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ANOMALOUS NONLINEAR DISSIPATION OF HIGH-FREQUENCY RADIO WAVES

IN PLASMA
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The review covers theoretical and experimental studies of the parametric effect of high-power
electromagnetic radiation on a plasma. Under the action of such a field, parametric instabilities
develop in a plasma, leading to appearance of a turbulent state with an increased level of fluctua-
tions of the internal field in the plasma. Under the action of these fluctuations the particle distri-
bution in the plasma changes and, in particular, their energy increases, which corresponds to
anomalously fast transfer of the energy of the radiation field to the plasma particles or, in other
words, corresponds to an anomalous increase of the high-frequency conductivity of a parametric ally
unstable plasma. This theoretically predicted pattern find confirmation in a number of experimental
investigations, also discussed in the review. Experiments demonstrate the appearance, under the
action of high-power radiation, of an increased level of plasma fluctuations, a large high-frequency
resistance, an increase in the rate of plasma heating, and, finally, of fast particles v All of these ef-
fects are consistent with the theoretical ideas and permit us to discuss qualitatively a new group of
physical phenomena arising in the action of high-power radiation on a plasma.
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1. INTRODUCTION theory of linear action of radiation on a plasma is

Τ
based, and also the ideas of nonlinear theory, which

HE action of electromagnetic radiation on a plasma take into account among the possible dissipative
is interesting from the point of view of our need to processes only Coulomb collisions of the plasma parti-
understand a number of physical phenomena. Among cles. Both here and everywhere below we will discuss
these are the propagation and absorption of electro- only the properties of a completely ionized plasma,
magnetic waves in the ionosphere and in the plasma of In the theory of the linear action of radiation on a
outer space, plasma heating in devices proposed as a plasma, the complex dielectric constant is usually used,
means of solving the problem of controlled nuclear _ ,
fusion and which use electromagnetic radiation of radio ε — ε + ΐε ,
or laser frequencies, and also phenomena in which the which in the absence of a magnetic field is a scalar
possibility appears of using plasma for transformation quantity. Here the real part
of various waves. Many investigators have studied

rather thoroughly the effects of weak waves on plasma, ε K ) = 1 " ̂ ^ ( < O i i " 4 n e n J m < * 3 " 1 0 ^
where these phenomena correspond to linear electro- permits us, in particular, to discuss the opacity of the
dynamics. Action of high-power electromagnetic radi- plasma for radio waves with frequency coo less than the
ation on a plasma has been less studied and is being electronic Langmuir frequency a>Le· This expression
intensively studied at the present time; here the possi- for e' has meaning for high-frequency waves where
bility arises of a number of different nonlinear phe- ω0 is appreciably greater than the electron-ion colli-
nomena. The present review is devoted to one of these sion frequency vei characterizing dissipative proces-
groups of nonlinear phenomena in plasma, character- ses in a completely ionized plasma:
ized by the appearance of an anomalous high-frequency ν«,ι = 4(2π)1/2 Ain,A/3m|i4,, (where vi, = xT.im,).
resistance due to resonance parametric action of high-
power radiation leading to development of perturbations Correspondingly, for the imaginary part of the dielec-
in the plasma and to a turbulent state. t r i c constant, which determines the linear absorption

Before going to the main part of the review, we will o f electromagnetic waves by the plasma, we have

briefly discuss here the ideas on which the ordinary ε" = ω|βν,ι/ω; Ξ= 4πσ/ω0 (σ=ω£,ν(,ί/4πω;),
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where σ is the high-frequency conductivity of the
plasma. For example, for a plasma with an electron
concentration n e ~ 1 0 n cnT3 and a temperature κΤθ

~ 1 eV we have Λ ~ 10 and wLe ~ 2 χ ΙΟ10 sec"1,
vei ~ 2 χ 106 sec"1. Therefore for frequencies ωο
~ coLe w e have e" ~ 10"4, which corresponds to rela-
tively weak absorption of the electromagnetic wave by
the plasma.

The concepts of the linear theory are inapplicable
under conditions of high intensity of the electric field
of the waves. We note that conditions were obtained in
the laboratory long ago under which the plasma pres-
sure was less than the pressure of the microwave elec-
tric field:

For radio frequencies close to wLe this inequality
corresponds to the thermal velocity vTe of the plasma
electrons being small in comparison with the velocity
VE = | e | E0/meo;o of the electron oscillations in the
electric field of the wave. Thus, for example, for «Te
~ 1 eV and ω0 ~ 2 χ 1010 sec"1 it turns out that ν χ β

= VE for Eo = 300 V/cm.
We will make here an observation on the action of

the field of the electromagnetic wave on the plasma
particles which is important for the entire following
discussion. First of all we must note that under the
conditions ωο ~ a>Le the magnetic-field intensity of
the wave has an order no greater than the electric-field
intensity. This means that under nonrelativistic condi-
tions, to which we will confine ourselves below, when
VTe « c and VE « c (c is the velocity of light), the
contribution of the magnetic field of the wave to the
Lorentz force e a ( E + c"1 va x B) can be assumed
small. Therefore in the action of the wave field on the
plasma particles the principal effect is that of the elec-
tric field. This permits us to discuss the plasma
properties in a strong oscillating electric field E(t)
= E osin coot.

The effect of the electric field appears compara-
tively simply in effects due to the ordinary mechanism
of Coulomb collisions. Here, in the first place, for
comparatively weak fields, as the result of ohmic heat-
ing of the electrons by the electric field of the wave,
the electron temperature increases and consequently
the electron-ion collision frequency^11 decreases, and
in the second place, in a strong field where VE » v Te
the effective collision frequency drops rapidly accord-
ing to a VE law (see ref. 2). Thus, we can state that
the concepts of the ordinary electromagnetic-field dis-
sipation mechanism lead to the conclusion that the dis-
sipative effects are reduced as the power is increased.
This conclusion makes particularly interesting the pre-
dictions of the theory of parametric action of an elec-
tromagnetic wave on a plasma, since they give a picture
which is qualitatively different from the usual picture.

In discussing the parametric action of high-power
radiation on a plasma, we have in mind the following
physical picture. The parameters which determine the
state of the plasma change with time—oscillate—under
the influence of the electromagnetic field. Thus, as a
result of the difference in the signs of the charges and
in the masses of the electrons and ions in the field of
the wave, there is a relative oscillatory motion of the

plasma particles, as a result of which the electric
current density in the plasma oscillates. The variation
of the plasma parameters with time, for sufficiently
large amplitude, as in the well understood case of
mechanical closed oscillatory systems, leads to the
possibility of parametric resonance. A large amplitude
of the plasma-parameter oscillations occurs under the
action of sufficiently powerful electromagnetic radia-
tion on the plasma. Here the appearance of parametric
resonance or, more generally, parametric instability
in the plasma will lead to appearance of perturbations
of the plasma oscillations, accompanied by an increase
in the fluctuations of the internal fields. The state of
the plasma with developed field fluctuations is a turbu-
lent state. It is already widely known at the present
time that turbulent plasma arises in a large number of
experimental situations, and its properties turn out to
be qualitatively different from those of a laminar
plasma in which there are only thermal fluctuations of
the internal fields.

The problem of the present review is to explain the
results of studies of the parametric action of high-
power radiation on plasma which have been obtained in
recent years by a large number of workers who have
investigated this field of plasma physics. Here we will
limit ourselves to those results which are rather com-
plete. This remark is necessitated by the fact that the
pattern of appearance of parametric instability and the
corresponding turbulent state turns out to be quite
peculiar and comparatively complex as a result of the
fact that the spectrum of the internal plasma-field
fluctuations which build up lies in a region of frequen-
cies comparable with the frequency of the high-power
external field of the pumping radiation or in a lower
frequency region. However, in spite of this complica-
tion, we can state that the ideas formulated by the
theory of parametric action of high-power radiation on
a plasma are based on a rather large set of theoretical
results. At the same time they have been the starting
point for formulation of experimental investigations
which have led, in particular, to the experimental dis-
covery of the phenomenon, predicted by the theory, of
anomalously rapid transfer of the energy of the electro-
magnetic field to the plasma or, in other words, the
phenomenon of anomalous high-frequency resistance of
the plasma.

The applicability of the ideas of parametric action
of radiation on a plasma is now clear, both in the
microwave region and in the optical (laser) region.
Since in the current level of development of technology
the possibilities of appearance of parametric effects
are broader in the microwave region, and the experi-
mental data are also substantially more numerous, we
will present, in our specific evaluations below, data
referring to the microwave region.

2. RESULTS OF THE THEORY OF PARAMETRIC
INSTABILITY OF A PLASMA IN THE FIELD OF
AN ELECTROMAGNETIC WAVE

The theory of the natural oscillations and stability
of a plasma in strong electromagnetic field, which has
predicted a large number of specific phenomena in a
plasma in a high-frequency field, is now a new and very
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extensive division of plasma physics, and in order to
provide any detailed account of this theory it is neces-
sary to write a separate review (cf., for example, our
1968 review'31). Therefore we will concentrate our at-
tention below on the qualitative aspects and the final
results of this theory.

