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The problem of eletromagneti wave sattering in a plasma plaed in a strong external magneti

�eld and its possible appliations for plasma diagnostis is disussed. The sattering is assoiated

both with longitudinal �eld utuations (harge density utuations) and with transverse eletro-

magneti utuations. Eletromagneti wave sattering by magneti utuations is aompanied by

wave onversion. Low{frequeny utuation spetra of eletri and magneti �elds are alulated

for a plasma with a strong external magneti �eld. Inoherent utuations and utuations assoi-

ated with the exitation of olletive modes (Alfven and magnetosoni waves) are singled out. The

spetral distributions of the eletri and magneti �eld utuations in nonequilibrium plasmas are

onsidered. Flutuations are also onsidered in a plasma with large{sale turbulent pulsations. The

wave sattering ross{setion is alulated and the onditions are revealed, under whih onversion

is the dominant proess. Peuliar features of sattered waves spetral distribution depending on the

parameters that haraterize plasma state are treated.

Key words: magnetized plasma, Alfven and magnetosoni utuations, sattering, onversion,

eletromagneti wave.

PACS numbers: 52.25.Gj

INTRODUCTION

The study of eletromagneti wave sattering spetra

(both in laser and entimeter wave ranges) is an eÆient

method of plasma diagnostis in laboratory fusion re-

searh devies as well as in the near and outer spae.

Eletromagneti wave sattering is aused by utua-

tions of harged partile density and other plasma pa-

rameters: urrent density, eletri and magneti �elds.

Spetra of sattered waves provide information on the

density and temperature distributions in the plasma. A

peuliarity of eletromagneti wave sattering in plasmas

is oherent sattering by olletive plasma exitations |

ombination sattering, that ours along with Thomp-

son inoherent sattering by individual plasma parti-

les. Wave sattering by olletive plasma utuations,

in partiular, makes it possible to �nd relative onen-

trations of harged partiles and temperatures of individ-

ual plasma omponents. The phenomenon of eletromag-

neti wave ombination sattering by olletive plasma

exitations was onsidered for the �rst time in [1℄. As dis-

tint from the wave sattering by utuations of harged

partile density, interation of the inident wave and the

magneti �eld utuations may be aompanied by the

eletromagneti wave onversion, i.e., transformation of

an ordinary eletromagneti wave into an extraordinary

one or vie versa. Though the sattering ross{setion

is muh greater than the onversion ross{setion, un-

der ertain ondition one an distinguish onversion from

sattering and �nd the spetral distribution of onverted

waves. Studies of onverted wave spetral distributions

provide information on plasma parameters other than

those assoiated with wave sattering, in partiular on

the magneti �eld utuation intensity distribution. In-

reased ativities in the ontrolled fusion researh and

employment of magneti plasma on�nement systems

require improved methods of plasma state analysis. It

is obvious that information on the plasma state an be

drawn from experimental data only provided the theo-

retial spetra of magneti and eletri �eld utuations

in the plasma are available.

I. PLASMA WITH STRONG MAGNETIC FIELD

Eletromagneti plasma properties are ompletely de-

sribed in terms of the plasma dieletri permittivity ten-

sor "

ij

(!;k) whih depends on the frequeny ! and the

wave vetor k. The dieletri permittivity tensor of a

plasma with external magneti �eld was alulated in

the kineti approximation in [2,3℄.

In order to onsider a plasma with strong external

magneti �eld B

0

we introdue a dimensionless parame-

ter,

q

2

=

k

2

s

2

!

2

B

i

� 1;

where s =

q

3T

m

is the eletron thermal veloity (T is

the plasma temperature, m is the eletron mass) and

!

B

i

=

eB

0

M

is the ion ylotron frequeny (e and M are

the ion harge and mass, respetively). We restrit the

onsideration to the spetral range of frequenies ! lower
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than the eletron ylotron frequeny !

B

e

=

eB

0

m

, i.e.,

! � !

B

e

, and employ approximate expressions for the

plasma dieletri permittivity omponents, obtained un-

der the assumption that

m

M

� 1 and expanded in power

series of the small parameter q

2

. In the oordinate sys-

tem with the z{axis along the vetor B

0

and the x{axis

in the plane of vetors k and B

0

, the omponents of the

dieletri permittivity tensor "

ij

(!;k) take the form

"

11

=

1

2

!

2

p

i

!

2

�

!

�

1

!

B

i

� !

'(z

1

)�

1

!

B

i

� !

�

+ i

p

��ze

�z

2

1

�

;

"

22

= "

11

�

m

M

"

0

n

1 + '(z) � i

p

�ze

�z

2

o

tg

2

#

z

2

;

"

33

= 3

M

m

"

0

n

1� '(z)� '(�z) + i

p

�z

�

e

�z

2

+ �e

��

2

z

2

�o

1

q

2

os

2

#

;

"

12

= i

(

"

11

�

!

2

p

i

!

B

i

(!

B

i

+ !)

)

; (1)

"

23

= �i"

!

B

i

!

�

1� '(z) + i

p

�ze

�z

2

+

1

2

�

1� '(z

1

) + i

p

�z

1

e

�z

2

1

�

�

tg#;

"

13

=

1

2

"

0

!

B

i

!

n

1� '(z

1

) + i

p

�z

1

e

�z

2

1

o

tg#:

Here # is the angle formed by the vetors k and

B

0

; "

0

=

!

2

p

i

!

2

B

i

, where !

2

p

i

=

4�n

0

e

2

M

is the square of

the ion plasma frequeny (we assume that "

0

� 1);

�

2

=

M

m

; z =

q

3

2

!

ksos#

is the dimensionless frequeny

and z

1

=

q

3

2

M

m

j!

B

i

�!j

ks os#

.

