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The problem of electromagnetic wave scattering in a plasma placed in a strong external magnetic
field and its possible applications for plasma diagnostics is discussed. The scattering is associated
both with longitudinal field fluctuations (charge density fluctuations) and with transverse electro-
magnetic fluctuations. Electromagnetic wave scattering by magnetic fluctuations is accompanied by
wave conversion. Low—frequency fluctuation spectra of electric and magnetic fields are calculated
for a plasma with a strong external magnetic field. Incoherent fluctuations and fluctuations associ-
ated with the excitation of collective modes (Alfven and magnetosonic waves) are singled out. The
spectral distributions of the electric and magnetic field fluctuations in nonequilibrium plasmas are
considered. Fluctuations are also considered in a plasma with large—scale turbulent pulsations. The
wave scattering cross—section is calculated and the conditions are revealed, under which conversion
is the dominant process. Peculiar features of scattered waves spectral distribution depending on the
parameters that characterize plasma state are treated.
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INTRODUCTION

The study of electromagnetic wave scattering spectra
(both in laser and centimeter wave ranges) is an efficient
method of plasma diagnostics in laboratory fusion re-
search devices as well as in the near and outer space.
Electromagnetic wave scattering is caused by fluctua-
tions of charged particle density and other plasma pa-
rameters: current density, electric and magnetic fields.
Spectra of scattered waves provide information on the
density and temperature distributions in the plasma. A
peculiarity of electromagnetic wave scattering in plasmas
is coherent scattering by collective plasma excitations —
combination scattering, that occurs along with Thomp-
son incoherent scattering by individual plasma parti-
cles. Wave scattering by collective plasma fluctuations,
in particular, makes it possible to find relative concen-
trations of charged particles and temperatures of individ-
ual plasma components. The phenomenon of electromag-
netic wave combination scattering by collective plasma
excitations was considered for the first time in [1]. As dis-
tinct from the wave scattering by fluctuations of charged
particle density, interaction of the incident wave and the
magnetic field fluctuations may be accompanied by the
electromagnetic wave conversion, i.e., transformation of
an ordinary electromagnetic wave into an extraordinary
one or vice versa. Though the scattering cross—section
is much greater than the conversion cross—section, un-
der certain condition one can distinguish conversion from
scattering and find the spectral distribution of converted
waves. Studies of converted wave spectral distributions
provide information on plasma parameters other than
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those associated with wave scattering, in particular on
the magnetic field fluctuation intensity distribution. In-
creased activities in the controlled fusion research and
employment of magnetic plasma confinement systems
require improved methods of plasma state analysis. It
is obvious that information on the plasma state can be
drawn from experimental data only provided the theo-
retical spectra of magnetic and electric field fluctuations
in the plasma are available.

I. PLASMA WITH STRONG MAGNETIC FIELD

Electromagnetic plasma properties are completely de-
scribed in terms of the plasma dielectric permittivity ten-
sor €;;(w, k) which depends on the frequency w and the
wave vector k. The dielectric permittivity tensor of a
plasma with external magnetic field was calculated in
the kinetic approximation in [2,3].

In order to consider a plasma with strong external
magnetic field By we introduce a dimensionless parame-

ter,

2.2
2_k5
9 = 3

Wh,

<1,

where s = «/% is the electron thermal velocity (7T is

the plasma temperature, m is the electron mass) and
wp, = (ﬁg is the ion cyclotron frequency (e and M are
the ion charge and mass, respectively). We restrict the

consideration to the spectral range of frequencies w lower
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than the electron cyclotron frequency wp, = fg, le.,

w K wp, , and employ approximate expressions for the
plasma dielectric permittivity components, obtained un-
der the assumption that §; < 1 and expanded in power

m . -
€99 = €11 — M(‘:O {1 + QD(Z) — z\/er }

€33 = 3%60 {1 —¢(2) = plpz) + /72 (6_22 + “6_u222)}
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Here ¥ 1s the angle formed by the vectors k and

w 2 .
By eg = -2, where w? = 4”% is the square of
sz Pi
the ion plasma frequency (we assume that g0 > 1);
Te— %; z = %ksé‘gsﬂ is the dimensionless frequency
w — W
and z; = /24 lws, —v]

2m kscosd *

In (1), only the first terms of the ¢>~expansions of gen-
eral expressions for the permittivity tensor of a plasma
with external magnetic field are retained. We note that
individual components of the permittivity tensor (1) dif-
fer in the order of magnitude with respect to the pa-
rameter ¢2. The leading term of the expansion of the
component €33 is proportional to ¢=2 (for very low fre-
quencies, one has to take into account the ion motion in
£33), and those of the components 11 and £22 are of the
order of one.

