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Anomalous Absorption of Intense Electromagnetic
Waves in Plasma

A conference on this subject was held in Princeton, March 1971, to discuss
linear theories of excitation of instabilitics by high-frequency fields, nonlinear
theories of saturation of the instabilitics, and experimental evidence from the
laboratory, the ionosphere, and computer simulation.

The classical absorption process is due to electron-ion collisions. Let us
review the anomalous process, for an electromagnetic wave whose frequency

is of the order of the plasma frequency.

An incident transverse wave (wo, ko) m
fluctuation (w,, k) into a longitudinal electron wave (w,, k,), subject to the
conditions w; +®, = W, & w,, K;+k, =ko = 0. The latter waves then transfer
energy to the particles directly by Landau damping, trapping, or collisions, or
indirectly by mode coupling to other waves. Thus the incident wave is
attenuated, and the plasma heats up. The theory of this process, called
anomalous absorption, was developed by Dawson and Oberman.’

When the incident wave is sufficiently intense, the ion wave plus electron-
wave pair is driven unstable. The resulting attenuation is thus greatly
cnhanced. The linear theory of this parametric instability has been developed
by Silin,> DuBois and Goldman,’ Jackson,* Nishikawa,® Kaw and Dawson,®
Tzoar,’ Sanmartin,® and others. In macroscopic terms, the ion wave is
driven unstable by the low-frequency pressure gradient due to the high-
frequency fields (~VE?), the latter including both the incident and the
longitudinal waves. The electron wave in turn is driven unstable by the charge-
density fluctuations produced by the incident wave in the inhomogeneous
plasma representing the ion wave.

In the Coulomb model, the parametric instability (with ko =0 and
wg > w,) has two branches: (1) k <k, (2) k> k., where k = |k, | = |k,
k. is given by wpg(k,) = wo, and wpe(k) = [w,2+k?v,*]"/? is the Bohm-
Gross frequency of a free electron wave.

(1) The small wavenumber branch has wpe(k) < wg, and thus the condition
for a decay instability [wpe(k)+ @ 4(k) = wo] is satisfied for some k; < k..
[Here w, (k) = ¢k is the frequency of a free ion-acoustic wave.] Here
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strong saturation mechanism. They applied their theory to the probiem of
incoherent scatter from the ionosphere, and found a narrow spectrum.
‘DuBois (Hughes Labs.) and Goldman (Colorado) described a general
scheme for computing the enhanced wave spectrum and conductivity, under
 steady state conditions, when the external driver is below a threshold field
which assumes an increased value due to enhanced plasma wave damping
- by nonlinear wave-wave and wave-particle interactions. General expressions
for these enhanced damping rates and the related spontaneous emission rates
were given, and a tentative calculation based on Bezzerides and Weinstock’s
orbit modification theory was shown to lead to low values of the nonlinear
conductivity in the ionosphere. Valeo and Oberman (Princeton) showed that
when particle trapping is not important, the principal mechanisms leading
to saturation are the scattering of unstable electron waves by ion density
fluctuations into stable electron waves and the decay of electron waves into
ion waves. Using fluid equations, Bodner (Livermore) presented a calculation
of saturation of the purely growing instability, in the special case that non-
linear effects do not introduce a finite frequency; however, he pointed out
that computer simulations seem to be giving evidence contrary to such an
\ assumption. Sanmartin (MIT) presented an analytical attempt at calculation
of the enhanced resistivity ncar the plasma frequency in the interesting domain
when the driving field approaches the instability threshold; however, the
range of validity of his treatment was rather restricted and the modification
of resitivity small.

About half of the meeting was devoted to experimental results, including
the results of computer simulations. Simulations presented by Kruer!®
(Princeton) and by Katz and DeGroot (Livermore) illustrated the basic
effects in a nutshell—the exponentiation of plasma waves due to the large
pump field oscillating near w,, and efficient heating of the plasma when these
waves become large. The simulations confirmed the linear theories and showed
that a substantial anomalous heating can be obtained. In addition to illustrat-
ing the nature of the heating (creation of very energetic tails on the electron
distribution), the simulations showed two theoretical regimes for the nonlinear
¢ theory, depending on the importance of strong electron trapping at time of
saturation. Values for the wave saturation levels and the anomalous heating
ratc as a function of the pump power were presented. Other simulations
demonstrated that a large amplitude electric field oscillating near the ion
plasma frequency also efficiently heats a plasma. These results were in good
agreement with a simple nonlinear theory. The waves driven unstable by the
stowly oscillating drift between the electrons and ions grow until they heat
the clectrons (via particle trapping) by an amount sufficient to quench the
instability. This predicts that the effective electron thermal velocity becomes
cqual to the maximum valuc of the slowly oscillating electron drift.

