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We consider the nonlinear generation of electron-cyclotron harmonics as a result of the excitation of a
two-stream instability in a plasma. The nonlinear growth rates are computed for the generation of the
ordinary, extraordinary, and plasma electron-cyclotron waves for scattering of ion-acoustic waves by
the electron stream. It is shown that Compton scattering predominates when the ordinary waves are
generated whereas the predominant scattering process in the generation of extraordinary and plasma
waves is nonlinear scattering. The interpretation of experiments on the generation of electron-cyclotron
frequencies in a current-carrying plasma on the basis of the nonlinear excitation theory is discussed.

1. INTRODUCTION

A NUMBER of experiments™ ™! have exhibited strong
generation of electromagnetic waves at frequencies
that are multiples of the electron-cyclotron frequency
wie = eH/mc. Thus, wave generation is observed with
characteristic frequencies vwye (v is an integer) up to
values of v of the order of 10—12. Especially strong
intensities of the radiation are observed at v = 2. The
intensity of the radiation in these experiments' ™} is
many orders of magnitude beyond the thermal level.
The effect has been called anomalous emission. How-
ever, a detailed working theory of this effect is not yet
available. The authors of ™% have proposed one pos-
sible explanation based on the production of maser ef-
fects in the plasma at frequencies vwye. In the lan-
guage of present-day plasma theory, this means that an
instability arises in the plasma at the indicated fre-
quencies.

It is well known that a plasma can support the propa-
gation of collective motions at frequencies close to
VwHe, specifically, the so-called cyclotron frequencies.
These waves propagate almost perpendicularly to the
external magnetic field. Thus, it is natural to suggest
that cyclotron waves have been excited under the exper -
imental conditions described in ™71, This point of
view has also been proposed by the authors of the work
mentioned above. It should be noted that there are at
least two possible mechanisms for the electron-cyclo-
tron instability. The first is a linear instability, which
can arise if the electron distribution in the plasma is
not an equilibrium distribution (non-Maxwellian). The
second mechanism is associated with a nonlinear insta-
bility that can arise if the plasma supports sufficiently
strong oscillations of another kind (for example, ion-
acoustic waves).

Only the first of the possibilities has been discussed
in 1731 and there was no detailed explanation of what
mechanism in the plasma could give rise to a nonequi-
librium electron distribution, nor a mechanism by
which such a distribution could be maintained (for a

DThis work was presented at the All- Union Symposium on Collec-
tive Phenomena in Plasmas, Thbilisi 1966.
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time of the order of the generation time). It should be
noted that the development of an instability that leads to
the generation of electron-cyclotron waves must (be-
cause of the effect of the waves themselves on the elec-
trons) modify the initial electron distribution in such a
way that the instability is quenched (quasi-linear ef-
fect). The time required to quench the linear instability
is usually of the order of ¥ ~* where y is the linear
growth rate, which must be higher than the frequency of
collisions of electrons with neutral atoms ve (for the
conditions in 7% pg ~ 10° sec™). Thus, in a time of
the order of Ve-l the nonequilibrium electron distribu-
tion would be quenched by binary collisions.

For any reasonable estimates the time in question is
extremely small and may be taken as much smaller than
the generation time (~ 10™* sec). Hence, if one is to ex-
plain the observed effects in terms of linear phenomena
it must be assumed that the nonequilibrium features of
the electron distribution are maintained by some ex-
tremely efficient mechanism. In other words, the use
of the linear instability theory requires the introduction
of a number of rather extreme assumptions.”

In the present work we develop a theory for a non-
linear instability, that is to say, we consider the second
of the possibilities mentioned above. The use of a non-
linear mechanism for the instability is quite reasonable
and does not require the introduction of additional as-
sumptions. The basic feature in the present analysis,
from the present point of view, derives from the exper-
imental result that the generation is observed in the
presence of current flow in the plasma. It should be
noted that the experiments in *™*1 made use of the inert
gases Ne, Ar, Kr, and Xe, which are characterized by
high ion masses. This means that the velocity of the
ion-acoustic wave vg =VTe/mj is rather small. It is
well known™ ®1 that if the electron drift velocity with
respect to the ions u exceeds vg, the ion-acoustic in-
stability develops when T¢ > Tj. Using the experimen-

D1n this sense, a plasma carrying a current is basically different from
that used in [*] where the method of generation of the electron-cyclo-
tron frequencies was based on the injection of an electron beam in a
magnetic field, in which case the nonequilibrium distribution is pro-
duced beforehand by an external agency.
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tal results™*! we find that u is larger than vg and
that in a number of cases it reaches values of the order

vre = VYm; / m.vs; ~ 10%s;.

