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We investigate the irrotational oscillations of a fully ionized plasma located in a strong high-
frequency electric field. It is shown that the oscillations of the particles with respect to each
other induced by the external field can lead to spatial dispersion. The presence of the high-
frequency field modifies familiar branches of the dispersion relations and is also responsible
for the appearance of a new branch. It is also shown that a high-frequency field has a stabi-
lizing effect on the two-stream instability (electrons moving with respect to the ions).

INTRODUCTION

IN experiments on radiation acceleration (1] one
is concerned with a fully ionized plasma located

in a strong high-frequency electric field. Under
these conditions the field-induced velocity of the
electrons can easily be much greater than the
electron thermal velocity, and the distance
traversed by an electron in one period of the high-
frequency field can be appreciably greater than the
Debye radius.

The theoretical investigation of a plasma sub-
ject to these conditions was initiated in a paper by
one of the authors;[z’S] this work was concerned
with phenomena connected with the effect of a
high-frequency field on collisions between charged
plasma particles. However, even in B3] attention
was directed to the fact that there was no theory
available to describe oscillations of a plasma
located in a strong high-frequency field. In the
present work we have developed a theory which
describes irrotational oscillations of a fully
ionized plasma for the case in which the period of
the external high-frequency electric field is much
smaller than all of the characteristic times asso-
ciated with the plasma motion. Under these condi-
tions one can use relatively slowly varying collec-
tive variables, which are governed by the modified
equations for the self-consistent field; in the limit
of zero external electric field these obviously be-
come the usual equations.

The characteristic oscillation spectra of an
unmagnetized plasma are first considered within
the framework of the two-fluid hydrodynamic ap-
proximation (Sec. 1) and then by means of the
kinetic equation (Sec. 2). Section 3 treats the
spectrum of irrotational oscillations of a plasma

in a fixed magnetic field. It is shown that the
field-induced oscillation of the plasma particles
with respect to each other provides a mechanism
by which the oscillation frequency can depend on
the wave vector. In other words, a varying ex-
ternal field (like thermal motion) can give rise to
spatial dispersion. It is obvious that the situation
is similar to that of a fixed electric field." How-
ever, in contrast with the dc field, a high-fre-
quency field does not excite low-frequency oscilla-
tions. Indeed, we show below that an external high-
frequency field can have a stabilizing effect on the
two-stream instability in a plasma. The external
electric field modifies familiar branches of the
usual dispersion relation and also leads to the ap-
pearance of a new branch. In the long wavelength
region the new branch is very similar to the ion-
acoustic wave, the only difference being that the
role of the Debye radius is played by the magni-
tude of the electron displacement in an oscillation
period of the external field. We note that the ion-
acoustic oscillations still appear in a noniso-
thermal plasma, although the characteristic spec-
trum is modified by the high-frequency field.

1. OSCILLATIONS OF A COLD UNMAGNETIZED
PLASMA

We start our analysis with the case of a cold
plasma in which the thermal motion of the parti-
cles can be neglected, using the two-fluid hydro-
dynamic equations. It will be assumed that the
particle distribution is uniform in space in the
equilibrium state. It will be also assumed that the
electrons and ions move with fixed, but unequal,
velocities, and that they oscillate under the effect
of the high-frequency field E (t) = E; sin wgt.
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Thus, in the equilibrium state the electron and ion
velocities are given by

e
o = U0 4 —2

——— Eo C0S Wot. (1 1)
The subscript a denotes the electron or ion re-
spectively.

This directed motion leads to the appearance
of an electromagnetic field. The effects of this
field will be neglected below, as is customary in
the theory of the two-stream instability. The os-
cillations associated with the irrotational electric
field (6E = —V6® ) can then be described by the
following linearized two-fluid hydrodynamic equa-
tions:

)
6;“ + i (kve) Ve = — i —2 k6D,
t Ma (1.2)
2%
a’t“" + i(kug) 6ng = — ing®kdve,  (1.3)
where n(o(}) is the density of particles of type a in

the equilibrium state and 6n, and é6vy are the
nonequilibrium corrections to the density and
velocity.