II. EIGENWAVES OF A PLASMA WITH
STRONG EXTERNAL MAGNETIC FIELD

We introduce the dispersion tensor A;j;(w,k):

kik;
Aslo) =yl - (5, - S e
where n? = kj‘; is the square of the wave refraction

index and write its determinant in the form

YB {1 —o(z) + i\/er_’z2 +
w

Bi {1 — (1) +ivTere”

series of the small parameter ¢°. In the coordinate sys-
tem with the z—axis along the vector By and the z—axis
in the plane of vectors k and By, the components of the
dielectric permittivity tensor ¢;;(w, k) take the form

1
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Alw, k) = 633{(772 cos? 9 — 511) (772 ey ﬁ)

2
+ 6%2 + :E [(7]2 — 622) €11 sin? ¢ (3)

+ 219893 sin ¥ cos ¥ — 6%2 sin? 79] }

The large quantity e33 = 0(¢~2) is put before the curly
brackets for convenience. The two first addends between
the curly brackets are of the order of one, all the other
terms are of the order of ¢2.

The dispersion equation that determines the frequen-
cies and damping rates of plasma eigenwaves reduces to
the condition

Alw, k) = 0. (4)

The eigenfrequencies are determined by the real part of
the dispersion equation in which thermal corrections con-
tained in the expressions for the dielectric permittivity
components may be neglected, 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
effects.

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

52 .
parameter £2 = w?ZA (va = ﬁ is the Alfven speed),

z
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the dispersion equation (4) has two different solutions in
the low—frequency range which correspond to the Alfven
wave (A) and the fast magnetosonic wave (S) [4].

The frequency and the damping rate of the Alfven
wave are defined by

1
wq = kvycosd, YA = §WAP”(WA), (5)

where the notation is introduced:

4
1" _\/_Eﬂ 2 w
Piw) = 3 ! {(k’zvi—wz)z

k’zvi cos? ¥ 2
ze %,
w? [l = p(2)]2 + mz2e— 227

_|_

The electric field vector of the Alfven wave 1s perpen-
dicular to By and lies in the plane of vectors k and By,
hence for the polarization vector we have e(4) = (1,0,0).

The frequency and the damping rate of the fast mag-
netosonic wave are given by

1
ws = kvy, vs = 5“5\1’//(“’5)’ (6)
where
52 3 (.02
W) = YT a2 f=
(«) 2 M'® z : 2 k2s% cos? ¥

The electric field vector of the fast magnetosonic wave
is perpendicular to the plane of vectors k and By, hence
e®) =(0,1,0).

As the eigenwave frequency approaches the ion—
cyclotron frequency wp,, the refraction index of the
Alfven wave tends to infinity, whereas the refraction in-
dex of the magnetosonic wave remains finite. For w —
wp,, the cyclotron damping of the Alfven wave becomes
so strong that propagation of this wave becomes impos-

sible.

III. FLUCTUATIONS IN EQUILIBRIUM
PLASMAS

According to the fluctuation—dissipation theorem, the
spectral distribution of electric field fluctuations is given

by

(.JZP”

(BB, = 4mis (A7 (A5}, (@

ij

where T'is the plasma temperature and Ai_j1 is the inverse
of the dispersion tensor (2). We introduce the algebraic

complement JA;; of the tensor (2),

AijlNjr = Adjk, A= [|Ai],

then the inverse tensor may be represented in the form

1Ay
At = - (8)

The spectral distribution of magnetic field fluctuations
is related to the electric field fluctuation distribution as
given by

krk

(BiBj)y, = 1 €ikmé€jin —z (Em Bl (9)

where €1, 18 a completely antisymmetric third—rank ten-
sor.

IV. SPECTRAL DISTRIBUTIONS OF ELECTRIC
FIELD FLUCTUATIONS

Making use of expression (1) for components of the
dielectric permittivity tensor in the case ¢? < 1 we give
the algebraic complement tensor (2) in the form

2

2 _g,, — C28
A = Alone e =gy 0 0
i = AT T Es3 | n?cos?d —e; 0 |
0 0 0
(10)
where Ai»?ng = 774k,£j is longitudinal part of tensor