In (1), only the �rst terms of the q

2

{expansions of gen-

eral expressions for the permittivity tensor of a plasma

with external magneti �eld are retained. We note that

individual omponents of the permittivity tensor (1) dif-

fer in the order of magnitude with respet to the pa-

rameter q

2

. The leading term of the expansion of the

omponent "

33

is proportional to q

�2

(for very low fre-

quenies, one has to take into aount the ion motion in

"

33

), and those of the omponents "

11

and "

22

are of the

order of one.

II. EIGENWAVES OF A PLASMA WITH

STRONG EXTERNAL MAGNETIC FIELD

We introdue the dispersion tensor �

ij

(!;k):

�

ij

(!;k) = "

ij

(!;k)�

�

Æ

ij

�

k

i

k

j

k

2

�

�

2

; (2)

where �

2

=

k

2



2

!

2

is the square of the wave refration

index and write its determinant in the form

�(!;k) = "

33

(

�

�

2

os

2

#� "

11

�

�

�

2

� "

22

�

"

2

23

"

33

�

+ "

2

12

+

�

2

"

33

��

�

2

� "

22

�

"

11

sin

2

# (3)

+ 2"

12

"

23

sin# os#� "

2

12

sin

2

#

�

)

:

The large quantity "

33

= 0(q

�2

) is put before the urly

brakets for onveniene. The two �rst addends between

the urly brakets are of the order of one, all the other

terms are of the order of q

2

.

The dispersion equation that determines the frequen-

ies and damping rates of plasma eigenwaves redues to

the ondition

�(!;k) = 0: (4)

The eigenfrequenies are determined by the real part of

the dispersion equation in whih thermal orretions on-

tained in the expressions for the dieletri permittivity

omponents may be negleted, while the wave damping

rate is determined by the imaginary part of the disper-

sion determinant (3) that is given rise to by the thermal

e�ets.

In the long{wave length limit, for small values of the

parameter �

2

=

k

2

v

2

A

!

2

B

i

(v

A

=

B

0

p

4�n

0

M

is the Alfven speed),
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the dispersion equation (4) has two di�erent solutions in

the low{frequeny range whih orrespond to the Alfven

wave (A) and the fast magnetosoni wave (S) [4℄.

The frequeny and the damping rate of the Alfven

wave are de�ned by

!

A

= kv

A

os #; 

A

=

1

2

!

A

P

00

(!

A

); (5)

where the notation is introdued:

P

00

(!) =

p

�

3

m

M

q

2

(

!

4

(k

2

v

2

A

� !

2

)

2

+

k

2

v

2

A

!

2

os

2

#

[1� '(z)℄

2

+ �z

2

e

�2z

2

)

ze

�z

2

:

The eletri �eld vetor of the Alfven wave is perpen-

diular to B

0

and lies in the plane of vetors k and B

0

,

hene for the polarization vetor we have e

(A)

= (1; 0; 0).

The frequeny and the damping rate of the fast mag-

netosoni wave are given by

!

S

= kv

A

; 

S

=

1

2

!

S

	

00

(!

S

); (6)

where

	

00

(!) =

p

�

2

m

M

tg

2

#

e

�z

2

z

; z

2

=

3

2

!

2

k

2

s

2

os

2

#

:

The eletri �eld vetor of the fast magnetosoni wave

is perpendiular to the plane of vetors k and B

0

, hene

e

(S)

= (0; 1; 0).

As the eigenwave frequeny approahes the ion{

ylotron frequeny !

B

i

, the refration index of the

Alfven wave tends to in�nity, whereas the refration in-

dex of the magnetosoni wave remains �nite. For ! !

!

B

i

, the ylotron damping of the Alfven wave beomes

so strong that propagation of this wave beomes impos-

sible.

III. FLUCTUATIONS IN EQUILIBRIUM

PLASMAS

Aording to the utuation{dissipation theorem, the

spetral distribution of eletri �eld utuations is given

by

hE

i

E

j

i

k!

= 4�i

T

!

�

�

�1

ji

� (�

�1

ij

)

�

	

; (7)

where T is the plasma temperature and �

�1

ij

is the inverse

of the dispersion tensor (2). We introdue the algebrai

omplement �

ij

of the tensor (2),

�

ij

�

jk

= �Æ

jk

; � � k�

ij

k;

then the inverse tensor may be represented in the form

�

�1

ij

=

�

ij

�

: (8)

The spetral distribution of magneti �eld utuations

is related to the eletri �eld utuation distribution as

given by

hB

i

B

j

i

k!

= �

2

�

ikm

�

jln

k

k

k

l

k

2

hE

m

E

n

i

k!

; (9)

where �

ikm

is a ompletely antisymmetri third{rank ten-

sor.

IV. SPECTRAL DISTRIBUTIONS OF ELECTRIC

FIELD FLUCTUATIONS

Making use of expression (1) for omponents of the

dieletri permittivity tensor in the ase q

2

� 1 we give

the algebrai omplement tensor (2) in the form

�

ij

= �

long

ij

� "

33

0

B

�

�

2

� "

22

�

"

2

23

"

33

0 0

0 �

2

os

2

#� "

11

0

0 0 0

1

C

A

;

(10)

where �

long

ij

= �

4

k

i

k

j

k

2

is longitudinal part of tensor

�

ij

whih we an disregard in the range of frequenies

! >

p

m

3M

qkv

A

os#. Thus, only the omponents �

11

and �

22

are of the same order of magnitude in the limit-

ing ase q

2

! 0 (all the other omponents �

33

, �

12

, �

13

and �

23

and are of higher orders of smallness). Therefore,

the spetral distribution of eletri �eld utuations in a

plasmawith strong external magneti �eld in the range of

frequenies muh lower than the ion ylotron frequeny

(! � !

B

i

) is determined by the expression:

hE

i

E

j

i

k!

= 8�T

v

2

A



2

!

�

e

(A)

i

e

(A)

j

!

2

P

00

(!

2

� k

2

v

2

A

os

2

#)

2

+ (!

