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We have investigated fluctuations and scattering of electromagnetic waves in a partially ionized
plasma subject to strong electric and magnetic fields. It is shown that in the case of a strong mag-
netic field the correlation functions for the fluctuations exhibit narrow peaks at frequencies corre-
sponding to magnetoacoustic waves. As the magnitude of the external electric field E, approaches
a critical value E; there is a sharp rise in fluctuations whose wave vectors lie in the region
characterized by y < 7/2 (in contrast with the case considered intz], a weak magnetic field, in
which the sharp rise in the fluctuations occurs only when y < 1; x is the angle between the wave
vector of the fluctuation and the mean directed electron velocity vo). When electromagnetic waves
propagate in the plasma the spectrum of the scattered radiation exhibits narrow peaks displaced

from the main line by the frequency of the magnetoacoustic wave (magnetoacoustic satellites). When
Eo, — E¢ there is a sharp rise in the intensity of the satellites for scattering in the cone 8’ > 6 and
the integrated scattering cross-section increases as (E¢ — Eo)™ (in contrast with a weak magnetic

field in which the sharp rise in satellite intensity in scattering occurs only in a rigorously defined
direction and in which the integrated scattering cross-section increases logarithmically; 6(8’), is
the angle between the wave vector of the incident (scattered) wave and vo). Thus, in the case of a
strong magnetic field the effects of critical fluctuations and critical opalescence are much more

pronounced than in the case of a weak field.

1. INTRODUCTION

IN the present work we investigate fluctuations and
scattering of electromagnetic waves in a partially
ionized plasma to which are applied fixed and uniform
electric and magnetic fields E, and Ho. Electrons in
this plasma, under the effect of the fields, will execute
motion with respect to the ions and the neutral particles;
collisions between electrons and neutrals lead to an in-
crease in the mean velocity associated with the random
electron motion, that is to say, the electron component
of the plasma is heated. As a result, as has been shown
by Davydov!'! (cf. also!?), these collisions lead to the
establishment of a stationary nonMaxwellian electron
velocity distribution which is characterized by a very
high mean energy (effective temperature) T and a
nonvanishing mean directed velocity vo.

It will be shown that the nature of the fluctuations
and the associated scattering processes in such a
plasma are very sensitive to the magnitude of the
external magnetic field. For a modest magnetic field
(VA/c < aq; VA is the Alfven velocity, a is the elec-
tron Debye radius and q is the wave vector associated
with the fluctuations) the correlation functions for the
fluctuations and the scattering cross sections exhibit
the same structure as in the absence of a magnetic
field, and speciﬁcally[S]; 1) the correlation functions
exhibit sharp peaks at w = qVg(1 + a%?)™"/?(w is the
fluctuation irequency, Vg is the ion-acoustic velocity)
corresponding to the possibility of ion-acoustic propa-
gation in the plasma; 2) when E, — E¢, where E; is a
critical field there is a sharp increase in the intensity
of fluctuations characterized by wave vectors which

are parallel to v, (critical fluctuations); 3) when elec-
tromagnetic waves propagate in the plasma the spec-
trum of scattered radiation exhibits sharp peaks which
are separated from the primary line by a frequency
Aw = 2kVgsin (/2 ) where k is the wave vector of the
incident wave and 6 is the scattering angle (ion-
acoustic satellites); 4) the existence of critical fluctua-
tions when E; — E. leads to a sharp rise in the in-
tensity of waves scattered in s specific direction; the
integrated scattering cross-section for electromagnetic
wave scattering increases logarithmically as E;— Ec.
In the case of a strong magnetic field (VA/c >> aq ),
as will be shown in the present work, we find 1) the
correlation functions exhibit sharp peaks at
w =qVg(1 + a2q?)”? cos x (x is the angle between the
vectors q and v,) corresponding to the possibility of
magnetoacoustic wave propagation in the plasma;
2) when E, — E; there is a sharp rise in the intensity
of fluctuations characterized by wave vectors that lie
in the halfspace y < 7/2; 3) when electromagnetic
waves propagate in the plasma, the spectrum of scat-
tered radiation exhibits sharp peaks which are separ-
ated from the primary line by a frequency Aw
=kVg(cos 6 — cos6’), where 6(8') is the angle be-
tween the vector v, and the wave vector of the incident
(scattered) wave (magnetoacoustic satellite); 4) when
E, — E. there is a sharp rise in the intensity (critical
opalescence) which is observed for all scattered waves
characterized by 6’ > 6; the integrated scattering
cross-section goes as (E¢ — Eo )™ when E,— Eg.
Thus, in the presence of a strong magnetic field
effects such as critical fluctuations and critical opales-
cence are found to be more pronounced than in the case
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of a weak field. In particular, the total intensity of the
scattered radiation as E, approaches E_ is found to
be significantly higher in the first case than in the
second.