Ai; which we can disregard in the range of frequencies
w > \/337qkva cosd. Thus, only the components Ai;
and Ags are of the same order of magnitude in the limit-
ing case ¢? = 0 (all the other components Agz, A1z, A1z
and Asz and are of higher orders of smallness). Therefore,
the spectral distribution of electric field fluctuations in a
plasma with strong external magnetic field in the range of
frequencies much lower than the ion cyclotron frequency
(w < wp,) is determined by the expression:
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We see that the spectral distribution of fluctuations
has two maxima associated with Alfven and magne-
tosonic fluctuation oscillations. These maxima are mani-
fested in different components of the fluctuation spectral
distribution tensor because of differing polarizations of
the fluctuation electric field vectors. The maximum as-
sociated with the Alfven fluctuation oscillations occurs
in the spectral distribution of the component (E%)y,
whereas the one corresponding to the magnetosonic fluc-
tuation oscillations is manifested, respectively, in the
spectral distribution of the component (F3 )y, . Numeri-
cal calculations of the spectral distributions <E%>kw and
(E2)ko were performed in [5] for the values of the pa-

2
U
rameters ©2 = 2 =

5 and ¢? which correspond to the
actual conditions of real plasma with the concentration
no = 1.2 10" ecm™3, temperature T = 10* eV, and
external magnetic field By = 3.4 - 10* Gs.

The magnetosonic perturbation is transverse (the po-
larization vector of the fast magnetosonic wave is perpen-
dicular to the wave vector, e(®)k = 0); the electric field
of Alfven perturbations has a longitudinal component as
well. To find the spectral distribution of the longitudinal
electric field, we multiply the total distribution (11) by

k:z] and thus separate out the longitudinal component

(.JZP”
(w— k’zvi cos?¥)? 4 (w2P")2’
(12)

2
<El2>£:2)): SFT%W sin? 9

The spectral distribution of charge density fluctuations
associlated with Alfven perturbations in the plasma is
determined by the relation

k,Z
(e = e (B (13)

The spectral distribution of the charge density fluctua-
tions (13) has a maximum for frequencies corresponding
to Alfven fluctuation waves and a broad maximum in
the range of low frequencies associated with incoherent
plasma fluctuations.

In the low—frequency range z? < 37> the spectral dis-
tribution (13) takes the form

2 2 2
) _ L [meing w8t s e
<p >kw - 6\/; wp, ij 12124 asinvig-ve ’ ( )

9 T

4mnge?’

We note that intensities of both charge density and lon-
gitudinal electric field fluctuations <p2>£{’2}) and <El2>£;2))
tend to zero in the low—frequency range.

In the low—frequency domain dominant contribution to
the incoherent charge density fluctuations is associated
with the longitudinal electric field. The spectral distri-
bution of such incoherent fluctuations is described by

1 T ein e_m'z2 m

2 0,3 3 2

p {9 = - _—k —, I 15
(™ Qﬁwpl ¢ cos ¥ : <<M (15)

The spectrum of electron density incoherent fluctuations
in the low—frequency domain is as follows

1 /37 /M nyg M 2 m
Ingw = =/ =1/ — ———e " ™7 e —. (1
(2 he 2V 2V kscoso” K M (16)

As the wave number increases, the maxima of electric
field fluctuation spectra are shifted to the ion cyclotron
frequency range and separation of Alfven and magne-
tosonic fluctuation excitations disappears in individual
components of the spectral distribution. The components
(B3 and (F3 )k, of the spectral distribution of electric
field fluctuations in frequency range w < wp, were calcu-
lated in [5] as functions of the dimensionless frequency

w = = for different values of parameter . Each spec-
B’L

tral distribution (E?)k, and (F3)k, has four maxima.
Two maxima in the low—frequency range & < 0.01 and
in the range of ion cyclotron frequency & ~ 1 (w &~ wp,)
are associated with incoherent fluctuations. Two narrow
maxima correspond to the Alfven (at the frequency wa)
and magnetosonic (at the frequency wg) collective fluc-
tuation oscillations (ws < wg). These maxima are by
several orders of magnitude higher than the maxima as-
sociated with incoherent fluctuations. Position and mag-
nitude of the maxima which correspond to the Alfven and
magnetosonic fluctuation oscillations depend on parame-
ter £. When & increases the wy and wg are also increases
(to narrow maxima are shifted to the range of the higher
— wa

frequency), however wy < wp, (Wa = A< 1). When

& = 0.7516 the maximum associated Withlmagnetosonic
collective fluctuations is located at the frequency wg = 1
(incoherent maximum is also situated at this frequency).
When & = 1 the maximum associated with magnetosonic
collective fluctuations lies outside the frequency range
w & wp,. For the values of parameter £ = 0.2;0.4 the
maximum associated with magnetosonic fluctuation os-
cillations is by several orders of magnitude higher than
maximum associated with Alfven fluctuation oscillations.
The magnitude of the maximum in the range of 1on cy-
clotron frequency & & 1 (w & wp,) which associated with
incoherent fluctuations is increasing when parameter € is
increasing.
2

“’B"“’) <

wBl

In the ion cyclotron resonance range, (

%%qz cos?¥, both electric field fluctuation spectra

(B and (E3)k, have a maximum associated with in-
coherent cyclotron fluctuations. It is given by

M T wg ¢ 2
2 _ L —Zl
(B kw = 27”/671-_771 W_P, _wP, 81/)(€)e , (17)

(B3 = cos” V(B Juw,
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where

M (wp, —w)? B 1
m and (&) = £5 cos® ¥

for €2 > 1.