The theory, which is based on the systematic
kinetic description of a plasma, has received substan-
tial development in recent years. We will discuss be-
low the consequences of this theory for instabilities
with perturbation wavelengths much less than the size
of plasma nonuniformities and for the case in which the
external electromagnetic field can be considered
spatially uniform, E0(t) = Eo sin wot. Then the kinetic
theory developed by us previously'41 leads to the dis-
persion equation

. _ δε; (ω, k)
1 + δε;(ω, k)

ω, k)
m, k) '

here δ£ε(ω, k) and δ£ϊ(ω, k) are respectively the
electronic and ionic contributions to the ordinary longi-
tudinal dielectric permittivity, which depends on the
frequency ω and wave vector k; Jn(a) is a Bessel
function of the first kind, Γ Ε is the amplitude of the
relative oscillations of the plasma particles; for ex-
ample, in the absence of a constant magnetic field Γ Ε
= eEo/meu>o·

In a previous article' 4 1 devoted to the theory of
parametric resonance in a plasma located in a strong
electric field from a high-frequency wave, where VE
» νχ θ , we showed that in the region of external-field
frequencies ωο ~ toLe a n c * ωο ~ u>Le a n instability
associated with the increase in perturbations of the
longitudinal electric field arises in the plasma. Here,
for example, in the vicinity of ωο ~ u>Le as the fre-
quency of the external field approaches the electron
Langmuir frequency from the high-frequency side,
oscillations arise in the plasma with frequencies close
to harmonics of the external field, and with a low fre-
quency. In the same region but on the low-frequency
side ωο ~ u)Le> among the amplitudes of the perturba-
tions which build up there is an amplitude building up
asperiodically, and here there are no low frequency
oscillations. The theory predicted that in the region
ηω0 ~ wLe (η is an integer) the perturbations of the
longitudinal field build up with a maximal increment

γ ~ ω 1 β (me/m,.)V3,

and for ωο < u>Le outside the region | ηω0 - a>Le I
~ u>Le(me/mi) 1 / 3

(2.1)

These values of the maximal increment occur for per-
turbations with a wavelength comparable with the elec-
tron oscillation amplitude in the electric field of the
wave:

In a certain sense this plasma instability can become
similar to a beam instability, since it is also due to
the motion of electrons relative to ions.

Systematic consideration of the thermal motion of
the plasma particles has shown'51 that parametric

plasma-instability effects involving the buildup of
oscillations of the potential field are possible when the
external-field frequency is appreciably greater than
the value corresponding to the electron Langmuir fre-
quency, provided that the electron temperature T e is
significantly greater than the ion temperature Ti.
Specifically, over a wide range of frequencies

*"LP, ^ OJQ <zi (D^ci e [i ι in {i etnijι iffic)\ \Δ .Δ)

instability can arise; here, if ω0 is not close to (̂ Le-
the oscillations which build up have a frequency ~ω\Α,
which is the limiting value of the ion-accoustic fre-
quency for wavelengths less than the electron Debye
radius r j) e .

As we have shown previously'51, the development of
instability resulting in buildup of potential oscillations
of ion-accoustic waves in a collisionless plasma is due
to the Cerenkov effect on the electrons. Specifically,
electrons oscillating under the action of the wave field,
for sufficiently high electric-field strength, radiate
waves primarily through the Cerenkov effect, while in
the absence of a pumping field the preferential absorp-
tion of the waves by electrons leads to collisionless
Landau damping. Under these conditions the increment
of the perturbations which build up is small in compar-
ison with the frequency and, for example, for VE ~ ν χ θ

we have (krj}e » 1)

2 2 n ι 3 /Ο Ο \

For an instability of this type we will show below the
possibility of occurrence of anomalous plasma resist-
ance. After the publication of our earlier articles' 4 ' 5 1,
a number of investigators were occupied with study of
parametric instabilities of plasma in a strong high-
frequency field against development of potential per-
turbations'6"8 1. We can now state that the results of
these earlier studies' 4 ' 5 1 have been confirmed and that
accepted criteria exist for plasma instability in a
strong high-frequency field (see also refs. 9 and 10).

As the frequency ωο of the external field of the pump-
ing wave approaches the electron Langmuir frequency
i,)Le (and also for corresponding harmonic resonances
ηω0) the threshold value of electric-field intensity at
which parametric plasma instability becomes possible
decreases. At the same time the wavelength of the
perturbations which build up in the plasma increases.
At the present time a particularly detailed theoretical
study has been made of the near-threshold region of
parametric plasma instability in the vicinity of ωο
= uiLe> a s reported in a number of articles' 1 1" 2 0 1. This
near-threshold region is of interest first of all because
of the comparative simplicity of the phenomena arising
here. We will briefly describe the theoretical results
obtained for this region in the articles cited.

As in the case already discussed of a strong field,
in the near-threshold region development is possible
of both aperiodic and almost periodic instabilities. The
possibilities of occurrence of these instabilities are
determined by requirements on the difference of the
external-field frequency and the frequency of the
ordinary longitudinal plasma wave

2,1/2 (2.4)
Δω0 = co0— (a>L

: (2ω0)"
1 («ο — wLe — a n — c
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Let us turn first to consideration of aperiodic insta-
bility, which is characterized by presence in the per-
turbation field of a harmonic building up aperiodically
with time according to an exponential law, and also of
harmonics with the external-field frequency. In this
case for appearance of an aperiodic instability the
condition Δα>ο < 0 must be satisfied. The boundary of
such instability, corresponding to the values of the
wave vectors of the perturbations building up for a
given electric-field intensity of the pumping wave, is
determined by the relation [ 1 5 ' 1 9 ]

Then

<k E»>l2im
*»(r

,
+1 Δω0 | '

where

/
it (Or- (2.5)

In Eq. (2.5) the first term characterizes the Cerenkov
interaction of the electrons with a high-frequency har-
monic of the longitudinal plasma perturbations, and the
second term—damping due to collisions of electrons
with ions. We will designate by k s t the wave vector
for which the two terms in the right-hand side of (2.5)
are equal (k | t r f ) e « ln"1(WLe/^ei))·

The threshold field value, at which aperiodic insta-
bility becomes possible, and the corresponding value
of the wave vector depend on the magnitude of the de-
tuning, by which we mean the difference in the external-
field frequency ωο and the plasma frequency ω ρ

( 4 ) V 2 · H e r e ' i f

we have for the threshold value of the wave vector and
the electric-field intensity of the pumping wave [15]

(2.7)
rt. thi

For a small excess of the field over the threshold
value, when the increment is small in comparison with
γ, the high-frequency part of the electron charge-
density oscillations which build up has the form

From this it follows that the rapid dependence of the
perturbations on time has a 45° phase shift relative to
the phase of the electric field of the high-frequency
pumping wave.

For a small excess above threshold, the increment
also reaches its maximum value

for the following wave vector value:

For a further increase of the pumping-wave electric-
field strength the maximum increment increases
linearly with field strength:

Vmax ~ (ωκ/ V&) (rE/rDe).

For detunings greater than (2.6), instability arises for
perturbations in which k > k s t . This occurs for

coo — ω ρ > (3/2) (ΰpkftrot-

E\tu
,Toe xP| (2.8)

k2

thx r%e = 2 (ω 0 — ωρ)/3ωρ

It follows from this that with increasing detuning the
threshold electric-field intensity increases exponen-
tially.

For a small excess over the threshold field (2.8),
the high-frequency part of the electron-density oscilla-
tions has the form

e ikr+vl c o s ω<ί{,

which corresponds to a phase shift of these oscillations
in time by 90° relative to the external-field phase.

Let us now discuss the results of the theory of
parametric instability in the near-threshold region
which relate to development of almost periodic oscilla-
tions. This instability, as in the case of strong fields,
occurs in the region of external field frequencies ωο
exceeding the plasma frequency ωρ. For a slowly
varying perturbation harmonic frequency ω in the
near-threshold region we have the following equation1^18]:

= (itE/2krDey (ω,)2 [(Δω,,)2-ω2 + ν2] ω0Δω0;

here ω$ = o)Lik rDe is the frequency of ion-acoustic
waves of a plasma in which the electron temperature
appreciably exceeds the ion temperature. Correspond-
ingly we have for the increment

. ._ 17 k r E \ 2 ω!ωογΑωο T^r — ΊΛ X
(2.10)

/ fag \

\2kTDe)
ωΙω0Αω0 {[(Αω0)

2 — ω^

where

(2.11)

is the low-frequency damping decrement, in which the
last term is determined by the frequency of collision
of ions with ions

If we neglect ion-ion collisions and assume that
= o>s » γ we have the result of Du Bois and Goldman1 u ] .
The limit γ » a>s corresponds to that obtained by
Nichikawa[15].