2

P

00

)

2

+ e

(S)

i

e

(S)

j

 

2

	

00

(!

2

� k

2

v

2

A

)

2

+ (!

2

	

00

)

2

�

: (11)
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We see that the spetral distribution of utuations

has two maxima assoiated with Alfven and magne-

tosoni utuation osillations. These maxima are mani-

fested in di�erent omponents of the utuation spetral

distribution tensor beause of di�ering polarizations of

the utuation eletri �eld vetors. The maximum as-

soiated with the Alfven utuation osillations ours

in the spetral distribution of the omponent hE

2

1

i

k!

whereas the one orresponding to the magnetosoni u-

tuation osillations is manifested, respetively, in the

spetral distribution of the omponent hE

2

2

i

k!

. Numeri-

al alulations of the spetral distributions hE

2

1

i

k!

and

hE

2

2

i

k!

were performed in [5℄ for the values of the pa-

rameters �

2

�

3

2

v

2

A

s

2

and q

2

whih orrespond to the

atual onditions of real plasma with the onentration

n

0

= 1:2 � 10

14

m

�3

, temperature T = 10

4

eV, and

external magneti �eld B

0

= 3:4 � 10

4

Gs.

The magnetosoni perturbation is transverse (the po-

larization vetor of the fast magnetosoni wave is perpen-

diular to the wave vetor, e

(S)

k = 0); the eletri �eld

of Alfven perturbations has a longitudinal omponent as

well. To �nd the spetral distribution of the longitudinal

eletri �eld, we multiply the total distribution (11) by

k

i

k

j

k

2

and thus separate out the longitudinal omponent

hE

2

l

i

(A)

k!

= 8�T

v

2

A



2

! sin

2

#

!

2

P

00

(! � k

2

v

2

A

os

2

#)

2

+ (!

2

P

00

)

2

:

(12)

The spetral distribution of harge density utuations

assoiated with Alfven perturbations in the plasma is

determined by the relation

h�

2

i

(A)

k!

=

k

2

16�

2

hE

2

l

i

(A)

k!

: (13)

The spetral distribution of the harge density utua-

tions (13) has a maximum for frequenies orresponding

to Alfven utuation waves and a broad maximum in

the range of low frequenies assoiated with inoherent

plasma utuations.

In the low{frequeny range z

2

�

m

M

, the spetral dis-

tribution (13) takes the form

h�

2

i

(A)

k!

=

1

6

r

�

2

e

2

n

0

!

P

i

!

2

!

P

2

e

s

2

v

2

A

ka sin#tg

3

#e

�

M

m

z

2

; (14)

a

2

=

T

4�n

0

e

2

:

We note that intensities of both harge density and lon-

gitudinal eletri �eld utuations h�

2

i

(A)

k!

and hE

2

l

i

(A)

k!

tend to zero in the low{frequeny range.

In the low{frequeny domain dominant ontribution to

the inoherent harge density utuations is assoiated

with the longitudinal eletri �eld. The spetral distri-

bution of suh inoherent utuations is desribed by

h�

2

i

k!

=

1

2

r

�

2

e

2

n

0

!

P

i

k

3

a

3

e

�

M

m

z

2

os#

; z

2

�

m

M

: (15)

The spetrum of eletron density inoherent utuations

in the low{frequeny domain is as follows

hÆn

2

e

i

k!

=

1

2

r

3�

2

r

M

m

n

0

ks os #

e

�

M

m

z

2

; z

2

�

m

M

: (16)

As the wave number inreases, the maxima of eletri

�eld utuation spetra are shifted to the ion ylotron

frequeny range and separation of Alfven and magne-

tosoni utuation exitations disappears in individual

omponents of the spetral distribution. The omponents

hE

2

1

i

k!

and hE

2

2

i

k!

of the spetral distribution of eletri

�eld utuations in frequeny range !

�

< !

B

i

were alu-

lated in [5℄ as funtions of the dimensionless frequeny

e! �

!

!

B

i

for di�erent values of parameter �. Eah spe-

tral distribution hE

2

1

i

k!

and hE

2

2

i

k!

has four maxima.

Two maxima in the low{frequeny range e! < 0:01 and

in the range of ion ylotron frequeny e! � 1 (! � !

B

i

)

are assoiated with inoherent utuations. Two narrow

maxima orrespond to the Alfven (at the frequeny !

A

)

and magnetosoni (at the frequeny !

S

) olletive u-

tuation osillations (!

A

< !

S

). These maxima are by

several orders of magnitude higher than the maxima as-

soiated with inoherent utuations. Position and mag-

nitude of the maximawhih orrespond to the Alfven and

magnetosoni utuation osillations depend on parame-

ter �. When � inreases the !

A

and !

S

are also inreases

(to narrow maxima are shifted to the range of the higher

frequeny), however !

A

< !

B

i

(e!

A

�

!

A

!

B

i

< 1). When

� = 0:7516 the maximum assoiated with magnetosoni

olletive utuations is loated at the frequeny e!

S

= 1

(inoherent maximum is also situated at this frequeny).

When � = 1 the maximumassoiated with magnetosoni

olletive utuations lies outside the frequeny range

! � !

B

i

. For the values of parameter � = 0:2; 0:4 the

maximum assoiated with magnetosoni utuation os-

illations is by several orders of magnitude higher than

maximumassoiated with Alfven utuation osillations.

The magnitude of the maximum in the range of ion y-

lotron frequeny e! � 1 (! � !

B

i

) whih assoiated with

inoherent utuations is inreasing when parameter � is

inreasing.

In the ion ylotron resonane range,

�

!

B

i

�!

!

B

i

�

2

�

2

3

m

M

q

2

os

2

#, both eletri �eld utuation spetra

hE

2

1

i

k!

and hE

2

2

i

k!

have a maximum assoiated with in-

oherent ylotron utuations. It is given by

hE

2

1

i

k!

