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Development of "Cavitons" and Trapping of rf Field

H. C. Kim, t R. L. Stenzel and A. Y. Wong
DePartment of Physics, Unioersity of California, Los Angeles, California 90024

(Received 18 March 1974)

A new kind of parametric instability is observed in a nonuniform plasma in which a
resonant rf electric field and a density cavity grow simultaneously through mutual en-
hancements. The threshold is observed to be virtually zero and the growth rate is linear-
ly dependent on pump intensity, Eo . Ponderomotive force and wave trapping are ob-
served to be the mechanisms which drive the instability.

We wish to report an observation of a new kind
of parametric instability in a driven nonuniform
plasma with a pump electric field directed paral-
lel to the density gradient. The ponderomotive
force' of the linearly enhanced electric fieM'
first generates a density cavity' at the resonant
location, ~~,(z,) =no. The cavity in turn traps the
rf field and causes mutual enhancements between
the rf field and the density perturbation.

The experiment is performed in a unmagne-
tized dc-discharge plasma produced in a vacuum
chamber of 60 cm length and 30 cm diam with
base pressure 2&10 ' Torr [Fig. 1(a)]. The axial
density gradient is produced by distributing hot
filaments in only one half of the chamber. Typi-
cal parameters are argon pressure 3 &10 4 Torr,
n, =10' cm ', noise level n/n, ~0.1/o, n, (/dn, /d)z
=20 cm, T, =1 eV, T;=0.1 eV, and v,„/~,=3
X10 '. A quasistatic external rf field (& a/2m
= 360 MHz) is imposed on the plasma by an elec-
trode located at the low-density region in the
chamber; the excited region is well separated
from the exciter on account of the density inho-
mogeneity. The amplitude of this external field
Eo decreases exponentially (scale length =4 cm)
along the axial direction as a result of the finite
size of the exciter. We have used the following
"remote" diagnostic techniques: An electron-
beam probing technique~ [Fig. 1(a)] to measure
the rf field, a thin Langmuir probe to measure
the density perturbation which propagates out af-
ter the rf is terminated, and a small rf resonant
dipole probe [Fig. 1(b)] to supplement the elec-
tron-beam technique. Comparisons between the
two methods are summarized in Table I.

The steady-state field E~ in the plasma is mon-
itored by observing the lateral spread of a nar-
row (0.5 mm diam) electron beam (5—9 keV, 0. 1

pA, n ,=10~ cm '') traversing the resonant re-
gion along the radial direction in approximately
—,
' to ~ of the rf period. Using the probe to map
out the radial extent of the resonant region (br
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FIG. 1. {a) Schematic diagram of the apparatus,
showing plasma device and differentially pumped elec-
tron beam device. (b) Resonant-dipole probe consisting
of a )I./4 resonator in a ceramic shield. The potential
difference measured between the exposed probe tips
is magnetically coupled to a 50-0 coaxial cable.
(c) Sketches of the observed variation of the Lissajous
pattern when the density is increased: (from left to
right) ~p, '(go)/ceo' ——0.85, 0.97, 1.00, 1.03, and 1.10.
Pa=10 W, coo/2z. =860 MHz, steady state. The horizon-
tal deflection is caused by the plasma field and the ver-
tical deflection by a constant external field.

=5 cm) and taking into account the amplification
of the electron beam deflection in the drift space,
we establish the correlation between the rms val-
ue of E~ and the maximum lateral spread of the
electron beam (Er = 5 V/cm per 1 mm spread).
The phase relationship between the total field E~
and the externally imposed field E, is convenient-
ly measured by generating Lissajous figures.
The electron beam is modulated vertically by E,
xcos~, t through a set of plates at the source and
after the horizontal modulation by the resonant
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TABLE I. Comparisons of electron-beam and resonant-dipole-probe diagnos-
tic techniques of measuring rf fields.

Electron beam Resonant-dipole probe

Location of
resonant region

Resonant width

Ez/E, at resonance"

Frequency response

No disturbance for low-
intensity beams

1 em=20K, D
Steady state: 80
Peak 100
dc to 1 6Hz

Shifted up to 2 cm toward
higher density side'

Broadened to 2 cm~
Steady state: 8
Peak: 10~
Limited

Because of the sheath near the probe. The sheath also could produce high-
and low-frequency noise. The probe also exhibits spurious resonant probe ef-
fects.

Ordinary single-wire probes give much lower readings.

field Er cos(~,t+ y) it emerges on the phosphorus
screen as a Lissajous figure whose ellipticity de-
pends on Er and y [Fig. 1(c)]. The temporal and

spatial development of the rf field E~ and the cor-
responding density perturbation Ss are studied by
pulsing on the external field E, [Fig. 2(a)]. The
time-resolved beam measurements employ a
sampling technique whereby short pulses (200
nsec) of the 9-keV electron beam are injected re-
peatedly into the resonant region at the desired
times and the beam spread is monitored either
visually on the phosphorus screen or electroni-
cally with a thin wire probe (0.5 mm diam). High
sensitivity is achieved by modulating the beam in-
tensity slowly (500 Hz) and using phase-sensitive
detection technique. Since the density measure-
ment with a Langmuir probe in the presence of
the large-amplitude rf field is subject to serious
error by sheath rectification, the pump field is
turned off at the desired time and the density is
determined I psec later, which is sufficiently
long for the rf field to decay but short on the time
scale of the density relaxation.