Thus, the conditions in ™! allow the excitation of

the ion-acoustic wave. A stabilizing feature, that hin-
ders the development of this instability, is represented
by binary collisions of ions with neutrals.™’ An esti-
mate of the role of collisions can be made at frequen-
cies w ~ w,i for which the growth rate for the ion-
acoustic instability is a maximum. Assuming that

u > vg, the condition that the collisions be negligible
can be written in the form

Ve Ti

2
woe ! Te

u > Ure

where wye is the electron plasma frequency, wye
=v4mnye?/mg, vTe is the electron thermal velocity,
VvTe = VTe/mg. Assuming that vg/wpe ~ 107 — 5x 1072
in ') we find that this condition is satisfied.

The development of the ion-acoustic instability is
accompanied by the generation of intense waves at
frequencies smaller than or equal to wyj. We note that
electron cyclotron waves cannot be excited directly in
the two-stream instability (the excitation of ion-cyclo-
tron waves is considered in ' °!). This result follows
because only the electrons participate in the electron-
cyclotron oscillations so that the motion of ions with
respect to the electrons is not important. We note,
however, that there are possible nonlinear mechanisms
for the excitation of electron-cyclotron waves and the
present work is devoted specifically to the analysis of
these mechanisms. Excitation of this kind is possible
under induced scattering of ion-acoustic waves on a
stream of electrons with resulting conversion to elec-
tron-cyclotron waves.

A specific feature of the conversion of waves under
induced scattering on electrons is the possibility of an
increase in the wave frequency associated with the ex-
istence of the electron drift. Under the conditions in
B wHe > wyi 2 wg. From energy conservation con-
siderations, for scattering we have the relation

05 — k120, — 0y, = voue,

where wg is the frequency of the ion-acoustic wave,
wy, ~ Vo wHe 1s the frequency of the electron-cyclotron
wave, V, is a positive integer, v is any integer, and
k,, is the component of the wave vector for the ion-
acoustic wave.

The quantity v, (the electron velocity in the direc-
tion of the magnetic field) is of the order of the drift
velocity u. For the ion-acoustic waves, the quantity
ws(kl) —k,;v, in the conservation relation that governs
the scattering can reach rather high values:

T. u
e —5‘—1 Ure

> V—m"
> s X Woe .
s m;

This means that the frequency of the scattered wave

can be large in the coordinate system in which the elec-
tron stream is at rest. If the scattering in this coordi-
nate system occurs without frequency change (v = 0)

the frequency of the scattered wave will be large, that
is to say, it is possible to excite high harmonics of the
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electron-cyclotron frequency. In actuality, because of
the fact that the allowed frequency change in scattering
must be a multiple of wye (v # 0) the situation is actu-
ally more complicated and requires an analysis of the
relative roles of processes that lead to different fre-
quency changes in scattering.

A detailed analysis carried out below shows that it
is precisely the waves with large k; that correspond to
the excitation of higher harmonics of the gyrofrequency.
In this respect the ion-acoustic waves are favored since
they hiave the highest value of k, of all possible waves.
Furthermore, the growth rate for the excitation of the
ion-acoustic wave in the presence of a current flow in
the plasma is larger than the growth rate for other
waves.['1 Tt is precisely for these reasons that below
we consider the nonlinear conversion of ion-acoustic
waves.

It should be noted that other nonlinear mechanisms
for the excitation of electron-cyclotron waves are es-
sentially negligible. The effect of scattering on ions
only leads to a reduction in the frequency of the wave;
the same result follows in decay processes; in order
for an ¢‘addition interaction’’ (up-conversion) to result
in the frequency wpye it is necessary to have simultane -
ous (or multiple) collisions of a large number of ion-
acoustic plasmons, the probability of which is very
small. The nonlinear growth rates obtained below for
the electron-cyclotron waves are much higher in mag-
nitude and can be used for other purposes than the in-
terpretation of the results in '), In particular, below
we discuss the question of a radiative -dissipation, ion-
acoustic turbulence and the related question of efficiency
of turbulent heating of a plasma.™!!