= 2�

r

6�

M

m

T

!

P

i

!

B

i

!

P

i



s

 (�)e

�z

2

1

; (17)

hE

2

2

i

k!

= os

2

#hE

2

1

i

k!

;
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where

z

2

1

=

3

2

M

m

(!

B

i

� !)

2

k

2

s

2

os

2

#

and  (�) =

1

�

5

os

5

#

for �

2

> 1:

V. SPECTRAL DISTRIBUTION OF MAGNETIC FIELD FLUCTUATIONS

Making use of relation (9) between the distributions of eletri and magneti �eld utuations and the spetral

distribution of eletri �eld utuations (11), we �nd the spetral distribution of long{wavelength utuations (kv

A

�

!

B

i

) of magneti �eld in a plasma with strong external magneti �eld to be given by

hB

i

B

j

i

k!

= 8�

T

!

k

2

v

2

A

�

b

(A)

i

b

(A)

j

!

2

P

00

os

2

#

(!

2

� k

2

v

2

A

os

2

#)

2

+ (!

2

P

00

)

2

+ b

(S)

i

b

(S)

j

!

2

	

00

(!

2

� k

2

v

2

A

)

2

+ (!

2

	

00

)

2

�

; (18)

!� !

B

i

;

where we introdued the magneti �eld polarization vetors for the Alfven and magnetosoni waves; b

(A)

= (0; 1; 0),

b

(S)

= (� os #; 0; sin#).

Similarly to the spetral distribution of eletri �eld utuations, the spetral distribution of magneti �eld u-

tuations (18) has two maxima given rise to by Alfven and magnetosoni utuation osillations and a low{frequeny

maximum assoiated with inoherent utuations. As in the ase of eletri �eld utuations, di�ering polarizations

of Alfven and magnetosoni waves are responsible for the fat that relevant magneti �eld utuation maxima are

manifested in di�erent omponents of the spetral distribution tensor. The maximum assoiated with the Alfven

exitations appears in the spetral distribution of the omponent hB

2

2

i

k!

whereas the maximumorresponding to the

magnetosoni utuations is manifested in the spetral distributions of hB

2

1

i

k!

, hB

2

3

i

k!

, hB

1

B

3

i

k!

and hB

3

B

1

i

k!

.

As distint from the ase of eletri �eld utuations, the maximum of inoherent utuations of the magneti

�eld orresponds to the zero frequeny. Bearing in mind that ion motion should be allowed for in the ase of very low

frequenies

�

z

2

�

m

M

�

, we obtain the expressions for the spetral distributions of inoherent Alfven and magnetosoni

utuations, i.e.,

hB

2

2

i

(A)

k!

= 2�

r

�

6

m

M

T

ks

q

2

sin#tg#e

�

M

m

z

2

; ! � kv

a

os #; (19)

hB

i

B

j

i

(S)

k!

= b

(S)

i

b

(S)

j

8�

r

2�

3

m

M

T

kv

A

sin#tg#e

�

M

m

z

2

; !� kv

a

: (20)

The widths of the distributions are determined by the ion thermal veloity.

VI. FLUCTUATIONS IN NONEQUILIBRIUM PLASMAS

Eletromagneti utuations in a nonequilibrium plasma are determined by the spetral distribution of the

Langevin urrent along with the dieletri permittivity tensor.

The spetral distribution of eletri �eld utuations in a nonequilibrium plasma is determined by the expression

hE

i

E

j

i

k!

=

16�

!

2

1

j�j

2

�

�

ik

�

jl

hj

k

j

l

i

0

k!

(21)

and the spetral distribution of magneti �eld utuations in a nonequilibrium plasma is given by
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hB

i

B

j

i

k!

=

16�

2

!

2

�

2

j�j

2

�

ikm

�

jln

k

k

k

l

k

2

�

�

mr

�

ns

hj

r

j

s

i

0

k!

: (22)

The spetral distribution of urrent density utuations in the plasma disregarding the Coulomb interation of

harged partiles is usually taken for the spetral distribution of the Langevin urrent:

hj

i

j

j

i

0

k!

= e

2

1

Z

�1

dte

i!t

Z

dv

Z

dv

0

v

i

v

j

W

k

(v;v

0

; t)f

0

(v); (23)

whereW

k

(v;v

0

; t) is the Fourier transformation of the probability density in the phase spae for the partile transition

from the point v to the point v

0

for the time t. If the partile interations are negleted, the transition probability

density is given by

W

k

(v;v

0

; t) = e

�ia[sin(!

B

t+�)�sin�℄�ik

k

v

k

t

� Æ (v

0

x

� v

?

os(!

B

t+ �)) Æ

�

v

0

y

+ v

?

sin(!

B

t+ �)

�

Æ

�

v

0

k

� v

k

�

; (24)

where a =

k

?

v

?

!

B

and the initial veloity is determined as

v =

�

v

?

os�; �v

?

sin�; v

k

�

:

If the harged partile distribution is axially symmetri with respet to the external magneti �eld, the spetral

distribution of the Langevin urrent is as follows:

hj

i

j

j

i

0�

k!

= 2�

X

�

e

2

�

Z

dv

X

n

�

(n�)

ij

(v

?

; v

k

)Æ

�

! � k

k

v

k

� n!

B

�

�

f

0�

(v

?

; v

k

); (25)

where the tensor �

(n)

ij

(v

?

; v

k

) is de�ned by

�

(n;�)

ij

(v

?

; v

k

) =

8

<

:

n!

B

�

k

?

J

n

(a

�

)

�iv

?

J

0

n

(a

�

)

v

k

J

n

(a

�

)

9

=

;

�

n!

B

�

k

?

J

n

(a

�

); iv

?

J

0

n

(a

�

); v

k

J

n

(a

�

)

�

;

a

�

=

k

?

v

?

!