The time- and space-resolved measurements
show simultaneous exponential growth of (Er')
and 5n at the resonant location [Fig. 2(a)], with

the growth rate y depending linearly on the pump
power E,' [Fig. 2(b)]. Measurements of the ab-
solute rf field strength and density perturbation
establish 5n ~(E„')qualitatively and (Er2)/Bwn, ~T,
= 5n/n, quantitatively within 30/q error. For a
10-W pulsed pump (E,.= 0.5 V/cm), (Er')/Bn'n, zT,
grows to a saturated value of 25%%uq in about 10
psec which is the typical time scale for the de-
velopment of the ion density perturbation. This
time scale required for saturation is almost in-
dependent of the pump power for E r'/4mneT,
~0.2. The resonant width at this time is typical-

ly 1 cm or 20 Debye lengths. ' The behavior of
(Er') and 5n after the saturation depends on the
density gradient scale length: For gentle density
gradient (kDL) 500), (Er') and 5n break down into
several peaks and propagate out from the reso-
nant region towards regions of higher and lower
densities'; for steeper density gradient (kDL
(500), a short-wavelength (kA&=0. 3) ion acous-
tic wave is generated inside the density cavity
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FIG. 2. (a) Profiles of the normalized field intensity
(top traces) and density perturbation (bottom traces)
at different times t after turn-on of 10-W rf pump
(measured with probe). rf pressure and density per-
turbation mutually enhance each other. (b) Growth rate
of (Ez, ) versus applied pump intensity (Eo ).
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and propagates down the density gradient. When
the ion a.coustic wave is generated, (Er') in the
density cavity oscillates at the ion acoustic fre-
quency (-1 MHz) and starts to decay to the final
steady-state value, approximately ~0 of the peak
value. The temporal behavior of E~ is measured
with both the rf probe and the electron beam, and
the same qualitative behavior is found. The re-
sult shows that for a 10-% pulsed pump, the beam
spread reaches the peak value of I cm at IO p,sec
while the steady state beam spread decreases to
3 mm. The beam also exhibits oscillatory states
near the saturated value. The absolute measure-
ment of E~ is presented in Table I.

In spite of the large density perturbations the
resonant rf field keeps on growing in the vicinity
(within 2 cm) of the initial resonant location indi-
cating that the rf field is trapped inside the densi-
ty cavity. 7 In order to verify this hypothesis, we
turned off the rf pump abruptly (0.3 psec fall
time) and studied the temporal decay of Er inside
the density cavity by the electron-beam technique.
Because the smaller electron-neutral collision
rate at lower pressures favors this observation,
the following parameters have been chosen: Ar
pressure 5XID ' Torr, &uo/2m =100 MHz, v,„/~,
=10 ', and L=n, /(dn, /dz) =40 cm. In the absence
of the wave trapping, the rf field would convect
out of the resonant region on the time scale

Sp 4g
f =, dz/n, (z) =200 nsec,

where

U,(z) = [(3a7',/m, )(z, —z)/L]"'

is the local group velocity and M is the resonant
width, while with trapping the rf field decays on
the time scale of the electron-neutral collision
(1.6 Iusec). A strong pump field (15 W) is pulsed
with duration (1 p, sec) just long enough to pro-
duce the enhanced field inside the density cavity.
The subsequent slow decay of Er (time constant
v= 1.5 psec) indicates collisional decay of the
trapped plasma oscillations [Figs. 3(a) and 3(b)1.
The density profile monitored immediately after
the end of a short rf pulse shows a density barri-
er on both sides of the density cavity as expected
from the expulsion of particles by the ponderomo-
tive force. This configuration is particularly fa-
vorable to the trapping of plasma waves and ex-
plains the enhancement of rf field in the presence
of a density cavity. After turning off the rf pulse,
the density cavity propagates with initial velocity
approximately 4 times sound speed and slows
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FIG. 8. (a) Temporal evolution of the beam deflection.
before, during, and after the rf excitation. (b) The time
resolution is achieved by switching the 9-keV electron
beam on. only during the desired time. Upper trace
shows (Eo~) versus f . Lower trace shows the pulse dur-
ing which the electron beam is switched on. (c) Relaxa-
tion of the density cavity after the pump is turned off.

down to sound speed as the amplitude becomes
smaller l»g. 3(c)1.

The observed mutual enhancement between the
rf field pressure and the stationary density per-
turbation is a characteristic of the oscillating
two-stream instability. ' However, the presence
of the density gradient initiates a spatially local-
ized rf field and a density perturbation from
which the instability grows. This explains why
the threshold field of this instability ((E,')/8vn, I&T,
=10 ') is much smaller than the threshold of the
oscillating two-stream instability in uniform plas-
mas' (g,')/8mn, ~T, = 10 ').

Based on our experimental results the following
physical picture emerges: The applied rf field
E, is enhanced by the process of linear conver-
sion to electrostatic modes, whose field is maxi-
mum at the resonant location where ~~, = e,. The
rf field enhancement is limited by the convective
loss of electron plasma waves out of the resonant
region. The density cavity created by the ponder-
omotive force of this enhanced rf field favors
trapping of the rf field and the convective loss is
reduced. This results in a higher rf field which
in turn creates a deeper density cavity and the
process continues until saturation mechanisms
set in. A computer simulation of our experiment
also shows the creation of the density well and
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the wave trapping. '
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