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It is well known!!) that the natural-oscillation spectrum of a plasma located in the field of a mono-
chromatic wave depends on the amplitude of the applied microwave field. It is shown that by em-
ploying amplitude modulation of an external microwave field, to which the plasma is transparent,
oscillations can be excited parametrically whose frequency spectrum is determined by the field
strength at the carrier frequency. Cases of weak and strong modulation are considered. The fre-
quencies and field strengths are found for which either high-frequency, low-frequency, or coupled
potential high- and low-frequency oscillations are excited. Since the carrier frequency of the
modulated field exceeds the Langmuir frequency, the field can easily penetrate deep into the
plasma. Consequently, modulated microwave signals can be employed for volume heating and

plasma diagnostics.

1. It was shown in!! that a plasma placed in a homo-
geneous monochromatic electric field of high frequency
has natural-oscillation spectra that depend on the am-
plitude of the applied field. A stabilizing effect of such
a field on the plasma was also observed there. On the
other hand, it is well known that if one of the parame-
ters that determine the period of the oscillations of a
linear system varies with a frequency that is an inte-
ger multiple of the Langmuir-oscillation frequency,
then parametric resonance is produced and the oscilla-
tions in the system increase exponentially'®!. Thus, by
amplitude-modulating a microwave field it is possible
to excite parametrically natural plasma oscillations
whose dispersion law is determined by the microwave
field intensity at the carrier frequency. As shown in!),
the greatest change takes place in the spectrum of the
low-frequency ion oscillations. The latter circum-
stance makes it possible to control the spectra of the
excited oscillations by varying the intensity of the
applied microwave field.

It is shown below that by a suitable choice of the
frequencies and intensities of the microwave fields it
is possible to excite either high-frequency Langmuir
oscillations or low-frequency ion oscillations, or else
both. The values of the threshold field at which excita-
tion of the oscillations begins are determined together
with the maximum values of the growth increments of
the perturbations. Since the carrier frequency of the
modulated microwave field greatly exceeds the Lang-
muir frequency wle = (4me?/m)Y?, such a field is
not limited by the skin effect and can readily penetrate
deep into the interior of the plasma. The latter cir-
cumstance makes it possible to use a modulated micro-
wave field for volume heating of a plasma. On the other
hand, the questions considered below can be of interest
also for the diagnostics of a plasma situated in a
strong high-frequency field.

2. Let us consider a fully ionized plasma interacting
with a homogeneous electric field

P
E(t) = Z E;sin 0.
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To find the spectrum of the natural oscillations of the
plasma we can use a method developed in!®®, 1t is
easily shown that such a spectrum is obtained from the
condition for the existence of solutions of the following
system of equations for the Fourier components of the
electron and ion charge-density perturbations:

le ﬁl‘m,(a')P-(w+’Z‘m,m,,k),

LM =—o s=0 (1)

i f[]mx(a-)m(m—f—i m,w.,k).

Here Ra(w, k) = 6ea(w, k)/[1 + 6€a(w, k)], 6€a(w, k)
is the contribution of the particles of sort a to the
linear dielectric constant of the plasma in the absence
of a microwave field, Jlj is a Bessel function with

p.(0, k)= —R.(0,k)

mg,m,,

0:(0, k) = — Ri(w, k)

index lj and argument

a,=eEk/mo} =krg;,

and e and m are the charge and mass of the electron.
We note that the presence of collisions leads to heating
of the plasma in the microwave field. We shall assume,
however, that the processes considered by us evolve
within times much shorter than the plasma-heating
time in the unperturbed state(*!,
We consider below the case when the microwave
field is given by
E(t) = E;sinwo + E, sinw,t + E,sinw_t, 9
W4 = 0 + 0, © << W, ( )
The carrier frequency w, will be assumed to exceed
greatly all the natural frequencies of the plasma oscil-
lations (wo > wle).
In this case the system (1) takes the simpler form

O =@y — O,

pe(©, k) = — R.(0, k) ZA_,,p,-(m + soy, k),

®3)

pi(w, k) = — Bi(0,k) ZA,pe(m 1 so, k)

s=—oc0



PARAMETRIC EXCITATION OF OSCILLATIONS 565

A similar system of equations was investigated in
detail in'®»*%¢], Unlike in the cited papers, the Bessel
functions are replaced here by the quantities Ap, which
are even functions of the index

A, =A_,= 2 Jon-m(@0) Tusn(ai) In(az). (4)
We confine ourselves henceforth to an analysis of the
two most interesting cases of the time dependence of
the field (2). In the first case a strong field E¢sinwgt
combines with two weaker signals with frequencies w,
and w. and with amplitudes E, = E, = aE,/2, forming
an amplitude-modulated microwave field

E(t) = E¢(1 4 acos @.t) sin wt. (5)

The coefficients A, are calculated in this case with the

aid of formula (4), in which we must put a, = a, =aa,/2:

Ay = Jo(ar) +o0(a?), Ai=A_ = —")aad (a:) + o(a®),

A=A, =o(a?),

(6)

etc. We consider also an example of strong modulation,
when the time dependence of the microwave field is
given by