2. CRITICAL FLUCTUATIONS

In investigating high-frequency fluctuations
(w > ve, vi; Ve,i is the frequency of collisions be-
tween electrons and ions with neutral particles) we can
use the conventional relationships for the correlation
functions of the charge density (p?‘)q,w:[q]

(04,0 = 2n|er(q, ©) |2 3] e‘uzs F@ (0 —qv)dv, 1)
where F@® and e, are respectively the distribution
function and the charge on the particle of species a
(a=e,i) and €7 =1 + 47 kg is the longitudinal (with

respect to the wave vectoraq ) dielectric constant of the
plasma while k, is the longitudinal electric permittiv-
ity of the a-component of the plasma; in the presence
of a strong magnetic field (wj > w, wj = | ej |Ho| mjc
is the ion-cyclotron frequency mj is the ion mass) this
quantity is given by

€a?

S q10F @/ dv)
magq?

0 — qvy
where q) and v, are the components of the wave vec-
tor q and velocity v that are parallel to Ho (mgy jg
the mass of the particle of species a). In writing F(®
in these expressions we shall use the distribution func-
tion given by Davydov™l:

FO(v) = Fo(v) + v=F,(v),

mg’
Fo=Cow{~ G},

Ny m,
NOA) \ 2T,

oF,

1= —Vy——

>‘/z
where n, is the equilibrium electron density.

In the case of a strong magnetic field (we >> vg,
we = eHo/megc is the electron-cyclotron frequency)
the effective electron temperature Te and the mean
directed electron velocity v, are given by
eEycosp Hy
i
whereas for a modest magnetic field (we << veg ) these
quantities are given by

)

[/ m )‘/1
Te=\{——) eEjl|cosB|, vo=
¢ \3me ol Bl 0

mev.

eE,

’
MeVe

T, — ( 3’:2 )l' Eol, Vo=
where m, is the mass of the neutral particle, [ is the
electron mean-free path and B is the angle between the
vectors E, and H, (this angle is assumed to be fairly
close to m/2, |1/2 = B| >> ve/we ). The ion velocity
distribution is assumed to be a Maxwellian (at tempera-
ture Tj).

We note that although the form of the expression in
(1) is similar to that obtained for a collisionless
plasma, the quantity {p?) (as well as the other corre-
lation functions in the high frequency region) depends
on the form of the collision integral inasmuch as the
equilibrium electron distribution function F® depends
on the form of the collision integral (in this connection
seel?),

As is well known, the poles of the correlation func-
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tion determine the complex characteristic frequencies
of the system. Setting the denominator in (1) equal to
zero and writing

i< mg?ot< T,

we obtain the frequency w and growth rate y for the
magnetoacoustic waves:

_ ¢*ViPcos?y
A s Y @)
_L (T f%'zz>"2 [5(Eo) = sign cos x]
|o| I‘ \ 2mq 1 + a2¢? ’
2’/' zmy 2l (3/4)
Ey) = 1 3
S(Ea) ]/3:1( m; ) { = it <mc> @)
(Tt [ (/)T
X\T) P T T (1 2 )7;! }
- N VAN @
miI'(Y/4) 2xeno U (1/4)

where ze is the ion charge.

It will be evident that if 2¥2zm,/3mmj > 1 then for
any values of the external magnetic field we find £ > 1
and the plasma waves are damped. However, if
23/2zm0 /3mmj < 1 then in a sufficiently strong electric
field E, (Eo> E. )& <1 and waves characterized by
wave vectors lying in the halfspace y < 7/2 can grow.
The appropriate critical value of the field can be ob-
tained by using Eqs. (3) and (4):

Ec=ES (0.<ve),

E.=EQl|cos B  (we> ve),
(BN TG e )
E°0—< Z) r(a/ﬁ):ez( ){l *+3m\ AT ),l'