2. FORMULATION OF THE PROBLEM

We assume that the electron velocity distribution is a
Maxwellian with a superimposed drift

) (v—w*)
R ex {— ] b S f(v)dv == ny, 1)

)=

where u < vpe. The direction of the external magnetic
field H, is taken to be along the z-axis. The wave vec-
tor for the ion-acoustic waves k, !l H, and the direction
of the wave vector k for the scattered cyclotron wave
is taken to be the x-axis.

1t is well known''®7'*! that the nonlinear growth rate
for the excitation of a wave ¢ as a consequence of scat-
tering of a wave ¢’ on a particle o can be computed if
one knows the scattering cross section Woo’a(p’ k;, ky)
for the wave ¢’ with momentum Xk, on a particle o
with momentum p with the conversion to a wave ¢ with
momentum k. The expression for the scattering prob-
ability ist*®!

W (b, Ky) = 2042 (k1) 8 [0 (k) — w1 (ks) — (B — k1) v — vore]

~1

| Az, (ko (k), ki, 01 (ki) [%
0=0,(Kk,) (2)

&%(w, k) = a;" (k) &5 (o, k) a; (k) + o2 (ka(k)) (ka" (k))c?,

_a_ w2’
25}

x| e
amﬁ)ﬁ

w=0(k)

where

oo’

Apa = a; (k)Aij(k, (u(k), ki, (1)1(1(‘) )aj(ki).
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The notation is that of "*), The scattering cross sec-
tion can be found if we write an expression for the non-
linear current j(k, w), which is proportional to the first
power of the electric field in the wave:

Ji(k 0)=§ Aui(k, 0, ki, 01) E; (ki, o1) dk, do.

It should be noted that two physically different scat-
tering mechanisms are possible: Thomson and nonlin-
ear. The first, which is characterized by the quantity
Aﬁj”(k, w, ki, w;) is associated with the oscillation of the

charge in the field of the wave, while the second
A{jz) (k, w, ki, w,) is associated with radiation on the

plasma inhomogeneities produced by the ion-acoustic
waves.!”*) The components of the tensor A{} are ex-
pressed in terms of the components of the tensor
Sijs(k, w, ki, w1, Ka, wz) which arises in the second ap-
proximation in the expansion of the nonlinear plasma

current j(k, w) in the external field amplitude (cf.
[12-13] ):

A = [Sijs(k, 0, ky, 01,k — ki, © — 1) 3)
+ Sisj(k, 0, k — ki, © — o1, ki, 01) ]1EL(k — ki, 0 — 03),

in which case the field Eg (k — ki, w— w;) is deter-
mined by means of Maxwell’s equations with the cur-
rent produced by a charge gyrating in the magnetic field
along a helical line, neglecting the perturbation of its
trajectory by the wave field.

The expression for the rate-of-change of the photons
N¢ is

k

6N, o
=30 Wi (pek, ki)
at ~ .
a, g e O
X NNy o | (ky — heyg) 2L 4 YO8 r—ff} dp dk,. (4)
L dp. = pic® Opy

Here, we are interested in the excitation of the electron-
cyclotron waves. The index o in (4) corresponds to a
wave wy ~ VoWHe while the index ¢’ corresponds to
the ion-acoustic wave wg. The relation in (4) deter-
mines directly the desired nonlinear growth rate if we
use the distribution function (1) in (4).

The problem is now reduced to the calculation of the
probability WJ 0 €, We first summarize the basic prop-
erties of the electron-cyclotron waves.

The dispersion relation breaks up into two parts
when 6 = 7 /2 where 6 is the angle between the vectors
k and H:

n?—ep(w,k) =0, en(o,k)n?—en(o,k)en(o0,k) — e2(0,k) =0,

n? = k22 / o

The first relation characterizes the so-called ordinary
wave, while the second characterizes the extraordinary
wave. The components of the dielectric tensor
gjj(w, k) are given in **!. These expressions can be
used when |(w —lw ge)/wHe | > vye/c? (1 in an integer).
When n®> €5, +£% /€;; the second relation yields the
dispersion equation for the plasma wave €1:(w, k) = 0.
The ordinary waves are characterized by polariza-
tion vectors a(k) = {0, 0, 1}. In accordance with (2) the
quantity £%w, k) for these waves is given by & Yw, k)
= £33(w, k). Calculation of the quantity dw’eYow Iw:w(k)

that appears in (2) yields
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VOHe
= ? O)DezAV(p’)Jm)—VTe)z ' ®

o 2g0
- W°E
60,) o=an(k)

where
Ayv(p) = eMly(p),

and I, is a modified Bessel function. The actual form
of the dependence w(k) for the ordinary electron-
cyclotron waves is given in **'. We shall not give these
relations here because, as will be shown below, the
growth rate for nonlinear generation of ordinary cyclo-
tron waves (under the assumption w = v, wge) does not
depend on small deviations of w(k) from v, wye.