The nonequilibrium potential of the field is de-
termined from the equation

k28D = 4 D) eana.

a

(1.4)

This equation is now employed to eliminate the
nonequilibrium potential; using (1.2) and (1.3) we
find that the function

Vo = eabna exp( -_ ZS dt kUa)
is described by the following two equations:

ve'! + oL (ve + vi exp {ikut + ia sin wot}) = 0,

vi'' 4 (uzu(v,- + ve exp {—ikut — iz sin @t}) = 0, (1.5)

where
kv E, (e e;
u=u0—u®, g=—F yy=- 0(_—_1)7
[ON W \m  my;
. 4nnOe2 . 4nin;Oe 2
Dpe” = ———\, W= ——.
m m;

To obtain the oscillations of interest here,
which are characterized by frequencies much
smaller than w;, we now employ the familiar
method of averaging.[s’sj Using the expansion

o

eiasin ot — 2 ]z(a) eiloot

l=—00

(1.6)

as a first approximation for the quantities aver-
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aged over the period 27/w, we have!)

(Ve + 1 ((Ved - (¥i) €U Ty (a)) = 0,

@ + o (v + vy ey @) =0. D)
We then obtain the following dispersion equation
for the characteristic frequencies of irrotational
oscillations of a plasma in a high-frequency
electric field:

ore or? orlors?

= T o 00— ku)e

1 —J*(a)] (1.8)
This equation yields a number of interesting
features concerning the oscillations and the stabil-
ity of the cold plasma. However, before consider-
ing these features it will be useful to consider the

accuracy of the method of averaging which has
been used here. The most direct way to evaluate
the accuracy is to examine the corrections to the
spectrum in (1.8). To find these corrections we
note that in the approximation used here, in which
all plasma frequencies are small compared with
wg, the following equation can be used to find 6y
(the rapidly varying parts of vy ):

8ve" - @pe? E J, (a) e—ilot+ikut vid =0,

I+0

8% + o1 2) Ty (a) eflowtrikut (v = 0.
1540

(1.9)

Solving (1.9) and using the solutions to obtain a
second approximation for (v, ) we have

" o 1
(Ve + (Ve wLe2{1 + ﬁ;ofﬁ (a)ﬁ}
+ (Vi) 0.2, (a) ekt = 0,

22 (a)liz}

l+0

2
Wre
(.002

" 4 vy ont {1 +

+ (ved 0 Jo (a) ekut = 0. (1.10)

DIf the extemal tf field is of the form E(t)=2 E;j sin (w4t +81),
the argument of the Bessel function of zero order will be of
the form

(€a/ Mo — eg | mp) 0o=2{ (KEW)2 4 (KE®)?'%;

E® = ZEf cosd;, E®@ = EEisin .
i i

These formulas can be useful, for example, in the case of
random field phases. For circular polarization of the rf field
the argument of the Bessel function will be of the form

(e., / mq — eg/ mg) o)o_zklEo.
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From the system in (1.10) and the second-approx-
imation dispersion equation we have

— (0 — ku)? 244 (‘)Lizz‘]]z 1} 2
— (@ u)? 4 or¢ -+ Py 2(a) 2 OLe Jo(a)
10
wuth(@)  — o+ o{ 142 Siz@) )
Li Y0 Li 0)02 l#—.Ol lZ
(1.11)

which evidently shows that the method of averaging
can be used when the following inequality is satis-
fied:

wo* > oL (1.12)

We assume below that this inequality is satisfied.?’
Having verified the use of the method of aver-
aging we now analyze the dispersion equation (1.8).

We shall first analyze the frequency region in
which w > k-u. In other words, we shall be con-
sidering a plasma in which there is no directed
motion or in which the oscillations have phase
velocities exceeding the velocity of the directed

motion of the electrons and ions. Then (1.8) yields
the following two expressions for the character-
istic plasma frequencies:

0? = oLl + or¥?(a),
0= OJLiZ[1 - Joz(a)].

As far as the plasma oscillations at frequencies
close to the electron Langmuir frequency wl.e
are concerned, we note that the effect of the rf
field is simply a small correction to the depend-
ence of oscillation frequency on wave vector. In
contrast with the usual Langmuir oscillations,m
in the present case the frequency is a maximum
rather than a minimum at k = 0 although
w=(wre?+ wi’ )1/2. As kvg/wy = a increases it
is evident from (1.13) that the frequency oscillates,
assuming a minimum value wie at points corre-
sponding to the zeros of J% (a) and asymptotically
approaching the same value according to the re-
lation

(1.13)
(1.14)

2 t
mz=mLez+mLi2———cosz(—-— |a| ) (1.15)

n|al 4

At small value of a the oscillation spectrum (1.14)
assumes the form

, oL

0? = 22 (kvg)? = (kw,)2.