We emphasize that the case Δωο = wg, or in explicit
form

<»o= (teL + ioIi + SftVl^D'^ + a),,

represents the interaction of this type of three waves:
the external high-frequency wave, the longitudinal high-
frequency Langmuir plasma wave, and the ion-acoustic
wave; this process can be called wave decay (or, what
amounts to the same thing, combination scattering).
We note that the plasma wave decay instability dis-
cussed by Oraevskii and Sagdeev[21] can be important
for the subsequent fate of the longitudinal parametric
excitations in the plasma.

A general investigation of the near-threshold region
of buildup of almost periodic perturbations has been
reported by Andreev et a l . [ 1 9 ] We will concern our-
selves here only with a strongly anisothermal plasma
( T e » TjJ with comparatively infrequency collisions,
when
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ν«ι/β>ΐ. [In

Then the minimum threshold for parametric instability
occurs for Δωο = wg and is determined by the formula

l T e = (8π) ι / 2

(2.12)

This threshold lies in the region of small detunings

ω » - ω ρ < (3/2) atpl&rl. ~ ω ρ In' 1 (a>L/v2i),

where the dissipation is determined by collisions,
since the perturbations arising are long-wavelength.

For large detuning, collisions make a small contri-
bution in comparison with the Cerenkov effect. In
particular, in the detuning region

(2.13)

(where k2 is the wave vector for which y = ω 8) the
spectrum of low-frequency perturbations building up
coincides with the ion-acoustic spectrum (u> = u>s) if
the pumping-wave field intensity satisfies the inequality

(2.14)

(2.15)

Here we have for the increment

v = — ι

where y s and γ are defined by Eqs. (2.11) and (2.5), in
which we can omit the collision contributions. The in-
crement (2.15) becomes positive if the electric-field
strength Eo exceeds the threshold value determined by
the relation

£5hll/4n7i,x7'«= 16γ8 (fco)'v (/Γο)/ωοω, (k0), (2 .16)

where the value of the wave vector k0 corresponds to
the decay value:

ω, (ft,,) = kov, = Δω0 (fc0) == co0-<op [1 + (3/2) ftVoj!

The fact that under these conditions the dissipation is
due to the Cerenkov effect, as we will show below,
permits theoretical results characterizing the anomal-
ous plasma resistance to be obtained for the detuning
(2.13).

Under real conditions a plasma is always to a cer-
tain degree spatially nonuniform. The existence of this
nonuniformity leads to the possibility of parametric
resonance at the natural frequency of surface waves^22]

and to the possibility of demultiplication parametric
resonance in the vicinity of twice the plasma fre-
quency Γ23»24!.

Another effect of spatial nonuniformity can appear
in the influence which the plasma gradients exert on
the parametric-instability thresholds in the vicinity of
ωο = wLe> which we have discussed above in the case
of a spatially uniform plasma. Here, for example, in
limited structures whose dimensions are small in
comparison with the electron free path, the role of the
mean time between collisions in the formula for the
threshold can be played by the time of flight of an elec-
tron through such a plasma structure. Under condi-
tions where the thresholds are determined by the
Cerenkov mechanism of dissipation, the role of the
corresponding wave vector, for sufficiently small
plasma dimensions, can be played by the reciprocal
magnitude of this dimension. We note that Perkins and

have given results on the increase of para-
metric-instability thresholds in a nonuniform plasma.

3. QUASILINEAR AND NONLINEAR THEORY OF
ANOMALOUS HIGH-FREQUENCY CONDUCTIVITY
OF A PARAMETRICALLY UNSTABLE PLASMA

a) The development of parametric instability in a
plasma leads to an increase in the intensity of longi-
tudinal-field perturbations, which in turn can change
the distributions of the plasma particles. Although the
appearance itself of such an instability is a nonlinear
effect with respect to the pumping-wave field, the ef-
fects arising in a turbulent plasma with a high intensity
of perturbations arising in it require formulation of a
theory which is nonlinear with respect to such pertur-
bations. The corresponding theory has been formulated
in refs. 4, 26-29.

A comparatively simple discussion permits us to
obtain a quasilinear system of equations for a plasma
in a strong high-frequency electric field. Here, if we
have in mind a monochromatic dependence of the ex-
ternal field on time (E = Eo sin ωο<0, it is convenient
to represent the perturbation potential of the longitud-
inal field in the plasma in the form of a harmonic ex-
pansion

Σ e- in

where the amplitudes ψη do not change greatly during
the period of oscillation of the external electric field.
For the distribution functions we have respectively

/« (P, M, t),

f a (P, t) = Σ «-1ηωο' Fla} (Ρ, t).
n=-oo

The zero harmonic FQ" of the distribution function
obeys the Fokker-Planck equation which describes dif-
fusion in momentum space:

g— = - £ - \ Dfiin,t) α 1 , ( 0 - 1 ^
3ί dpi L ^D; I

and for the zero harmonic of the longitudinal-field
potential we have

_ Ύ (ω, k, ί)φο(ω, k, ί) = 0,

where γ is the increment.
The higher harmonics of the potential are deter-

mined by the relation

where we have used the designations

a = KrB, 6εα (ω + ηω0, k) = 6eo (η).

For the higher harmonics of the electron distribution
function, if they are relatively small, we have

P· ')."] (3.2)

where

D, >u (k), k, ι (a) J ,.n (a)
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ι (0) I2

(3.3)
(Ζ) = Ζω0 + ω — kv,

and the summation is carried out over all roots o>u of
the dispersion equation for plasma oscillations in a
high-frequency electric field.

The diffusion coefficient of Eq. (3.1) for electrons
and ions, respectively, has the form

| Γ · ^ 2 Ι Φ Ο Κ , Μ ) | 2 2 J'(") (3.4)

ε.(0)

δε;(0)

Λ 1 + δεβ(()|
-f-oo

D]? (Ρ, ο=«ι j - ^ r W/ Σ Ι Φ» κ · k · ' ) la Σ

+00

Σ

where Ρ designates the Cauchy principal value. The
relations written down here permit many properties of
a parametrically unstable turbulent plasma to be char-
acterized. Here, for example, for the rate of heating of
the plasma the necessary expression can be obtained
by averaging the work of the external field on the
plasma over the period 2ir/u>o-

(E(i) j (t)> = e j dpe(Eoye) (2i)"' [ii" (pe, t)-FΓ" (pe, i)l, (3.5)

where F ^ 1 ' are defined by Eq. (3.2).
Before turning to discussion of specific results ob-

tained by means of this theory, we will point out here
that in comparatively weak fields, when parametric
instability of a plasma occurs in a narrow resonance
region near the electron Langmuir frequency, the dis-
persion equation for plasma waves and the increment
are given by Eqs. (2.9) and (2.10).

Here Δωο is defined by Eq. (2.4), us - wLi^rQe is
the ion-acoustic wave frequency; y and ys, in con-
trast to Eqs. (2.5) and (2.11), are determined by the
equations

γ, (ωγ2ω£·) [&£(ω, k) + 6e.l(<u, ft)],

where, as in all of the equations in this chapter, the
dielectric permittivities are defined by the distribu-
tion functions F^o).

Correspondingly the electron diffusion coefficient
in momentum space in the weak-field approximation
for the resonance region has the form

Df (P,

-y
a ρ , (kvE)a ι

{πδ (L (0)

L(0)

+ [Δωο-ω, (k)]«+7«

Finally, Eq. (3.5) can be written in the form

where the turbulent conductivity στ is defined by the
following simple formula:

(3.6)

b) In that stage of development of the instability in
which the buildup of the field follows an exponential
law with an increment characterized by the linear
theory, we can already discern a number of important
properties of the turbulent state of a parametrically
unstable plasma.

We will evaluate first of all the energy associated
with the harmonics of the electron distribution. This
permits us to understand the scale of time in which the
particle distribution will change substantially in para-
metric resonance.

Using Eqs. (3.2) and (3.3), we have for the energy of
the n-th harmonic of the electron distribution

(3.7)

j dk (2n)-» 2 I <Po K- k. 0 Ι2 (*'/4π) | 6ε, (0) |« ^ J, (a) /,.„ (a)

{[1 + "V Κ , k) (3/3(0»)] [(Ζωο + ωΒ)δεβ (Ι)]} {[1 +δεβ(Ι)] [1 + δε? (/-η)]}" 1.

For parametric resonance at a harmonic of the external
frequency Sa>o ^ u>Le i n a sufficiently strong field
where J s (a) ~ 1 and the thermal motion is a compara-
tively weak effect, Eq. (3.7) takes a simple form [4'.
Here for the harmonic η = 2s we obtain

here the integration is carried out over the region of
wave vectors krg ~ 1, in which the increment is de-
termined by Eq. (2.1).

