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The discrepancy between the theoretical and experi-

mental curves is due to roughness scattering and sur-
face-contamination effects and to the deviation of the
incident beam from a Gaussian profile.

"We have also observed a simjtlar excitation of 1eaky
modes at oi & 8critica~ corresponding to
modes within the air gap between the prism and metal
which have k2 g predominantly real.

It is a1so obvious that similar effects wQI occur with
excltatloll of SEM waves by finite-beam-width VEM
waves in grating-coupling configurations.
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Presented numericaHy is an apparently paradoxical nonlinear process that a two-
strearn instability is stabilized by inhomogenizing or "grooving" an initially homogene-
ous p1asma, not by limiting the stream which is the direct cause of the instability. For
a relatively wide and slow electron stream, the instability is shut off by reducing the
speed to the threshold value (ion sound speed), as is naturally expected. For a narrow
and fast stream, however, the instability is shown to be stabilized by the grooving ef-
fect.

From the standpoint of causality, one may say
that an instability proceeds in general so as to re-
lax its driving force. For instance„drift waves
would be stabilized by flattening the density gradi-
ent which causes the instability. Recently, how-
ever, an apparently paradoxical stabilization
mechanism has been proposed for a resistive two-
stream (Hall current) instability. ' This instabil-
ity is widely known among ionospheric plasma
physicists as the two-stream instability or "type
I" irregularities. ' The only driving force of this
instability in a uniform plasma is the electron
stream. It may therefore be natural that one con-
siders the instability to be stabilized by self-lirni-
tation of the stream. In fact, it has been shown
that an unstable wave itself can reduce the elec-
tron drift speed to the threshold (ion acoustic)
speed. ' The recent theory, ' however, indicates
that the two-stream instability can also be sta-
bilized by "inhomogenizing" a uniform plasma.
If this process, which does not take part in the
linear instability mechanism, is indeed capable
of stabilizing the two-stream instability, then one

must recognize a strange fact that the nonlinear
development of an instability is not necessarily
connected by one causal chain but may happen to
be governed by an apparently irrelevant causality.

I.et us consider a magnetized, uniform plasma
in which a Hall current (primarily carried by
Hall electrons) is concentrated in a limited layer.
I use a, coordinate system (x, y, z), the z axis be-
ing directed antiparallel to the magnetic field Bo,
the y axis being directed parallel to the electron
drift, and the x axis being directed so as to form
a right-handed system.

I assume slightly collisional electrons (v, /Q,
«I) and heavily collisional ions (v, /0, » I), v,
and v; being the collision frequencies of electrons
and ions (against neutrals), respectively, and tg,
Q,. being the gyrofrequencies of electrons and
ions, respectively. Accordingly, the motion of
electrons is dominated by the electric (Hall) drift,
while the motion of ions is almost completely
controlled by collisions (hence no appreciable ion
Hall drift is present). Furthermore, I assume a
low-frequency electrostatic mode which propa-
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gates perpendicular to the magnetic field, so that
the electron inertia is neglected in the equation
of motion.

Under these conditions, the governing equa-
tions to be solved are given by

V Vy xaonet-n, ~, '

p 2
cs

V + c'
V x 8

2n,a, ,-
' 2n,a,

dv;
dt ' ' yg.

'+ v v = ——(&y-v xB ) — '
Ctni 0

en---'+V n v =0
Bt e e

'+ V n,v,. =0,

v y= —(n, n, ), -e

0
(5)

where the subscripts e and i refer to electrons
and ions, respectively; n is the density, q is the
electric potential, and v is the velocity; c, is the
ion acoustic velocity (the ion and electron temper-
atures are assumed to be equal); e, is the dielec-
tric constant in the vacuum and e is the electron-
ic charge.