S (1.16)

2)We note that the method of averaging can also be used
when the quantity k-vg./w, is small, or, what is the same
thing, when the strength of the high-frequency electric field
is small and the oscillation wavelength is large.
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We may speak of anisotropic sound in the plasma
under these conditions, understanding the velocity
of sound to be wg = w,iVE/ 2w,.

According to (1.14), as « increases the oscil-
lation frequency also increases, assuming a max-
imum value equal to the ion Langmuir frequency
at points at which the function J, vanishes. The
frequency asymptotically approaches the same
value in accordance with the relation

n|2a| 0052( %_l‘” )}

The relation in (1.16) allows us to proceed by
analogy with the anisotropic random motion of
electrons which leads to acoustic oscillations.
However, this oscillatory motion is considerably
different from the thermal motion, as is evident
from (1.15) and (1.17).

Let us now consider the effect of the high-fre-
quency oscillations on the two-stream instability
(with respect to the irrotational oscillations). In
the limit w «< | k-u/| the dispersion equation (1.8)
yields

1.17)

0 = u)Liz{ 1—

0)1_,{2 {(ku)2 —_ (DLe2 [1 - Joz(a) ]}

2 e
@ (ku)Z— oL

(1.18)

According to this expression, growing solutions
are possible only when

ord > (ku)2 > ow.[1 — J2(a)]. (1.19)

The left side of this inequality arises in.the usual
theory of a two-stream instability (without an rf
field).[Hﬂ The right side of the inequality in (1.19)
vanishes when the field E; vanishes; we note that
the right-hand side of the inequality (1.19) has a
strong limiting effect on the instability region.
This result can be understood if we keep in mind
the analogy between the effects of rapid particle
oscillations in the external rf field and the effects
of a thermal spread in velocity.

If a is small, we have from (1.19)

|ku|2 > orlwe?(kvg)2

Thus, for oscillation wavelengths greater than
distances traversed by the electrons in a period
of the external rf field the quantity wyewq 1VE is
analogous to the mean thermal velocity of the
particles; in the usual way, this thermal velocity
must be exceeded if a two-stream instability is
to occur.

In the region of high « (1.18) becomes

w? Ore?
=1+ (ku)2 — ore nt)a|

cosz(;:——lal ) (1.20)

®r?

In the absence of the rf field the maximum
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growth rate arises in the region ! k-ul = wle, in
which (1.18) does not apply.571% Therefore let
us consider this region in detail. Let (k-u)?

= wLel (1 +A), where |A| < 1. From (1.8) we
now have

209 (ku) — 020Le [ A— ’H — 20 (ku) o2
i

+ orlor?[A 4 J?(a)]= 0. (1.21)
If |Al<« 3% [i.e., far from the right-hand
boundary of the instability region (1.19)], (1.21)
shows that when |w |/|k-ul « Jg the maximum
growth rate is realized when A = me/mj; this
growth rate is

Y3 ( w@r2l? )‘/s

2(0Le

(27) s O

mr

AL (1.22)

Y= Qre—

A comparison with the growth rate for the usual
two-stream instability shows that the present ex-
pression contains a factor Jg/"’ which reduces the
growth rate in this region when an external rf
field is applied.

2. KINETIC THEORY FOR OSCILLATIONS OF
AN UNMAGNETIZED PLASMA

In the present section we derive a dispersion
equation and consider certain spectra of the irro-
tational oscillations of a plasma in an rf field;
however, in contrast with the preceeding section
here we shall take account of the thermal motion
of the particles. To describe irrotational oscilla-
tions we use the kinetic equation with the self-
consistent interaction:

afq, ajq, 6fa 0 ea3ﬁ
T +Va'5;;—' pa Ot %S drpdpg ——l T __‘r'ﬁl'fﬂ
0
— Ol eaE(t). 2.1)

0Ppe

Here, fy is the distribution function for particles
of type « and E(t) is the time-varying external
electric field.

