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ity to control the energy of the beam in time is
not the simplest requirement on an electron-
beam machine, but may be feasible through de-
sign of a multielement accelerator or decelera-
tor downstream from the ordinary diode. "

A more fundamental limitation of this method
concerns acceleration to velocities close to g.
As mentioned above, there is a lag between in-
troduction of a modulation and the time it reach-
es the particles, because of finite propagation
speed. For V h~0. 5c, one can imagine the waves
almost outrunning the modulation. Of course,
the "kick" from the modulation eventually does
catch up, but the additional distance traversed by
the particles in the interim has the effect of weak-
ening the average accelerating fieM. For these
high velocities, therefore, it may be more effi-
cient to use other collective-acceleration schemes,
some of which, in fact, are inefficient at low ve-
locity. " In other applications, ion energies of
100-200 MeV may be acceptable as they are. Fi-
nally, even though high velocities may be inac-
cessible, the use of higher-atomic-number ions,
such as in heavy-ion fusion, would still permit
generation of significant ion energies, 10-20 GeV
for A = 200, in very-modest-length accelerators.

There are still many unanswered questions con-
cerning the effect of energy modulations on col-
lective plasma effects. Preliminary studies in-
dicate that the eigenmodes of the cyclotron waves

are not seriously affected by this, but these mat-
ters require more detailed analytic and numeri-
cal studies, These studies are in progress, as
well as studies into the effect of energy modula-
tion on other beam modes.

We would like to thank Dr. B. S. Newberger for
useful discussions on this subject.
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Stabilization of drift waves by external rf fields at frequencies near the lower-hybrid
frequency has been observed experimentally in a Q machine in the collisionless regime
with (&u& /~ ) «1. Stabilization is due to a resonant ponderomotive force which increases
the drift frequency, thus enhancing the electron Landau damping. The observations are
in general accord with analyses- in the literature when finite-geometry effects appropriate
to the present experiment are taken into account.

The use of rf power at the lower-hybrid fre-
quency has frequently been considered as a means
of supplementary plasma heating for fusion pur-
poses. ' It is therefore of interest to examine the
effect of lower-hybrid fields on low-frequency
modes such as the drift instabilities, which are
sometimes thought to play an undesirable role in
experimental plasma devices.

In this Letter we present experimental results
which indicate that the drift instability in a eol-
lisionless plasma can be stabilized by the appli-
cation of rf fields near the lower-hybrid frequen-
cy. A novel feature of the work is the experimen-
tal demonstration of the effect of a resonant pon-
deromotive force which is amplified and changes
sign when the frequency of the applied field is
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equal to a characteristic plasma resonance fre-
quency. The results described here are in gen-
eral accord with analyses in the literature' '
when finite-geometry effects appropriate to the
present experiment are taken into account.

The stabilization of the drift instability can be
understood from the following qualitative physi-
cal picture. ' Consider a plasma with an inhomo-
geneous transverse density distribution in a longi-
tudinal magnetic field; in general such a plasma
is unstable against a collisionless drift wave, say
with frequency ~, wave number k, density per-
turbation n, and electric field E . A pump wave
at frequency Q (Q» co), with wave number E and
electric field E&, in the present case an electro-
static lower-hybrid wave, is excited in the plas-
ma by external means and gives rise to an equi-
librium in which the electrons execute oscillatory
motion at frequency 0 with velocity V&. Nonlin-
ear coupling between the high-frequency velocity
V„and the low-frequency density perturbation
n leads to the production of sideband electrostat-
ic fields E, and E characterized by frequencies
and wave numbers ~+ 0, k+K and ~ —0, k -E,
respectively. (Only lowest-order coupling is con-
sidered. ) The sideband fields interact with the
pump field to generate a ponderomotive force
proportional to V((En+E, +E )'), which reduces
to V(EnE, ) when terms unimportant in the pres-
ent context are neglected (the brackets denote
high-frequency averages). This ponderomotive
force adds to the thermal pressure associated
with the drift wave, thus increasing the drift fre-
quency (for fixed k), in which case the electron
Landau damping becomes stronger than the perti-
nent destabilization mechanism.

