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STIMULATED EMISSION FROM THE UPPER-HYBRID RESONANCE IN A MAGNETOPLASMA*

R. M. Hill, D. E. Kaplan, and S. K. Ichiki
Lockheed Palo Alto Research Laboratory, Palo Alto, California

(Received 14 June 1967)

%e have observed coherent emission at the

upper-hybrid resonance frequency from a mag-
netoplasma following excitation of the resonance
by a microwave pulse. These results consti-
tute the first quantitative measurement of this
resonance as a function of electron density. '
For propagation in the extraordinary mode

across the static magnetic field B„ the disper-
sion relation for a cold plasma predicts a res-
onance which is shifted relative to the free-
electron cyclotron frequency ec =eB/m. At

low electron density the expression for this
resonance, known as the upper hybrid, is giv-
en approximately by

+ ~ 'sin'|)/2(u,
uh c p c'

where ~&, the plasma frequency, is found from
&up

= (n e'/meO)"' and 8 is the angle between

8, and the wave vector k. The frequency shift
is thus proportional to the electron density ne.
At resonance the index of refraction for the

plasma becomes infinite, and both phase and

group velocity vanish. This should result in
a peak in the absorption of a microwave signal
propagating at this frequency. At the same
time, the disturbance produced in the plasma
at this frequency is stored locally before be-
ing dissipated by radiation, collision, or oth-
er losses.

The observation of the absorption peak has
proved difficult in practice. In laboratory plas-
mas the radiation has to pass through regions
of low electron density near the plasma bound-

ary before penetrating the interior. Study of
the dispersion relation shows that under these
circumstances there exists a layer between
the boundary and the resonance region in which

the wave will not propagate. The upper hybrid
is thus said to be inaccessible. ' If this layer
of evanescent propagation is narrow, some
energy will tunnel through to the resonance
region and upper-hybrid resonance is observed. ~

However, the amount of this tunneling is usu-
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ally quite small, and explains the lack of quan-
titative observation of the resonance.

As an alternative technique the plasma may
be excited by an intense short pulse near res-
onance. A short time after the end of the pulse
the disturbance in the plasma will have died
down except in a very narrow frequency band
about the resonance. In spite of the weak cou-
pling between the interaction region and the
outside, we have been able to observe this
"ringing" as a sharp, coherent emission sig-
nal.

The experiment is conducted in an argon
afterglow plasma contained in a cubic glass
bottle, 4 cm on a side. The magnetic field
variation bB/B, over the plasma volume is
less than 0.03%. Electron densities in the
range 10'-10"/cms are selected by varying
the time in the afterglow at which the excita-
tion pulse is initiated. A microwave interfer-
ometer operated far above co~ is used to mea-
sure electron density. The resonance is ex-
cited with a 10-W microwave pulse, 10 nsec
in duration, and the resultant emission signal
with a power level of order 1 p, W is present-
ed both on an oscilloscope and spectrum anal-
yzer. For excitation in the extraordinary mode
(E &B,), the principal results are as follows:

(a) For propagation normal to B, (k&B,),
the experimentally determined frequency of
the upper-hybrid resonance closely follows
Eq. (1). For the cyclotron frequency equal
to 9.144 6Hz, the frequency difference (cuuh

-ec)/2m is given by b, v= 4.403X 10 'ne Hz.
The data are shown in Fig. 1 and are seen to
a.gree with Eq. (1) within experimental error.

(b) As the angle of propagation 8 is decreased
from m/2, the deviation of the upper-hybrid
resonance from ~~ is expected to follow the
equation d, v= (vp'/4m'&c) sin'e. We find exper-
imentally that the frequency deviation does
decrease monotonically with decreasing 0 but
more rapidly than expected. The explanation
of this behavior remains obscure, but it may
be due to depolarization effects.

(c) When the exciting pulse is applied at ~,
intense stimulated emission at ~ is observed
at all electron densities. This is compatible
with strong coupling to the low density of elec-
trons very near the glass wall. The amount
of energy stored and reradiated at ~ h is about
10 ' of that observed at co~, thus showing the
inaccessibility condition clearly.

(d) Stimulated emission at ~c has been ob-
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FIG. &. The frequency deviation 6v = huh-rue/2m' as
a function of electron density in units of 10~0/cm~. The
cyclotron frequency was 9.144 6Hz. The error bars
are typical for all data points.

served when the exciting frequency is at ~ h.
This indicates some coupling between the plas-
ma disturbance at these two frequencies. This
result is obtained most clearly when the fre-
quency difference 6 v is in excess of 100 MHz.
There is then a finite frequency region between
~~ and ~„h in which an exciting pulse results
in no observable emitted frequencies. As the
frequency of the microwave pulse approaches
+„h, and emission becomes observable, emis-
sion at ~~ reappears. The amplitude of the
signal at ~~ reappears. The amplitude of the
signal at v is now proportional to the ampli-
tude of ~uh. This unexpected result will be
studied further.