:
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A number of experiments, both in the laboratory and in the ionosphere,
were presented. Eubank (Princeton) and Drejcer etal. (Los Alamos) presented
results on anomaloug absorption of intense microwaves in low-density plasmas.
Eubank used a plasma produced by a helical transmission
structure (n, ~ 10'2 ¢m~3, T,~7eV, 10%
microwaves in the ordinary mode transverse
static magnetic field. He observed excitation of ion fluctuations and enhanced
plasma heating when the microwave power exceeded a threshold value. The
observed value was in good agreement with that predicted by the Perkins-
Flick theory of nonuniform plasmas. Dreicer er g7.11 made their measure.
ments on the highly ionized plasma column of 3 single-ended Q-machine,
Their experiment consisted in measuring the Q of a resonant cavity (from the
width of its resonance curve) filled with the O-machine plasma, as a function
of the microwave power in the cavity. When g critical power wag exceeded,
the Q suddenly started decreasing, which can be interpreted as an enhanced
dissipation in the plasma. Shearer (Livermore) described experiments on the
interaction of intense lascrs with plasma. He found an anom
of very energetic particles which might be interpreted as
getic tails produced by the anomalous absorption effect. Cohen!2 (NOAA,
Boulder) presented results of wave propagation experiments in the iono-
sphere. A powerful wave (the “modifier”) with a frequency close to the
electron plasma frequency of the F-layer was transmitted into the ionosphere,
The region of strong interaction (w =~ w,) was then probed by weaker explor-
ing signals sent at oblique incidence. The enhanced extinction of the exploring

signal in the presence of the modifier could be interpreted as evidence for
anomalous resistivity due to excitation of instabilities in the ionosphere. At
the same time it could also be attributed to enhanced scattering into regions
away from the receiver, There was thus an understandable controversy on
whether the anomalous absorption effect had been observed in Cohen’s
experiments. The presence of very energetic particles shown by airglow
measurements was, however, an additional piece of n«._.ao:no in support of
anomalous absorption processes. Wong and Taylor'3 (UCLA and TRW
Systems) described experiments in the ionosphere and the laboratory aimed
at investigating parametric instability effects. In the ionospheric experiments,
carried out at Arecibo with the cooperation of Carlson, Gordon, and Showen,
the F-layer was irradiated with a powerful radio wave from the ground. The
instabilities excited in the ionosphere were then diagnosed by incoherent
scattering using a ground-based radar system. The returned radar signals
showed sideband components shifted from the majn radar frequency by the
modifier frequency. The asymmetrical distribution of the returned sideband
signal around the sideband frequency is in qualitative agreement with
theoretical predictions of the instability analysis. In the laboratory experi-
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dominant nonlinear efTects. A N. KAUFMAN

P. K. Kaw
W. L. KRUER
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Microinstabilities in Mirror Plasmas

Over the last five years a considerable amount of theoretical work has been
done on the subject of microinstabilities in mirror plasmas and a significant
" increase in understanding has been achieved. Agreement between the
! theoretical and experimental results has been good for some modes of
; instability in certain regions of parameter space. In particular the agreement
between theory and experiment are very good at low densities (n ~ 10'°) but
at the present time there is very little correlation between the predictions of

the theory and the experimental results in the high density regime (n ~ 10*3).
" In this article I will summarize the main results obtained so far and then
" briefly mention the problems that remain to be solved.

{ In a mirror machine the ions are contained in the direction along the field
lines by the 4tV B force, however ions in the “loss-cone™ region of velocity
space that is particles for which V| < V/RY? (R is the mirror-ratio) can
escape freely from the machine. This means that the ion distribution is non-
Maxwellian and always has a source of “free energy” which can drive

~ instabilities. A typical ion distribution is illustrated in Fig. 1 and for com-
parison a Maxwellian is also shown (dotted line).

i
i
i
1
'

W«,
F1G. 1. The continuous line is a typical mirror loss-cone distribution and the dotted line is

a Maxwellian,
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