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Experimental observation of the resonant mode-mode coupling type of nonlinear decay
instability and parametric amplification of cyclotron-harmonic waves is reported. The
instability is due to the scattering of finite amplitude waves.

We report experimental observation of (1) non-
linear decay instability of cyclotron-harmonic
plasma waves (CHW —or Bernstein modes') when
an rf signal (pump) above a threshold level is ap-
plied to a probe immersed in a plasma in a mag-
netic field and (2) parametric amplification of an
additional, externally applied rf signal when the
pump signal is below threshold level. By nonlin-
ear decay instability we mean the scattering of a
finite amplitude wave into other modes which
grow exponentially as the initial wave decays.
We recall that CHW are quasielectrostatic waves
which propagate perpendicularly to a magnetic
field, ' with frequencies in the vicinity of the fun-
damental and harmonics of the cyclotron frequen-
cy. Detailed measurements of wave propagation
suggest that the instability we observe is due to
decay-type resonant mode-mode coupling of high-
frequency traveling CHW, and thus it is different
from experiments where the simultaneous emis-
sion of both high-frequency and Iow-frequency
signaIs was observed when the plasma was sub-
jected to intense microwave radiation. '~' Al-
though parametric excitation of high-frequency
signals has been reported recently when the plas-
ma was subjected to microwa, ve radiation, in
these experiments the modes responsible for the
interaction were believed to be, although not
clearly identified, standing waves in regions
with strong density gradients (Buchsbaum-Hase-
gawa modes). ' We note that because of possible
application to amplifiers, the traveling-wave

type of parametric phenomenon is of considerable
interest. '

The interaction we consider is the decay of a
single CHW with frequency ~o into two (or more)
other CHW with frequencies ~» ~, by the mecha-
nism of resonant mode-mode coupling, namely,

(u, (ko) —(u, (k, ) + (u, (k, ),

where

k~= k~+ k2.

It has been recently predicted by theory that such
a decay process of CHW can be unstable, i.e.,
the decay modes ~„~,can grow exponentially.
The energy for the growth is supplied by the de-
caying pump wave. This process is essentially
the inverse of the resonant scattering of CHW ob-
served recently by the present authors' (although
no instability in the present sense was involved
in the latter case).

The experiments were carried out in a hot-
cathode helium discharge in a magnetic field
(PIG configuration) which was better than 1% uni-
form. The plasma parameters are as follows:
background pressure -2&10 ' Torr, electron
density n -4&10 -1~10 cm, electron tem-
perature Te -4.5 eV, and collision frequency of
electrons with electrons or with neutrals ve/&u
&10 '. Three coaxial probes, which were mov-
able radially, were employed for injecting or de-
tecting signals. The probes were provided with
4.0-cm-long T-shaped antennas with the antenna
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bars aligned parallel to the magnetic field. It is
well known that such probes can excite CHW. '

By applying a strong rf signal to one of the
probes that was positioned near the center of the
plasma column, we have detected signals at fre-
quencies below the pump frequency on a second,
radially displaced probe. The emitted signals
always occurred in pairs such that the sum fre-
quency of the decay modes was very nearly equal
to the pump frequency. Depending on magnetic
field, background pressure, and discharge cur-
rent (density), we observed one, two, or three
pairs of subfrequencies, with intensities 40-90
dB below pump signaI levels. Furthermore, in
some cases signals with frequencies equal to the

pump frequency plus one of the subfrequencies
were also observed. Such high-frequency emis-
sion can be expected to be present due to the pas-
sive coupling, or mixing, of the pump signal and
one of the decay signals. 'y' In particular, we
have observed decay of waves for the pump fre-
quency being in the second, third, or fourth pass-
band (a passband is a range of frequencies such
that n &w/ac &n+ 1, n being a, positve integer).
Usually one of the decay modes had a frequency
near an exact cyclotron harmonic and was thus
strongly damped. Some typical frequencies ob-
served are as follows: (~0/&uc, ~I/&uc, &u2/&uc)
= (2.76, 1.02, 1.74); (3.50, 1.37, 2.13); (4.76,
2.13, 2.65), etc. The decay of the pump signal
has been observed for a considerable range of
magnetic fields as the latter was being varied,
in some cases in the range n+ 0.5 &~0/&uc & n
+0.9. We note that usually the external pump
power was varied between 0 and 20 W. However,
measurements indicated that connection and
probe losses amounted to approximately 15 dB,
so that the actual power delivered to the probe
tip was estimated to be below 0.5 W in most cas-
es.

In order to study the decay processes in detail,
we have used interferometer techniques to detect
the waves. We recall that in such a receiving
system a reference signal is taken from the
transmitter, which is then mixed in a balanced
mixer with the signaI obtained from the receiv-
ing probe, and the detected signal is then dis-
played on an XY recorder as a function of receiv-
ing probe position. The important feature of this
system is that the phase coherence (in time) be-
tween the reference and the received signals is
required, and assured, during proper function-
ing. This property of the interferometer was
used to show that the decay waves were due to

decay of the pump signal.
In Fig. 1 we show a typical set of interferome-

ter traces of the waves observed during decay
instability, with ep/rue = 3.72, tel/rue = 2.66, and