Since the main purpose of this Letter is to ex-
amine whether or not a uniform plasma can be in-
homogenized by an unstable wave, one may rea-
sonably assume a single mode; hence I assume
the density and potential waves to take the form
of f(x, y, t) = f~(x, t) exp(iky), f„(x, t) being a com-
plex amplitude function, and A being the wave
number of the single mode of concern. The ne-
glect of higher harmonic modes may be justified
a posteriori because (as can be seen, for instance,
in Fig. 3) the quasilinear modification becomes

of the order of
i n, i

instead of [n, i'.
Equations (1)-(5) are accordingly Fourier-ex-

panded with respect to y, and only +k and 0
modes are retained. With respect to x and t the
equations are transformed to explicit difference
equations with equal mesh intervals (the mesh
number along x is 100).'

We assume a Poiseuille-like flow pattern as
shown by the solid line in Fig. I, for the initial
electron drift profile along x (the initial electric
field E, driving this flow has the same profile and
is directed towards the positive x axis). Note in

Fig. 1 that the velocity is normalized by the max-
imum drift velocity U~ and the ion acoustic speed
c, is taken to be 0.7V„.

Linear fluid theory' states that the two-stream
instability occurs if the drift speed exceeds the
ion acoustic speed. In the present flow model,
therefore, it is expected that the instability would
occur in the region of —0.35L&x&0.35L (L is the
width of layer wherein the electron stream ex-
ists). The flow pattern is taken to be parabolic
in this unstable region and linear in other regions.

The initial perturbation is taken to be n, = 0.003
xcossxexpi(20wy) and n, =0.003 cosvxexpi(20sy
+5) where 5 is an arbitrary real number which
determines the initial potential perturbation through
Eq. (5); in the calculation 5 is chosen to be 0.01
but the final result this choice is insensitive to if
it is reasonably small. Note that the density is
normalized by the initial background electron
(equa, l to ion) density Ã, which is assumed to be
constant along x and y. The distance is normal-
ized by L so that the wavelength & is taken to be
0.1L and that the time is normalized by L/V„.
The normalized time step is 8x10 '. The plasma
para, meters are set to be v, /Q, =10 s, p, /r1,. =10,
0;L/V, =6, 0,/0, . = 5x10», and &u~, a/Q a= 5x10'

Figure 2 shows the time evolution of the density
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FIG. 2. Evolution of the potential wave amplitude
iV»i and the density wave amplitude in~i at x=0 for 4
= 10K,.
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FIG. 3. "Grooved" density profile (dashed line) and
the amplitude profile of the density wave (solid line)
for L = 10~.

wave amplitude
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~

and the potential wave ampli-
tude

~ y, ~

at x=0. The dashed lines represent the
theoretically predicted linear growth lines. From
this figure one will find that the instability is cer-
tainly stabilized by some nonlinear mechanism
and that the density wave amplitude has reached
roughly 0.6% of the background density.

Shown in Fig. 3 are the wave amplitude profile

~
n„(x)

~

along the x axis at ~= 2. 5 (solid line) and

the background density profile N(x) at ~= 2.5

(dashed line). One will find that the wave is con-
centrated in a well-defined layer (i.e., —0.2Ls x
& 0.2L) which is substantially narrower than the
linearly unstable region (i.e. , —0.35L ~x & 0.35L).

A more important fact to be noted is that an in-
itially homogeneous plasma is substantially inho-
mogenized as a result of the collective nonlinear
transport across the magnetic field by an unsta-
ble wave'; one side of the plasma (-0.5L&x &0)

is grooved and the removed plasma is banked up

on the other side. Judging from the symmetric
profiles of the electron flow and wave amplitude,
one may suspect the causality of producing such
an asymmetric structure. However, the asym-
metry comes from the geometrical asymmetry
that the electric field causing the electron Hall
motion directs toward the positive r axis; in oth-
er words, the space potential is positive in the
negative x region and negative in the positive x
region. By this asymmetric potential distribu-
tion, the plasma is digged on the negative poten-
tial side and piled on the positive side. One
should note here that the density gradient result-
ing from this grooving effect is negative in the re-
gion where the wave exists. That is, the quasi-
linear wave interaction has proceeded in such a

way that the Simon stability condition (i.e. , EdN/
dx &0) is satisfied. In this sense we may call the
"grooving" process the nonlinear Simon dampling.