The equilibrium distribution function for a
uniform plasma in an external electric field is

t
fal® (Pa, t) = fao( Pe— €a S dt’E(t') ) . (2.2)
Our problem is now reduced to that of analyzing
the oscillations representing weak perturbations
of the state described by (2.2). Thus, writing the
distribution function in the form f, = fg;

+6fq (Pas 'c)e_ik "Ta and linearizing (2.1) we ob-
tain the initial equation for the problem
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asfa + kvaﬁf afa( ) pa, t) Z 4ﬂeaeﬂ Sd afﬂ
_ 06fa (2.3)

It will be convenient to introduce the function
tl

Ya(?, Pa) = eXp{L—kS dt'S dt”E(t”)}

-—00

X 6fa( L, pa+ e § dt’E(t) ) , (2.4)

which, as is easily shown, is governed by the
equation

0fo 4reqep
e (L, Pe) + ikVapo — ik _f_:;_(Pg)_Z —-]::—‘ S dpss(t, Ps)
ot | L

X exp{ i(:Tc; - :2—1) k_gwdt'_sm dt"E(t") } = 0.

For a monochromatic external field
E = E; sin wyt the relation in (2.5) becomes

1Pa afao(pa) < 4meqep

apa ‘; k2

(2.5)

+ ikvapa —

% dpovs(t, pp) et 7y (aup) =0,

l=—00

(2.6)

where

As in the preceding section we assume that the
frequency of the external field w, is much higher
than the frequency of the characteristic plasma
oscillations. We also assume that wj > (k-vg )%
The relatively slow motions of the plasma can
then be described by the function (3, ) which
represents the result of averaging the function
Yo over the period of the high-frequency external
field. In this case we have from (2.6)

3f Ofao(Pa)
0pq

6<¢a>

+ ikva (Pa> —

4reqe
x ) k;" ¢ S dpp P> Jo(aas) = 0. 2.7
B
Equation (2.7) can be solved by the usual
method used in the kinetic investigation of char-
acteristic plasma oscillations.” The dispersion
equation for the irrotational oscillations can be

written in the form

431260;65

dpq, 6fa
To(ae8) § o 0 —Kvs < pe

The number of rows (and columns) of the deter-

—=0. (2.8)

8ap +
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minant on the left side of (2.8) is equal to the
number of charged-particle species in the plasma.
If the plasma consists of electrons and one ion
species (2.8) becomes

1 + Se. (0, k) =+ e (o, k) + [1 — Ji2(a)]

X Oge (0, k) 8e; (@, k) = 0, (2.9)
where
4meq? dpa of
k)= — (2.10
8ea(0, k) k2 Su)—{—iO—-kvakapa ’ )

We now use (2.9) for a plasma with a Max-
wellian particle distribution. In other words, it
is assumed that the momentum distribution func-
tion is Maxwellian in the coordinate system in
which particles of a given species do not oscillate
under the effect of the external field. Then (2.9)
becomes

e =t =2 ()]
14+ 11—7 -
+kzvre2‘ +(kl7tre/\, +-k2UTiZ 1 ]+ kvm
(]

* kvre /1 K2vri?

[

where Ve = (Te/me)V? and vrj = (Tj/mj)Y2
are the electron and ion thermal velocities, while

2
- Joz(a)lk%::—z[ 1

(2.11)

x
Ii(z)= xe—”’/zs drevr2,

If the phase velocity of the wave is large com-
pared with the particle thermal velocities (2.11)
yields the following expressions for the real fre-
quency w and the damping of the high-frequency
oscillations:

0% = orel + 3vr2k? + 012 (a), (2.12)

It ord ?
v=) e~} G
The expression in (2.13) is of the same form
as the damping rate for Langmuir oscillations in
the absence of an external rf field, the sole dif-
ference being that in the right side of the present

formula the frequency is determined by (2.12).
Both of these expressions apply when the wave-
length is large compared with the electron Debye

radius rpe = (Te/41re2ne(°))l/2. According to (2.12)
the effect of the external field on the rf plasma
oscillations can be neglected at wavelengths
smaller than [ (3mj/me) ( Te/47re%ni(°))]1/2. If
those wavelengths correspond to large values of
the argument of the Bessel function J; the ex-
ternal rf field can be neglected at even higher
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wavelengths.

The other rf spectrum appearing as a generali-
zation of (1.14) and also corresponding to the case
of phase velocities appreciably greater than the
particle-thermal velocities is given by

02 = or2[1 — Jo*(a)] + 3k2[vr + ve?], (2.14)
LTS ]
V= 2 K Loy exp 2k2pr2
1 w2
T G P [_ 2k2uT,.z]}’ @.15)

where vzS = |e;/e | Te/m;. These formulas apply
when

or?[1 — Ji?(a)] > kvre?,  kvrd (2.16)
Thus, (2.14) differs from (1.14) only by small
corrections. The damping of low-frequency os-
cillations described by (2.15) is specifically a
kinetic phenomenon, since it stems from the in-
verse Cerenkov effect.

