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Self-Ducting of Large-Amplitude Whistler Waves*
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Whistler waves are launched from an electric dipole of length L in a large-volume lab-
oratory plasma., With increasing wave amplitude the radiation pattern narrows and final-

ly forms a duct of diameter d=~L =~}

. The ducted waves propagate nearly undamped.

The observed nonlinear effects are explained by wave-particle interactions.

Currently much attention has been given to the
problems of exciting large-amplitude whistler
waves from spacecrafts with long wire antennas,
The linear wave properties! and the behavior of
antennas at small amplitudes® seem well under-
stood; however, at large amplitudes nonlinear
sheath effects, modifications of the plasma by
the large-amplitude wave, and parametric insta-
bilities make a theoretical prediction of the ra-
diation problem very difficult and call for actual
experiments. The advantages of scaled labora-

tory experiments over field experiments in terms .

of cost, control of parameters, reproducibility,
and variety of diagnostics are obvious but were
previously outweighed by the disadvantage of
boundary effects in most small-scale laboratory
plasmas. I have therefore constructed an unusu-
ally large (diameter ~10x||, length ~100x|), qui-
escent, collisionless, magnetized-plasma de-
vice and investigated the dipole-radiation prob-
lem at both small and large amplitudes. I ob-
serve that with increasing wave amplitude the
dipole-antenna radiation pattern narrows and
eventually collapses into a narrow well-colli-
mated duct in which the wave propagates virtually
undamped. In the duct the electron distribution
function is found to be modified and the density

is slightly reduced. The observed instability is
qualitatively explained by wave-particle inter-
actions® rather than ducting along field-aligned
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density perturbations.!

The experiment is performed in a discharge
plasma produced in krypton with an indirectly
heated, oxide-coated cathode of diameter d =50
cm, The plasma column is substantially uniform
over 40 cm in diameter (see Fig. 1) and 300 cm
in length, has a peak density n, ~10'2 cm™, elec-
tron temperature 7, =~ 2 eV, degree of ionization
n, /n,~10%, collision rate v,,/w< 1073 and is uni-
formly (+0.5%) magnetized with B,~100 G. The
discharge is pulsed on for approximately 3 msec
with repetition time of 500 msec [see Fig. 2(a)].
Whistler waves of frequency w/27= 150 MHz are
excited with a linear balanced electric dipole (4.4
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FIG. 1. Normalized radial density profile with anten-
na size and location as indicated.
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FIG. 2. (a) Typical time sequence of the pulsed plas-
ma and sampled interferometer measurements. (b) In-
terferometer signal versus time at.different rf power
levels applied to the exciter dipole. Axial distance z,
=95 cm, w/w,=0.85.

cm length) movable in the axial direction (paral-
lel to B,) and detected with a short (1 cm) coax-
fed wire antenna movable in the radial direction.
The rf signal is applied in steady state for power
levels P <10 W and in pulsed mode for P <80 W,
The received signal is amplified and applied to
an interferometer circuit whose output, ¥,
o« E(z) cos(kz), is sampled at a desired time dur-
ing or after the discharge and then averaged over
many events, Plasma diagnostics include Lang-
muir probes and a 70-GHz interferometer.

I have first verified the small-amplitude pro-
pagation characteristics. The dispersion rela-
tion for the right-hand circularly polarized waves

propagating along B, is given by
R %c?/wi=1+ w2/ (wkv,) Z,(L,), 1)

where ¢, = (w-w,)/(k|v,) and Z, is the plasma
dispersion function.* For [{| =3, the cold-plas-
ma approximation & °c?/w*~1 - w,?/(w? - ww,)

is valid. In the parameter range 10 <w,/w <25
and w/w, <0.75 there is good agreement with the
approximation while for w/w, >0.75 thermal cor-
rections, according to Eq. (1), become notice-
able.

The observed wave damping arises from sev-
eral contributions. (a) Geometric effects: The
dipole launches spherical rather than plane waves;
(b) non-Maxwellian electron distribution func-
tions: The presence of energetic electrons [bump-
on-tail distribution in £, (v|)] during the dis-
charge yields lower damping than in the after-
glow where f, (V) is approximately Maxwellian;

(c) collisions: 1,,/w~10"3, 1,/w~10"% (d) cyclo-
tron damping dominates as w/a, ~ 1.

The polarization of the wave is determined by
rotating the linear exciter dipole around the axis
(parallel to B,) and translating it along B, so as
to maintain a constant phase at the receiver an-
tenna, The polarization rotates in the same sense
as electrons rotate around _1§0. The received am-
plitude is observed to be independent of dipole
rotation; thus the wave is right-hand circularly
polarized.

The large-amplitude effects are apparent in
Fig. 2(b) which shows a set of interferometer
traces versus time at different power levels ap-
plied to the antenna. The probe separation is
fixed at approximately 2=95 cm, and a constant
rf signal is applied in steady state, The oscilla-
tions in the interferometer signal, E(z) cos(k||2),
are due to the increase and decrease of k)| with
density in the pulsed plasma, The oscillation
period has no relation to the whistler-wave peri-
od but the oscillation amplitude is directly propor-
tional to the received-wave amplitude, At small
power levels a number of fringes are seen in the
beginning of the discharge where a relatively high
population of fast electrons is present (v|| ~4 x108
cm/sec »v,). Later the damping is too high to
observe the wave with the same sensitivity., How-
ever, with increasing power level the waves be-
gin to appear in the afterglow and furthermore,
their amplitudes grow in time. Growth rate and
saturation amplitude increase with applied pow-
er,

The large-amplitude whistler wave gives rise
to a nonlinear spatial behavior as indicated in
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FIG. 3. (a) Interferometer trace versus axial posi-
tion at small applied rf power levels (top trace) and
large levels (bottom trace, reduced gain), sampled at
afterglow time #,. (b) Radial-wave intensity profiles at
small power levels showing divergent radiation pattern.
Note the absence of resonance cones due to finite dipole
length (L ek” ). (¢) Wave intensity versus 7 at distances
z from exciter antenna driven at large rf power levels.
The wave has created a field-aligned duct in which it
propagates undamped. Afterglow time?#, =3 msec.