&u2/&uc= 1.06. In Fig. 1(a) we exhibit results of
direct propagation at f= 532 MHz, f = 200 MHz,
in order to determine the small signal wave-
length associated with the ~I/~c = 532/200= 2.66
wave. We see that within experimental error,
the wavelength obtained by direct propagation
measurement agrees with the wavelength of the
decay wave at the same frequency, magnetic
field, and density as obtained in Fig. 1(b). Com-
paring this wavelength with the linear dispersion
relation, ' we obtain for the plasma frequency

v~ -3(dz, or n =4&10 cm, which is within a
factor of 2 of the density obtained by probe mea-
surements. The second decay wave f, = 212 MHz,
or ~2/~c= 1.06, is severely damped since the
frequency is so close to the cyclotron frequency.
Such a damped wave is predicted by theory if
collisions are taken into account. Because of
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FIG. 1. (a) Direct, small-signal propagation mea-
surements at f=532 MHz; fr=200 MHz, k=15.6 cm
(b) Interferometer traces of the pump wave, f=744
MHz, and the decay waves, f& = 212 MHz and f2 = 532
MHz, at f~ =200 MHz. k(744) =17.0 cm, k(532)
=15.6 cm ~. The pump probe is at the origin. The re-
ceiver gain is varied from trace to trace for conven-
ient display.
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the large pump power, note the strong initial de-
cay of the pump signal before wave propagation
starts. Note that both decay waves appear to
originate approximately 0.4 cm away from the

pump transmitter probe, at about the same posi-
tion where the pump waves begin to propagate.
Thus, probe effects can be clearly excluded to
be responsible for the decay.

Comparing the wave numbers of the pump and
decay waves, we see that the interference condi-
tion given by Eq. (1) is satisfied only if we as-
sume that the real part of the wave number for
the ~2j~c= 1.06 signal is nearly zero. In partic-
ular, Rko= 1.21, Rk, =1.12, and R~ k -k

~

=0.09
(where R is the Larmor radius). However, since
in the present ease the second scattered wave is
so heavily damped, no clear conclusion can be
drawn about wave number conservation.

We note that the reference signals for the in-
terferometer traces of ~, and co, were obtained
by using a third probe which was positioned ap-
proximately 0.5-1.0 cm away from the pump
probe (on the opposite side radially from the re-
ceiving probe). A signal with frequency ~, = &u,

-~, was then selected from this probe, mixed
externally in a balanced mixer with a small frac-
tion of the pump signal ~„andamplified in a
tuned amplifier at the difference frequency,
namely, ~,. This signal was then used as refer-
ence for the cu, signal obtained from the receiv-
ing probe after proper filtering. This process
was afterward repeated by exchanging ~~ and ~~.
Furthermore, we note that the high-frequency
background thermal emission from the plasma
was negligibly small, typically 40-50 dB below
the levels of the decay signals. Thus, by these
arguments wave mixing of the pump signal with
the background emission can be excluded as be-
ing the responsible mechanism for the generation
of the decay waves. Finally, we remark that no
noticeable change in the Iow-frequency spectrum
(ion modes) was observed when the pump was
turned on.

In Fig. 2 we exhibit a plot of the relative signal
powers as a function of pump power, and a fre-
quency spectrum up to 300 MHE. Note that the
instability threshoM is near 7 W of pump power
(measured at the transmitter). Similar data
were obtained by measuring the amplitudes of the
decay waves from interferometer traces, show-
ing that the increase in the signal levels mea-
sured by the receiver was associated with in-
creased wave amplitudes.

In a second set of experiments we obtained data
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FEG. 2. Relative signal power versus pump power
(the latter measured at the transmitter). Each signal
power is normalized to that at I'pump 21 W The in-
set shows the frequency spectrum of the f=212 MHz
signal. The arrows at f=0 and 300 MHz are external
markers. The baseline width is that of the spectrum
analyzer.

which showed that traveling-wave parametric
amplification of CHW could also be achieved un-
der the foregoing conditions. ' In these experi-
ments the pump power (f= 744 MHz) was reduced
below threshold level so that no emission above
thermal noise level was observed. A signal with
frequency f= 532 MHz was injected by the third
probe, which was positioned about 1.0 cm radial-
ly from the pump probe, on the side 180' away
from the receiving probe. As the pump power
was increased, we observed increasing signal
levels at f= 532 MHz, as shown in Fig. 3. In this
figure we note that as the pump power was in-
creased from 1 to 6 W, the signal wave ampli-
tude increased by an order of magnitude at a giv-
en receiving probe position, namely, at 0.5 cm
away from the pump probe (we remark that in the
present case, due to smaller pump powers, the
pump waves began to propagate within a fraction
of a wavelength from the exciting probe). The
background emission was at least 50 dB below
the signaI amplitude. Due to cylindrical geome-
try, the pump and signal waves decreased in am-
plitude as a function of radial distance. Thus,
the spatial amplification factor has not been de-
termined. By using plane grids or a cylindrical
grid system it may be possible to determine the
rate of such growth, so as to determine whether
a parametric amplifier using CHW is practical.

In summary, we have presented experimental
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lieved that the instability is due to decay-type
resonant mode-mode coupling. By reducing the

pump level below threshold and injecting an addi-
tional small-amplitude signal with the same fre-
quency as the propagating decay wave, we ob-
served parametric amplification of this signal.
Possible application of this phenomenon to prac-
tical amplifiers depends on the results of further
investigation using more favorable probe geome-
tries. A detailed study of the present phenomena
is in progress.

Ne thank Dr. R. A. Ellis, Jr. , for his assis-
tance in the early phases of this work and for
valuable discussions, and Professor T. H. Stix
for his interest and encouragement.
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FIG. 3. Parametric amplification of CHW. Pump
power below threshold. {a) Interferometer traces of
"signal" waves for different pump powers. f~ =532
MHz, f0=744 MH fc 200 MH (b S gn 1 w
amplitude versus pump power, as obtained from traces
similar to (a) at 0.5 cm from the pump probe. f= 532
MHz.

results which show the existence of the nonlinear
decay instability of CH% when the amplitude of
such a wave becomes sufficiently large. It is be-
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