It follows from Eq. (3.8) that in the hydrodynamic
stage of parametric plasma resonance, when the
velocity spread of the electrons is unimportant for the
field buildup law, the energy associated with a higher
harmonic is comparable with the energy of the longi-
tudinal perturbation field which is building up in the
plasma. Taking as an initial condition the thermal
value of the field energy density, determined by the
electrons,

(kV4n) | φ ο (k, i = 0) 1» =

we can write Eq. (3.8) in the form

1 ι
( Δ ω 0 + <%)!! (Δω0 — α

(3.9)

(3.10)

Since rg > rr j e in the strong-field case being dis-
cussed, the pre-exponential factor in this formula
amounts to a small fraction of the thermal energy of
the plasma oscillations. The exponentially rapid rise
of the right-hand side of (3.10) leads to the result that
in times of order (ΖγΥ1 l n ( n e r | 0 the energy E ( 2 S ) is
equalized with the thermal energy, and for times of the
order (2y)"1 ln(rgEo/4j7KTe) it is equalized with the
energy of electron oscillations in the external field. It
is apparent that in such times the anisotropic electron
distribution, which is rapidly oscillating in velocity,
can lead to qualitatively new behaviors of the subse-
quent plasma heating.

The increase in electron energy described by Eq.
(3.10) simultaneously corresponds, evidently, to ab-
sorption of energy of the plasma pumping-wave field.
This fact of the anomalously rapid dissipation of the
field energy, which was pointed out by us in 1965[4],
was subsequently discussed by Gurevich and Silin with
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application to the problem of radiative acceleration of
a plasma, where it was shown that it is the most im-
portant of the possible limitations of this method.

Another result of the theory also refers to the situ-
ation in which the field buildup occurs according to an
exponential law; it was obtained in ref. 29 for a non-
isothermal plasma in the frequency region (2.2).
Parametric resonance under these conditions has been
studied in ref. 6, where the parametric instability was
discussed as a kinetic instability due to the Cerenkov
interaction of the waves with electrons. The corre-
sponding discussion of ref. 26 showed that the kinetic
parametric instability of a nonisothermal plasma rela-
tive to the buildup in it of potential oscillations leads to
an anomalously strong interaction of electromagnetic
waves with the plasma, which is expressed in a rapid
absorption of the energy of the waves, due to an ano-
malous increase in the dissipative high-frequency con-
ductivity of the plasma. We will dwell here on this re-
sult, having in mind its fundamental importance for the
theory of the anomalous high-frequency conductivity of
a plasma.

We will assume the external-field frequency to be
appreciably greater than the electron Langmuir fre-
quency and to lie in the region of (2.2). Then, accord-
ing to ref. 5, instability turns out to be possible if the
electric-field strength of the pumping wave becomes
greater than the threshold value for which the electron
oscillation velocity is roughly a factor of two greater
than the thermal velocity. Let VE be greater than the
threshold value but not differ from it in order of mag-
nitude; then oscillations turn out to build up over a wide
region of wavelengths

where

rE >

= (\e\

ilk > l//c0 = rDeI-V\

Here the frequency of oscillations building up prac-
tically coincides with the ion Langmuir frequency, and
Eq. (2.3) applies for the increment.

In accordance with Eq. (3.5) we can write the follow-
ing expression for estimation of the average work of
the external field on the plasma[26]:

)|Λ. (3.11)

The same expression determines the rate of buildup in
time of the average electron kinetic energy

(dldt) j dp (PV2me) Fe « (Ej>, (3.12)

since the plasma oscillation energy amounts to a small
fraction in the total energy balance, and the rate of
change of the ion energy is small in comparison with
(3.12).

It is extremely important that the frequency and in-
crement of the developing oscillations under the condi-
tions discussed do not depend on the detailed form of
the particle distribution. This has permitted us to
state [ 2 6 ] that the exponential rise of the field will con-
tinue until the electron energy increases to a value
comparable with the initial electron energies, after
which the instability can, generally speaking, be stab-
ilized. For the change with time of the electron tem-

perature, assuming that the initial field is determined
by thermal noise (3.9), we have, according to (3.11) and
(3.12), the following equation:

ί (3.13)

It is evident that the main contribution to the integral
in the right-hand side is from the region of the maxi-
mum increment.

According to Eq. (3.13) the electron temperature
increases by an amount comparable with the initial
temperature in a time

Since after this time the right-hand side of (3.13) will
be in order of magnitude

n.eV.TjSi'utuiiltul In (nerii^OLif>>L

and, in addition, under the conditions discussed VE
~ vTe> we can state that in this case the plasma con-
ductivity reaches a value

Qr~ ''"". „, , "Ρ*? , »,- (3.14)

We note that at a time t j the plasma-oscillation energy
density is

oln(ne i

This is a small quantity in comparison with the energy
of the plasma electrons.

The turbulent high-frequency conductivity of the
plasma (3.14) becomes substantially greater than the
ordinary conductivity due to Coulomb collisions of
charged particles if

where Λ ~ In (ner£je) is the Coulomb logarithm. This
inequality is easily satisfied for plasmas in which
Λ ~ 15-20.

In ref. 26 we made a qualitative generalization of
the discussion given here to the case of hydrodynamic
instability of a cold plasma for parametric resonance
ωο "* u>Le> where the maximum increment (2.1) also
does not depend on the form of the particle distribution.
The latter permits us to expect an exponential rise in
the field oscillations until the accumulated random en-
ergy of the electrons approaches the energy of their
oscillations in the pumping-wave field. We will show
that for such a rise the turbulent high-frequency con-
ductivity of the plasma reaches a value equal in order
of magnitude to the oscillation buildup increment (2.1).
Specifically, in accordance with Eq. (3.4) for the
parametric instability of a plasma in a strong field
(VE » vTe) we have

<E*>~ J W ^ - l (3.15)

From this, assuming that an exponential rise of the
longitudinal plasma-perturbation field occurs, we ob-
tain

(3.16)

Since the left-hand side of this equation determines the
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increase in the plasma-electron energy density, if we
then assume such a rise equal in order of magnitude to
the electron-oscillation energy density in the pumping-
wave field

we thereby obtain an evaluation for the integral in the
right-hand side of Eq. (3.16), at the moment of time
when this rise in electron energy occurs. Since the
main contribution to the right-hand sides of Eqs. (3.15)
and (3.16) is from the region of maximum increment
values (see Eq. (2.1)), it is clear that < Ej > ~ yE 2.
Therefore we actually have for the turbulent conduc-
tivity σχ ~ a>Le(me/mi) 1 / 3> a n ( ^ outside the resonance
region we correspondingly obtain σχ ~ a y .

We note that, since in the region of the maximum
increment value | k · rg | ~ 1, it is evident that on
reaching such a high turbulent conductivity, the energy
density of the longitudinal field of the perturbations is
equalized in order of magnitude with the energy of the
pumping-wave field. It is natural that under these con-
ditions the validity of the discussion of the parametric
properties of the plasma is destroyed, since it takes
into account only the effect of the pumping field.

A special simplification of the quasilinear theory of
parametric plasma instability occurs near the instabil-
ity threshold, i.e., at comparatively weak fields. This
region has been discussed by Gradov and Markeev r 3 1 ],
who have given a picture of parametric instability
stabilization as the result of the increase in tempera-
ture of the plasma electrons. The conceptual side of
ref. 31 is close to the postulates of our theory [ 2 6 ]. How-
ever, while the idea of the average electron energy (the
temperature) is sufficient for estimation well above
threshold, on the other hand this is no longer obvious
near threshold. The very fact established in ref. 26 of
the possibility of stabilization cannot produce any
special questions for the near-threshold region of in-
stability, although the pattern of the phenomenon does
not turn out to be simple even in this respect 1 2 8 ' 3 2 1.

c) According to the theory of the quasistationary
turbulent state of a parametrically unstable plasma,
one of the causes of establishment of such a state is
the nonlinear interaction of the waves. The correspond-
ing theory under conditions of a weak pumping field was
constructed in ref. 27 for a nonisothermal plasma
( T e « Tj), where ion-acoustic waves turn out to build
up for parametric resonance. We will relate the non-
linear interaction of these waves with their induced
scattering by ions. We will assume that the detuning of
the resonance lies in the region of (2.12), where the
increment of the parametrically increasing perturba-
tions is described by Eq. (2.15) and the threshold by
Eq. (2.16). Then, with inclusion of the spontaneous
radiation of waves and their induced scattering by ions,
we can write down the following equation which deter-
mines the change with time of the intensity of ion-
acoustic waves r 2 7 ]:

Υ"SI7 Ι Φο (k) |2 j dk'Q (k, k') | <p0 (k') |2;

here γ is defined by Eq. (2.15), v s is the ion-acoustic
wave velocity, and the integral kernel determined by

induced scattering has the form*

(k k')— l / " " *"' Ml-'"TC l k~k'

For a stationary state Eq. (3.17) gives

x . T e = W s ( k ) ί [I—cos2 QF(k)] + « ί ο )