B

�

:

In the ase of a nonequilibrium plasma the dieletri permittivity tensor may be found on the basis of inverting

the utuation{dissipation relationship [3℄:

"

ij

(!;k) = Æ

ij

+ 4�

X

�

�

�

ij

(!;k) =

 

1�

X

�

!

2

p�

!

2

!

Æ
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�

2

!

2

X

�

Z

d!

0

!

0
�

�E

�
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i

j

j

i

0�

k!

0

!

0

� ! � i0

; (26)

where

�

�E

�

hj

i

j

j

i

0�

k!

0

is the orrelation funtion averaged over the derivative of the energy distribution:

!

�

�E

�
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i

j
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B

�
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?

�

�v

?

+ k

k

�

�v

k

�

f

0�

(v

?

; v

k

):
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VII. POTENTIAL ELECTRIC FIELD FLUCTUATIONS

For the potential (longitudinal eletri) �eld, the spetral distribution of the Langevin soure and the dieletri

permittivity B

0

are given by

hÆn

2

i

0

k!

= 2�

X

n

Z

dvJ

2

n

�

k

?

v

?

!

B

�

Æ

�

! � n!

B

� k

k

v

k

�

f

0

�

v

?

; v

k

�

; (27)

"(!;k) = 1 +

X

�

4�e

2
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2

X

n

Z

dv

J

2

n

�

k
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v
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B
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k
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B

v

?

�

�v

?

+ k

k
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�v

k

�

f

0

(v

?

; v

k

): (28)

For the strong external magneti �eld, in the low{frequeny range (! � !

B

i

) the terms with n = 0 are signi�ant

only in (27) and in the ontribution from the seond term in the brakets in (28). The ontribution from the �rst

term to the latter equation inludes all terms with n 6= 0. Thus, Eqs. (82) and (83) may be approximated by the

formulas [6℄:

hÆn
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i

0

k!

= 2�

Z

dvJ
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!
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k

); (29)

"(!;k) = 1 + 4�
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(k) +
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); (30)

where

"

0

(k) = 1 +

X

�

4�e

2
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dv

�
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k

):

When partile distributions are Maxwellian with tem-

peratures T

?

and T

k

with respet to the external mag-

neti �eld diretion, Eqs. (29) and (30) yield

hÆn

2

i

0
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p

2�

n
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k

k
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k
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��z
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k
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;

where Z

i

is the ion harge number,
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k

:

We note that the spetral distribution of utuation

soures in this ase (strong magneti �eld) is determined

by the longitudinal temperature only. The orrelation

funtion for the eletron density utuations in the ase

of potential interations between partiles takes the form

hÆn

2

e

i

k!

=

�

�

�

1�

4��

e

(!;k)

"(!;k)

�

�

�

2

hÆn

2

e

i

0

k!

+

�

�

�

4��

e

(!;k)

"(!;k)

�

�

�

2

Z

2

i

hÆn

2

i

i

0

k!

: (31)

Here, plasma disreteness reveals itself in the sponta-

neous density utuations hÆn

2

e

i

0

k!

and hÆn

2

i

i

0

k!

, due to

the random motion of individual non{interating parti-

les. The fators near the orrelation funtion hÆn

2

e

i

0

k!

and hÆn

2

i

i

0

k!

in (31) govern plasma polarization by the

shielding loud of eletrons and ions around the test par-

tile. Comparing these equations with those for a non-
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magnetized plasma, we observe that these equations are

related by the saling transformation z ! z

k

, a

2

! ea

2

,

n

0

! en

0

� n

0

e

��

I

0

(�) and �(!;k) ! �

0

(k) + �(!;k).

This makes it possible to reprodue the above analy-

sis using the appropriate results for a nonmagnetized

plasma.

VIII. COLLECTIVE FLUCTUATIONS IN

NONEQUILIBRIUM PLASMAS

The spetral distributions of eletri and magneti

�elds utuations in the viinity of the eigenosillation

frequenies in the transmittane range for a nonequilib-

rium plasma redue to the form:

hE

i

E

j

i

k!

=

8�

2

!

e

T (!;k)e

�

i

e

j

Sp�Æ(�
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); (32)
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T (!;k)�
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b
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Sp�Æ(�
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); (33)

where

e

T (!;k) is the e�etive temperature

e

T (!;k) =

2�

2

!

�

kl

�

00

hj

k

j

l

i

0

k!

:

We note that the e�etive temperature

e

T (!;k) de-

pends on the frequeny and the wave vetor. It is ob-

vious that the value of the e�etive temperature for the

frequeny equal to the eigenosillation frequeny should

be regarded as the temperature of the relevant eigenosil-

lations,

T

A

�

e

T (kv

A

os#; k); T

S

�

e

T (kv

A

; k): (34)

The values of T

A

and T

S

an di�er onsiderably. The

ondition of plasma stability with respet to olletive

exitations redues to the requirement that the damping

rate 

A;S

of the relevant olletive exitation must be

greater than zero. The e�etive temperature of relevant

exitations grows in�nite at the stability boundary.

The spetral distribution of inoherent utuations of

the magneti �eld is maximum for zero frequeny. The

ratios of the intensities of these spetral distributions

for zero frequenies to the quantities for an equilibrium

plasma, may be regarded as e�etive temperatures of the

relevant inoherent utuations, i.e.,
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i
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i
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k!

ks

os#

sin

2

#

: (35)

We note that e�etive temperatures of inoherent u-

tuations are always �nite, as distint from the tempera-

tures of olletive Alfven and magnetosoni utuations.

Thus, it is onvenient to desribe the state of a nonequi-

librium plasma in terms of the sets of temperatures T

A

,

T

S

and T

N

A

, T

N

S

; the diagnostis of states of a nonequi-

librium plasma with strong external magneti �eld may

be redued to the alulation of these temperatures.

IX. FLUCTUATIONS IN TURBULENT

PLASMAS

We onsider plasmas with developed turbulene and

assume that there our large{sale turbulent pulsations.

