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Large-amplitude lower-hybrid wave bursts at ~0)j H are excited from a grid and prop-
agate into a density gradient perpendicular to Bp, The evolution of the internal rf fields
and the plasma parameters is investigated. Above threshold localized field maxima ap-
pear (Em, »E'appl} and, simultaneously, strong density perturbations are formed. The
nonlinear phenomena are interpreted by ponderomotive-force and space-charge separa-
tion effects.

Nonlinear wave phenomena are a topic of strong
current interest. The ponderomotive force in
strong nonuniform rf fields can change the local
plasma parameters which may enhance the field
and lead to instabilities. Filamentation instabil-
ities of plane waves have been discussed in the
literature for both unmagnetized' and magnetized
plasmas. The present work is concerned with a
filamentation process of an initially nonuniform
rf field, i.e. , the resonance cone pattern' asso-
ciated with lower-hybrid waves. Locally growing
density depressions and internal rf fields are ob-
served.

The experiment is performed in a large (12 cm
diam, 150 cm length), quiescent (On/n= 1%),
weakly collisiona, l (v,„/~&10 '), magnetized (B,
= 500 G) plasma column (n, = 10'0 cm ', T,-2 eV)
described in detail elsewhere. In a previous ex-
periment' we studied the three-dimensional prop-
agation of small-amplitude lower-hybrid waves
in the uniform center region of the column (™8
cm diam). By suitably modifying the cathode,
we have now established a constant density gradi-
ent (n/Vn= 15 cm over 8 cm across B„seeFig.

1) and are able to launch waves from the low-den-
sity side with kiVn, kJ. B,. The exciter grid is
66 cm long, 3.5 cm high, and consists of four-
teen electrically connected, plane parallel to Bp,
spring-loaded, 0.1-mm-diam tungsten wires.
With this design we minimize density perturba-
tions yet establish an equipotential surface in the
plasma, which closely matches the phase front
of lower-hybrid normal modes. The waves are
detected with T probes (3 cm length, 0.1 mm
diam, 1-mm-o. d. coaxial feed), movable axially
along B, and in the radial directions (parallel and
perpendicular to the exciter-grid surface nor-
mal, respectively). Phase-coherent wave bursts
(4 &f & 20 MHz, 0.05 & t & 10 @sec, 1 & V, & 60 V
peak to peak at Z = 50 0) are applied to the excit-
er grid. The received signals are analyzed with
a sampling oscilloscope and/or boxcar integra-
tor.

The propagation of lower-hybrid waves along
a density gradient reveals a more complicated
structure than in a uniform plasma. Figure 1
shows backward lower-hybrid waves near the ex-
citer bounded by a standing wave corresponding
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FIG. 1. (a) Wave electric field versus radial position
perpendicular to Bo sampled at various times after
turn-on of a small-amplitude tone burst [~/(~LH1 ~,„

= 3l. Backward lower-hybrid waves bounded by a large-
amplitude oscillation at the resonance cone are seen.
Burst length, 500 nsec; repetition rate, 1 kHz. (b) Ra-
dial density profile with schematic view of lower-hy-
brid-wave exciter located at the foot of a long linear
density gradient across Bo.
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FIG. 2. (a) Time-averaged square of the electric
field versus radial position in the nonlinear case, sam-
pled during the final 250 nsec of the 750-nsec burst.
Plasma density, ho, and repetition rate are the same
as in Fig. 1. (b) Sampled radial density profile (zero
lines suppressed) at various times 7; after the end of
the exciter burst. The lowest curve (v, =5 @sec) indi-
cates a density perturbation of 15%.

to the cone edge. The phase velocity is nearly
perpendicular to Bp the group velocity is nearly
parallel to the cone edge. ' If the frequency is
chosen close to the lower-hybrid resonance, the
cone angle [tan'8 =k~~'/k~'= (cu'/~t, „'—1) m, /m;]
is very small and the waves cannot penetrate
deep into the plasma in a finite-length device.
In order to study large-amplitude effects well
separated from the exciter grid, we have chosen
a frequency higher than the maximum lower-hy-
brid frequency [ru ~ 3(&o„H)~jso as to obtain 8

Then there are only a few wavelengths in
the column across Bp as shown in Fig. 1.