The effect of a resonant ponderomotive force
on a particle in an inhomogeneous high-frequency
electric field can be understood from the basic
definition of the ponderomotive force: F =e((d
~ V)E(t, r)), where e is the particle charge, E(t,
r) is the high-frequency inhomogeneous elec-
tric field, d i,s the high-frequency particle dis-
placement, and the brackets denote a high-fre-
quency average. In the resonance case, the par-
ticle is subject to a restoring force and executes
bounded oscillatory motion (such as the lower-
hybrid oscillations in the present case} described
by d+ Q~'d = eE(t, r)/m, where Q~ is a character-
istic resonance frequency and d becomes a reso-
nant displacement that changes sign when the
field frequency is equal to A~, thus reversing the
sign of the ponderomotive force. This sign change
is a central feature of the experimental results

described below.
The modification of the drift frequency caused

by the ponderomotive force can be obtained from
the analysis of Fainberg and Shapiro. ' %e con-
sider a plasma with inhomogeneous density dis-
tribution n(x) in a uniform magnetic field Bz,
subject to a uniform electric field E Epz

cosset,

where 0= Q„H. For the present experimental con-
ditions, in which ((u~, /tu„)' «1 and (e~;/(u„)'«1,
the lower-hybrid frequency is

Q„„=[(E,/K)'re~'+ m~, ']'i'.

In the presence of the rf electric field the elec-
trons oscillate with velocity Vn=(eE, /mQ) sinQt
and perturbations about this oscillatory equilib-
rium are written as the sum of a high-f requency
component (Q) and a low-frequency component
(~), where ~ =~+ =(ckiT, /Be}(1/n}(dn/dx}. The
equation that describes the balance of low-fre-
quency forces in the z direction is found to be

P 2' e2g2

0
(2)

where n, is the zeroth-order density distribution,
n is the low-frequency density perturbation, E
is the low-frequency electric field, and a =k, eE,/
mQ' is the ratio of the high-frequency electron
excursion to the drift wavelength; the effect of
the rf field appears in the second term in the rec-
tangular bracket and the function y(Q) is given by

(Q'- Q~H }
(Q'- Q,„')'—Q'~. '/(k~, )4

when (~~,/tu„)'«1. Equation (2) is then used to
obtain the drift-wave frequency in the presence
of the rf field'

u(Q) = —&u+ [1+(1/2)(a/kA. D)'p(Q) ]. (4)
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It should be noted that the function y(Q) in Eq.
(3) has two poles separated by a zero, as in Fig.
1(a). This function can be used to sketch the gen-
eral behavior of the frequency ~(Q) in Eq. (4),
as is done in Fig. 1(b}, in which the singular be-
havior at the poles P, and P, has been "rounded
off" to take account of effects that are not includ-
ed in the idealized theory, but which are observed
experimentally.

The stabilization mechanism of interest here
can be interpreted in terms of the work done on
the resonant electrons by the electric field of the
drift wave, which is proportional to the negative
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of the growth rate':

dW/dt = (eE, &o/k, )'(f, /T) [1—tv~/ur ], (5)

where f, is a Maxwellian velocity distribution and
dW/dt&0 corresponds to stability. When co = co+,

Eq. (5) shows that dW/dt = 0 (marginal stability),
reflecting the well-known balance between the de-
stabilizing effect of the density gradient and the
stabilizing effect of the electron Landau damping. '
Similarly, any mechanism that makes w&~„(&u
&or+) causes growth (damping) of the drift wave.
Thus, the function m(Q) in Fig. 1(b) leads to the
dependence of growth rate on 0 with alternating
regions of growth and damping as shown by the
curve in Fig. 1(c). In the present experiment
(collisionless plasma with V T=0 and finite ion
I armor radius, p,. e0), with no rf electric field
w = or~ [1—(k~,.)']&co~ because the average low-
frequency electric field seen by the ions is re-
duced by the finite-Larmor-radius effect, and
the plasma is unstable. ' Stabilization of the drift
wave occurs when the damping due to the pondero-
motive force becomes greater than some critical
value that corresponds to the finite-Larmor-radi-
us destabilization. This critical value of the
damping is indicated by the horizontal dashed line
in Fig. 1(c), and intersections of the growth curve
with this line mark the boundaries of stabilization

