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Notice that the time scale (29) is comparable
with the rapid skin-penetration time of the &~
field. Our analysis therefore does not really de-
pend on having reached the assumed steady state,
but should be valid any time after the & penetra-
tion has occurred.
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In this Letter we propose an interpretation of a recent experiment on the anomalous
absorption of a powerful electromagnetic wave in a collisionless plasma. The electro-
magnetic wave excites an instability, driving up the ion-density fluctuations. The ion
waves scatter energy efficiently from the electromagnetic wave into longitudinal plasma
modes which are then absorbed in the plasma.

Recently, Gekker and Sizukhin' carried out an
experiment demonstrating anomalous absorption
of a powerful electromagnetic wave in a collision-
less plasma. A schematic of their experimental
arrangement is shown in Fig. 1(a). Powerful
traveling electromagnetic waves in the H» mode
were set up in a cylindrical waveguide, A~; the
waves were launched at A and absorbed at B by
a matched impedance. A plasma stream was in-
jected at B inward along the axis. ' The leading
edge of the plasma had a density profile, presum-
ably of a type similar to that shown in Fig. 1(b).
The experiment consisted in measuring the re-
flection coefficient as a function of the intensity
of the incident electromagnetic wave. When the
intensity exceeded a certain critical value, the
reflection coefficient dropped from 100% to al-
most zero. Since the incident frequency was less
than the peak plasma frequency, the transmission
coefficient was negligible', thus, most of the in-
cident energy was absorbed in the plasma. Gek-
ker and Sizukhin' suggest that "this phenomenon
is apparently connected with the excitation of an
instability that leads to plasma heating"; however,
they did not even speculate on the nature of the
instability. In this Letter we offer a possible in-
terpretation of this experiment.
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FIG. 1. (a) Schematic of the experimental arrange-
ment used by Gekker and Sizukhin. (b) Density profile
of the leading edge of the plasma in the experiment;
L = 102 cm, ~= 10 cm.

Our interpretation of the experiment is as fol-
lows: The incident electromagnetic wave travels
almost absorption-free until it reaches a region
where the incident frequency + is close to the lo-
cal plasma frequency. When the incident wave is
weak, there is a perfect reflection of the wave

from this region. However, if the electric field
strength of the incident wave is sufficiently large,
it excites instabilities in a thin layer in this re-
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gion [see Fig. 1(b)].~ The most likely instabili-
ties are the two parametric instabilities of the
hydrodynamic type, discussed in detail recently
by several people. These instabilities lead to
strong ion-density fluctuations and a considerable
enhancement of the high-frequency resistivity
around the plasma frequency. ' ' (A demonstra-
tion of this effect, due to one of the two instabili-
ties, together with the resultant enhanced heating
of a plasma —in a computer simulation experi-
ment —was recently reported. ") The result of
the instability, therefore, is that there exists a
strong anomalous absorption of the electromag-
netic wave in the unstable region. Thus, if the
electric field amplitude is sufficiently large, the
reflection coefficient drops to zero. It is of in-
terest to note that this method of anomalous ab-
sorption is particularly efficient because the
wave is spending a lot of time in the unstable re-
gion (its group velocity is small when &u =a~).

The reflection coefficient of a plane electro-
magnetic wave normally incident on an inhomoge-
nous overdense plasma can be readily worked
out, and in the approximation of geometric optics
is given by"

where

v, (z)&v~2(z )dz
r CA[%2 M 2(z)]x/2~ (2)

v, is the effective collision frequency, the inte-
gration is carried out over the width & of the un-
stable region, and the rest of the symbols have
obvious meanings. Assuming that the density
variation in the unstable region is linear —i.e.,

(u~'(z) = (u'(z/L),

where L is the typical scale length of density
variation —one can carry out the integration in
Eq. (2). We will show later that for the experi-
ment, A/L«1; in this case, we find

Kr = 4(v„/c)(LA)'~'.