This means that mirosopi motion of noninterating

partiles redues to the motion of partiles under the

inuene of the �eld averaged over a small marosopi

volume, and the stohasti motion of the latter volume.

We assume thermal motion of individual partiles and

haoti turbulent large{sale motions to our indepen-

dently. Therefore, the transition probability density for

a turbulent system is given by

W

T

k!

(v;v

0

) =

Z

d!

0

2�

Z

dv

T

P

k!�!

0

(v

T

)W

k!

0

�

v;v

0

+ v

T

�

; (36)

where P

k!

(v

T

) is the fator determined by the stohasti Brownian motion of small marosopi volumes. If the

elementary volume is involved in the di�usion{drift motion [6℄, then

P

k!

�

Z

dv

T

P

k!

(v

T

) =

2k

2

D

(! � ku

D

)

2

+ k

4

D

2

; (37)

where u

D

is the drift veloity and D is the di�usion oeÆient. The more pragmati model [7℄ one imagines that

small marosopi plasma volumes move haotially aross the magneti �eld and the harateristi funtion is a

Gaussian
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P

k!

=

p

2�



F

exp

�

(! � ku

D

)

2

2

2

F

�

; (38)

where the mean drift veloity u

D

and the root mean

square veloity u, assoiated with uid{like motion, de-

termine the Doppler frequeny !

F

= ku

D

(at whih

the spetrum has its maximum) and the spetral width



F

= k

?

u, respetively.

The spetral distribution of the Langevin urrent for

a turbulent system is de�ned by

hj

i

j

j

i

T

k!

=

Z

d!

0

2�
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k!�!

0

hj

i

j

j

i

0

k!

: (39)

The dieletri permittivity tensor for a turbulent plasma

is determined by the formula (26) in whih the orre-

lation funtion hj

i

j

j

i

0

k!

has to be hanged to hj

i

j

j

i

T

k!

.

In the ase of potential �eld the spetral distribution of

the utuation soure and the eletri suseptibility for

a turbulent plasma are given by

hÆn

2

i

T

k!

=

Z

d!

0

2�

P

k!�!

0
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2

i

0

k!

0

; (40)
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2

�(!

0

;k): (41)

Making use of the harateristi funtion (38), we �nd

the spetral distribution for spontaneous utuations [7℄:
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u
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(42)

and the dieletri permittivity for an eletron plasma

"(!;k) = "(k)

(

1 +

1

C

1

ea

2

k

2
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1� '
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! � !
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(!�!
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2
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2

T

#)

:

The shape parameter C hanges in the range from

unity to in�nity, as it depends on the ratio between the

magnitudes of the wavevetor perpendiular and parallel

omponents and the ratio between the root mean square

turbulent veloity and the partile thermal veloity. The

spetral distribution of eletron density utuations for a

turbulent plasma is related to result for a nonmagnetized

plasma by the saling transformations:

T ! CT � T; ! !

! � !

F

p

C

; a

2

! Cea

2

:

The harateristi length sale, whih separates inoher-

ent and olletive utuations aording to Cea

2

k

2

"(k) �

1 depends on the e�ets of uid motion (C > 1), parti-

le polarization drift ("(k) > 1) and �nite Larmor radius.

The harateristi sale length is large when these e�ets

are important. The spetra are broader for larger C, with

olletive features being less pronouned. The frequeny

sale

p

2C

T

depends on partile thermal motion along

the magneti �eld and on uid, and it dereases with k

k

.

X. SCATTERED{WAVE{INDUCING CURRENT

The main problem in alulating the ross{setions of

eletromagneti wave sattering in plasmas is to �nd the

urrent produed by the nonlinear interation of the in-

ident wave with the utuations of eletron density and

their veloity, and the utuations of eletri and mag-

neti �elds. This urrent determines the sattered wave

�eld. The nonlinear onstitutive equation for the plasma,

and hene the sattered{wave{induing urrent may be

derived from kineti or hydrodynami equations for the

eletron and ion plasma omponents. Sine the di�er-

ene between eletron and ion masses is very large, the

onsideration may be restrited to the eletron ompo-

nent only. The results of the uid{approximation study

of nonlinear proesses in plasmas, obtained within its ap-

pliability range, are shown to be in aordane with the

results of the kineti treatment. In the old plasma, when

thermal e�ets in the dispersion of inident and sattered

waves may be ompletely disregarded, the sattered{

waves{induing urrent is given by the expression [3℄:
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: (43)
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Here we introdued the following denotations: !

0

and

k

0

are a frequeny and a wave vetor of the inident

wave; ! and k are a frequeny and a wave vetor of the

sattered wave; �! = !�!

0

and q = k�k

0

; E

0

and B

0

are the eletri and magneti �elds of the inident wave;

Æn

q�!

and Æu

q�!

are utuations of the eletron den-

sity and veloity; ÆB

q�!

is utuations of the magneti

�eld; �̂(!) is the dieletri permittivity tensor of the old

magnetoative plasma,

"(!) � 1 + 4��(!) =

0

�

"

1

�i"

2

0

i"

2

"

1

0

0 0 "

3

1

A

; (44)

"

1

(!) = 1�

X

�

!

2

P

�

!

2

� !

2

B

�

; "

2

(!) =

X

�

!

B

�

!

!

2

P

�

!

2

� !

2

B

�

;

"

3

(!) = 1�

X

�

!

2

P

�

!

2

:

Using the linear onnetions between utuations of

physial quantities in a plasma and the linearity of ini-

dent wave, we an present (43) in the form:

J

i

(!;k) = �i!�

ij

(!)

�

�

jk

Æn

q�!

n

0

+ 

jkl

ÆB

lq�!

B

0

�

E

0

k

;

(45)

where the utuations of all quantities are expressed in

terms of the longitudinal utuations of harge density

and the transversal magneti utuations. Let us on-

sider the sattering of waves with a small hange of fre-

queny (�!� !