As the amplitude of the applied rf burst is in-
creased, two nonlinear effects are observed:
modifications of the density profile and evolution
of new sharp peaks of the internal rf fields. Fig-
ure 2 gives an example of the large-amplitude rf
field distribution in the column (top trace) and
the modified density profile at different times
after the end of the rf burst (bottom traces) The.
rf burst length of 750 nsec is short enough to
avoid collisional heating and ionization.

The electric field is, measured with a double T
probe (1 mm spacing of parallel wires) by sub-
tracting the signals of each probe with a hybrid

tee. The probe is calibrated in known field geom-
etries in vacuum (parallel plates, coaxial cylin-
ders) after verifying that it responds to electric
fields rather than to rf potentials as the single T
probe does.

Figure 3 shows both the applied rf amplitude
(top traces) and the internal rf field (bottom trac-
es) versus time at different applied rf powers
with the probe located on the resonance cone.
The measured local rf field is as large as 30 V/
cm for an applied field of E,zz,

-—1.5 V/cm. This
enhancement is partly due to the linear resonant
enhancement and partly due to an instability. The
unstable rf oscillation has a different phase from
the linear component, resulting in a beat which
shifts to earlier times with increasing power as
a result of the larger growth rate. The instabil-
ity wave form is highly distorted, indicating har-
monic generation. After saturation, the rf amp-
litude begins to fluctuate randomly in time (not
shown in Fig. 3).

The density perturbation (5n/n ~ 15%) which oc-
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analogous to the field-free situation, we find

vos~»~, &/v~, »- 0.2 indicating that ponderomo-
tive-force effects, giving rise to drifts in the di-
rection opposite to field intensity gradients, are
important. ' The perpendicular ponderomotive
force is smaller by a factor (v/cv„)'= 10 '. The
ponderomotive force parallel to 8, on the elec-
trons is given by'
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FIG. 3. Temporal plasma response to applied burst
at different amplitudes. The lower trace in each pic-
ture is the electric field measured by the double T
probe located axially in the center of the antenna and
radially within the location of maximum density per-
turbation, i.e., the resonance cone edge. hp =400 G,
ne=4& 10~ cm 3, f0=15 MHz.

curs at the region of the highly peaked rf field
shows a similar nonlinear behavior. The density
perturbation and large-field region are inclined
to the magnetic field at approximately the reso-
nance cone angle. For long rf pulses (tz & 1 @sec)
both the density perturbation and the rf field
structure break up into several peaks and even-
tually go over into a turbulent spatial and tempo-
ral pattern.

The observed nonlinear phenomena are tenta-
tively explained by the following physical picture.
The electron motion in the wave field has two
components, an Ex B, motion (~ «&u„)due to the
perpendicular electric field component and an ax-
ial oscillation due to the parallel electric field
component. In spite of the larger perpendicular
electric field [E~ = (k~/k~~ )E,

~

=—30 V/cm] the per-
pendicular E& B, electron velocity and excursion
length are smaller than the parallel values. For
the parallel electron motion, which is nearly

By expelling electrons parallel to B, out of the
region of high rf intensity, a positive space-
charge imbalance is created which causes ion
acceleration. Since the ion Larmor radius (x„- 1 cm) is comparable to the cone width (br —0.75
cm), the ions drift across B,. This is consistent
with the short time scale (~t ~ 1 @sec) on which
the perturbation is produced.

In summary, we observe that at large ampli-
tudes the linear wave pattern is modified, and
localized, highly peaked f ields evolve. Simul-
taneously, the density profile is altered with den-
sity perturbations of 5n/n™15% at the regions of
the high fields. The density depression and field
enhancement appear to reinforce one another
since both initially grow exponentially in time.
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