FREQUENCY OF APPLIED FIELD Q

pgG. l. (a) The resonance function p(«) «Eq. (~) ~

(b) dependence of drift-wave frequency ~ on applied fre-
quency 0 modified to take account of effects not includ-
ed in the idealized theory, (c) the ponderomotive compo-
nent of the growth rate for the drift wave as a function
of the applied frequency Q. The zero of the abcissa
scale is suppressed in these figures so that the entire
variation of applied frequency lies in the lower-hybrid
region.

"windows" within which the drift wave is stabil-
ized. These frequency windows are indicated by
the horizontal cross hatching in the figure.

The experimental work described here has been
carried out on the University of Maryland Q ma-
chine operated single-ended in the collisionless
regime with n=10' cm ', B=1.8 kG, T, =0.2 eV,
pla sma length L = 70 cm, and plasma radius x = 2

cm. For these values the parameter (a&~/~„)'
=10 4, the electron-ion mean free path is greater
than L, the Debye length AD=3x10 ' cm, and

k~,- =0.1. Radio-frequency power is coupled into
the plasma by means of a short coil, inductive
coupling being used since it provides an optimum
match to the plasma with selective excitation of
a single lower-hybrid mode. It should be empha-
sized that the coil excites discrete lower-hybrid
modes characteristic of the bounded plasma col-
umn, and that the values of K, and K in Eq. (1)
"quantized" by the plasma geometry. Thus, the
longitudinal rf electric field E„=K,C (C is the
electrostatic potential associated with the lower-
hybrid mode) derives from the properties of the
lower-hybrid mode; the amplitude with which
this mode is excited depends on the geometry,
position, and coupling efficiency of the coil. The
frequencies, quality factors (Q), rf field configu-
rations, and absorbed powers for these discrete
modes have been determined in separate experi-
ments, in which the various discrete lower-hy-
brid resonances are examined by measuring the
frequency dependence of the Q of the coil with an
accurate and sensitive commercial Q meter.
This work is described elsewhere. '"

In the present experiments the frequency &u/2m

and amplitude of the drift wave are measured as
the applied frequency Q/2m is varied in the vicini-
ty of the frequency Q„H/2m, which corresponds to
one of the lower-hybrid resonances. The rf pow-
er is kept fixed at a level which corresponds to
E'/8wn~T=10 ' and a=10 '. In other experiments
it has been shown that with 0= const the depen-
dence of drift-wave frequency on pump-wave am-
plitude is in qualitative agreement with Eq. (4)
over an order-of-magnitude variation in rf power,
although more refined experiments will be re-
quired to determine this relation quantitatively.
The frequency &u(Q) is conveniently presented in
the form of a raster display" in which ~/2m is
observed on a spectrum analyzer as Q/2m is slow-
ly swept through Q„H/2m, with successive sweeps
of the spectrum analyzer being stacked one above
the other as shown in Fig. 2. Comparison be-
tween experiment and the analysis given above is
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FIG. 2. The dependence of drift-wave frequency ~/2x
on applied frequency Q/2vr as shown by a raster display
(Hef. lj.). In this display system successive sweeps of
a spectrum analyzer are stacked one above the other.
The points marked P~ = 2.6 MHz and P& = 8.7 MHz are to
be compared with similarly designated points in Fig.
1(b). The secular frequency shift is due to a variation
in rf power coupled into plasma caused by the fre-
quency dependence of the coil Q and by the distributed
capacity of the coil.