The electron velocity which is the direct cause
of the instability, however, is not appreciably
changed (see Fig. 1). Specifically, the velocity
suffers a retardation of only 5% at the maximum
velocity point (x = 0). Since the threshold speed
(c,) is 30% less than V„one can conclude that the
5% retardation is too small to be considered as
the main stabilizing cause. Consequently, the
numerical result can lead to conclusion that the
two-stream instability can be stabilized by "groov-
ing" a homogeneous plasma as a result of the col-
lective nonlinear mass transport.

Nonlinear theory for a uniform flow' has given
the saturation amplitude of the present instability
as follows:

In~I,
' = (y/u) (Q, /v, ) (Ik/2m)

if the instability is stabilized by the "grooving"
process alone, and

(7)

if stabilized by the velocity relaxation process
alone, where I is the effective width of the unsta-
ble layer; &u= kV~ and y = (v, /Q;Q, )(uP-c, k ). Sub-
stitution of the parameter values used in the cal-
culation into (6) and (7) yields

I n~~, =0.75% (l is
chosen as 0.7L) and ~n, ~»=4.6%.

The nonlinear theory' therefore predicts that
the dominant stabilization process (giving the low-
er saturation amplitude) be the "grooving" proc-
ess for the present condition. The numerical re-
sult, therefore, is completely consistent with the
theoretical prediction. A slight difference in sat-
uration amplitudes (0.6% and 0. 75%%uo) may be due
to the fact that in the theory / was taken to be the
same as the linearly unstable range (0.7L); how-

ever, the effective range was substantially nar-
rower (see Fig. 3).

For confirmation, a similar calculation has
been performed for a different situation in which
the layer width L is 100 times wider than the pre-
vious case (the time step is 8 &&10 ' in this case),
keeping the other parameters the same. Figure
4 shows the electron velocity profiles at 7 = 0 and
T= 0.018 (growth is stopped at about ~=0.016).
From this figure one sees that the velocity pro-
file is drastically changed and, in particular, that
the maximum velocity (at x=0) is reduced just to
the threshold. The appearance of double maxima
at x=0.35I. and —0.35L can be explained by the
polarization charges accumulated near the bound-
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FIG. 4. Initial and retarded electron velocity profiles
for L=103A..

aries of wave region.
Shown in Fig. 5 are the wave amplitude (solid

line) and the background density profile (dashed
line) at ~=0.018. This figure indicates that the
grooving of the plasma is negligibly small. The
theoretical saturation amplitudes for this case
are given, from (6) and (7), as follows: ~nJ,
= 75% and ~nJ « = 4.6g, this indicating that the
dominant stabilization process should be the ve-
locity retardation. Thus the numerical result
again is consistent with the theory. The differ-
ence in amplitudes (4.6/0 and 3/p) may arise be-
cause a uniform flow with velocity V„ is assumed
in the theory.

I have numerically demonstrated that an unsta-
ble wave can groove a uniform plasma, as a result
of collective mass transport, the instability there-
by being stopped. This result, together with the
previous one, ' indicates that the collective trans-
port can become more important than the wave-
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enhanced diffusion' in a magnetically confined
plasma in which a single wave is excited.
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Analysis of newly detected luminescence lines in germanium indicates that two-phonon
recombination processes in indirect-gap semiconductors are insensitive to selection-
rule constraints, although such restrictions generally play a crucial role in the optical
properties of semiconductors. The two-phonon replicas of electron-hole recombination
lines are found to be constituted from mell-defined groups of phonons whose momenta
differ from points of high symmetry in the Brillouin zone.

Two sets of faint luminescence lines have been
observed in photoexcited germanium at low tem-
peratures. These sets arise from recombination,
of carriers within the electron-hole liquid in one

case and of excitons in the other, accompanied by
the emission of a pair of phonons. ' ' The new
lines that we have detected are difficult to ob-
serve because they are over 10' times less in-
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