(5)
Now, making use of Eq. (1) and assuming that the
ions are highly magnetized (a.)1 >> w) we can write
{p?) in the form
o ( w2 —

Similar relations can be used in the case of a very
strong magnetic field to find the correlatmn function
for the high-frequency qVg|cos x |/(1 +a%q?)"/2

>> ve i fluctuations in the electron and ion den51ty:

€201y ¢, 0w = (1 + a2g%) ~2(z€)2 (nq, o
= — (14 a?¢*) " 2e2(on.bn:)q,
_ Y2qViTed (02— g2ViEcos?y/ (1 + a%g?))
2Y3 a%|cos® | (& — sign cos )

Vz a2g5V, T,
2 Y3(1 4 a2g?)2 (& — sign cos )

¢*VZcos?y, \
1+ a’q? -

(P >q, ,
(6a)

(7a)

It is evident that when E, — E. the correlation func-
tions increase sharply (critical fluctuations). The
existence of critical fluctuations is associated with a
growing instability of the plasma when Ej, = E.. It will
be evident that Eqs. (1), (6) and (7), which are obtained
in a linear analysis, apply only in the stable region
Eo < E¢. In the present work we have not attempted to
investigate fluctuations when E, = E. since the inves-
tigation of this regime a requires nonlinear analysis.
Attention is directed to the marked difference in the
nature of the critical fluctuations in the case of a
strong magnetic field and in the case of a weak mag-
netic field. In the case in which the ions are weakly
magnetized (wj <K w), from!?
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(g 0m SETVIS@ gV A+ a) (g
21 Y3 (14 a%g?)(cos xe — cos %)
om0 = ¥z qVTod (@ — @2V2/ (1 + a2g?)) , (Tb)

2743 a% p(cos xc — cos )
2%z°hT (3/4) my T,
=1 — —_——
B a¥3 (4 + a2q?)t <me> < T; )
I (VA A
xor{ T e
c0s xe = 2" (zmo/m;) u1[3n (1 + a2q?) ]

When E, — E. there is a sharp increase in the in-
tensity of the fluctuations for wave vectors that lie
parallel to vo. In the case of highly magnetized ions,
in accordance with Eqgs. (6a) and (7a) when E,— E¢
there is a sharp rise in the intensity of fluctuations
whose wave vectors lie in the halfspace y < 7/2. Thus,
the effect of critical fluctuations in the case of a strong
magnetic field is much more pronounced than in a weak
field.

sign cos ¥,

3. CRITICAL OPALESCENCE

We now wish to consider combination scattering of
transverse electromagnetic waves on the magneto-
acoustic fluctuations of a plasma located in external
electric and magnetic fields. As is well known, the
refractive index for transverse electromagnetic waves
n = ke¢/w in such a plasma is given by
— B+ VB —4AC 44C

T
where A =¢,sin0 + €5c0s%0, B = —€,€5(1 + cos?6)

- (ef - €3)sin®, C = €5(€f - €3); €,,2,3 are the com-
ponents of the high-frequency dielectric tensor for the
plasma in the magnetic field

ny?=—

Q.2 Q% we
e, E=—
% — 0 0 (02— 02)
Q.2

02’

gg=1—-
83=1—

where Qg = (4men,/me )"/? is the electron plasma fre-
quency, 6 is the angle between the wave vector k and
the mean directed electron velocity v,, which is re-
lated to the external fields E, and H, by the expres-

sion(®]
[o% we [EoHg] o Ho(EoH,) )
VY (E o) ).
(1) (Bt e S s

Vo =

MeVe Ve

Making use of the well known expressions for the
differential scattering cross-section for electroma-
netic waves!*) and assuming Aw < w we find

1y e O\ P
s — on( ;7:0:.) (Q_ ) 3 (onzda, uda do', ®)
where Aw =w - w' and q =k - k’; w and w’ and k
and k' are the frequencies and wave vectors for the
incident and scattered waves;

M = m/%|es (& — 1) en|2{ma([en]? — k2| kex]2) (en’*ser’) ),

where e,, e)'(x, A’ =+) are the polarization vectors
for the incident and scattered waves

na’2sin 6’ cos 0 )

, ( iey
e,/ =| cos ¢ — ————sin sin + N
P P ? 7,252 0 — g5

/2 — /2 — gy

4 iey
(ei\. = 1; ) H
nme—eg

cOs P;

|l sinBcosG>.

n28in% 0 — &3
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and n’ =n(w’, 8’); ¢ is the angle between the planes
(k, vo) and (k', vo); € is the dielectric tensor for the
plasma in the magnetic field; { 6ng) is the correlation
function for the electron density, which is given by Eq.
(7); and do’ is the element of solid angle for the vector
K'.

