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Observation of an Upper-Hybrid Soliton
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A density cavity at the upper-hybrid resonance layer has been observed in the satu-
rated stage of the trapped electrostatic field when a high-power microwave of the extra-
ordinary mode is injected into an afterglow plasma column in a uniform magnetic field.
The results can be explained by the modulational instability at the upper-hybrid frequen-
cy and the formation of an upper-hybrid soliton.

PACS numbers: 52.35.Mw

In the absence of a magnetic field the density
cavity near the electron plasma frequency ~~ has
been extensively studied. ' ' In the presence of a
magnetic field some aspects of the nonlinear mod-
ulation of the upper-hybrid wave have been ex-
amined theoretically. ' Porkolab and Goldman'
predicted that a high-power microwave forms an
upper-hybrid envelope soliton. Such a phenome-
non is worthy of study, since this effect may oc-
cur both in the electron cyclotron heating of to-
roidal plasmas~" and also in laser-plasma in-
teraction. " In this Letter we report the first ex-
perimental observation of a density cavity in the
saturation stage of modulational instability at the
upper-hybrid resonance (UHR) layer in a plasma
column in a magnetic field.

The experiments were carried out in a linear
machine. A vacuum vessel (11 cm in diameter,
125 cm in length) is located in a uniform magnet-
ic field B (&3.5 kG). The pulsed dc discharge is
produced at an argon gas pressure of p =(5-10)
x 10 ' Torr by using an oxide cathode (3 cm in
diameter). The experiments are performed in an
afterglow plasma, whose typical parameters are
an electron temperature T„=2.5 eV and an elec-

tron density n„=2&10" cm ' at the center of the
positive column. A high-power microwave (cv/2s
=9.4 GHz, P„50~kW and T„=0.3-1.5 p,s) is in-
jected into the plasma in the form of the extraor-
dinary mode with use of a standard waveguide,
whose end is located at r= 5.5 cm from the center
of the plasma column.

In Fig. 1(a) the radial profiles of the wave in-
tensity I& and the electron density n, are plotted
when the low P„is injected from the left-hand
side of the plasma column. The intensity I„is
picked up by the probe located in front of the
waveguide and sampled by a boxcar integrator.
The incident microwave, passing the cyclotron
cutoff, tunnels through the evanescent region and
arrives at the UHR layer (u = &a„„),where it is
converted to the electron Bernstein mode (EBM)
which propagates towards the high-density region.
This behavior is mell known in the linear theo-
ry."" However, when a high P„isinjected, an
electron density depression (cavity, whose half-
width is 3-4 mm, ) is observed at the UHR layer
[Fig. 1(b)]. The injected microwave seems to be
trapped at the UHR layer, since the intensity I„
at ~ = ~ » increases drastically, while that of
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FIG. 1. Radial profiles of the wave intensity I„and
the electron density n, (electron saturation current
I, measured with a Langmuir probe). (a) Incident
microwave power P& = 0.5 kW, (b) 30 kW (7& = 350 ns),
respectively. The intensity I& is detected at t = 200 ns
after P& is turned on, while the current I, is sampled
at t = 150 ns after P& is turned off. In (a) and (b) the
microwave attenuators in the input and the detecting
circuits are adjusted to receive the saIne level of I„
in the absence of the plasma. B = 0.6 ka, n~o 1,5
&(10' cm 3 and P = 5&& 10 Torr.

EBM decreases, compared with the case of weak
P„.The density cavity on the right of the plasma
column is due to the microwave reflected from
the right-hand side wall. Measurements of the
axial profiles of n, (z) and I„(z)along the magnetic
field at the radial position of the UHR layer show
that the density cavity is about 25 mm in axial
length and the half-width of I„(z)is from 25 to 30
mm, roughly equal to the long side width of the
waveguide.