E(t) =E;sinw¢ + E;sin (0, + 0:)¢, o << o, (7)

and the amplitudes of the fields E, and E; can be
comparable in magnitude. The coefficients Ap for
such a time dependence of the field are given by

Ay =1T_.(a)T(ay). (8)

3. Let us consider the excitation of high-frequency
(|]w| = wre) oscillations. It is seen from the system
(3) that in the frequency region w,;~ 2wLe/p, where
p is an odd integer, only the Fourier components of the
electron charge density pe(w) and pe(w - pw,) corre-
sponding to excitation of high-frequency Langmuir
oscillations are not small. The condition for the
solvability of the homogeneous system of equations for
pe(w) and pe(w — pw,) leads to the following disper-
sion equation (seel™);

[1—Rﬂ(m) Y AMZHE‘“’][1—R..(m—pm.) Y A,‘wR?’"’]

m=—co m=—o

= Rl,((v))Ru(ﬁ) _ p(m) [ Z R:m)A,,.Amﬂv]zv (9)

m=—o

where
R = R.(0 + ma, k).

The right-hand side of (9) characterizes the coupling of
two high-frequency fields in the field of the pump
wave, It is easy to see that for a monochromatic wave
having a frequency 2wl.e/p, the right-hand side of (9)
vanishes. In this case, as shown in!*! we obtain from
(9) a spectrum of non-growing Langmuir plasma oscil-
lations in an external monochromatic field. In our case
the right-hand side of (9) differs from zero. This fact
is formally connected with the properties of the func-
tions Ap, which, unlike Bessel functions, are even
functions of the index. This property of Eq. (9) ensures
the possibility of parametric excitation of high-fre-
quency oscillations.,

)

We consider first the case of weak amplitude modu-
lation of the microwave field (5). We confine ourselves
to the first resonant region w,~ 2wye (p =1). Under
these conditions, the excitation of the oscillations be-
gins at the smallest modulation depth, and furthermore
the maximum possible value of the increment is
reached.

The threshold value of the depth of modulation a is
determined by minimizing, with respect to the wave
vectors, the right-hand side of the equation (see!™)

mde.” (®re)

m,ayJ,(a0) 7 () (10)

Gthr = min [

where

1 oo’ Or.’ Vihr

68,”(0), k) —_ V_z y 0”3 -0k 2 + =

is the contribution of the electrons to the imaginary
part of the linear dielectric constant,
4Y2n e’ein; T

3ym. I Fnin

Veff ==

is the frequency of the electron-ion collisions?”,

@ = O)Lez + o2 + 3k*vr?, vnt=T, / me

is the spectrum of the natural high-frequency oscilla-
tions of the plasma in the microwave field!!,
The threshold value of the depth of modulation is

1 m; vefr

(11)

Qthr = ’
frnax Mo O

fmax is the maximum value of the function
a0Jo(2a0)J1(ao), which occurs at a = a, max. The first
and largest maximum, equal to 0.43, is attained by
this function at a, max = 1.43. The oscillations excited
thereby have a wavelength of the order of

2/ ko = 2r5eY 210 0 [ Vet 12)
and the cosine of the angle between the propagation
direction and E, is close to

cos B, = 1.43 / kore. (13)
It is necessary here to satisfy the condition®
0, =20.(z. ko). (14)

If the depth of modulation greatly exceeds (11) but
remains less than unity, then the dissipative effects
become negligible and the oscillation growth increment
reaches the maximum possible value

(15)

If the time dependence of the field is of the form (7),
then the threshold value of the amplitude is E;
= athrEo, Where athyr is given by (11). The oscillations

Ymax == 0, 7a@. Y m. [ m;.

DWe neglect the influence of the microwave field on the particle-
collision act. In a strong field (vg > vy, ), however, such an influence
may turn out to be appreciable [4].

DThe results remain valid in the geometrical-optics approximation
if the characteristic dimension of the plasma inhomogeneity greatly
exceeds the wavelength of the excited oscillations. In this case relation
(14) defines the region of plasma density where buildup of oscillations
takes place.
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excited in this case in the region of the density values
defined by (14) have a wavelength of the order of (12)
and propagate at angles 6, to the direction of E, (13).
The maximum value of the increment is in this case

[OFF; 1 (@) T (@) T i1 (@)
Yimos = “V . 2 @m+ 1)

m=-oc0

m+i(a

4. Let us consider the excitation of low-frequency
(wl S w,i) oscillations. The analysis of the excita-
tion of low-frequency oscillations is analogous in many
respects to that given above. Thus, for weak amplitude
modulation of the microwave field, the equation for the
low-frequency oscillations is (p =1)

x(0)x (0 — @) = (af)? (16)
where

x(0) =14 dec(0) + dei(0) + [1 — 1o (a0)]0e.(0) de:i(w),
B = aclo(ao)Ji(as) [8e:(0) d&i (0 — @) de. (@) e (0 — ;) | .

