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The nonoscillatory parametric instability is observed when the “pump’ frequency is
near the lower-hybrid frequency. Strong heating of both the ions and electrons has also

been measured.

Although predicted by theory,' to our knowledge tral analysis and wavelength measurements are

the nonoscillatory parametric instability (the os- very difficult since the real part of the frequency
cillating two-stream instability or the purely for the purely growing mode is zero., Recently
growing mode) has not yet been verified experi- it has been shown, however, that for pump fre-
mentally. Some of the reasons for the difficul- quencies very near the lower-hybrid frequency
ty of observing such modes are the following: the threshold for the oscillatory parametric de-
(a) The oscillatory decay instability has a lower cay instability increases rapidly.? The reason
threshold in most cases of interest than the non- for such increase in the threshold is that the
oscillatory instability; thus it tends to “cover wave-vector matching condition produces con-
up” the possible presence of the latter.’ (b) Spec- siderable electron Landau damping of the ion
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acoustic waves with frequencies above the ion-
cyclotron frequency, and/or prevents such a cou-
pling altogether? (with the possible exception of
the ion-cyclotron mode®). In addition, parametric
decay into ion acoustic waves with frequencies
below the ion-cyclotron frequency may often be
prevented by ion-neutral or ion-ion collisions in
typical laboratory plasmas.® On the contrary,

it has been shown that ion collisional damping
does not affect the threshold for decay into the
nonoscillatory mode,”®% The threshold has been
given®®® for decay into the nonoscillatory mode
with the pump frequency

wy = Wy 4(1+k 2M,/k?m,) V> (1)

near the lower-hybrid frequency wp,=w,;/(1
+cu,>ez/ﬂez)'l/2 (here w,; and Q; are jth-species
plasma frequency and gyrofrequency, respec-
tively). We recall that in this decay process the
E,; X B, force drives the instability so that the
waves propagate almost orthogonally to the ap-
plied rf pump electric field £ ;9 and the static
confining magnetic field B,2. In order to ascer-
tain that no other instability can exist in our ex-
perimental regime, we have solved numerically
the complete parametric dispersion relationship
including ion-ion, ion-neutral, and electron-neu-
tral collisions, as well as Landau damping.* The
results showed that (in the regime w < w_;)Junder
the present experimental conditions there were
no unstable roots other than the zero-frequency
mode.

Thus, we have undertaken an experimental
search for the nonoscillatory parametric insta-
bility for pump frequencies in the vicinity of the
lower-hybrid frequency, and we wish to report
here what we believe to be the first experimen-
tal confirmation of such an instability. In order
to overcome the difficulties presented in point
(b), we have installed a series of hot filaments
(for emitting additional electrons) across the
plasma column (see Fig. 1). By varying the elec-
tron emission of each filament, we can change
the dc electric field B4, (in the direction of E, ¢
but perpendicular to B,) in the plasma in a con-
trolled manner, In the present case such a dc
electric field produced an -E?dc X §0 drift velocity
(in the direction of the parametrically excited
waves) which Doppler shifts the frequencies of
all the modes in a parametric process, but does
not affect the stability of the system.” Thus, one
can shift the “frequency” of the purely growing
mode (wz=0) in the lab frame of reference into
an observable regime (i.e., wp=k-CEq.x B,/
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FIG. 1. Simplified schematic of the experimental set-
up. A set of plates for rf field coupling was immersed
in the plasma, Parametrically excited waves were
measured using the set of coaxial probes. Electron
emission from each filament could be controlled individ-
ually to provide the desired E 4.. The axial probe,
Langmuir probe, multigrid energy analyzers, and other
rf probes used in the experiment are not shown here.

B,%), and one can perform wavelength and spec-
trum measurements. In addition to verifying the
fundamental properties of the nonoscillatory
mode, we have also measured enhanced plasma
heating of both the electrons and ions when the
pump frequency is near the lower-hybrid fre-
quency. We expect that this anomalous heating
may play an important role in the rf heating of
fusion plasmas.®®

The experiments were performed in a plasma
which was produced by a hot-cathode discharge
at one end of a linear plasma device.’® The plas-
ma column was 200 cm long and approximately
14 cm in diameter (with a substantially uniform
region of 6 cm in diameter). A large and uniform
plasma was needed for this experiment since the
lower-hybrid frequency is proportional to the
square root of the density. With this uniform
plasma we can also eliminate the possible occur-
rence of drift waves, Hydrogen as well as noble
gases (He, Ne, Ar) were used in these experi-
ments., Typical plasma parameters were as
follows: density N,=10"-3X 10 ¢cm ™3 magnetic
field B, <500 G; collision frequencies—ion-neu-
tral, v,, = 5% 10* sec™, electron-neutral, v,
~3x 10° sec”™!; electron temperature 7,=3-7
eV, and ion temperature 7'; <0.1 eV for the gases
used. A simplified schematic of the experimen-
tal setup is shown in Fig. 1. The external driv-
ing field was coupled to the plasma via a set of
symmetrically driven plates immersed in the
plasma, The plates were 100 cm long by 13 cm
wide and spaced 9 cm apart. The pump frequency
was varied from 5 to 200 MHz. Wavelength and
frequency measurements were carried out by
means of shielded high-frequency probes, which
could travel along and across the magnetic field
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lines. Energy distributions for the electrons and
ions were measured by means of two multigrid
energy analyzers. In what follows, experimental
results obtained mostly from a hydrogen plasma
will be presented. Similar results have also been
obtained from other gases mentioned above.