, ο 3 / 2

π

1 / 2 Γ Ρ ' ω ΐ - 8 f rfk' W't-i)kk' a 5 (*' — *) (kk')2[kk']2 1
rDt<

i>Li J «jlli1, № {kk')* J '

here θ is the angle between E
o
 and k, and

ti)QAn)07(fc) kvTe

[(Δω 0) 2 — λ2υ]]2 -[_ 4Α2ι?|ν2 (k) '

The last expression is the energy density of ion-
acoustic oscillations per interval of the wave vectors,
the total energy density of these oscillations being

W-- \
dk

We will assume that the intensity of ion-acoustic
oscillations is so great in comparison with thermal
oscillations that it satisfies the inequality

Ws (k0) IF (k0) - (3.19)

where k0 is defined by the decay condition (2.16). Then
in Eq. (3.18) we can neglect the left-hand side and con-
sider a linear equation. At the same time we will as-
sume that the electric field of the pumping wave is only
slightly greater than the threshold value (2.15). Then,
according to the linear theory of parametric instability,
those waves will build up which are propagated almost
parallel or antiparallel to the electric field Eo with
wave vectors whose magnitude is close to k0. There-
fore an expansion in the corresponding small deviations
is possible. As a result (cf. ref. 27) we obtain

^ ( _ ^ _ ! ) - " 2 ! M ( 3 . 2 O )
(2n)

2 nexTe

Κ

where

lF[ko)-l]- l l 1 / 2

* - * „ ο — ω ρ , ι / 2

1] ' V(*o) V<aI.e ω Ρ '

Here W s(k) is negligible outside the region -2 s χ
< 1 and φ2 s ~ 1 - χ.

The distribution of ion-acoustic oscillations in wave
vectors (3.20) satisfies inequality (3.19) if

E*
-1»32π 3

1 + 6-
ο — ω ρ )

]^r.

Correspondingly, by means of (3.20) we obtain for the
total energy density of ion-acoustic waves

64(2π)5 / 2 "Ί-βΓ;

№ b e
exp

These results for the quasistationary distribution of
waves in a plasma permit determination of the turbu-
lent conductivity of the plasma. For this purpose we
will use Eq. (3.6), having in mind that the main contri-

*[kk'] =kXk'.
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bution in the case considered here is from the region
k ~ k0 and small values of the angle between the vec-
tors Eo and k. Then

aT = ) v r ,

where

and W represents the total energy density of the oscil-
lations, defined by Eq. (3.21). For example, for a hy-
drogen plasma for ωο - u>Le « <*>Le [In (mi/nig)]"1,
which corresponds to the right-hand edge of the detun-
ing region (2.13), in the case of the turbulent effective
collision frequency we obtain

vT ~ «on (T./T,) [{El/Eh; •) - 1 ] .

Here we must make a remark related to the limitation
on the value of vj<. Specifically, in accordance with the
assumptions of the linear theory of parametric insta-
bility, this quantity must be small in comparison with
y'(ko). This corresponds to the assumption that the
dissipation of high-frequency oscillations of the plasma
is determined by the Cerenkov absorption mechanism.
For sufficiently high intensity of the ion-acoustic waves
the turbulent dissipation becomes important also for
the high-frequency oscillations. Then y(k0) must be
replaced by y(k0) + (ντ/2). As a result we have for
the turbulent collision frequency

(3.22)

ω ° ζ ω Μ ' / 2

From this it is clear that the turbulent effective fre-
quency of collisions (3.22) can exceed the ordinary
frequency of Coulomb collisions of electrons with ions
when y(k0) » i>ei· Then in the vicinity of the right-
hand edge of the detuning range (2.13) and for u>LirDe

> wLerDi "T = 2y(k o)[(Eo/E t

2

h r) - 1]. This formula
allows us to discuss the possibility of an anomalous
increase in the high-frequency conductivity of a para-
metrically unstable plasma even in the near-threshold
region where the pumping-wave electric-field strength
is only slightly greater than the value determined by
Eq. (2.15).

4. NUMERICAL EXPERIMENTS MODELING A
PARAMETRICALLY UNSTABLE PLASMA, AND
ANOMALOUS HIGH-FREQUENCY CONDUCTIVITY

One of the directions of theoretical investigation of
the action of an electromagnetic field on a plasma is
the numerical calculation of simple models simulating
plasma properties. These calculations are called
numerical experiments. The simplest model suitable
for machine calculation is a one-dimensional charged-
particle model. Here the interaction of the particles is
determined by the Coulomb field described by the
Poisson equation, and the particle motion obeys New-
ton's laws, which take into account the effect of the
self-consistent field. The corresponding method of
calculation has been described by Birdsall and Fust r 3 3 1 .

This one-dimensional model forms the basis of the
calculations which have been published by Kruer et

a l . [ 3 4 ] , who used a system of ten thousand electrons and
ten thousand ions. The ions were taken as one hundred
times heavier than the electrons, and the electron
temperature at the initial moment of time was taken as
thirty times greater than the ion temperature. The
linear dimension of the system of charged particles
was 256 Debye radii. The charged particles were sub-
jected to the action of a uniform monochromatic elec-
tric field E o cos ojot. Figure 1 shows illustrations of
the results of a numerical experiment, obtained for an
external-field frequency identical to the electron
Langmuir frequency and for VE = Ο.βνχβ·

In Fig. la the ordinate shows on a logarithmic scale
the ratio of the energy of plasma waves (without the
contribution of the pumping-field energy) to the initial
thermal energy of the plasma, and the abscissa is
ω Let· It can be seen from the figure that the exponential
r ise with time of the plasma-field wave energy sets in
quite rapidly, and is cut off after the wave energy in-
creases by about one hundred t imes. Figure lb shows
how plasma heating occurs simultaneously with the in-
crease in the wave energy. Here the ordinate is the
ratio of the total plasma energy to the initial value of
its thermal energy, and the abscissa is uiLet· The ef-
fective collision frequency corresponding to the rate
of heating at the right-hand edge of Fig. lb is about
0.18a)Le, which corresponds to an anomalous increase
in the dissipative high-frequency conductivity of the
plasma.

The results of Kruer et a l . [ 3 4 ] obtained for ω = u>Le
correspond to a periodic parametric instability of the
plasma, for which the increment γ can be character-
ized by the equation1 1 9 1

(V + V)2 = (1/2) {[(Δω0)» + γ2 - ω· ]»+ (kiE/krDef ω|ω0Δω01
ι/2

This formula, when used with the external-field fre-
quency and velocity VE = 0.6vTe assumed by Kruer
et a l . [ 3 4 ] , leads to a maximum increment value y m a x

= Ο.ΟΙδωο, which occurs for kr£>e = 0.14. The corre-
sponding numbers obtained by Kruer et a l . t 3 4 ] for
these values are respectively 0.018ωο and 0.15, which
shows good agreement of the numerical experiment
with theory.

The later results reported by Kruer et a l . t 3 5 ] extend
the earl ier work [ 3 4 ] to the case of a pumping-wave fre-
quency somewhat above the electron plasma frequency,
where it turns out to be possible to build up almost
periodic oscillations at the parametric instability
threshold which coincide with ion-acoustic waves.
Here also an exponential r ise of the perturbations in
the plasma was observed, which leads to appearance
of an anomalous conductivity accompanied by anomal-
ously rapid heating of the plasma electrons. However,
the anomalous effective collision frequency turns out
to be less than that found ear l ier Γ 3 4 ] .

#5
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FIG. 1
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Katz and Degroot f 3 6 ] report a numerical experiment
in which the ratio of the energy of the electromagnetic
pumping wave to the thermal plasma energy varied
from 0.72 to 5000. The pumping-field frequency was
taken somewhat below or equal to, or somewhat above
the electron Langmuir frequency. It was found that the
parametric action of the radiation leads to plasma in-
stability. The perturbations increase with a growth
rate in agreement with the analytical theory, and at
large times a saturation occurs. Katz and Degroot [ 3 6 ]

note that for strong pumping fields, after saturation of
the growth of the waves arising in the plasma, decay of
the waves occurs which leads to heating of the plasma.

Kaw t37] reports a numerical experiment on the ano-
malous dissipation of an electromagnetic wave in a
plasma for the case of a pumping-field frequency well
above the electron Langmuir frequency. This work is
reported as confirming the theory developed in ref. 26,
whose results have been described in chapter 3 above.

On the whole it can be said that numerical experi-
ments confirm the general theoretical ideas developed
at the present time of parametric interaction of elec-
tromagnetic waves with plasma. Numerical experi-
ments permit definite details to be obtained of the
physical picture of development of parametric insta-
bilities, energy dissipation, anomalous conductivity,
and the entire dynamics of a parametrically unstable
plasma. Among the studies which supplement our ideas
on the parametric action of a wave on a plasma, we
note that of Kruer and Dawson[383, devoted to numerical
calculation of the interaction with a plasma of a strong
traveling electromagnetic wave with a frequency close
to twice the plasma frequency. Increase of the energy
of electron plasma oscillations to saturation has also
been observed, and a significant number of particles
with high velocities, an order of magnitude greater than
the thermal velocity, arise in the electron distribution.