facilitated by imagining Fig. 2 to be rotated coun-
terclockwise through 90 and relating it to Fig.
1(b), using the points labeled P, and P, in the two

figures as reference points. This comparison
verifies two important features predicted by the
following analysis: (1) The derivative de/dQ goes
from positive to negative at two frequencies (P„
P, ) which are close to, but separated by, Q„H/2w.
(2) d&u/dQ goes from negative to positive at a fre-
quency slightly higher than QiH/2@The '.frequen-
cy separation between I', and I', in Fig. 2 is 1.1
MHz. This value ean be compared with the theo-
retical value, which is obtained from Eq. (4) as
(co+/2n)/(kAn)'. Using co~/2m from Fig. 2 with the
values of k and A. D as estimated above, we find
the theoretical value to be 2.4 MHz. In view of
the approximate nature of the estimated quanti-
ties and the fact that there may be other factors
not included in the theory, this result is regard-
ed as satisfactory at this preliminary stage.

The details of the damping of the drift wave in
the region 0& Oz„asobtained in separate experi-
ments are shown in Fig. 3. Although the ampli-
tude of the exciting signal to the coil is kept con-
stant in this series, the rf electric field in the
plasma follows the resonance response of the
lower-hybrid mode, being reduced by about 30/p
for Q/2@=2. 70 MHz. It is noted that the drift-
wave amplitude is reduced dramatically for rela-
tively small changes in the applied frequency 0
and the drift frequency &u. [Typically, the ampli-

3.70 MH
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6 2
DRIFT WAVE FREQUENCY p~ (KHZ)

FIG. B. The drift-wave amplitude as a function of the
applied frequency in the neighborhood of the lower-hy-
brid frequency OLH/2m. Successive tracings have been
displaced horizontally to avoid confusion. In this series
0& H/2x = 8.55 MHz and the endpoints of the drift-wave
frequency scale are nominally 2 and 6 kHz.

tude is reduced by at least 10 dB (power) with a
10o%%d change in co. ] This feature is consistent with
the rapid frequency dependence of electron Lan-
dau damping, as discussed above. It should also
be noted that the onset of strong damping does
not occur when G=0„„,but at a frequency some-
what higher than 0„„,as might be expected be-
cause of the presence of the intermediate region
labeled "2"in Fig. 1(c).

The theory' predicts that the method described
in this Letter can also be used to stabilize the
drift-cyclotron loss-cone instability, which is of
interest in mirror machines. " Finally, it is not-
ed that the present method is related to a tech-
nique known as "dither" stabilization in control
engineering. Dither stabilization is defined as
the modification of the low-frequency properties
of an unstable nonlinear system by the application
of a high-frequency signal in order to stabilize
the system. "
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We examine how internal fields affect orientational energies in superQuid 3He. We find

that the orientational effect of a magnetic field due to the interaction between magnetic
dipole moments is increased modestly, but that the analogous effect due to the interaction
between electric dipole moments induced by an external electric field is suppressed sig-
nificantly. Our estimated of the electric fields required to produce orientational effects
are at least an order of magnitude larger than previous ones.

In superfluid 'He the interaction between mag-
netic dipole moments gives rise to an energy
which tends to orient the spin part of the order
parameter relative to the orbital part. The dipo-
lar coupling parameter, gD, cannot be calculated
precisely because it depends on unknown frequen-
cy and momentum dependences of the energy gap
for frequencies of order &F and for momenta far
from the Fermi surface, which serve to cut off
logarithmically divergent sums. In the usual BCS
model these dependences are simulated by a sim-
ple step-function cutoff in momentum. In this
case, the theoretical values for gD are consistent

with experimental determinations for reasonable
values of the cutoff, if one neglects internal-
field effects. ' Takagi' has estimated the effects
of internal fields using the paramagnon model,
and he too finds agreement between theory and
experiment for a physically reasonable value of
the cutoff. As first pointed out by Delrieu, ' one
expects the interaction between induced electric-
dipole moments to produce an analogous energy
which tends to orient the orbital part of the order
parameter relative to an electric field. Whereas
the magnetic orientational effect has been well
verified experimentally, the electric orientational
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