The extraordinary waves are characterized by a po-
larization vector a(k) = {ay, ay, 0}."'°! Using Maxwell’s
equations and the normalization condition a - a* =1 we

en (k)

find
2\
eq (k) ' ) !

where, for example, €5:(k) = €1:(k, w(k)) and w(k) is the
solution of the equation for the extraordinary waves.

We have investigated the extraordinary-wave branch,
which becomes the plasma wave when Kk < y <« 1. The
solution of the dispersion equation for this case yields
(we take account of the resonance term and the terms
characterized by v = +£1)

vo(vo— 1){p (vo+ 1) + 2xvo] Iy, (n)

p = kvrl/ ond,

, ea(k)
I ey (k)

2\~ _ eg2 (k)
) eto= = (14

a,,(k)=<1+

o (k) — voore _

Ore w(p 4 %) ’
v wo® Ure® L3 wo? _4J'moTs (6)
Ol 2 N2 v pe? H

where v, is an integer. In accordance with (2), the
quantity €%(w, k) for the extraordinary waves is

e (0, k) = [en (0, k) (| ez (k) |24 |2 (k) |?)

K ke
+ 2644 (k) exa (k) 20, k)] ]':‘:Ek; l: ¥ %mx(k) 2 ()

The quantity aw?e%/dw]|,, _ that appears in (2) is
w = w(k)
given by
_ (l)oe8 B + % —
wmog)  0HS vo(vo— 1)Fn(vo+ 1)+ 2xvol(vo + 1)

_ 2vls, > p(p+x) 17 Jay(k)|? (8)
o/ n(vot 1)+ 2uvo Iv,(n) Jen(k) 2
The plasma waves are characterized by a polariza-
tion vector that has an x component a(k) = {1, 0, 0}.
The quantity €%w, k) for the plasma wave is given by
£%(w, K) = €11 (w, K) + kK*c¥w® The quantity
aw280/8w|w: w() that appears in (2) is of the form

a
— 0%’ (0, k)
do

X [2+(1

woc? v2Av (1)
= ? (0 (k) — voue)? vome n ) ©)

a
- 2e®

(0] 0=0u(k)

We have not given the actual form of the function w(k)
for the plasma wave!’®) because in the calculation of
the growth rate y one need not use the explicit form of
w(k).

We can now consider the nonlinear effects in the
generation of all three cyclotron waves.

3. NONLINEAR EXCITATION RATES FOR
ELECTRON-CYCLOTRON WAVES

In order to avoid complicated expressions, we shall
only give the results of the calculation of the compo-
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nents Sijs; using the formulas of the preceding section,
and knowing Sjjs it is not difficult to write the general
expressions for the nonlinear excitation rates. The ac-
tual expressions we give here, however, will only be
those for limiting cases of interest.

A. Ordinary waves. It follows from (2) that the quan-

tities A$ and A$2 are important in the scattering
cross section. In order to compute A;;’, in accordance
with (3) we must compute the tensor components S,;,,
S313, S3zz and Sgg3. It will be shown below that the com-

ponents S;;, and S,,, are not required. Calculation
yields

Sza1 (k, o, ky, 01, k — ki, 0 — 04)

woe’e / ko 1 1 moge
— / - 1 )
me \ »— 0 )2(2:1)’/2111,_,3 kk, ? — MoHe (W) L+ (Br)
Woe?€ 1 1 1

Saia(k, ®, k—ki, 0 — o4, ks, 0)1) =

me 2(2mn)*wred ﬁf? — Wy

X [kiv1'eV01+('Y0) + m(% =+ vo >I+’(vo) ] § ;’ﬁﬁm—efim(u),

— MOy

o2 1 1 1
me 2(2m)"wrd ki

Sssz(k, 0, ki, 04, k — ki, 0— @) Am(n)