5. EXPERIMENTAL STUDIES OF ANOMALOUS
NONLINEAR DISSIPATION OF HIGH-FREQUENCY
RADIO WAVES IN A PARAMETRICALLY UNSTABLE
PLASMA

The theory of the parametric action of high-power
radiation on a plasma arose to a certain degree in con-
nection with the experimental studies carried out at the
P. N. Lebedev Physics Institute, Academy of Sciences
of the USSR, (FIAN) on radiative acceleration of
plasma [ 3 9 ], which were undertaken, as was clear from
the very beginning, under little studied physical condi-
tions. Even the first results of the theory, reported in
1965Γ4], on the instability and the growth in energy of
motion of the plasma particles under the action of an
external high-frequency electromagnetic field, per-
mitted the possibilities of radiative acceleration to be
evaluated from positions which were completely new
at that time. This was the subject of the work by
Gurevich and Silin [ 3 0 ], in which, among other things,
estimates were given of the growth time of electron
thermal energy in the field of a high-frequency wave.
In that work, on the basis of the results of ref. 4, we
discussed the heating of electrons as the result of de-
velopment of parametric instability against buildup of
plasma potential oscillations, and a value ~10/wLi w a s

given for the corresponding time of increase of the
thermal energy up to a value of the order of the ex-
ternal-magnetic-field energy. It becomes clear that
the action of high-power radiation on a plasma must
be studied in more detaiP). All of this served as a
definite reorientation of research on the action of radi-
ation on a plasma, which led subsequently at FIAN to
the experimental observation of the very important
phenomena of parametric action of high-power radia-
tion on a plasma. However, the first confirmation of
the theoretical ideas arose in another way.

Immediately after publication of the first theoretical
studies on parametric resonance in plasma, Stern and
Tzoar [ 4 1 ] experimentally observed, as the result of
action of an external electromagnetic wave with a fre-
quency close to the Langmuir frequency, the parametric
excitation of ion-acoustic and high-frequency electron-
plasma oscillations. In this experiment microwave
radiation with a frequency ω ο = 4 . 4 χ 109 sec"1 entered
a cylindrical plasma column whose average electron
Langmuir frequency was approximately equal to the
pumping-field frequency (wLe~ ωο)· Qualitatively
different patterns appeared at a low pumping-field
power level and at a high level exceeding the experi-
mentally observed threshold value, which corresponded
to an electric field strength of ~15 V/cm. Thus, for a
weak field the plasma reflected only the wave with fre-
quency α>ο· On the other hand, above threshold an addi-
tional reflection was observed with waves with fre-
quencies ω0 ~ uig and ωο + ws> where the frequency
ω 3 near threshold was identical with the frequency of
ion-acoustic oscillations with a wavelength equal to the
internal diameter of the vacuum pipe containing the
plasma. The excitation of high-frequency plasma waves
in a plasma was confirmed by the technique used by
Stern and Tzoar r 4 1 ] of scattering microwave radiation
with frequency win = 11.4 χ 109 sec"1. For a pumping-
field power exceeding the threshold, three lines were
observed in the scattered radiation spectrum: ωίη ~ u>o,
win — ωο — ws, u>in — wo + ws· The excitation in a
plasma of low-frequency ion-acoustic oscillations was
subsequently established on the basis of the scattering
spectrum, in which components win - ws and ωίη + ws
were observed, and also from the fluctuation current
to a probe with the frequency of ion density fluctuations
o>s- Finally, Stern and Tzoar t 4 1 ] reported that at a high
pumping-field intensity (~200 V/cm) radiation from
the plasma was observed with a broad spectrum near
ωο, which had sharp peaks in the vicinity of harmonics
of a>s and of the ion Langmuir frequency. Stern and
Tzoar [ 4 1 ] associated their results with a plasma insta-
bility developed as the result of action of the external
pumping field. Attempts at a theoretical analysis of
the results of Stern and Tzoar [ 4 1 ] were undertaken
later by Nichikawa[15] and Du Bois r i 6 ] . Here the quali-
tative aspects of the experimental results correspond

"The calculations of Gurevich and Silin [30] on the parametric
action of radiation on plasma have made clear important limitations of
the methods which have been discussed for radiative acceleration of
plasma. We note that a critique of this method is contained in the re-
view by Motz and Watson [ 1 0 ] . However, this critique did not involve
analysis of a real model. We can cite, for example, the work of Hall and
Gerwin I 4 0 ] , who carried out the necessary analysis and confirmed the
physical ideas of ref. 30.
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to the theory of plasma parametric instability, and
quantitative agreement of the threshold value can be
obtained with a reasonable value of the collision fre-
quency [ 1 5 ].

A program of experimental investigations intended
to check the theory of parametric action of high-power
radiation on a plasma was set up and carried out at
FIAN. One of the first phenomena observed in this
work was the anomalous decay of a plasma142"4"1. In the
first work in this direction in study of the interaction
of a plasma flow with the potential barrier of a micro-
wave field, it was shown that, over a wide range of
plasma density values where the plasma is transparent
for the microwave field, the energy spectra of plasma
ions which have passed through the microwave barrier
turn out to be identical. However, this situation was
destroyed as the plasma density approached the value
at which the electron Langmuir frequency is compara-
ble with the frequency of the microwave field. Thus, in
the work of Sergeichev [43] it was reported that "at a
density determined with an accuracy of 30% and corre-
sponding to a>Le

 w 0.4wo, a sharp change was already
observed in the nature of the passage of the stream
through the microwave bar r ie r " . This situation oc-
curred both for energies of the oscillating electrons an
order of magnitude greater than their thermal energy
and for energies close to the thermal energy. Sergei -
chev associated this change in the nature of the plasma
stream passage with parametric instabilities of the
plasma. Subsequent experimental studies have con-
firmed this point of view. A definitive summary of
research on anomalous decay of a plasma in a micro-
wave field has been given by Sergeichev[451. We will
therefore dwell on this work in somewhat greater de-
tail.

A diagram of the apparatus used in the decay experi-
ments is shown in Fig. 2. Microwave radiation in the
10-cm range in the TE 0 1 mode was varied from a
power of tens of watts to 106 W. It was turned on be-
fore injection of the plasma and was maintained during
the entire time of its flow. The duration of the field
pulse was 10—20 μββο. The injected plasma contained
mainly hydrogen ions H+ and Hj and carbon ion C+

with an average energy of directed motion 200 eV,
while the electron temperature was 4—5 eV. The
transverse components of the ion kinetic energy after
passing through the diaphragm did not exceed 0.2 eV.
These data permit us to say that for a plasma with a
critical density

rto = a>lme/4ne2tt 1011 c m " 3

the electron-ion collision frequency turns out to be
i/ei = 3 χ 105 sec"1. It should be noted that, since î Te
= 7 χ 107 cm/sec, the frequency ve = 3.5 χ 107 sec"1

of collisions of electrons with the lateral boundaries of
the plasma beam, whose dimensions are characterized
by the diaphragm diameter of 2 cm, turns out to be
substantially higher than the electron-ion collision
frequency. This fact hinders the direct application of
the theory of parametric action of high-power radiation
on a plasma to an experimental situation of this type in
the case where the results of this theory are determined
substantially by electron-ion collisions. The main re-
sult of the work of Sergeichev [45] is the measurement
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of the threshold value of microwave electric-field
strength at which, as a function of the plasma density,
decay occurs which leads to appearance of current at
the collector. This current is absent without the
microwave field and if it is present with low intensity.
The experimental results are shown in Fig. 3, where
the ordinate is the ratio of the electron oscillation
velocity amplitude to its thermal velocity correspond-
ing to the vacuum electric-field strength for which
decay occurs; the abscissa is the ratio of the maximum
plasma density measured near the entrance diaphragm
to the critical density value n 0 . The experimental
points correspond to measurements of refs. 42—46.
Curves 4 and 2 were drawn on the basis of these points.
The horizontal dashed line corresponds to the formula
VE =1.8 vxe, theoretical curve 3 was obtained by cal-
culation of the threshold from the formulas of ref. 5,
and, finally, threoretical curve 1 was obtained from
the formula for the threshold due to the Cerenkov ef-
fect: VE/vTe = 2(krD e)~ 7 / 2 exp(-wo/2k2VT e), where
the wave vector is determined by the relation

Δω0 = co0 - ωρ [ 1 + (3/2) k*r'D,] = V > ω,.

We note that for low field intensities the parametric
instability threshold is determined by collisions. In
this case for the decay threshold VE/vTe ~ 10~3, and
for the aperiodic instability threshold of an opaque
plasma νβ/vTe ~ 10 2· Κ w e u s e * n these evaluations
instead of the electron-ion collision frequency the
frequency of electron collisions with the plasma beam
boundaries, these thresholds increase by an order of
magnitude. Figure 3 permits us to conclude that the
experimental data are similar to the theoretical pre-
dictions. However, for complete agreement of the
theory with experiment, more data are necessary on
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the plasma state, so that the plasma behavior can be
compared with various theoretical predictions.