We see that in principle in the presence of a mag-
netic field the plasma is capable of supporting four
scattering processes for transverse waves (depending
on the polarization of the incident and scattered waves):
ty—t,t- — t, t, — t_ and t. — t.. If thereis an
arbitrary relation between frequencies w, wg, and Q¢
these processes (taking account of acoustic fluctuations)
can be forbidden since the frequency of the acoustic
wave characterized by wave vector q can be small
compared with Aw. In order to be definite we shall
consider the case of high-frequency incident radiation
w > we, Ne. Inthis case all four scattering processes
are allowed.

Substituting Eqs. (7a) or (7b) in Eq. (8) and limiting
ourselves to longwave incident radiation ak < 1, for
the case of highly magnetized ions we find

I‘(‘/‘)V-z-noNM' ( E_>A< e2 )2
T 2uy3Er (3/4) cost x (§ — sign cos ) mec?

X{6{Ao — kV(cos 0 — cos 0)] + 8 [Aw + kV(cos 6 —cos 6’) ]} dw’ do”

(9a)

whereas for weakly magnetized ions

1"(1/‘)-’-/— oM / 4 _z_z
2%1@1‘(3/4);1(”1 i>( : )

x{c (Am — 2V, sin%) + 5( Ao + 2KV, sin 32) } do’ do’, (9b)

€OS X — €OS ) \ Q. mec?

where cos x =[2 sin(#/2)]™ (cos 6 - cos§’) and ¢ is
the scattering angle (the angle between the vectors k
and k' ). We see that the spectrum of scattered radia-
tion exhibits two satellites of the same intensity, the
frequency in the first case being given by w ' =
+ kVg(cos 6 — cos 6') and in the second case by w’
= w + 2kVgsin (¢/2).

Carrying out the integration over w’ in Eq. (9) we
can now determine the intensity of scattered radiation
per unit solid angle:

»d‘* r(l/l‘)-‘/;noN}.N /m_)‘( )z (10a)
do’ 25/'V§F(3/4)cos‘x(§——sign cos ) \ Qe mec?

a2 _ T (/) VanaV ( )
do’ 25/“}/3I‘ 3/4) 1 (cos xc — cos x)
It is evident from these expressions that the angula.r
distribution of the scattered radiation depends sensi-
tively on the magnitude of the external electric field.
When E, < E; this distribution is essentially isotropic.
When E, is increased in the case of highly magnetized
ions there is a sharp rise in the intensity of the radia-
tion scattered in the angular region 6’ > 6. However,
in the case of weakly magnetized ions there is a sharp
rise in the intensity of waves scattered in a specific
direction, that is to say at angles close to 6¢, for
which

(10b)

0.’ == arc cos(cos 0 — 2sin /> 0).

The sharp rise in the intensity of the scattered
electromagnetic radiation as E, — E. is associated
with a plasma instability that appears when E; — E¢.
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The nature of this effect is very similar to the familiar
effect known as critical opalescence.

We wish to direct attention to the important distinc-
tion between critical opalescence in the case in which
the ions are highly magnetized and the case in which
they are weakly magnetized. In the second case critical
opalescence occurs only for waves that are scattered
at angles 6’ ~ 6, whereas in the first case this effect
is observed for wave scattering for all angles that
satisfy the condition 6’ > 6. For this reason as E,
approaches E. the integrated scattering cross-section
for electromagnetic waves will be significantly larger
when the ions are highly magnetized as compared with
the case in which they are weakly magnetized. The
point here is that integration of Eq. (10) over do’ shows
that for the highly magnetized ions the integrated scat-
tering cross-section is proportional to (E¢ — E,)™ as
Eo, — E. whereas in the case of weakly magnetized

ions this cross-section is proportional to In|1 —Eo/E.|.

In conclusion we note that for arbitrary scattering
angles the cross-sections for all four processes
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t — t are of the same order of magnitude. However,
for small scattering angles (¢ < 1) the cross-sections
for the processes and t,— t_ and t_— t, are small
(proportional to #*).
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