Fig. 3(a) which shows axial interferometer trac-
es at £, =3 msec in the afterglow for small (top
trace) and high (bottom trace, reduced gain) pow-
er levels. With increasing power level the spa-
tial damping is reduced until the wave propagates
almost undamped. Only near the antenna the am-
plitude decays superimposed with a damped oscil-
latory pattern at high powers. Figure 3(b) shows
the wave intensity |E?l versus radial (L B,) posi-
tion at different axial (|| B,) distances from the
exciter at a small power level and Fig. 3(c) sim-
ilarly at a high power level. At small amplitudes
the radiation diverges from the dipole which ac-
counts for most of the observed amplitude decay
with distance. However, at high power levels
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FIG. 4. Sampled Langmuir-probe traces at afterglow
time £, =3 msec in the absence (top traces) and presence
(bottom traces) of a large-amplitude whistler-wave
burst. Probe location »=0, z2=50 cm.

the wave energy is confined to a narrow region

of diameter d~5 cm which does not broaden with
increasing distance up to 20x) =100 cm along

B,. Thus, the large-amplitude wave has created
a field-aligned duct in which it is guided. The
guided waves are plane waves as determined from
phase measurements across the duct (¢(r)="rkz
=const). Once the duct has been created one can
also guide small-amplitude whistler waves at
other frequencies in it. After the end of the large-
amplitude whistler wave pulse the duct decays
within approximately 500 usec. The build-up
time depends on power level and is approximately

500 psec at P_,, =80 W.

Evidently, the duct is formed by changing some
basic plasma parameters. I have therefore per-
formed sampled Langmuir-probe measurements
in the duct region during and after the perturbing
rf pulse, Figure 4 shows Langmuir-probe traces
at 3 msec in the afterglow with and without the
large-amplitude whistler waves. A plane thin
Langmuir probe (4 mm X4 mm X0.2 mm) is used,
once aligned with its surface normal parallel to
B, so as to measure 7, and then rotated by 90°
so as to collect mainly electrons across B, (elec-
tron Larmor radius 7,, ~0.5 mm >probe thick-
ness). In the absence of the whistler wave 7,
~T,,~0.28 eV but after a 1-msec rf burst (80-W
applied power) the electrons are heated (7 ~0.79
eV, 7,,~1.06 eV), a temperature anisotropy has
developed, f, (V) deviates from a Maxwellian due
to an energetic tail, and the electron density has
decreased. These modifications occur only in
the duct region. By sampling the probe charac-
teristics after the end of the rf burst and observ-
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ing the perturbation relax it has been verified
that the results are not caused by rf rectification
on the probe sheath.

The above described experimental observations
may support the following qualitative physical
picture of the nonlinear interactions: The large
rf field in the vicinity of the antenna generates
fast electrons by transit-time and collisional ef-
fects. Since tails up to 15 eV are directly observ-
able it is possible that a small fraction (<1073)
of fast electrons is present which resonate with
the wave [(w, — w)/k)| =v| = 3x 10" cm/sec in
Fig. 3; 3 my)®=27 eV]. Trapped-particle effects®
would give rise to a periodic amplitude behavior
near the exciter with subsequent rapid phase mix-
ing and formation of a constant-amplitude pattern
consistent with the observation.

As the trapped particles are confined along Eo
the nonlinear effects are field aligned and the re-
sulting constant-amplitude pattern is reminiscent
of whistler-wave ducting. The present nonlinear
ducting mechanism due to wave-particle inter-
actions is however different from the familiar
ionospheric ducting' involving wave refraction in
gentle field-aligned density perturbations. Al-
though as a result of the temperature increase in
the nonlinear ducts a density depression (6xn/n
210%) is also present, it is not believed to con-
tribute significantly to the ducting process for
two reasons: First, the ducts can be very nar-
row (diameter SA| /2) without observing cutoff
effects; second, by producing similar density de-
pressions with obstacles in the plasma no ducting

is seen.

The observed temperature anisotropy also con-
tributes to a decrease in wave damping but is not
sufficiently high for marginal stability® [(7,,/
T,11)y=0= (1 = w/w,) ' ~3.7].

It should be pointed out that the ducted whistler
waves have longitudinal field components., This
fact complicates the comparison with available
theories on large-amplitude whistlers which to
my knowledge only consider transverse modes.
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We describe an apparatus for producing a magnetized column of nonneutral electron
plasma which is many Debye lengths in radius. The plasma exhibits the linear and non-
linear electron-wave effects observed in neutralized plasmas.,

In recent years increasing research has been
devoted to the equilibrium and stability proper-
ties of plasmas for which all particles have the
same sign of electric charge.? It is known theo-
retically that such nonneutral plasmas exhibit
shielding on the scale of their Debye length® and
collective effects like plasma waves.? We here
describe an apparatus which generates a magne-

tized column of electron gas which is a nonneu-
tral plasma by the criterion that the Debye length
is small compared to the radius of the column.
We also report experimental verification of the
properties of waves in this plasma. Except for a
slow rotation, the plasma is at rest in the labora-
tory frame of reference. This fact distinguishes
the present plasma from that obtained in electron-
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FIG. 2. (a) Typical time sequence of the pulsed plas-
ma and sampled interferometer measurements. (b) In-
terferometer signal versus time at different rf power
levels applied to the exciter dipole. Axial distance 2,
=95 em, w/w, =0.85,