Among the studies carried out at FIAN to check the
theory of parametric action of high-power radiation on
a plasma, the experimental studies of electromagnetic-
wave absorption are important. The work of Gekker
and Sizukhin[47 4 8 ] (see also refs. 46, 49) led to experi-
mental observation of anomalously strong absorption
in plasma, arising for sufficiently high power of the
radiation. Gekker and Sizukhin [47'481 studied the absorp-
tion by a plasma of a high-power T E U wave in the
10-cm region in a circular wave guide. Here the plasma
column injected against the traveling wave filled the
entire cross section of the waveguide and had a particle
distribution which was practically uniform over the
radius. The injected plasma temperature was ~4 eV.
The velocity of the plasma front injected into the
equipment was ~107 cm/sec. The density gradient of
the number of plasma particles in the leading front was
109—1010 cm"4, and the maximum plasma density on
leaving the region of microwave loading (in the travel-
ing-wave case) reached 1012 cm"3. As the plasma
propagated along the waveguide (along the ζ axis) the
maximum density of the number of particles fell off in
proportion to z~3. Here the electron Langmuir fre-
quency of the plasma a>Le f° r some value of ζ became
equal to the frequency of the electromagnetic wave,
which was terminated in the waveguide. In ref. 47 a
traveling wave was used (in the absence of a plasma);
here the apparatus was supplied with a matched micro-
wave load, and in ref. 48 results are presented also for
another arrangement in which there is no matched
termination, but the plasma is injected into a T E U

standing wave.

For a weak field (E o = 0.1 V/cm), where the elec-
tron oscillation velocity in the field of the wave is
small in comparison with the thermal velocity, Gekker
and Sizukhin[47] obtained practically 100% reflection of
the wave. This corresponds to the usual ideas of inter-
action of a high-frequency field with a plasma under
conditions where the inequalities oiLe > ωο » ^ei which

occur in this experiment are satisfied. The electro-
magnetic wave reflected from the plasma was detected
by means of a directional coupler, and the wave passing
through the waveguide was detected by means of anten-
nas introduced through side tubes on the circular
waveguide. These measurements were carried out
over a range of electric-field strengths Eo from
0.2 kV/cm to 2 kV/cm. Typical oscillograms of
microwave signals, shown in Fig. 4a, correspond to
the traveling wave scheme. For each of the three
cases of pumping-field intensity, the lower oscillogram
gives the reflected-wave signal, the middle oscillo-
gram gives the transmitted-wave signal measured by
an antenna at a distance ζ = 45 cm from the plasma
source, and the upper oscillogram is a complete-re-
flection signal for calibration. At the bottom in the
same figure we have shown separately an oscillogram
of the ion current determined by the signal from a
plasma probe introduced at the center of the circular
waveguide at ζ = 45 cm.

In Fig. 4b we have plotted the reflection coefficient
of the T E U wave as a function of the electric-field
strength for both the traveling-wave and standing-wave
resonances. Curve 1 corresponds to the maximum
averaged over different plasma-injector bursts, curve
2 corresponds to the maximum values for the best
bursts from the plasma source, curve 3 was drawn
from the values obtained from the dips in the reflected -
signal oscillograms, and, finally, curve 4 was plotted
by Gekker and Sizukhinr48] in determination of the
standing-wave coefficient from the oscillograms. All
of these data indicate a significant decrease in the re-
flection coefficient for a high-power wave in compari-
son with the reflection coefficient in a weak field,
which is practically indistinguishable from unity.
Since for a certain time during the experiment the
electromagnetic wave does not travel beyond the
plasma layer, the decrease in reflection coefficient
corresponds to a substantial increase in the absorption
of the plasma-wave energy. Here, as follows from
Fig. 4b, the energy absorbed by the plasma increases
with increasing electric-field strength of the wave.
Gekker and Sizukhin[48] showed that with increasing
field strength the time for which the plasma is pre-
served in the burst injected into the waveguide de-
creases, i.e., the dissipation of the plasma under the
action of the external microwave field occurs more
rapidly. The entire set of facts demonstrated by Gekker
and Sizukhin[47>48] permits us to state that anomalous
absorption of electromagnetic waves by a plasma oc-
curs for an electric-field strength greater than
100 V/cm (vE/vxe -0.1) and rises up to Eo = 1 kV/cm
(vE/vje ~ 1)· We note here that propagation of a wave
in the waveguide becomes impossible for a plasma
density greater than the critical value n0. In the ex-
periments of Gekker and Sizukhin t 4 7 '4 8 ] this blocking of
the waveguide was shifted substantially in plasma
density as the result of the low waveguide modes used.
On the other hand, if we have in mind this displacement
of the resonance, the absorption threshold obtained by
Gekker and Sizukhin [ 4 7 '4 8 ] is consistent with the esti-
mates of the theory of parametric action of radiation
on a plasma (see the review by Gekker [ 4 9 ]).

An additional phenomenon occurring under the ac-
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tion of a strong microwave field on a plasma, observed
by Batanov, Sarksian, and Silin [ 5 0 ] (see also ref. 46)
and associated by them with the parametric develop-
ment of instability in the plasma, is the anomalously
intense heating of electrons by a strong microwave
field. The authors of ref. 50 used a circular waveguide
in which a traveling T E n wave was propagated. A
strong magnetic field was placed transverse to the
guide, and perpendicular to the microwave electric
field, along which was propagated the plasma stream
subjected to the action of the microwave field. Here
the conditions ajLe ^ u>o < I fie I = I e | B/mec were
satisfied. For an increase of power with a rise

an electron current occurs to the plasma probe which
for negative or zero values of the probe electron poten-
tial corresponds to an increase in the average energy
of the electrons, to heating of the plasma. By changing
the negative potential of the probe it is possible to ob-
tain a representation of the energy distribution of the
plasma electrons. Figure 5 shows the corresponding
experimental results [ 5 0 ] . We emphasize that electron
heating occurs for field strengths greater than the
threshold value, which corresponds to βΦ0 « 0.01/cTe-

Batanov et a l . [ 5 0 ] observed electrons reaching
energies of motion along the magnetic field of ~600 eV
in the cyclotron resonance. Since the magnetic field
was uniform in this case, the achievement of high
energies by the electrons indicates an effective mecha-
nism of transfer of the energy of oscillation of the
electrons to their energy of motion along the magnetic
field. The effective collision frequency corresponding
to accumulation of an electron energy of ~20—30 eV
near the threshold of anomalous heating corresponds
to a value an order of magnitude higher than the fre-
quency of Coulomb electron-ion collisions. With an
increase of the radiation power, this effective collision
frequency r ises.

The appearance of fast electrons in the action of a
microwave field on a plasma was observed by Barinov
et alJ51-1 even in the absence of a magnetic field; here
the experiments were carried out in the 10-cm range

FIG. 6
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FIG. 7. The curves drawn through the symbols Π, O, V, and O, cor-
respond to Eo = 0.7, 2, and 3 kV/cm, respectively.

and a TEn' wave interacted with a plasma moving
against it, which corresponds to the conditions of the
experiments of Gekker and Sizukhin ["' 4 e ] on anomalous
absorption. Here electron acceleration occurs prefer-
entially along the direction of the electric field of the
wave. From the energy distributions of the electrons
(Fig. 6) Barinov et a l . [ 5 1 ] concluded that accelerated
electrons appeared for a threshold field strength of
«0.25 kV/cm, which is close to the thresholds of
Gekker and Sizukhin [ 4 7 ) 4 8 ] for anomalous absorption.
With increasing Eo, as can be seen from Fig. 6, the
maximum electron energy rises rapidly and turns out
to be substantially greater than the energy of oscilla-
tions of an electron in the field of the wave. The data
of Barinov et a l . [ 5 1 ] on the dependence of the acceler-
ated electron energy for Eo = 0.7 kV/cm indicate that
the accelerated electron energies exceeded 50 eV only
for η = (0.4 ± 0.2)no, became more than 100 eV for
η - (0.5 ± 0.2)n0, and reached a maximum energy of
300 eV for η « n0. Further increase of the plasma
density led to a decrease in the electron energy.