V. SPECTRAL DISTRIBUTION OF MAGNETIC FIELD FLUCTUATIONS

Making use of relation (9) between the distributions of electric and magnetic field fluctuations and the spectral
distribution of electric field fluctuations (11), we find the spectral distribution of long-wavelength fluctuations (kvs <
wp,) of magnetic field in a plasma with strong external magnetic field to be given by

T w?P" cos? w2
B; Bk, = iy IV b(A)b(A) b(S)b(S) 1
(Bi B 87Tw 4 { P (w? = k0% cos?0)? + (W2 P)? oY (w? — k20%)? + (W2u)2 |7 (18)

w KL wpg,,

where we introduced the magnetic field polarization vectors for the Alfven and magnetosonic waves; b(4) = (0,1,0),
b(®) = (= cosd,0,sind).

Similarly to the spectral distribution of electric field fluctuations, the spectral distribution of magnetic field fluc-
tuations (18) has two maxima given rise to by Alfven and magnetosonic fluctuation oscillations and a low—frequency
maximum associated with incoherent fluctuations. As in the case of electric field fluctuations, differing polarizations
of Alfven and magnetosonic waves are responsible for the fact that relevant magnetic field fluctuation maxima are
manifested in different components of the spectral distribution tensor. The maximum associated with the Alfven
excitations appears in the spectral distribution of the component (B3 )y, whereas the maximum corresponding to the
magnetosonic fluctuations is manifested in the spectral distributions of (B#)kw, (B3 )kw, {B1B3)kw and (B3 B1 )k -

As distinct from the case of electric field fluctuations, the maximum of incoherent fluctuations of the magnetic
field corresponds to the zero frequency. Bearing in mind that ion motion should be allowed for in the case of very low
frequencies (z2 < %), we obtain the expressions for the spectral distributions of incoherent Alfven and magnetosonic
fluctuations, 1.e.,

2\ (A) mrm T , . —M 2 .
(Bi)h =2m4/ M e sin dtgie , w K kg cos (19)
<B'B'>(S) SIS TN mm T sin 9tgde™ ", w < ku,. (20)
17 Tkw i 7 3 M k’UA ’ a

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

VI. FLUCTUATIONS IN NONEQUILIBRIUM PLASMAS

Electromagnetic fluctuations in a nonequilibrium plasma are determined by the spectral distribution of the
Langevin current along with the dielectric permittivity tensor.
The spectral distribution of electric field fluctuations in a nonequilibrium plasma is determined by the expression

6r 1 ., . .
(EiBihw = 27 AR Ak ke (21)

and the spectral distribution of magnetic field fluctuations in a nonequilibrium plasma is given by
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16m2 n? krki | . ..
7 N Ans Ui Yo (22)

<BiBj>kw = 2 |A|2€zkm€]ln 12

The spectral distribution of current density fluctuations in the plasma disregarding the Coulomb interaction of

charged particles is usually taken for the spectral distribution of the Langevin current

<Jll7 ko — / dte“‘)t/dv/dv v;v; Wi (v, v'; 1) fo(v),

where Wy (v, v';t) is the Fourier transformation of the probability density in the phase space for the particle transition
from the point v to the point v’ for the time ¢. If the particle interactions are neglected, the transition probability

(23)

density 1s given by

—ia[sin(wpt+o)—sin a]-ik) vt

Wi(v,v';t) =e
X § (v, — vy cos(wpt + «))d (v; + vy sin(wpt + a)) ) (v|/| — v”) ,

where a = % and the initial velocity is determined as

v = (UJ_ cos o, —v] Sin a, v”) .