By coupling to the plasma an rf signal just above
the lower-hybrid frequency f,=30 MHz, typical
parametric decay spectra such as shown in Fig.
2(a), top, were observed above a certain thresh-
old of the pump field. Here we notice the pres-
ence of a band of low-frequency signals (believed
to be the Doppler-shifted purely growing modes),
and the Doppler-shifted sidebands around the
pump frequency. Notice that most of the signal
is below the ion-cyclotron frequency (687 kHz).
This continuum spread of sideband and low-fre-
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FIG. 2. (a) Top: spectra just above threshold for in-
stability, Doppler-shifted purely growing modes (left-
hand side) and Doppler-shifted lower-hybrid sideband
modes (right-hand side). Bottom: spectra for rf power
100 times that above threshold. (b) A plot of the mea-
sured Doppler-shifted zero frequency versus the mea-
sured dc field. The solid line gives the Edc ><_I§0 Dop-
pler-shifted frequency for a measured wavelength of 5
cm and a magnetic field of 450 G.

quency signals comes about because of the lower-
hybrid dispersion relationship [i.e., wxk,/%,

Eq. (1)]. The width of the spread is determined
by the amount of Landau damping on the waves.*?
The enhancement of the signal at f =17 kHz and
the corresponding sideband signals are believed
to be due to finite-plasma effects. This fact is
borne out from wavelength measurements de-
scribed below. To ascertain the presence of
Doppler shift, we have varied the dc electric
field strength between the driving plates and ob-
served a corresponding linear frequency shift
(the other plasma parameters were kept con-
stant). A plot of the measured decay frequencies
(using the f =17 kHz mode and its wavelength)
versus the measured dc electric field strengths
in the plasma is shown in Fig. 2(b). The solid
line gives the Eq. XB, Doppler-shifted frequency,
where the measured wavelength and electric field
strengths were used. Notice that as E4. approach-
es zero, the real part of the frequency vanishes,
thus verifying the presence of the purely growing
mode, By reversing the direction of the drift,

we obtained the same results. The wavelengths
were measured with the movable probes and a
radio interferometer (with narrow-band-pass
filters).’® The wavelengths for the Doppler-
shifted zero-frequency mode (f =17 kHz) and

the corresponding sidebands are approximately

5 cm, which is comparable to the uniform cross
section of the plasma. Typical examples of in-
terferometer outputs (from an x-y recorder) are
shown in Fig. 3 (for f = 34 kHz and corresponding
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FIG. 3. Typical interferometer traces of a Doppler-

shifted lower sideband (curve a), upper sideband (curve
b), and frequency mode (curve c).
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sidebands). The distortion of the sinusoidal in-
terference patterns is believed to be due to the
spread of wave numbers about the most unstable
one for a given frequency.* The direction of %
for the perpendicular waves was found to be or-
thogonal to the rf pump field and the dc magnetic
field, in agreement with an Enbx EO driving mech-
anism. From the density-profile measurements
and a mapping of the wave amplitudes using the
spectrum analyzer, we found that the amplitudes
were maximum near the center of the plasma
column. Wavelengths along the magnetic field
were also measured. For f =17 kHz they were
found to be 200 cm (comparable to the machine
length). Using the measured plasma parameters
we have identified the sidebands as Doppler-shift-
ed lower-hybrid waves which satisfied Eq. (1).
From the frequency and wavelength measure-
ments we conclude that the corresponding fre-
quency and wave-number selection rules are
satisfied. The threshold electric fields were
measured with calibrated rf probes, and were
determined from semilog plots of the excited
modes versus the pump power.® For the modes
measured above we found E ¢, =3 V/cm (with an
uncertainty of a factor of 2), in agreement with
the theoretical value (for the case of infinite
plasma) of E pe;=4.5 V/cm.* This threshold
field corresponds to —Fi,f Xﬁo drift velocity of
approximately half the ion acoustic speed.

As the pump-field strength was increased to
20 V/cm, we observed broadening of the spec-
trum [see bottom spectra in Fig. 2(a); higher-
frequency components also appeared (w > w,,)]
and at the same time plasma heating took place.
A factor-of-4 increase in the electron tempera-
ture was measured both by a Langmuir probe
and a multigrid energy analyzer. An extra thin
(3 mm thick) multigrid energy analyzer (with
the grid surface aligned along the magnetic field
lines) was used to measure energetic ions. We
measured Maxwellian distribution of energetic
ions from a few volts to nearly a hundred volts.
A typical heating time of 5-10 usec was also
measured. The excitation of the higher-frequency
components w >w,; and the plasma heating are
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presently under detailed study.

In conclusion, we have observed nonoscillatory
parametric instability near the lower-hybrid
resonant frequency. Measurements of the thresh-
old fields and wavelengths associated with this
instability have been made and compared with
theory. This instability may play an important
role in rf heating of fusion plasmas near the low-
er-hybrid frequency.®
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FIG. 1. Simplified schematic of the experimental set-
up. A set of plates for rf field coupling was immersed
in the plasma. Parametrically excited waves were
measured using the set of coaxial probes, Electron
emission from each filament could be controlled individ-
ually to provide the desired E 3.. The axial probe,
Langmuir probe, multigrid energy analyzers, and other
rf probes used in the experiment are not shown here.
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FIG. 2. (a) Top: spectra just above threshold for in-
stability. Doppler-shifted purely growing modes (left-
hand side) and Doppler-shifted lower-hybrid sideband
modes (right-hand side). Bottom: spectra for rf power
100 times that above threshold. (b) A plot of the mea-
sured Doppler-shifted zero frequency versus the mea-
sured de field. The solid line gives the Ey4. x B, Dop-
pler-shifted frequency for a measured wavelength of 5
cm and a magnetic field of 450 G,