The temporal evolution of the instability of the
wave intensity I„accompanying the density cavity
is shown in Fig. 2. About 125 ns after the start
of the injection of P [Fig. 2(a)], the intensity I„
at the UHR layer [Fig. 2(b)] begins to increase
exponentially until I„is saturated at the peak of
curve in Fig. 2(b). Corresponding to such an ev-
olution of I„,the density depression an, [Fig.
2(c)] appears with a depth bn, /n, reaching about
25/~, and the depression lasts more than 1 ps.

As P„is increased, the delay time of the expo-
nential growth of I„becomes short and the satur-
ation value of the intensity, I„~,as well as the
density depression ~, increases. Calibrating
the absolute power of I„in Fig. 2(b), the tempor-
al growth rate y of I„is measured and plotted as
a function of P„in Fig. 3(a). Here the ratio y/~
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FIG. 2. The temporal evolutions of (b) the wave in-
tensity I& and (o) the density depression at the UHR
layer when (a) the high-power microwave P& = 25 kW
is applied.

is proportional to P„and becomes saturated when

P„is very intense (&30 kW). Both I„,and bn, /
n, increase and then become saturated as P„in-
creases [Figs. 3(b) and 3(c)]. There is a thresh-
old power Pq, h„,(= 5 kW), above which the insta-
bility appears, and below P„,&„,the intensityI„is exactly proportional to P„with a small pro-
portionality constant as shown by the straight sec-
tion of I~ for Pp Pp t h

We now compare the experimental results with
the theoretical ones' for the upper-hybrid soliton
with a small component of microwave field along
the magnetic field. The nonlinear Schrodinger
equation has been derived under the following
conditions: The scale length, I„ofthe wave in
the direction parallel to the field B is much larg-
er than L„the scale length in the direction per-
pendicular to B, and y is in the range Q,.«y«Q, .
The wave should have positive dispersion (cu'
= &u„„'+3k't r,') and n, is high enough so that cu

„„

=&~,» 0,. Then the maximum y of the modula-
tional instability is given by'

y=-v, + s,(uE, '/[Bn, (T, + T,.)].
Here v, is the electron collision frequency and

Eo is the pump field strength before the exponen-
tial growth. The above requirements are satis-
fied by our experiments with &u/0, =5.7, &u~/0,
=5.6, 0, =2.3~10'«y=8.9x10'«0 =1.1x10"
and L, (=25 m )m»L„(= 34 mm). It is noted
that in the range of P„~30 kW the experimental
value of y/u [Fig. 3(a)] is nearly proportional to
P„(~E,') as described by Eq. (1). Further, sub-
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FIG. 3. (a) The growth rate y of the wave intensity
I&, (b) the saturated intensity I&,~~ and (c) the depth
of density cavity bn, In,, at the UHR layer are plotted
as functions of the incident power I'&.

stituting the experimental values (y/(u = 1.5 x 10 4

for P„=25kW and v, = 3 MHz) into Eq. (1), we
obtain E, =100 V/cm, which is compatible with

the experimentally estimated value of E, =150 V/
cm. This field grows exponentially and is satur-
ated at a value 15-17 dB above the initial one;
then the field pressure attains a value of e,E'/
2n, T, =0.1. This should be compared with the ex-
perimental size of the depression, ~,/n, =0.25,
since the theory' predicts that bn, /n, = qE'/2n, T,.
It is noted in Fig. 3(c) that the depression ~,/n,
is proportional to the incident power P„(o-E')as
predicted theoretically and is saturated above P„
= 30 kW. In Figs. 3(a) and 3(b) there is a thresh-
old of P„for the exponential growth of the wave.
Substituting the experimental value of the thresh-
old (P„,&„,=5 kW) into Eq. (1), we obtain v, =2-
3 MHz, which is compatible with v, = v„-+v,„=3
MHz calculated from the collision frequency of
electron with neutrals, v,„=2 MHz at P = 5 & 10 '
Torr, and that with ions, v„.=l MHz at T, =2.2

eV and n, = 1 && 10" cm '.
In the limit of v, =0, the solution of the upper-

hybrid soliton is given by the usual hyperbolic
secant. ' Then if we assume that its slow time
variation is proportional to y, the half width of
the soliton perpendicular to B is given by I.„=(3u/
)')' 'vr, /ur = 2 v 6 (&u~ /&u) T, /eEo. " Experiments
show that the measured half-width is nearly pro-
portional to P„''~E, '.