Let us now make an estimate of the anomalous
collision frequency due to the two parametric in-
stabilities. The oscillating two-streaming insta-
bility (in which a purely growing ion mode and a
high-frequency electron plasma mode both grow)
is excited when the incident electric field strength
exceeds a threshold value given by

where ~& is the electron thermal velocity, v is
the electron collision frequency, and the rest of
the symbols have their usual meanings. For the
parametric ion-acoustic instability (in which an
ion-acoustic wave and an electron plasma wave
both grow), the thresholds are lower when T,
»T;. However, if T, =T; (which is quite likely
for the type of spark plasma used in the experi-
ment), the threshold is agai. n given by Eq. (4)
within fa,ctors of the order of unity. ' Since the
normal electron collision frequency in the experi-
ment is quite small, the threshold field given by
Eq. (4) is readily exceeded and the plasma be-
comes unstable. As the ion modes grow, the
ions become strongly correlated and begin very
efficiently to scatter energy from the external
electromagnetic wave into longitudinal plasma
modes, which then are absorbed in the plasma
(mainly due to Landau damping by electrons).
This enhanced energy absorption can be inter-
preted as an enhanced collision frequency, v,.
Thus, one might expect the instability to keep on
growing until the anomalous collision frequency
v, becomes so large that E, no longer exceeds
the modified threshold field. At this point the in-
stability will shut itself off; one may say, there-
fore, that the anomalous collision frequency is
given by

v, = ~~(eE, /4m ~~V r )',

where we have taken T; =T,. This equation can-
not be trusted for values of v, /(u~ greater than a
few tenths since one would not expect v, to in-
crease indefinitely (this was also noted in the
computer simulation experiment").

Combining Eqs. (1), (3), and (5), one obtains

(6)

where we have introduced a parameter K of order
unity to take care of the fact that all the expres-
sions we have derived are only order-of-magni-
tude expressions.

We will now make estimates of ~, the width of
the unstable region, and E„ the internal field in
the plasma. It is quite well known that when an
electromagnetic wave is incident on a linear lay-
er, the superposition of the incident and reflect-
ed waves leads to a standing-wave pattern with a
large maximum near the point co = co~. The width
of this maximum gives a rough estimate of the
width of the unstable region, and is given by"

(4) C2L/N2
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A better estimate may be made by letting the
width of the resonance around ~~ determine the
width of the unstable region; further, 4 in all
probability will be a function of E„ increasing
with greater field strengths. We will put all of
these factors, which are typically of order unity,
into the parameter ( introduced in Eq. (6). The
internal field at the first maximum is greater
than the vacuum field by an amount"

E,/E „=(wL/c )'/'. (8)

Using (7) and (8), Eq. (6) takes the form

Equation (9) is our final expression. The only
unknown is the parameter r. , which is of order
unity, and is uncertain because of the simplified
analysis used here. " From the experiment of
Gekker and Sizukhin, ' we use the following data:
co=2 x10'0 sec ', Vr=1.2 x108 cm/sec, c/v
= 10/2w cm, and L = 10' cm.

Taking f = 4 (to fit the experimental point where
the reflection coefficient drops to e of its origi-
nal value), one obtains the theoretical curve
shown in Fig. 2. The curve has not been extend-
ed to higher field strengths since v, /m~ starts ex-
ceeding a few tenths and hence our Eq. (5) is sus-
pect. The agreement in the moderately strong
field regions is reasonably good. For very strong
fields, our qualitative arguments about the satu-
ration of v, suggest a saturation in the absorp-
tion; the experiment, however, indicates that the
absorption keeps on increasing. This may be due
to the fact that the width of the unstable region

also keeps increasing.
One might question the use of the infinite homo-

geneous plasma theory of the instability for our
inhomogeneous situation. It should be pointed
out, however, that the experiment satisfies the
following inequalities: L(-10' cm)»A. I„&(-10
cm)»AD(-10 ' cm), where A. &, is the free-space
wavelength and An the Debye length. Thus one
can excite ion waves with A, »~D but still short
compared with A. f„L, or ~; this also justifies
the use of the dipole approximation for the insta-
bility calculation. It is also of interest to note
that the maximum growth rate of the instability
is y- (m/M)' '~~-10' sec '; this shows that the
waves have sufficient time to grow quite a bit be-
fore they convect out of the unstable region (t,
—b/V, h,

—10 ') or before the incident electro-
magnetic wave is switched off (-10 ' sec).