In this case the ion oscillations whose spectrum was
investigated in*] are excited. For oscillations having
a phase velocity higher than the thermal velocity of the

electrons we have
Or = (‘)Liz[i - Joz(ao)] + 3k2[UTi2 + Usz-’ozl, v =T./m. (17)

For oscillations with a phase velocity exceeding vTi
but smaller than vpe we have
0 =0 [1— T (@) | (1 + ko) ] + 3kv.2 (18)

The threshold depth of modulation athr is obtained by
minimizing with respect to the wave vectors, the right-
hand side of the following equation

. (19)

de.” (0) [1 4+ (1 — Ti) 8e/]+ 8e” (o) [1 + (1 — 1o*) be.” (o) ] l
aoJs(a0)J,(a0) e (0) be.’ (®)

oRor;

For oscillations with a phase velocity larger than vTe,
the threshold value of the modulation is in this case

8very 0%.i(1+73)

%pr = min {(01.)]'0]'1)—1 [—*%1— (20)

o]
wLowl
4+
]/ B (kovre)a

{_ sz(fu,, }“

It is necessary to satisfy here the condition w,
= zwri(x, ko).

With increasing depth of modulation, the increment
of the growing oscillations increases, reaching in the
limit its maximum value

Ymaex = %tpmuxﬁh. (21)
The first maximum of the function ¢ yjax = 0.54 is
reached at agmax =1.19.

Proceeding to consider the excitations of an oscilla-
tion with a phase velocity smaller than the thermal
velocity of the electrons but larger than the thermal
velocity of the ions, we confine ourselves to an analysis
of the case when the amplitude of the oscillations of the
electron in the pump-wave field rg does not exceed
the wavelength of the excited oscillations. Under these
conditions!!

a*/2 + K’rp.t

W = @yt e e 2 2 22
0n = ot S o A (22)

We confine ourselves further to the case of a noniso-
thermal plasma (Te >> Tj) and sufficiently weak
microwave fields (a, S krpe), when the frequency of
the excited low-frequency oscillations does not exceed
greatly the ion-acoustic frequency. Assuming, in addi-
tion, that the condition

T>u[2(3)] (23)

is satisfied and neglecting the contribution made to the
damping of the low-frequency waves by the Cerenkov
effect on the ions, we obtain the following expression
for the threshold modulation upon excitation of long-
wave (krpt < 1) low-frequency oscillations:

( ) 16 T: v (24)

5T, o
The maximum value of the increment at sufficiently
large depth of modulation (but at @ < 1) turns out to be

Qthy =

2

= () o (25)

8 \ rp.

The wavelength of the oscillations that grow with this
increment is determined from the condition

0)1=2(0n’(ko)- (26)

With increasing depth of modulation, the picture of the
oscillation excitation becomes more complicated. In
the limit of weak pump fields (rg < rpe), the analysis
of parametric resonance at a large modulation depth is
similar to that given above for excitation of high-fre-
quency oscillations.

5. We consider, finally, the excitation of coupled
low-frequency and high-frequency oscillations. In the
case of a weakly-modulated microwave field, the
parametric buildup of coupled oscillations of high and
low frequency takes place at the modulation frequencies
w,~ Wle. Just as in the case of a monochromatic pump
wavem, a periodic as well as an aperiodic instability
can set in here. To excite periodic long-wave oscilla-
tions in a nonisothermal plasma (23) with not too high
a collision frequency

M_ _‘V ( m,T( 1 (27)

m; T Vl;o),_,./v off

the threshold depth of modulation athr is

1 S\ o me\'h .
g = 16 (7%- er2 ) VZH(%) Tefl jp Qe

E WLy Veff

(28)

The wavelengths of the oscillations excited thereby are
of the order of 2u/ko = 2nrpe v 2 In (WLe/Veff). To
find the maximum values of the increment we can use
the following equation, which can readily be obtained
from the system (3)!%2%:

1=R.(m)2 AR, (0 + no.). (29)

n=—o

At a low depth of modulation we find with the aid of
(29) that the maximum increment

" ( a )’/3 m. ]/27)'/3
Yree =\ “"(ml 32

(30)
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is possessed by periodic oscillations with wave vector
kmax'®
FomasTpe* = 2[00 — @re(1 + okmocnet) — Ymas) B0, (31)

propagating at an angle 6, to the direction of E,:
08 8, = 1.8/ kmoals. (32)

For pump fields in the form (7), the maximum incre-
ment is .
. me Y27\ '
Yooe = (@) T1(a) o (2122) (33)
In the particular case of equal amplitudes of the fields
E, and E,, we obtain from (33)
m. v'2_7 A (34)
S (0.58)%@“(;;—?5) .
Here, as in the derivation of (32), we took into the
account the fact that the maximum of the Bessel func-
tion J,(x)~ 0.58 is attained at an argument equal to
x~ 1.8.

From a comparison of (30) and (34) we can conclude
that the maximum increment increases with increasing
depth of modulation, reaching the highest value (34).
Finally, we note that the maximum increments for the

development of aperiodic instability'®) are close to the
values (24) and (28).
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