© — MWOHe

B e

Woe2e 1 1 2

Sm(k,ﬂ),k_kj,(l)—"(l)j,k1,(lji) 2(21.[)3/21) 3 —];,'T
Te

Am (1)

W — MWOHe
m

2
X Lorddy! 30+ 22 [oraols (yo)+ ol () (vo+ = ) ]} -
Here, we have used the notation

o — o1+ kiu — mom.e

Pm =

oy — ki — lone

1+(13m)=°§ een %

— ke

V= kyvre
The function I, (t) is related to the probability integral
of complex argument W(z)."'">'®) In the calculation we
have made use of the identity
2i .
W (2) = —= — 2zW (2). (11)
Yr
In the region of high refractive index, as an approxi-
mation we can assume scattering occurs only through

the virtual longitudinal wave. In this case, the inverse
Maxwell operator is

kziqu

IT;q (ko, = —4ni——————,
iq (K2, 02) T wrkzel (k, wz)

ke = k—kg, (1)2:(1)*‘(»1.(12)
By virtue of our choice of coordinate axes above, it is
then clear that S3;»; and Ss3; are not required.

We are interested in the scattered ordinary wave at
frequencies close to v, wye; using the asymptotic ex-
pressions for the function I,(t) for small values of the
argument we find

@00 _
P, - (2

Zﬁ(w—wi-{-kivz—'\’ﬁ)}!e)BVn(kk) ( ) (13)

where
4rie
(k — ky) %! (k — ky, © — 04)
X{{[S1s3(k, 0, ki, 01, k — ki, @ — @1) + Siss (k, 0, k — ky, 0 — o4, ky, 01) ] 4
— [Sya1 (k. ©, ky, 01, k — ki, © — @5) + Siss(k, 0, k —k 1, © — 04, ky, 01) 1 £}

an (k1 ki) =
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Woe? e 1/n
(k —ky)2e'(k — ky, 0 — ©1) me

VoW He

2 ® — VoWHe

A‘Vo(u)
kyvred

. (14)

The probability of the Compton scattering is propor-
tional to

(1)00’

24

/kU_L i
o Me (2n)36(w )

V(J)He) ]v'\ p
He

o1 + kyw, —

© — VOHe

(15)
It is evident from (9) and (11) that the Compton scatter-
ing is larger in a dense plasma.3’ Substituting (11) in
(1) and then in (4) we have 3Nj/dt = YN where

_
4(20)%

1 ku— voone
nOTe klUTe

(1)092

od(ky)

0o

y= § Mk, (16)

VoWHe
Thus, in accordance with (16) the excitation rate for the
ordinary wave is independent of the spectral form of
w(k) in the range of k that is of interest.

B. Extraordinary waves. In order to compute the
scattering cross section we must calculate A!Y, A{Z,
AS and AYY. The tensor components A'Y and A%
correspond to Compton scattering and vanish in the
nonrelativistic approximation. The tensor components
Sijs needed for computing A{3’ and Af are of the
form

Sis1(k, o, ky, 01, k — ki, 0 — wg) = 0,
Sus(k, 0,k — ki, 0 — w4, ki,ml)
__ e 1 1 ©

- I A ,
e 2(2n) Rk o — ot " (o) 2 — m(p)
Sz (k, o, ki 01, k — ky, © — wi) = 0,
Siz3(k, 0, k — ki, 0 — o1, ky, @)
_ WoeZ€ 1 1 (0N I ( ) Z mloye® A ( )
T me 2(2n)% kkforst 0 — o1 ¢ Yo 0 — moge #h

Szt (k, 0, ki, 01,k —kio — o) = 0,
Sa13 (ky o,k — ki, 0 — 01, k1, 01)
wwze 1 1 ® 1/ (o) MO He
= A (W),
ime 2(21)* kyord 0 — 01 Gne Z o—mog. (&)
Sm(k , kl, w1, k k1,(1) —_ (01) = O

Szxa(k W, k—ky,o0 - 4, kz, (Dl) (17)
og’e 1 k o1 Iy (vo) Mmwge ,
—_ An' ().
im, 2(2n) % kfur? @ — 01  Oe o O —mom.