The experiment illustrates a new and useful
means for the study of collective phenomena
in the neighborhood of the upper-hybrid reso-
nance. The technique employed may also be
readily adapted as a means for determination
of electron-density conditions such that ~uh
is displaced from co~ by at least one resonance
linewidth.

*This work supported by the U. S. Office of Naval
Research, the Air Force Cambridge Research Labora-
tory, and the Lockheed Independent Research Fund.

A density-dependent absorption resonance was ob-
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served qualitatively by G. Bekefi, J. D. Coccoli, E. B.
Hooper, and S. J. Buchsbaum [Phys. Rev. Letters 9,
6 (1962)]. A. F. Kuckes and A. Y. Wong [Phys. Fluids
6, 1161 (1966}lpredicted that the density-dependent
peak in emission and absorption would occur at the
cut-off frequency for which the dielectric constant = 0,
as observed by S. J. Tetenbaum, to be published. The
upper-hybrid resonance has been identified in solid-
state plasmas at fixed density for frequencies in the
far infrared, and &p»~. S. Isawa, Y. Sawada,
E. Burstein, and E. D. Palik [J. Phys. Soc. Japan
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EFFECTIVE COORDINATE -SPACE POTENTIAL
BETWEEN Hes ATOMS IN SUPERFI.UID He4]'

L. J. Campbell
Department of Physics and Materials Research Laboratory, University of Illinois, Urbana, Illinois

(Received 17 April 1967}

Starting from the helium interatomic potential for isolated atoms and the difference be-
tween the volume per atom of He and He in solution, an effective Hes-Hes interaction
is derived and used to calculate the solution properties (specific heat, magnetic suscep-
tibility, He "sound velocity, " spin diffusion, thermal conductivity, viscosity, and maxi-
mum solubility) for small concentrations of He3.

A phenomenological momentum-space poten-
tial Vy was introduced recently by Bardeen,
Baym, and Pines' (BBP) to account for new-
ly measured properties' of dilute solutions
of He in superfluid He4. A more microscop-
ic calculation of the Hes-He4 solution proper-
ties is outlined here. The calculation is phe-
nomenological in that (1) the experimental val-
ues of the volume per atom in solution and the
average nearest-neighbor distance are used,
(2) an unknown He4 effective mass was treat-
ed as a phenomenological parameter, and
(3) following BBP, a self-consistent Hea effec-
tive mass was chosen at zero concentration.
The results, in general, support the potential
Vp of BBP.

At very low temperatures, where almost
all the He4 is superfluid, the He' atoms are
regarded as a gas in a neutral, nonviscous
medium of constant density. Because of their
lower mass and hence larger zero-point excur-
sions, the He' atoms carve out of the liquid
a larger volume per atom ~a=(1+n)~, than
that of the Hei atoms (~4); from Kerr's dataa
n —= 0.28. Both the effective mass of a single
Hes atom mo~* and the effective interatomic
potential ve ff between two He atoms are influ-
enced by the He~ background.

For two He' atoms at r and r', ve ff(r-r')

is a sum of three terms: (1) the induced po-
tential arising from each He~ atom interacting
with the He4 background through the bare He-
He4 potential v», (2) the induced potential stem-
ming from the He4 background interacting with
itself through the bare He -He potential v«,
and (3) the bare He'-He' potential v». These
three terms are individually large but mutu-

ally cancel to order n' for Ir-r'I larger than
a couple of interparticle spacings. For small
Ir-r'I, the repulsive core of the bare He'-He'
potential dominates. Of course, since the above
bare potentials are assumed to be those between
isolated He atoms, they are all equal; so the
subscripts will be dropped later.

The contribution of v,4 to veff is found by
integrating over the background the potential
density vs, (r—s)d's/ru, of a He atom at r (or
r') interacting with a small volume d's of the
background at s. That is, the integral in s
is over the volume of the system excluding the
volumes, of size ~, each, occupied by the two
Hes atoms at r and r'. The result is a constant
plus a function of r-r which is the contribu-
tion of v„ to veff(r-r ). This function is

—2(1+c, )vs~([r-r']s4)g (r-r'),
where [r—r]~~=maximum of Ir-r'I and the av-
erage nearest-neighbor distance between He'
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