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The effect of the waves on magnetic confinement
is seen to be given by the parallel ponderomotive
force, which is no longer the gradient of a scalar
and, importantly now, depends on the sign of
BA(B, 'IE I') =& (e~~lE I'). The apparent perpen
dicular thermal broadening can also be estimated
as &tt = (0'/ntft, )Q lE P/2(~-&)'. Both of these
results are needed to self-consistently evaluate
wave plugging in open systems.

In conclusion, the spatial effects of low-ampli-
tude waves on a plasma have been described by a
consistent kinetic perturbation theory. A true
ponderomotive-force term arises in second-order
kinetic theory, but only for electromagnetic
waves, for which the time average of products of
terms arising from fluctuating electric fields
with terms arising from the associated fluctuat-
ing magnetic fields produces an effective force in
the direction of VIE l'. The purely electrostatic
part of the fluctuations generates a time-average
effect best described by a velocity-space diffusion
operator, which for the low-velocity nonresonant
part of the distribution produces a local, appar-
ent temperature increase in the direction of E.
Some care is required in comparing velocity mo-
ments off with macroscopic fluid quantities.
Both velocity moments off and the time average
of products of fluctuating quantities must be con-
sidered; for example, in one dimension, the

time-averaged fluid velocity is given by

u = (n)
' fdv vf (1 —(2q'/m')Q ~ 'Is~.l'J.

Finally, the treatment here has been for the non-
resonant part of the distribution function with
particle velocities less than the phase velocity of
the waves; similar methods may also be applied
in the opposite limit.
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Computer simulations of the kinetic warm-beam instability with finite-mass ions are
reported. It is shown that strong turbulence, including Langmuir collapse, stabilized the
beam-plasma instability before quasilinear plateau formation. This process decreases
significantly the beam-plasma coupling and increases the propagation distance in accord-
ance with laboratory and space observations.

The interaction of a warm electron beam with
a plasma in the kinetic regime has been the clas-
sic example of the application of guasilinear
theory. ' According to this theory the beam plas-
ma instability is stabilized in a time t = (nt/n, )~.
(n~ and n, are the plasma and beam density) with
the beam forming a quasilinear plateau, while
releasing one-third of its energy to plasma waves
and one-third to sloshing energy of the ambient
plasma. However, laboratory beam-plasma in-

teraction experiments indicated much longer en-
ergy-coupling time scales than that predicted
above. ' This coupled with the observation of
beams propagating over extremely large distances
in space' without any significant plateau forma-
tion has led to an extensive search for a nonline-
ar mechanism that can stabilize the beam-plas-
ma instability on a time scale faster than that
required for plateau formation. It was not till
recently' that a strong-turbulence theory with
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respect to wave interactions was applied to the
problem. It was shown" that when W~/nP',
& (kPD)' (kPD =vr, /v» W~ is the wave energy in
resonance with the beam, v~ is the beam velocity,
vr, is the background electron thermal velocity)
processes similar to the parametric instabilities
occurring in laser-pellet absorption can operate
with time scales faster than the beam-growth
time and transfer wave energy, contrary to the
weak-turbulence theory, to large wave numbers
(k» k, ) where they can be absorbed by forming
long electron tails in the background plasma. It
should be noted that these processes, predom-
inantly called the modulational or oscillating two-
stream instability or Langmuir collapse, result
in the existence of nonlinearly coupled electron
and ion waves, and their description requires
the allowance of dynamic ion response. The
phenomena disappear when the ions are consider-
ed as an immobile neutralizing background. Be-
cause of its complexity, the theory as presented
in Refs. 4 and 5 involved several assumptions.
To remedy this we present here the first numeri-
cal simulations which conclusively demonstrate
the role of strong-turbulence nonlinear stabiliza-
tion mechanisms and the fact that beams can prop-
agate over times much longer than quasilinear
theory predicts without forming a plateau. The
emphasis in this Letter is on the fundamental
physical processes involved. More theoretical
details can be found in previous work, ' ' while
detailed scalings will be presented elsewhere.