The probability of nonlinear scattering through the
virtual longitudinal wave is proportional to

(2)a0’

A = ax" (K) A (K, 0, ki, 01) ar (k1) + a° (k) AR (k, 0, ki, 01) ar (Ky),

where

1 kv
AR (k 0,k 0 =~ 8 (0 — 01+ ive — vous) Cm (k, k) o [ 2 )
(2m)® 0

He

(18)
iWoe? €2 veewpe? 1
Cr(k ki) = — ‘ Anm
(k, ks) (k=) 2ok — Ku, 0 — o1) 70 0 — vourms Fleurat A (H)=
(19)
AS (0, ks, 00) = 5, 31 60— 01+ v — vor) Dok, ) I | o)
(2134 ' one "
(20)
@oe? e* woome  k , 1
Dl k)= _(k - kl)zsl(k — ki, 0 — 1) me ;" VoOHe, K1UTc? An (P«););;
1)

3If the plasma is not dense we cannot use the expression for Zii
(w, k) as a consequence of the limitation| w-Iwye /whe [> v1e2/¢?
(CM. [*5]).
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Thus,
A@0

Zé(m 01 + k0, — vore) Iy (::D‘L>
He

(2a)° )3

X{ax' k) Con (k, ki) @z (ka) + @" (K) D (K, ky) a2 (ki) }

k 2
%s(m o1+ ke, — voue) Iy | (oo = )( B 72: )
@oe? m ko An'(p ) (22)

(k — kq) 2e! (k — ki, © — o1) © — Mome kivred su(k) v (k).
Considering the propagation of a wave with frequency

W ® Vo Wy, We only consider the resonance term in the
summation over m. Substituting (22) in (2) and in (4)
we have

1 S Ny dky kiu — voore

k)=
YO =G Y . (kore)

—2
X ve?Av, 2 (1) wotonlnP (1, Vo,%)ﬂ)m‘[i + k(::e a\ 14 )]

and for

1 \
<y ki >k, Ape= UM; (23)
Ape o

0

1» S thkg k1l1 — VoWHe

k
vil)= 4(2m)*h nole  (kivre)®

T»- )‘2 (24)

X ¥o2Av,"2 (1) 0P (1, Vo, %) @oi (2 + 7

while for k;~ 1/Ape, k1> k

1 S Nk|dki‘ kiu_‘vo(ﬂﬂg (1)}155
4(2m) (kivre)®  00?

y(k)= ol

XVOZAvuI?(H)l‘-P(P:VOv”)‘_i—(i_)<1—I—TI'%)_Z (25)
and when k; < 1/Ape, k1> Kk;
_ p2 (%) (vo+1)2
Pl )= S s Wl + D + 2w
/ 2voly, (1) p(p+x) 1 7t
X[z"‘\l_ u )u(v0+1)+2xvo I, (1) ] (26)

C. Plasma waves. As in the case of the extraordi-
nary waves, in the nonrelativistic approximation the
plasma wave is subject only to nonlinear scattering

Agg' A(z)cror = APk, w, k,, w,). Using (18) and (19),

substltutmg (19) in (2) and (4) we can compute scatter-
ing through the virtual longitudinal wave:

a) For a low density plasma (by virtue of the neces-
sity for satisfying k,u —v,wge > 0 excitation is possi-
ble only when k, > 1/xpe)

1 S Nkldki
4(2m)°h

xoaf 142 (0]

b) For a dense plasma for k, > 1/ipe, k; >k (27);

@oe™od v (1) Orze (k18 — Vo0 He)
(kivTe)7

y(k)=

nUTe

27)

when k,~ 1/Ape, k; > k
_ 1 Ny, dky  vodv, (1) (Fat — vowse) [ Te\™2 |
V)= 7507 § nole . Oreer 2+T.-> '

(28)
and when k, < 1/Ape, k, >k
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Nk,dki \u)uezVoAvu (IJ-) (kiu —_ VO(I)He) (I)He(-l)la(ki)
(kivTe)S(l)m'z(l + Te/Ti)2

y(k)=

S
4@2m)%h 9 nl. | "(29)

The expressions for a dense plasma apply when p << 1.
When p 2 1 the frequency of the wave that propagates
across H, is not close to v, wye.

