
chopped and detected by a lock-in amplifier. It
was found that the test-wave energy followed the
conical trajectory of the pump as shown in Fig.
4(b). This indicates that test waves following the
pump trajectory are amplified.
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FIG. 4. (a) Axial interferograms of the sideband with
the reference probe at ¥ = 1,0 cm. The radial position
of the axial probe was varied from 1.2 to 1.8 cm.
(b) Test wave amplitude measured by the axial probe
at various radial positions.

To determine the threshold fields, a calibrat-
ed double-tip probe was used. The measured
threshold field was about 3.5 V/cm, slightly
above the collisional threshold due to parallel
coupling (~2 V/em) and much higher that that due
to EXB coupling (~0.4 V/cm). E X B-coupled
decay did not occur because of the convective
loss in the finite-extent pump field. For the par-
allel-coupled decay, if the pump wave follows a
single resonance-cone trajectory, it requires
E,,~23 V/cm in order to satisfy Eq. (4). On the
other hand, in the region where trajectories of
the two resonance cones intersect, E,, is a
standing wave in the x direction and thus the de-
cay waves have components £V, , =V, so that
convective losses are essentially eliminated.
Thus substantial growth is expected only in such
regions and this is in agreement with experimen-
tal observations. When the pump frequency and

‘wavelength were varied, it was found that the de-

cay occurred at higher threshold for lower pump
frequency and shorter wavelength. At higher den-
sities (#>5x 10"/cm?®), E X B-coupled decay oc-
curred and the sideband no longer followed the
resonance cone trajectory of the pump. Details
of these data will be published in a separate pa-
per. Because of severe electron Landau damp-
ing and limited length of the plasma column, no
data can be obtained with w, ~w,,.

In conclusion, we have verified experimentally
that in the regime w,;<w, <w, sw_, T,> T,
parametric coupling due to the parallel drift can
compete with or even dominate over the £ X B
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coupling during resonant decay of electron plas-
ma waves. These results tend to corroborate re-
cent theoretical predictions made for lower hy-
brid heating of tokamaks,* % namely, that para-
metric instabilities driven by E XB coupling due
to the finite-extent slow wave will be effectively
stabilized in the region w, > 2w,,.
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Experiments on He-A show that the orientation of the orbital field depends on the
sign of the applied magnetic field, as if there were a ferromagnetic magnetization along
1 estimated by (10 mG) (1 =T /T,)xy|, in agreement with a recent prediction by Leggett.

The orbital-ordering vector Iin superfluid lig-
uid®? SHe-A can be conceived either as that direc-
tion along which no correlated pairs have their
relative linear momentum or possibly as the di-
rection of the relative angular momentum of the
correlated pairs. Changes in the direction of I
can be measured with great sensitivity® using the
anisotropy of zero-sound attenuation with respect
to the angle between [ and a, the sound propaga-
tion vector. In the presence of very weak super-
fluid flow fields v, and for open geometries which
diminish the effect of boundaries on the orienta-
tion of I, the direction of [ can be controlled efec-
tively by weak magnetic fields via (at least) the
nuclear magnetic susceptibility anisotropy ener-

gy (couplmg the magnetic field to the spm—order—
ing vector d which is maintained parallel to [ by
the strong coherent nuclear magnetic dipolar en-
ergy). Under such rather ideal conditions, neces-
sary because of the smallness of the present ef-
fect, we have discovered that the orientation of
the average field of [ for He-A in a zero-sound
cell depends on the sign of the apphed magnetic
field Hext: A change from Hext to - H.,, changes
the average orientation of [in a way which de-
pends both on temperature and on the texture
(field of [) and which cannot be explained as a
simple consequence of field rotation due to the
residual trapped and therefore nonreversing mag-
netic fields in our apparatus. The magnitude of
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