The density cavity was observed at ~ = co
„„

in
the magnetic field range &u/0, =2.8-6.5, or, equiv-
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FIG. 4. La~gmuir probe characteristics measured (a) at the UHR layer (r = rUH) and (b) at the low-density side
of the cavity (r = rp~~~ ) in the presence and the absence of P& (25 kw, r& = 400 ns). Radial profiles of (c) the wave
intensity I&, (d) the ion saturation current I; at V&

= —52 V and (e) the electron saturation current I~ at V~ = 44 V.
These signals are sampled at t = 350 ns (gate, 50 ns) after P~ being on.
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alently, in the electron density range &u~/Q,
= 2.6-6.4. It is notable that a strong depression
g~, /n, =0.35 at &u/Q, =3.5) was observed at tu/Q,
= s+ 0.5 (s = 3,4, . . . , 6) but the depression was
weak at u&/Q, =s (hn, /n, &0.05 at v/Q, =3). The
results may correspond to the theoretical require-
ment that the condition for the soliton solution is
fulfilled when the upper-hybrid wave has positive
dispersion. " The theoretical prediction that no
soliton should be formed in the low-density range
of ~~, &Q, (or ~& v 2Q, ) could not be tested ex-
perimentally, since the afterglow plasma was so
noisy in the strong field of co& 2.80, that a density
cavity could not be ascertained distinctly.

It is remarkable that the upper-hybrid soliton
accompanies suprathermal electrons. In Fig.
4(a.) the background electron density is decreased,
implying that a density cavity is formed, and an
electron current appears even with a negative
probe voltage when P„is injected. By analyzing
the probe characteristics, we obtain suprather-
mal electrons having a temperature of T,„&„=30
eV and a density ratio to the background of n,„„/
n, =0.2. As P„increases, n,„„andT,„&,in-
crease. It is noted that there is no temperature
rise of background electrons during the pulse P„,
which is seen from the exponentially rising sec-
tions of the curves, since by subtracting the con-
tribution of the suprathermal electrons the slopes
of the two curves (P& on and off) become the same.
In the low-density side of the cavity (x= x~,~), the
probe characteristics t curves in Fig. 4(b) J show
that both the electron and ion densities increase
to nearly double, and there appear suprathermals
having T,„z,=16 eV and n, „p„/n,=0.25. This
density increase is shown in the radial profiles of
I, and I, Icurves. in Figs. 4(d) and 4(e)J. However,
such density increase and suprathermals could
not be observed at the high-density side of the
cavity. The production mechanism of these su-
prathermal electrons at r= ~» and x»z is under
study.

By injecting the microwave pulse P„,there is
no temperature rise of the background electrons
in P = (5-10)x 10 ' Torr, where the density cavity
is observed. Here, the duration of the pulse (7.

„

=0.4 ps) is too short to heat the electrons, since
~„=v, ' =0.4 ILL.s. In fact, electron heating due
to upper-hybrid resonance occurs if 7„orP is in-
creased. In the latter case (P =5& 10 ' Torr),
we can observe a T, rise to nearly double but can-
not observe a density cavity. When P increases
further (P R 7 && 10 ' Torr), the ionization of neu-
trals is dominant and the electron density in-
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creases about 1.5 times; a density cavity cannot
then be observed.

The results are summarized as follows: %hen
the high power microwave is injected into the
plasma, the wave intensity is enhanced strongly
at the UHR layer, and its ponderomotive force
leads to the formation of the density cavity, and
also its strong field produces suprathermal elec-
trons. These features can be interpreted on the
basis of modulational instability at the upper-hy-
brid frequency and the formation of an envelope
soliton.
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