4. DISCUSSION OF RESULTS

1. The nonlinear excitation rates obtained above can
be used to estimate the maximum values of the harmon-
ics that can be excited by nonlinear effects. Specifical-
ly, the excitation is positive if
T. u
Ti Ure ’

vo < ktmaxtt/ 0pe ~

It should be noted that in the s-waves there must be
waves directed in the opposite direction to the electron
stream. These can be formed as a result of induced
scattering of ion-acoustic waves on ions or by other
nonlinear mechanisms that tend to randomize the oscil-
lations. In particular, in scattering on ions the charac-
teristic time to reach isotropy'*®! is

1 Ws T;

T[' ~ moim—z,—e.
Furthermore, isotropy can be produced by various de-
cay processes. In the presence of collisions with
charged particles, effective excitation is possible only
within a relatively narrow range Ak, near k,~1/ipe;
in accordance with'®’ ®! the drift velocity is of the or-
der of or somewhat larger than vpgVmg/mj.

The order-of -magnitude of the energy WS of the

ion-acoustic waves can be estimated from simple con-
siderations of energy balance
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where v¢o]1 is the effective frequency for collisions
with neutrals and charged particles. When t > 1/vqqp1
We ~ eEngvre E’i

Veoll m;
Using this value of WS we can estimate the time re-
quired to produce isotropy. For example, with
E ~ 10 V/cm this time is much smaller than the char-
acteristic time required for nonlinear excitation of the
cyclotron waves. Account should be taken of the fact
that if the instability occurs only when k, ~ 1/xpe the
maximum emitted frequency is determined by the re-
lation

vo << Vomax R ©oelt [ @ HeUTe.

Estimating the values of u and VTe from the results

of %1 we can estimate v, pmax ~ 10. The experiments
[1-31 oxhibit intense emission at the second harmonic
so that we estimate the excitation rates for v, = 2,
p<<1:
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It follows from these estimates that the ordinary wave
has the largest excitation value. When k,~ 1/Ape exci-
tation occurs only in a dense plasma wye > wWye. AS

v, increases the excitation rates for the ordinary and
plasma waves fall whereas that of the extraordinary
wave increases (when u < 1). This result holds when

Vo << Vo max ~ Q)Oeu/ ® HeUTe.

2. It should be noted that the energy of a plasma and
extraordinary cyclotron waves can be emitted from the
plasma in two ways. First, by virtue of the spectral ex-
citation the wavelength of the cyclotron waves can be
comparable with the system dimensions, in which case
dipole radiation is possible. Another method for the
emission of energy of the cyclotron waves from the
plasma is the nonlinear conversion of cyclotron waves
into transverse waves with subsequent emission from
the plasma.

3. It is of interest that in the experiments reported
in 17%J the drift velocity u frequently exceeds vg. Ac-
cording to the theory (cf. > **?), which is developed
without taking account of the radiative dissipation of the
ion-acoustic turbulence which, in turn, is associated
with emission of electromagnetic waves at the cyclo-
tron frequency, the drift velocity must be of order vg.
We now estimate the possible role of radiative dissipa-
tion. If the excitation rate for the cyclotron waves is
larger than the nonlinear rate for spectral transfer of
ion-acoustic waves the latter need not be taken into ac-
count and the basic process is the excitation of cyclo-
tron waves. Under these conditions we can assume that
the ion-acoustic waves are concentrated in the region
of the excitation maximum, i.e., k;~1/Ape.

Radiative dissipation can become important when the
nonlinear excitation of the cyclotron waves is larger
than or of the order of the linear growth rate for exci-
tation of ion-acoustic waves. A comparison of the
growth rates leads to an equality that can be satisfied
under the conditions reported in ™1, It should also be
noted that the growth rate for nonlinear conversion of
acoustic waves into a longitudinal wave with frequency
w = wHe cos 0, as indicated by direct calculation (cal-
culations analogous to those given above), is (with 6 ~0,
k~ wHe/VTe)
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That is to say, this is of the same order as the growth
rate in (16).

Under conditions such that nonlinear generation can
compete with linear excitation, as one observes alter-
nate excitation and quenching of the oscillations.®!
One expects that in the present case similar effects will
arise. The fact that the experimental observations re-
veal phenomena of this kind may be taken as further
support for some of the ideas developed here.

The stopping of the oscillations can reduce the effi-
ciency for the excitation of ion-acoustic waves and,
consequently, can increase the value of the mean veloc-
ity u. The radiative dissipation associated with ion-
acoustic turbulence can also be important on experi-
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ments in concerning turbulent heating of plasma,"*"

since the heating efficiency can be reduced and spurious
losses can be increased.
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