Before describing the results of our simulations,
we comment briefly on previous numerical work
on the subject. Particle simulations" of the res-
onant beam-plasma instability have confirmed
quasilinear considerations. ' However, in these
simulations the ions were treated as an immobile
(m; = ~) neutralizing background; nonlinear strong-
turbulence effects which involve ion dynamics
such as discussed in Refs. 4-7 are excluded at
the outset. On the other hand, particle simula-
tions"'" of the hydrodynamic stage (cold beam)
of the beam-plasma instability were performed
with finite-mass ions which demonstrated that
the trapping of beam electrons is the stabilizing
mechanism while strong-turbulence parametric
processes controlled the subsequent absorption
and redistribution of the wave energy. At this
stage we should comment on the reason that fi-
nite-mass-ion simulations in the kinetic regime
were not performed earlier. As is well known
in particle simulations, because of the finite num-
ber of ions per Debye length, we expect a density

fluctuation level substanially higher than in actual
collisionless plasmas. This results in the ap-
pearance of an anomalous high-frequency resistiv-
ity v* at &„as discussed by Dawson and Ober-
man. " While this does not affect the hydrodynam-
ic instability because of its reactive nature, it
does not allow the growth of the kinetic instabili-
ty as long as v*&y, where y is the growth rate.
It turns out that to achieve y & v* one had to use
so many particles that the simulation was not
feasible. In fact all attempts at simulating the
resonant beam-plasma instability failed to show

any growth. In order to correct this deficiency,
while at the same time keeping the dynamic re-
sponse of the ions, we developed a hybrid code
where the ions are represented as a charged one-
dimensional ideal fluid with phenomenological
damping. This is allowed for our purposes since
it has been shown" that such a description is
equivalent to a kinetic treatment for the ions, as
far as the heavily damped ion acoustic modes
(ion acoustic quasimodes) are concerned. That
is, both conserve energy and momentum in a
similar manner in the transfer process. More
details on the scheme as well as a discussion of
its limitations will be presented elsewhere.

In order to distinguish between the strong-tur-
bulence and the quasilinear effects we performed
a series of simulations. We discuss here in de-
tail the results of bvo runs and will summarize
the results of the rest in Fig. 4. For these bvo
runs the initial conditions are the same; the only
difference between the two simulations is that in
one an ion mass of 128m, is used, while in the
other the ions are infinitely massive. As noted
above, by setting the ion mass to infinity we
eliminate nonlinear parametric interactions. By
comparing the two simulations we expect to iso-
late the effects of nonlinear interactions on the
warm-beam-plasma system.

For the bvo comparison runs, the system
length is 1024k.D and the particle density is 40
particles per XD. The initial parameters are n, /n~
=0.0025, v~/vr, =41, bv, /vr, =8.3, where hv~ and
v~, are the beam and plasma thermal velocities.

Figure 1(a) shows the field energy of the modes
in resonance with the beam. Until approximately
700+~, ', the two simulations are the same. By
this time in the run with finite-mass ions, the
beam-driven modes have started to act as a pump
to drive up shorter-wavelength ion fluctuations
and electron plasma oscillations. This acts to
remove energy from the beam modes. When the
loss rate exceeds the growth rate due to the beam,
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FIG. 1. Time development of kinetic beam instability
as seen in computer simulation with and without ion
dynamics, (a) Energy in electrostatic waves in reso-
nance with beam and (b) kinetic energy of beam. Non-
linear parametric instabilities act to damp resonant
waves and limit beam-energy loss.

tv Te

F&G. 2. Velocity distribution for background elec-
trons and beam. (a) Initial distribution; (b) without ion
dynamics formation of quasilinear plateau; (c) with ion
dynamics beam retains positive slope and superthermal
tails formed on background. Note that vertical scale is
logarithmic.

the modes stabilize and then damp. By reducing
W~ the energy loss rate of the beam is reduced.
This can be clearly seen in Fig. 1(b) which shows
the total kinetic energy of the beam particles. In
the simulation with finite-mass ions we can see
the decoupling of the beam.

In Fig. 2 we compare the electron velocity dis-
tribution for the two runs. The vertica, l scale is
logarithmic. In the case with infinite-mass ions,
the beam has formed a flat plateau with the low-
er-velocity side propagating down in velocity
space. This is in qualitative and quantitative
agreement with quasilinear theory as presented
by Ivanov and Rudakov. " In the simulation with
ion dynamics, the distribution is markedly dif-
ferent. The parametric instability has trans-
ferred the energy in the electron pla, sma, oscil-
lations to shorter-wavelength modes. These
modes are in resonance with the background plas-
ma. and heat the electrons by forming symmetric
superthermal tails. The beam has not lost any

energy for approximately 30(he~, ' but it still has
a positive slope. This can be seen more clearly
in Fig. 3 which replots the beam distributions on
a linear scale.