0

). In this ase, we an use the approx-

imate expression

�

jk

� Æ

jk

�

4�

q

2

q

j

k

0l

�

lk

(!

0

);



jkl

� �4�

!

0

!

B

!

2

P

�

jml

�

mk

(!

0

); �!� !

0

: (46)

Ordinary and extraordinary eletromagneti waves

with equal frequenies but di�erent refration index and

polarization an propagate in a plasma with the external

magneti �eld. The polarization vetors of the ordinary

and extraordinary waves e

0

and e

x

, respetively, satisfy

the orthogonality ondition

"

ij

e

0i

e

�

xj

= 0:

For the waves that propagate along the magneti �eld

(# = 0),

�

2

0;x

= "

1

� "

2

; e

0;x

= (1;�i; 0); (47)

in the other words, these waves are transversal with the

irular polarization. For the waves that propagate in the

diretion perpendiular to the magneti �eld (# =

�

2

):

�

2

0

= "

3

; e

0

= (0; 0; 1); �

2

x

= "

1

�

"

2

2

"

1

;

e

x

= (1; �i

"

1

"

2

; 0): (48)

If the inident eletromagneti wave propagates along

the magneti �eld k

0

k B

0

, then �

ij

! Æ

ij

; at the same

time the sattering of waves on the longitudinal harge

density utuations takes plae. Beause of the orthog-

onality of the polarization vetors e

0

and e

x

, the wave

onversion on the harge density utuations is impossi-

ble.

If the inident wave (let e

0

) propagates perpendi-

ularly to the diretion of magneti �eld k

0

?B

0

, then

k

0

�̂(!

0

)e

0

= 0 and again we get �

jk

= Æ

jk

. Therefore,

the wave onversion or transformation of the ordinary

eletromagneti wave in the extraordinary one ours

due to the interation with the transversal magneti u-

tuations only.

XI. ELECTROMAGNETIC WAVE SCATTERING

CROSS{SECTION

The general expression for the di�erential ross{

setion of eletromagneti wave sattering in magnetoa-

tive plasmas was derived in [3℄ from the hydrodynami

equations. In the ase of eletromagneti wave sattering

by eletron density utuations, the di�erential ross{

setion is given by

d� =

1

2�

�

e

2

m

2

�

2

!

2

0

!

2

!

4

P

e

Rj�

2

jhÆn

2

e

i

q�!

d!d0; (49)

where

R =

�

3

�

0

�

je

0

j

2

�

je

0

k

0

j

2

k

2

0

�

e

�

i

e

ij

e

j

; � = e

�

i

("

0

ij

� Æ

ij

)e

0

j

:

This formula determines the plasma parameters (density,

temperature, et.) in terms of observed eletromagneti

wave sattering spetra.

XII. ELECTROMAGNETIC WAVE

CONVERSION CROSS{SECTION

The di�erential ross{setion of eletromagneti wave

onversion under sattering an be alulated in the same

manner as in [3℄. We restrit the onsideration to the

eletromagneti wave onversion with a small frequeny

shift (�! � !

0

), then the di�erential ross{setion of

onversion is desribed by the expression
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d� =

1

2�

!

4



4

B

2

0

R

X

l;l

0

�

e

�

i

�

ij

(!)

jkl

e

0

k

� �

e

�

i

�

ij

(!)

jkl

0

e

0

k

�

�

hÆB

l

ÆB

�

l

0

i

q�!

d!d0:

We note that

hÆB

l

ÆB

�

l

0

i

q�!

= Æ

ll

0

hÆB

2

l

i

q�!

;

and make use of the expression for the oeÆient 

jkl

, then the di�erential ross{setion redues to the form

d� = 32�

2

�

e

2

m

2

�

2

R

n

0

m

2

!

6

!
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P

e

X

l

je

�

i

�

ij

(!)�

jnl

�
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(!

0

)e

0

k

j

2

hÆB

2

l

i

q�!

d!d0: (50)

We onsider the ase when the inident ordinary ele-

tromagneti wave is onverted into an extraordinary ele-

tromagneti wave. Suppose the proess ours in the

plane perpendiular to the external magneti �eld B

0

.

The polarization vetor of the ordinary wave e

0

� e

0

=

(0; 0; 1) is direted along the magneti �eld B

0

, hene

the azimuthal angle of the wave vetor k

0

of the inident

wave is insigni�ant. The polarization vetor of the ex-

traordinary wave, e

x

, lies in the plane perpendiular to

B

0

and depends on the azimuthal angle ' of the wave

vetor k, i.e.,

e

x

� e =

�

os'+ i

"

1

"

2

sin'; sin' � i

"

1

"

2

os'; 0

�

:

We onsider the ase when the wave vetor hange un-

der onversion q = k� k

0

is small, then we an assume

that q?k. We hoose the oordinate system in a way

that the vetor q is direted along the x{axis, then the

azimuthal angle of the onverted wave vetor is ' = �

�

2

.

Therefore, the polarization vetor of the onverted wave

is given by

e

x

� e =

�

�i

"

1

"

2

; �1; 0

�

:

(We do not normalize the onverted wave polarization

vetor sine the ross{setion (50) does not depend on

the normalization ondition). Thus we obtain an expres-

sion for the di�erential ross{setion of the eletromag-

neti wave onversion in magnetized plasma, i.e.,

d�

0!x

=

1

8�

2

�

e

2

m

2

�

2

R

n

0
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2

(

!
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!
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e
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2
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q�!

(51)
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)
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where

R =

�

3

�

0

e

�

i

"

ij

e
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=

s

"

2

1

� "

2

2

"

1

"

2

"

2

2

"

2

1

:

The �rst term within the urly braes in (51) desribes

the onversion of an ordinary eletromagneti wave into

an extraordinary one due to the interation with magne-

tosoni utuation exitations in the plasma, the seond

term is assoiated with Alfven utuation exitations.