Another important nonhydrodynamic effect is
the excitation of ion-acoustic oscillations when the
electron temperature is appreciably greater than
the ion temperature. By means of (2.9) we can
delineate the effect of the external rf electric
field on ion-acoustic waves whose phase velocity
is large compared with the ion thermal velocity,
but much smaller than the electron thermal ve-
locity. From (2.9) we find

0¥=o0 -2{1————1 Jz(a)]-}-Bka ;2 @-17)
Li 1+(krDe)2 0 I Ti"%
S TE TS S
V= _8_ k3 Z}Tis oxp L >2]CZUT1'2
0Llor? Jo?(a) }
owrd [+ (kroo) S (@.18)

In the limit of wavelengths larger than the
electron Debye radius we have from (2.17)

0 = or2{l — I?(a)} + B {vTi(a) + 3vr3).

If the distance traversed by an electron in one
oscillation period under the effect of the external
rf field is large compared with the electron Debye
radius (at angles between k and E; which are not
too close to m/2) the most important term in (2.19)
is the first term. In other words, the spectrum of
ion-acoustic oscillations is similar to the low-
frequency oscillations in (2.14), which also ob-
viously correspond to the joint oscillations of
electrons and ions. However, the conditions for
applicability of these formulas are generally dif-
ferent.

(2.19)
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3. LOW-FREQUENCY IRROTATIONAL PLASMA
OSCILLATIONS IN A CONSTANT MAGNETIC
FIELD

In a constant magnetic field B the motion of
the charged particles is characterized by the cy-
clotron frequencies Qq = egB/mgc. We consider
the case in which the frequency of the external
electric field is much higher than the cyclotron
frequency, following the approach used in the pre-
ceding section; the dispersion equation for the ir-
rotational oscillations is found to be:

4ne kv
8ap + o [y (aap) § dpa S 1 z( Lgli)
n=-—oo %
k,@fao/apaz + nQaafag/vJ_aapJ_a
- =0.
o+ i0 — nQq — k0,0 (3.1)

The z axis is along the magnetic field while
vy = vk + v

In a plasma consisting of electrons and one ion
species (3.1) becomes

1 4 See(w, k) + d¢:(0, k)

3.2
+ [1 — J¢(a) ]8ec (0, K) 8¢; (0, k) = 0, (3.2)
where
hriea® < kivia
oo )= B Fanre(75 )
k 6fa0/8paz -+ ngaafao/vLaap_Loc (3.3)

X ® + i0 — nQa — kyv,a

If foo is taken to be a Maxwellian function, after
integration over momentum we have from (3.3)[“]

(l)Loc

Sea(0, k)= Tor

{1- z A ) (B ).

(3.4)
Here

-2

Bn
T4 (Ba®) = pne~®nr2 § drevr,

100

An(20) = €%l ,(24),

kJ_szaz o — nQa
z“ = —_—

Qaz I kzl UTa ’

where Iy (zq) is the Bessel function of imaginary
argument.

Let us now investigate plasma oscillations that
arise under these conditions in the frequency re-
gion | w| <« Qj. In this case we only retain the
n = 0 term in the series in (3.4) and obtain the
following dispersion equation:

Bn® = (3.5)

mLe o2 .
1-|- [ —Ao('ze)]-'r(ﬁo")]-l-m[i-—Ao(zi)]+(50’)]

L

£l — IR 1t — Ao<ze>1+<soe)1;‘;’§;—’_2

X1 — Ao(2:)7+(Bo?)] = 0. (3.6)
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The expression in (3.6) generalizes the dispersion
equation we have given earlier (2.11) to the case
of an external magnetic field. If the waves propa-
gate along the magnetic field (k) =0) itis evi-
dent that the earlier result (2.11) applies .

For wavelengths somewhat greater than the
mean Larmor radius of the particles (k vrqa/Qq
<« 1) and propagating at angles not too close to
/2, we have from (3.6)

oL;?
17—[ 1=

1+ksz [1—]“( |k,(|01};)]+

2
+[1'—]oz(a)]£)2;——;—2[ 1y

+\ |k,|vre):ll
()
[1 = |k,|z;;)]=0'

This expression differs from (2.11) only in that
the quantity k is replaced by | kz | in the argu-
ment of the J, functions.