Having confirmed the fundamental idea of the
nonlinear stabilization, we performed a series of
seven simulations with finite-mass ions, to de-
termine the scaling of the maximum wave energy
and the beam energy loss with the growth rate y
(Fig. 4). The two points marked with a I3 repre-
sent runs with a particle beam. For the other
points the beam was modeled in the code by caus-
ing the longest-wavelength mode to be resistively
unstable. The numerical results confirm the ex-
pected analytic scaling' of W„ /n~T„. The
beam energy loss can be computed as

bE~ =2[Ws ~+2yWz ~ fo dt exp(-2y&t)]

where y~ is the nonlinear rate at which energy
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FIG. 5. Determined from simulations parameter re-
gimes in which kinetic beam instability will stabilize
parametrically or quasilinearly.
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FIG. 3. Velocity distribution plotted on linear graph.
With nonlinear stabilization, beam retains positive
slope.
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is removed from the resonance region, and it
wa, s assumed that y =y~. The numerical value
from the seven experiments was 4E,= 3.9$~
The knowledge of W& ~ as a function of y allows
us to divide the beam parameter region into two
regimes (Fig. 5). If W„~ is greater than the
energy level for quasilinear stabilization (=&,/3),

the beam will relax quasilinearly; otherwise it
will stabilize parametrically before plateau for-
mation.

In this Letter we have shown that parametric
instabilities can prevent plateau formation in a
warm-beam-plasma interaction, and presented
the scalings with respect to beam energy loss
~, and W& . The main observables of the non-
linear stabilization are as follows: (I) reduction
in the coupling between the warm beam and the
background pla. sma, over that expected from qua-
silinear theory; (2) beam-type structure existing
for longer times or propagating greater distances
in an ambient plasma; (3) generation of short-
wavelength electric fields with phase velocities
much below the streaming velocity of the beam;
(4) superthermal electron tails both parallel and
counterstreaming to the beam; (5) enhanced low-
frequency ion fluctuations.

The results presented here apply only to the
initial stabilization of the beam-plasma interac-
tion. The long-term nonlinear stabilization is
presently being studied.

We wish to acknowledge useful discussions
with Dr. D. Book, Dr. J. Orens, a,nd Dr. P. Pa.l-
madesso. This work was supported by the Office
of Naval Research.
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FIG. 4. Results of a series of computer simulations.
Shown is the maximum energy of resonance beam waves
vs growth rate.
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We report the observation of an instability pattern in a homeotropically oriented nemat-
ic slab subject to elliptically polarized shear flow, a phenomenon which we explain as re-
sulting from nonzero time-averaged Leslie-Ericksen viscous stresses.

In nematics, steady (that is to say nonzero
time-averaged) forces, torques, and velocities
in an alternating flow have often been interpreted
as being due to acoustical streaming, the phenom-
enon related to second-order nonlinear terms
such as (p(v ~ V)v) where v is the a.lternating vel-
ocity and p the density. Nagai et al. ' and Miyano
and Shen' give typical examples of such an ap-
proach as well as an exhaustive review of pre-
vious contributions to the acoustic effects in
nematics. Apart from the force density resulting
from ordinary radiation pressure in absorptive
medium, one has other effects due to the aniso-
tropy of the liquid crystals. '

The aim of this Letter is to illustrate the follow-
ing fact: In nematics, the ordinary viscous
stresses [a typica. l term ha.s the form' o.,n(n A)
where A, , = —,'(8, v, + &, v, )], which are explicitly
first order in the velocity gradients (as in iso-
tropic Newtonian fluids), are also a function of
the molecular orientation n. In alternating flows,
n varies periodically together with the velocity v
so that there is an imPlicit nonlinearity. Conse-
quently, viscous stress can be considered as
another source of steady forces, torques, and
velocities. Our point of view is based on the
study of the effects of the elliptically polarized
shear flow which we report and explain here.

In general, an elliptically polarized signal can
be constructed from two orthogonal (along x and y)
linea. rly polarized signals (the principal axes are

not along x and y in general).
Our observations were performed with the flow

cell shown in Fig. I. The elliptical shear is pro-
duced by applying to the two parallel glass plates,
G„and G„containing the homeotropic liquid crys-
tal, linearly polarized displacements x =x, sin&et,

y =y, cos~t. For the frequencies used (100 Hz
& f & 500 Hz, with f= u/2&) the viscous penetration
depth 5~„=(2v/u) '~200 pm is larger than the
thickness of the sample so that the alternating
shear, of the form s„=s„o' cos~t=(x, ~/d) cosset,

MNIWN] i )~ /g %II'A II $!I

Imi r
. :X(t)

FIG. 1. The flow cell is made up of two glass plates
and G, which partially overlap. The nematic liquid

crystal (N- [p -methoxybenzylidine] -p -butylaniline),
held by capillary action in the gap, is oriented homeo-
tropically by surface treatment (n )Iz i G„). The two
glass plates are attached to two mechanically independ-
ent systems which allow adjustment of the thickness d
and parallelism. Oscillatory displacements of the two
plates are induced by applying ac voltages to loudspeak-
er elements to which the plates are attached.
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