If the charged particle distribution is axially symmetric with respect to the external magnetic field, the spectral

distribution of the Langevin current is as follows:

Gidihs =27 ) el / dv 10 (v, )8 (w = kyoy = nws,) foa(vr,vy), (25)

where the tensor HZ(»;L)(UJ_, v)() is defined by

nw
(n,a) fa n(aa) nwp, . ’
Hij (vJ-avll)_ —Z'UJ_JT/L(CEOC) Tjn(aoc)aZUJ_Jn(aoc)avHJn(aoc) )
v Jn(aq)
kLvL
Gy = .
wBa

In the case of a nonequilibrium plasma the dielectric permittivity tensor may be found on the basis of inverting

the fluctuation—dissipation relationship [3]:

2
3 N (Jidj ke
il k) = 6y + 4 3 6w, k) = (1—2 %) i QZ/d ’—w B (26)

(a4

where %(jijﬁﬁg, is the correlation function averaged over the derivative of the energy distribution

a 2 ’ﬂOC
w@E (Jidj e 00‘ me Z/d H (w—ana —k”v”)

(2N 8UJ_

d d
y (an Ky 5o ) JoalvL, vy).

305



A. G. SITENKO

VII. POTENTIAL ELECTRIC FIELD FLUCTUATIONS

For the potential (longitudinal electric) field, the spectral distribution of the Langevin source and the dielectric
permittivity By are given by

(6n”) R, = %Z/d % (lﬂ“) 8 (w = nwp — kyyy) Jo (v, vy) (27)
k‘J_’UJ_
6((,0 k)_1+24ﬂ'6 Z/ wp ) ani L i f (U v ) (28)
T ~ mk? w—an—k”v” +4i0 \ vy Juvy I v, OREL T

For the strong external magnetic field, in the low—frequency range (w < wp,) the terms with n = 0 are significant
only in (27) and in the contribution from the second term in the brackets in (28). The contribution from the first
term to the latter equation includes all terms with n # 0. Thus, Eqgs. (82) and (83) may be approximated by the
formulas [6]:

kiv
(nH)y, = 27T/dVJ02 ( :BJ') § (w — kyoy) folve,v)), (29)
k‘J_’UJ_
471'6 ) 0
k Il 4 o ,k = ) ’ 30
E(W’ ) + FZQ:H (w ) 60( / w—k’”v”-i-lo Il@v”f(vj_ v”) ( )
where
471'6 9 [ kivy 1 0
9 =14 4 [ (5558) - f oot
When particle distributions are Maxwellian with tem- 9= k1T, 2 — ﬂ o = I v
peratures 7', and 7}, with respect to the external mag- o mw% T oy T \/§k|| 8| ’

netic field direction, Eqs. (29) and (30) yield

V2r n

[

(6n*)%,, e P Iy(B)el,

6((.0, k) = 60(1{) {1 + fd%k’z {1 — gD(Z”) + i\/Ez”e_zﬁ

+ Zi(1 = p(pz)) + i\/ﬂLZu@_“Q'Zﬁ” ,

where Z; is the 1on charge number,

co(k) = (1—e"1y(B))
i - £o(k)
2 _ 2 _ 2 _ 2
U= a= 47n?’ e~ 1y(P) “r
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We note that the spectral distribution of fluctuation
sources in this case (strong magnetic field) is determined
by the longitudinal temperature only. The correlation
function for the electron density fluctuations in the case
of potential interactions between particles takes the form

Amke(w, k) |2
2 1y elw, 200
<6ne>kw - ‘1 E(W,k) ‘ <6ne>kw
Amke(w, k)
\7\ 220 ) (31)

(

Here, plasma discreteness reveals itself in the sponta-
neous density fluctuations (§n2)? ~and (§n?)) , due to
the random motion of individual non—-interacting parti-
cles. The factors near the correlation function (dn?)y
and (én?)? in (31) govern plasma polarization by the
shielding cloud of electrons and ions around the test par-
ticle. Comparing these equations with those for a non-
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magnetized plasma, we observe that these equations are
related by the scaling transformation z — 2z, a? = @,
ng — ng = nge P Iy(B) and k(w, k) — ko(k) + &(w, k).
This makes it possible to reproduce the above analy-
sis using the appropriate results for a nonmagnetized
plasma.

VIII. COLLECTIVE FLUCTUATIONS IN
NONEQUILIBRIUM PLASMAS

The spectral distributions of electric and magnetic
fields fluctuations in the vicinity of the eigenoscillation
frequencies in the transmittance range for a nonequilib-
rium plasma reduce to the form:

2 o~
(BiEj)w = S%T(w,k)e;‘ejSp/\é(A/), (32)
87° ~ 27 % /
(BiBy)w = —T(w, k)" bib; SpAS(A), (33)

where T(w, k) is the effective temperature

~ 2% Aot
T(w k)= — p(ﬂkﬂﬂﬁw

W

We note that the effective temperature f(w,k) de-
pends on the frequency and the wave vector. It is ob-
vious that the value of the effective temperature for the
frequency equal to the eigenoscillation frequency should
be regarded as the temperature of the relevant eigenoscil-
lations,

Ta=T(kvacosd, k),  Ts=T(kva, k).  (34)

The values of T4 and Ts can differ considerably. The
condition of plasma stability with respect to collective

excitations reduces to the requirement that the damping
rate v4,5 of the relevant collective excitation must be
greater than zero. The effective temperature of relevant
excitations grows infinite at the stability boundary.