We note that, for an equilibrium plasma, the integral

ontribution of Alfven exitations in the onversion is

greater than the ontribution of magnetosoni exita-

tions,

�

A

�

S

=

(!

2

+ !

2

P

e

)

2

!

2

!

2

B

e

> 1:

In nonequilibrium plasmas, this ratio an be both greater

and smaller than one for various plasma states. In the

ase of onversion by inoherent magneti utuations

with very small frequeny shift, the value of this ratio is

determined by the inverse ratio of the Langevin soures,

i.e.,

�

A

�

S

=

hj

2

1

i

0

k0

hj

2

2

i

0

k0

:

It should be noted that the analysis of experimental data

must take into aount the uid{like turbulent motion

in the plasma whih an onsiderably inuene the har-

ater of the onverted wave spetrum, similarly to the

e�et of suh motions on the spetra of wave sattering

by partile density utuations.

CONCLUSIONS

The main purpose of this review is to onsider the

low{frequeny properties of a plasma with strong mag-

neti �eld, in partiular, the spei�s of olletive exi-

tations, dispersion, polarization, and damping of Alfven
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and magnetosoni waves. Low{frequeny utuations of

harge density, longitudinal and transverse eletri �eld,

and magneti �eld in a magnetized equilibrium plasma

are onsidered in detail; spetral distributions of suh

utuations are found; inoherent utuations aused by

haoti motion of individual partiles are separated as

well as the olletive utuations assoiated with Alfven

and magnetosoni plasma exitations. In the range of

very small frequenies (muh smaller than the ion y-

lotron frequeny) the Alfven and magnetosoni long{

wave utuations are manifested in di�erent omponents

of the utuation spetral distribution tensor, i.e., Alfven

and magnetosoni utuations are separated due to dif-

ferent haraters of polarization of these exitations. The

positions of the maxima of utuation spetra are deter-

mined by the frequenies of relevant plasma eigenosilla-

tions. As the wave number inreases, the maxima of u-

tuation spetra are shifted to the ion ylotron frequeny

range and separation of Alfven and magnetosoni waves

disappears; the maxima assoiated with Alfven and mag-

netosoni utuations are manifested in all omponents

of the spetral distribution; the magnetosoni maximum

rapidly approahes the ion ylotron frequeny as the

wave number grows. In the viinity of the ion ylotron

frequeny, a ylotron resonane ours whih leads to

the damping of olletive exitations. In the ion ylotron

frequeny range, inoherent ylotron utuations our;

their spetral distribution is also found in the paper.

Muh attention is paid to the utuations in nonequi-

librium plasmas. The Langevin utuation soures are

introdued in order to �nd the e�etive temperatures

whih are responsible for the olletive utuation levels

for the eletri and magneti �elds. The e�etive temper-

atures are found as well for the inoherent magneti �eld

utuations assoiated with Alfven and magnetosoni ex-

itations. The temperatures thus introdued make it pos-

sible to desribe the nonequilibrium plasma states quan-

titatively. Flutuations are also onsidered in a plasma

with large{sale turbulent pulsations. The inuene of

suh uid{like haoti motions on the utuation spe-

tra is analyzed. Suh motions must be taken into a-

ount when the plasma state is studied in terms of u-

tuation spetra and eletromagneti wave sattering in

the plasma. Eletromagneti wave sattering is one of

the most eÆient methods of plasma diagnostis both in

ontrolled fusion devies and in ionospheri and spae

plasmas. The study of eletromagneti wave onversion

resulting from wave{plasma interation provides addi-

tional possibilities to obtain information on the plasma

state, in partiular the harater of magneti �eld u-

tuations.
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ROZSI�NN� TA KONVERSI� ELEKTROMAGNETNIH HVIL^

NA NIZ^KOQASTOTNIH KOLEKTIVNIH FL�KTUACI�H U

NAMAGNETOVAN�� PLAZMI

O. G. Sitenko

�nstitut teoretiqnoÝ f�ziki �m. M. M. Bogol�bova,

vul. Metrolog�qna, 14{B, KiÝv, 03143, UkraÝna

E{mail: ositenko�gluk.ap.org

Rozgl�nuto rozsi�nn� elektromagnetnih hvil~ u plazmi za na�vnosti sil~nogo zovnixn~ogo magnet-

nogo pol� � obgovoreno mo�livist~ �ogo vikoristann� dl� di�gnostiki plazmi. Rozsi�nn� pov'�zane �k

z povzdov�nimi fl�ktuai�mi pol� (fl�ktuai�mi gustini zar�du), tak i z popereqnimi elektromag-

netnimi fl�ktuai�mi. Rozsi�nn� elektromagnetnih hvil~ na magnetnih fl�ktuai�h suprovod�ut~s�

konversi� hvil~. Rozrahovani spektri fl�ktuai� magnetnogo ta elektriqnogo poliv u niz~koqastotni�

oblasti dl� plazmi za na�vnosti sil~nogo zovnixn~ogo magnetnogo pol�. Vidileni nekogerentni fl�k-

tuaiÝ ta fl�ktuaiÝ zumovleni zbud�enn�m kolektivnih mod (Al~fvenovih ta magnetozvukovih hvil~).

Doslid�eno spektral~ni rozpodili fl�ktuai� elektriqnogo ta magnetnogo poliv u nerivnova�ni� plazmi.

Obgovoreno tako� fl�ktuaiÝ v plazmi za na�vnosti velikomasxtabnih turbulentnih pul~sai�. Rozraho-

vano pereriz rozsi�nn� hvil~ i viznaqeno umovi, za �kih konversi� hvil~  dominu�qim proesom. Vivqeno

osoblivosti spektral~nogo rozpodilu rozsi�nih hvil~ zale�no vid parametriv, wo harakterizu�t~ stan

plazmi.
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