Using (3.7) we can obtain the oscillation spec-
trum and the damping rate in the presence of an
external magnetic field. Thus, if the phase veloc-
ity is much greater than the particle thermal
velocities (2.12) and (2.13) are replaced by

)

[())
I 1o
\ k| vrs

orq?
k2vr?

(3.7)

o? = cos? 0{wr? + 0ri¥le?(a) + 3vr2k?}, (3.8)
v— V oLt { _ e? }
k 3UTe 2]‘:121}T(e2 ’ (39)

where 6 is the angle between k and B.

In the frequency region |k, | vpi < | w |
«< | ky, |VTe (when Te > Tj) we find propaga-
tion is possible for ion-acoustic waves such that
the frequency

J?(a
@2 = cosze{muz[ 1— —1—|—0(+rie)2] + 3kzvﬁz}(3.10)
and the damping rate
_ ‘V_JT (D"‘{ 1 [ _ w? ]
Y 8 k 3 le exp 2k22UTi2

or20rJo? cost 0 }

@*vre [1 4 (krpe) —2I2 (3.11)

Finally, in the limit of wavelengths larger than the
electron Debye radius, using (3.10) we obtain an
expression which differs from that obtained

earlier in the absence of the magnetic field (2.19)
by the factor cos?§.

If the thermal motion of the plasma particles
is neglected, i.e., if a hydrodynamic analysis
similar to that in the first section is used, in
place of (3.1) we find
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aag—-“’——(cosze+smze )Jo(a)) —0. (3.12)

w?
— Qa2
In a plasma consisting of electrons and one ion
species (3.12) assumes the form

oL + (.01,_1‘2 WL oL .
1 -‘——?—cosze —_ [ oY +m2__ Qiz] sin2 0
o?
+[1_]02(a)]031.e L ( 0s20 -+ sin20 )
02—Q,2
2
X(cosze—{—smze—LQ—?)=O. (3.13)

The magnetic field does not have an effect on
the oscillation spectrum for strictly longitudinal
propagation (6 = 0) and we obtain the earlier ex-
pressions (1.13) and (1.14). In propagation of
waves directly across the magnetic field the os-
cillation frequency is given by

= o1l + oLl + Q2 + Q2
_93(Q¢ + ord) + (1 = Ji2(a)) orlors (3.14)
Qe2+ U)Lez ’
2 022+ 012) +(1 — T (a)) orlars
02 = 0t oz © (3.15)

Let us now assume that the magnetic field is
not large so that the inequality wye?/Qe? > 1 is
satisfied. From (3.14) and (3.15) we then have

0? & oLl + oLl (a), (3.16)

@ & oL (—+1—J (@) )

(3.17)
It is evident from (3.17) that the external rf field
will have an important effect on the plasma oscil-
lation spectrum when

Qg
1—I(@)>—

Under these conditions the oscillation spectrum
(3.17) becomes similar to the characteristic spec-
trum (1.14) described in detail in the first section
of the present work. Finally, we present expres-
sions for the oscillation spectrum for waves
propagating at arbitrary angles (but not close to
/2 or 0).

In the frequency region | w| <« Q; we obtain
the electron branch

0? = cos? 0 (oL + orl2(a)).

(3.18)

(3.19)

In general, when one takes account of spatial dis-
persion due to the thermal motion of particles the
small thermal corrections to the frequency com-
pletely determine the velocity of propagation of a
wave; similarly, here [ (and also in (3.20)], we
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keep the small term wLing, which completely de-
termines the spatial dispersion of the cold plasma.
Evidently (3.19) differs from the spectrum ob-
tained earlier (1.13) only in the presence of the
factor cos?6. Correspondingly, in the ion branch
of the oscillations the difference from (1.14) (no
magnetic field) reduces to the appearance of the
factor cos®6.
In the intermediate frequency region where
Qi < | wl <« | Qe | propagation of electron oscil-
lations with-frequency

w2 = O)Lez cos? 0 + (oLizloz(a) (320)

becomes pos51ble almost over the entire angular
region if Q < wiel < Qz In this case the mag-
netic field has no effect on the spectrum of ion
oscillations and the earlier result (1.14) is re-
covered.
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