The spectral distribution of incoherent fluctuations of
the magnetic field is maximum for zero frequency. The
ratios of the intensities of these spectral distributions
for zero frequencies to the quantities for an equilibrium
plasma, may be regarded as effective temperatures of the
relevant incoherent fluctuations, i.e.,

.9\ (0
Tj,V:8\/6_ﬂ' %iii(]%%m} !
m q? wp, va kva

M wi
T = Vom | — wi
Py

We note that effective temperatures of incoherent fluc-
tuations are always finite, as distinct from the tempera-
tures of collective Alfven and magnetosonic fluctuations.
Thus, i1t 1s convenient to describe the state of a nonequi-
librium plasma in terms of the sets of temperatures Ty,
Ts and T, T&; the diagnostics of states of a nonequi-
librium plasma with strong external magnetic field may
be reduced to the calculation of these temperatures.

sin’ 9 cos ¥’
(i3 cosv
ks sin’d’

(35)

IX. FLUCTUATIONS IN TURBULENT
PLASMAS

We consider plasmas with developed turbulence and
assume that there occur large—scale turbulent pulsations.
This means that microscopic motion of noninteracting
particles reduces to the motion of particles under the
influence of the field averaged over a small macroscopic
volume, and the stochastic motion of the latter volume.
We assume thermal motion of individual particles and
chaotic turbulent large—scale motions to occur indepen-
dently. Therefore, the transition probability density for
a turbulent system is given by

d !
WkTw(V,V/) = / %/dVTPkw_w/(vT)Wkw/ (V,V/—I—VT) , (36)

where Py, (VT)

1s the factor determined by the stochastic Brownian motion of small macroscopic volumes. If the

elementary volume is involved in the diffusion—drift motion [6], then

Pkw = /dVTPkw (VT) =

2k%D

(w—kup)? + k*D?’

(37)

where up is the drift velocity and D is the diffusion coefficient. The more pragmatic model [7] one imagines that
small macroscopic plasma volumes move chaotically across the magnetic field and the characteristic function is a

Gaussian
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V2 -k 2
Pyw = Ul exp { G zuD) } , (38)
YF 2vg

where the mean drift velocity up and the root mean
square velocity u, associated with fluid—like motion, de-
termine the Doppler frequency wrp = kup (at which
the spectrum has its maximum) and the spectral width
~r = ki u, respectively.

The spectral distribution of the Langevin current for
a turbulent system 1s defined by

/

The dielectric permittivity tensor for a turbulent plasma
is determined by the formula (26) in which the corre-
lation function (j;j;)L, has to be changed to (j;j;)i. .
In the case of potential field the spectral distribution of
the fluctuation source and the electric susceptibility for
a turbulent plasma are given by

)IE(k){

dw’

2

(JijjVew = Prew—w{JiJi ) (39)

1
1+~

k
£(w, o

1
Wzll—@(

The shape parameter C' changes in the range from
unity to infinity, as it depends on the ratio between the
magnitudes of the wavevector perpendicular and parallel
components and the ratio between the root mean square
turbulent velocity and the particle thermal velocity. The
spectral distribution of electron density fluctuations for a
turbulent plasmais related to result for a nonmagnetized
plasma by the scaling transformations:

T—=CT>T,

The characteristic length scale, which separates incoher-
ent and collective fluctuations according to Ca?k?e(k) ~
1 depends on the effects of fluid motion (C' > 1), parti-
cle polarization drift (¢(k) > 1) and finite Larmor radius.
The characteristic scale length is large when these effects
are important. The spectra are broader for larger C', with
collective features being less pronounced. The frequency
scale v/2Cy7 depends on particle thermal motion along
the magnetic field and on fluid, and it decreases with k).

ka:—i{“
n

0
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_ 4777
Wp,

+ [u’,6Bqa.))
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o = [ G P00 (10)
dw’ - '2

K?T(w,k) = ﬁ kw_wlﬁlﬁ?(w/,k). (41)

Making use of the characteristic function (38), we find
the spectral distribution for spontaneous fluctuations [7]:

2r n
onHiL = = 2
o =\

2
_(w—wp)
p)
2042,

vr = kysy, o = noe " In(B),
kisi ki u
- =1 —_— — 42

and the dielectric permittivity for an electron plasma

I}

X. SCATTERED-WAVE-INDUCING CURRENT

2
_(w—wp)
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2042,

W —Wwr . W —Wwr
e —|—Z\/E76
\/ﬁ'yT \/ﬁ'YT

)