The problem of simultaneously studying the absorp-
tion of an electromagnetic wave and the heating of the
electrons was formulated and solved in the work of
Sergeichev and Trofimov [ 5 2 ], who employed a plasma
flux uniform in cross section and intersecting a rec-
tangular waveguide. Figures 7a and b show the reflec-
tion coefficient | R 2 | and absorption coefficient | D | 2

for the energy of the wave in the plasma as a function
of the number-of-particle density of the plasma η for
various electric-field strengths. Simultaneously with
the absorption of energy by the microwave field, they
observed an increase in the electron energy (a heating).
Figure 8 shows the current density of accelerated



HIGH-FREQUENCY RADIO WAVES IN PLASMA 755

FIG. 8. The curves drawn through the symbols Π, Ο, and corresponds
to Eo = 0.7, 2, and 3 kV/cm, respectively.

plasma electrons in the direction of the lines of force
of the electric field, normalized to the ion current
density. In regard to the electron energies, for exam-
ple, for E o = 7 kV/cm and η = 0.6no, the average ac-
celerated-electron energies reached 4 keV, and the
maximum energies reached 11 keV. In Fig. 9a we have
shown the threshold field strength as a function of
plasma concentration, plotted from the beginning of
anomalous absorption (curve 1) and from the beginning
of accelerated-electron current (curve 2). The differ-
ence between the curves is due to inaccuracy in meas-
urement of the accelerated-electron current threshold.
The two curves have qualitatively identical behavior,
although the threshold values appreciably exceed those
determined by Sergeichev [45], which, however, refer to
a different field geometry and its interaction with the
plasma.

Sergeichev and Trofimov^52] for η = 0.6n0 calcu-
lated from the measured data for the reflection coef-
ficient the effective collision frequency, which we have
shown as a function of field strength in Fig. 9b; as can
be seen, it corresponds to a nonlinear anomalously high
dissipation of the field in the plasma.

The program of experimental studies formulated at
FIAN as a whole has shown that high-power electro-
magnetic radiation has an anomalously strong action
on plasma, leading to an increased dispersal of the
plasma, anomalously strong absorption of the energy
of the electromagnetic wave, and the appearance of
electrons of very high energy. The phenomena ob-
served here correspond to the concepts and predictions
of the theory of parametric action of radiation on
plasma.

A somewhat different arrangement was used in the
work of Dreicer, Henderson, and Ingraham [ 5 3\ who
measured the high-frequency resistance of a mag-
netized thermally ionized potassium plasma column as
a function of intensity of the electric field parallel to a
constant magnetic field. Here a TMoio resonator was
used at a frequency near 2 GHz. For a plasma particle
density η < n 0 the measured Q of the resonator with
the plasma is consistent with the theory of field absorp-
tion due to electron-ion Coulomb collisions. If η > n0,
this agreement occurs only for a sufficiently weak
field. If VE reaches ~0.15vTe and increases still fur-
ther, the high-frequency resistance of the plasma in-
creases with increasing field, which is similar to the
results obtained at FIAN (Fig. 10).

Parametric resonance in a plasma located in a
strong magnetic field has been observed by Demirk-
hanov, Khorasanov, and Sidorova r54]. These authors

FIG. 9
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investigated the behavior of a thermally isolated
cesium plasma with a temperature κΤθ ~ κΤΊ ~ 0.2
eV and with a density η ~ 108—10" cm"3. The degree of
ionization was 20—30%, and the longitudinal magnetic
field of the single-ended Q machine was (2—5) χ 103

Oe. The radius of the plasma filament was a = 2 cm,
and the length of the filament L = 25 cm. A high-fre-
quency voltage was applied to electrodes bounding the
plasma on the ends. The frequency of the variable
electric field was changed over the range 105 Hz
< (ωο/2π) < 3 χ 107 Hz, 1.5 χ 108 Hz < (ωο/2η) < 10β

Hz, and (ω ο /2π)« 3 χ 109 Hz. As a result of the action
of the high-frequency electric field, the plasma was
heated. In addition to this, intense low-frequency oscil-
lations of the density appeared in the plasma, with the
fundamental harmonic in the range 1—5 kHz. In Fig.
11 we have shown the electron temperature (curve 1)
and the amplitude of low-frequency plasma oscillations
(curve 2) as a function of the frequency of the electric
field. The solid curves represent averaged experi-
mental data, and the dashed portions are extrapola-
tions; the points correspond to data for 3 χ 10s Hz.

Demirkhanov et al . f 5 4 ] reached the conclusion that
the explanation of the results shown in Fig. 11 can be
understood in terms of the concept of parametric reso-
nance of a magnetized plasma. For natural frequencies

ω* = [(1/2) {oL + Ω? ± [(ωΙ, + ΩΪ)
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under the experimental conditions of ref. 54 where

Ω | > ? <*>Le> w e h a v e w r e = I fie Ι, u>re = u>Le c o s θ. On
the assumption that the principal mode of natural oscil-
lations is determined by the geometry of the system,

2n/2L, I/a,

therefore

Ore = a>Lekz/k » (πα/L) <nLe.

The range of frequencies 5—30 MHz turns out to be of
just this order; this is the range in which Demirkhanov
et al.t 5 4 ] most clearly observed development of plasma
instability. The width of the resonance region can be
related to the development of waves with different
values of cos Θ. The drop in the curves of Fig. 11 in
the region of frequencies of the order of the electron
Langmuir frequency corresponds to the region of
parametric instability discussed by Aliev and Silin f551.

Anomalous dissipation of electromagnetic waves
with frequency close to the electron Langmuir fre-
quency has been observed by Eubank r56] for a plasma
in a magnetic field Β = 2000-4000 G. A decrease was
observed in the reflection coefficient with increasing
field strength of the wave (WO/2JT = 10.5 χ 109 Hz).
Eubank also observed intense oscillations and an in-
crease in the plasma temperature transverse to the
magnetic field, for which, as can be seen from Fig. 12,
there is a threshold of ~300 W (E o « 500 V/cm), and
for strong fields a saturation occurs. For the trans-
verse temperature the saturation amounts to ~2 eV,
while the longitudinal temperature reaches 10—15 eV.
From this Eubank[56] concludes that the Cerenkov in-
teraction of electrons with plasma waves predominates
over the interaction due to Coulomb collisions.

In conclusion we note the interest in experiments on
heating of the ionosphere by radio waves'-57"81-1, in which
the energy flux of the waves is large. In fact, estimates
made by Perkins and Kaw [e2] have shown that the en-
ergy flux used in these experiments leads to a field
strength in the ionospheric plasma substantially above
the threshold field defined by Eq. (1.12). Therefore we
can speak of the departure of research on the para-
metric action of radiation on plasma from the labora-
tory to the ionosphere.

The direct experimental study of parametric excita-
tion of waves in ionospheric plasma was undertaken by
Wong and Taylor1^83·1, who reported the parametric ac-
tion of pumping radiofrequency waves of frequency
5.62 MHz, which led to excitation of ion-acoustic waves
at a height of about 200 km. The excited radiation was
observed in the effect of scattering of radio waves with
frequency 430 MHz. Here the scattered-radiation line
shape is determined by the intensity of ion-acoustic
waves and by their spectrum. A substantial increase
in the intensity of ion-acoustic waves occurs under
conditions where the pumping field is of an order
greater than the threshold value given by Eq. (2.7).
The intensity of ion-acoustic plasma perturbations,
according to Wong and Taylor f e 3 ], turns out to be non-
linear ly dependent on the intensity of the pumping wave.
These results have shown the practical possibility of
artificial change of the turbulent state of ionospheric
plasma by means of the parametric action of high-
power radio waves.
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6. CONCLUSION

In summarizing the material set forth above, we
can state that the theoretical results obtained during
the last few years relating to parametric action on a
plasma have allowed the prediction of a qualitatively
new group of phenomena in the interaction of electro-
magnetic waves with plasma. This group of phenomena
involves development in the plasma of parametric in-
stabilities due to the nonlinear action on the plasma of
a sufficiently strong high-frequency electric field. The
development of parametric instabilities leads to ap-
pearance of a turbulent state of the plasma, one of the
manifestations of which is an anomalous high-frequency
conductivity of the plasma. Theoretical predictions of
anomalous nonlinear dissipation of high-frequency
electromagnetic waves in plasma have found confirma-
tion in a number of experimental studies, which have
led, as we have described above, to the experimental
discovery of anomalously strong absorption of the
electromagnetic wave by the plasma. These important
first steps in the experimental study of the action of
high-power electromagnetic radiation on a plasma
show us the need for extensive and detailed studies of
the phenomena occurring in a plasma under these con-
ditions, for the physical nature of the anomalous dis-
sipation, like the more general phenomenon of para-
metric action of radiation on a plasma, is incomparably
richer and more complicated than the nature of the
ordinary dissipation due to particle collisions. A sig-
nificant working out of details must be further provided
in the theoretical investigations.

It must be emphasized that in selection of the
material comprising the present view we have limited
ourselves in many respects. Thus, we have not begun
to discuss the possibilities associated with parametric
excitation in a plasma of nonpotential perturbations,
which, although they are very interesting and important,
are nevertheless as yet not sufficiently well studied.
At the same time we have left to one side almost com-
pletely the discussion of the role of constant magnetic
fields, which, as is well known, in many respects qual-
itatively change the picture of parametric action of
radiation on plasma. The only justification for this
limitation is our desire to set forth completely and at
the same time compactly the material in the region
which has been comparatively best studied at the pres-
ent time. At the same time it must be clear that the
less studied regions of the physics of parametric ac-
tion of radiation on plasma conceal extraordinary in-
teresting possibilities which undoubtedly will attract
our attention in the near future.
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