Considering the uncertainties in both theory
and experiment, the agreement obtained is re-
markably good. Given more data, it may be ad-
vantageous to plot 1n(R(' vs [E~~' and check the
linearity of this relation suggested by Eq. (6).
One can also experimentally confirm the depen-
dence of the critical electric field for the reflec-
tion coefficient falloff" on the frequency, temper-
ature, and scale length. Finally, one may be
able to probe the plasma and study (a) the ion-
density fluctuations that are critical to the pro-
posed anomalous absorption mechanism, and

(b) the production of hot electrons in the tail of
the electron velocity distribution, which is a di-
rect consequence of the proposed mechanism. "

%e are very grateful to Dr. J. McBride and
Dr. C. Oberman for their comments.
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FIG. 2. Variation of the reflection coefficient with
the intensity of incident electric field strength. Solid
curve, theory; closed circles, experimental points.
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We show how the Zeeman pattern of the "satellites" of spectral lines produced by the
high-frequency Stark effect can be used to determine the direction of an osciIlating
electric field relative to the magnetic field. We illustrate the use of this effect as a
diagnostic technique in plasma physics by observations of the Zeeman pattern of the

0
"plasma satellites" of the 4922-A He-I line produced by high-frequency electric fields
in a beam-pLasma interaction.

The high-frequency Stark effect is a powerful
spectroscopic technique for studyIng strong
oscillating electric fields in plasrnas. Oscilla-
ting electric fields induce multiple quantum trans-
itions which produce new spectral lines, "satel-
lites" of normally forbidden or allowed lines.
It is possible to determine the frequency of the
perturbing electric field from the spacing of
these satellites, and the strength of the field
from measurements of the intensities of the sat-
ellites relative to the intensity of a nearby al-
lowed line, or from the observed Stark shifts of
the lines. '

In most cases in which one would like to use
this method to study oscillating electric fields
in a plasma, the plasma is permeated by a mag-
netic field. The presence of the magnetic field
complicates the theoretical calcu1ations, but it
does introduce one valuable simplification in the
data analysis. In the absence of a magnetic field,
one can only determine the direction of the elec-
tric field from measurements of the slight polari-
zation of the satellites. ' In the presence of a
magnetic field, however, one can determine the
direction of the electric field relative to the mag-
netic field very simply by inspection of the Zee-
man pattern of the satellites. In this Letter we

report the application of this new diagnostic tech-
nique to a beam-plasma interaction.

To calculate the high-frequency Stark effect in
the presence of a constant magnetic field, one
must solve the time-dependent Schrodinger equa-
tion with a Hamiltonian containing terms describ-
ing the interaction of an oscillating electric field
and a static magnetic field with the excited atom.
This can be done by including a magnetic inter-
action term within the framework of the calcula-
tions described by Cooper and Hicks. ' We have
done this and will report on it in a later publica-
tion.

If the electric fields are not too strong, such
detailed calculations are not necessary since on-
ly two satellites are observed in this case. As
discussed in Ref. 2 and in earlier publications
cited therein, these satellites may be considered
to be produced by the following two-quantum
process: An excited atom in excited state i ei-
ther absorbs one quantum from the electric field
or emits one quantum to the field by an electric
dipole transition and goes to an intermediate
virtual state. This virtual state then decays to
the final state k' by a second electric dipole tran-
sition, which results in the emission of an opti
cal photon. A direct electric dipole transition