The main problem in calculating the cross—sections of
electromagnetic wave scattering in plasmas is to find the
current produced by the nonlinear interaction of the in-
cident wave with the fluctuations of electron density and
their velocity, and the fluctuations of electric and mag-
netic fields. This current determines the scattered wave
field. The nonlinear constitutive equation for the plasma,
and hence the scattered—wave—inducing current may be
derived from kinetic or hydrodynamic equations for the
electron and ion plasma components. Since the differ-
ence between electron and ion masses is very large, the
consideration may be restricted to the electron compo-
nent only. The results of the fluid—approximation study
of nonlinear processes in plasmas, obtained within its ap-
plicability range, are shown to be in accordance with the
results of the kinetic treatment. In the cold plasma, when
thermal effects in the dispersion of incident and scattered
waves may be completely disregarded, the scattered—
waves—inducing current is given by the expression [3]:

1

:

([6quwa Bo]

(43)
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Here we introduced the following denotations: wy and
ko are a frequency and a wave vector of the incident
wave; w and k are a frequency and a wave vector of the
scattered wave; Aw = w—wg and q = k—kq; EY and B°
are the electric and magnetic fields of the incident wave;
dngaw and duga, are fluctuations of the electron den-
sity and velocity; dBgaw is fluctuations of the magnetic
field; & (w) is the dielectric permittivity tensor of the cold
magnetoactive plasma,

&1 —i62 0
i62 &1 0 s (44)
0 0 €3

gw)=14+4rr(w) =

2
“P
gl(CJ)Il—Z 2 a2 )
p W —(.JBQ

W W
ew) =y et
o B

2
(.JPQ

63((.«)) =1-

(a4

w?

Using the linear connections between fluctuations of
physical quantities in a plasma and the linearity of inci-
dent wave, we can present (43) in the form:

. ONgAw 0BigAw
Ji(w, k) = —WK;j (w) {Ozjk a2 + Yikt laa } Eg,
no By

(45)

where the fluctuations of all quantities are expressed in
terms of the longitudinal fluctuations of charge density
and the transversal magnetic fluctuations. Let us con-
sider the scattering of waves with a small change of fre-
quency (Aw < wg). In this case, we can use the approx-
imate expression

47
Qg A 05 — q—zqg’k’omlk (wo),

WowWp
Yikt R —AT——€jmikmpk (wo),
Wp

Aw < wg. (46)

Ordinary and extraordinary electromagnetic waves
with equal frequencies but different refraction index and
polarization can propagate in a plasma with the external
magnetic field. The polarization vectors of the ordinary
and extraordinary waves eg and e, respectively, satisfy
the orthogonality condition

*
Eije()iexj =0.

For the waves that propagate along the magnetic field
(¥ =0),

77(%7@' =¢&1 Féo, €or = (1a :Fla O)a (47)

in the other words, these waves are transversal with the
circular polarization. For the waves that propagate in the
Kis

direction perpendicular to the magnetic field (J = %):

62
90:(0,0,1); 775':61__2’

2
Mo =¢3
0] 3 £

es ::(1,-—i§§,0). (48)

If the incident electromagnetic wave propagates along
the magnetic field ky || B, then a;; — d;;; at the same
time the scattering of waves on the longitudinal charge
density fluctuations takes place. Because of the orthog-
onality of the polarization vectors ey and e,, the wave
conversion on the charge density fluctuations is impossi-
ble.

If the incident wave (let eg) propagates perpendic-
ularly to the direction of magnetic field kg LBy, then
koi(wo)eg = 0 and again we get a;i = J;5. Therefore,
the wave conversion or transformation of the ordinary
electromagnetic wave in the extraordinary one occurs
due to the interaction with the transversal magnetic fluc-
tuations only.

XI. ELECTROMAGNETIC WAVE SCATTERING
CROSS-SECTION

The general expression for the differential cross—
section of electromagnetic wave scattering in magnetoac-
tive plasmas was derived in [3] from the hydrodynamic
equations. In the case of electromagnetic wave scattering
by electron density fluctuations, the differential cross—
section is given by

1 e\’ wiw? _ 9
d¥ = ﬁ (W) w;lj R|€ |<5ne>qudwd0, (49)

e

where

773

2 _ leokol?) %, .
7o (|e0| T k2 €5 €ij€y

0

R= ;= (el — dij)ey

This formula determines the plasma parameters (density,
temperature, etc.) in terms of observed electromagnetic
wave scattering spectra.

XII. ELECTROMAGNETIC WAVE
CONVERSION CROSS-SECTION

The differential cross—section of electromagnetic wave
conversion under scattering can be calculated in the same
manner as in [3]. We restrict the consideration to the
electromagnetic wave conversion with a small frequency
shift (Aw < wg), then the differential cross—section of
conversion 1s described by the expression
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1wt

dy = — —
21 ¢*B2

L

We note that

RY  (efrij()viner) (ef kij(w)yirver)” (B B] )qawdwdD.

(0Bi16 B Yqaw = 5u'<5312>qu’

and make use of the expression for the coefficient v;z;, then the differential cross—section reduces to the form

2\’ np W .
Ay = 3272 (W) R—> o Zl: e ki (W) €jnirmp (wo)eg P (0B ) qaw dwdO. (50)

We consider the case when the incident ordinary elec-
tromagnetic wave is converted into an extraordinary elec-
tromagnetic wave. Suppose the process occurs in the
plane perpendicular to the external magnetic field By.
The polarization vector of the ordinary wave eg = e’ =
(0,0,1) is directed along the magnetic field By, hence
the azimuthal angle of the wave vector kg of the incident
wave is insignificant. The polarization vector of the ex-
traordinary wave, e, lies in the plane perpendicular to
By and depends on the azimuthal angle ¢ of the wave
vector k, 1.e.,

€1 . . €1
e, =e=|cosp+i—sing,sinp —i—cosp, 0.
€3 €3

We consider the case when the wave vector change un-
der conversion q = k — kg i1s small, then we can assume
that qLlk. We choose the coordinate system in a way
that the vector q is directed along the z—axis, then the

Kis

azimuthal angle of the converted wave vector is p = —Z.

Therefore, the polarization vector of the converted wave

is given by
e, =e= (-f—l, 1, 0) :
€2

(We do not normalize the converted wave polarization
vector since the cross—section (50) does not depend on
the normalization condition). Thus we obtain an expres-
sion for the differential cross—section of the electromag-
netic wave conversion in magnetized plasma, i.e.,

1 e? \? ng w? 5B2
dEO—M'—S? h— E< Bi)aaw  (51)

mc? me
(w? +wp )?
W TR (5B ae dwdo),
WJZDEWJZBE < 2>qA w

where
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The first term within the curly braces in (51) describes
the conversion of an ordinary electromagnetic wave into
an extraordinary one due to the interaction with magne-
tosonic fluctuation excitations in the plasma, the second
term 1is associated with Alfven fluctuation excitations.
We note that, for an equilibrium plasma, the integral
contribution of Alfven excitations in the conversion is
greater than the contribution of magnetosonic excita-
tions,

o w? +wd )2
e
»s wiw?

e

In nonequilibrium plasmas, this ratio can be both greater
and smaller than one for various plasma states. In the
case of conversion by incoherent magnetic fluctuations
with very small frequency shift, the value of this ratio 1s
determined by the inverse ratio of the Langevin sources,
ie.,

It should be noted that the analysis of experimental data
must take into account the fluid-like turbulent motion
in the plasma which can considerably influence the char-
acter of the converted wave spectrum, similarly to the
effect of such motions on the spectra of wave scattering
by particle density fluctuations.

CONCLUSIONS

The main purpose of this review is to consider the
low—frequency properties of a plasma with strong mag-
netic field, in particular, the specifics of collective exci-
tations, dispersion, polarization, and damping of Alfven
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and magnetosonic waves. Low—frequency fluctuations of
charge density, longitudinal and transverse electric field,
and magnetic field in a magnetized equilibrium plasma
are considered in detail; spectral distributions of such
fluctuations are found; incoherent fluctuations caused by
chaotic motion of individual particles are separated as
well as the collective fluctuations associated with Alfven
and magnetosonic plasma excitations. In the range of
very small frequencies (much smaller than the ion cy-
clotron frequency) the Alfven and magnetosonic long—
wave fluctuations are manifested in different components
of the fluctuation spectral distribution tensor, 1.e., Alfven
and magnetosonic fluctuations are separated due to dif-
ferent characters of polarization of these excitations. The
positions of the maxima of fluctuation spectra are deter-
mined by the frequencies of relevant plasma eigenoscilla-
tions. As the wave number increases, the maxima of fluc-
tuation spectra are shifted to the ion cyclotron frequency
range and separation of Alfven and magnetosonic waves
disappears; the maxima associated with Alfven and mag-
netosonic fluctuations are manifested in all components
of the spectral distribution; the magnetosonic maximum
rapidly approaches the ion cyclotron frequency as the
wave number grows. In the vicinity of the ion cyclotron
frequency, a cyclotron resonance occurs which leads to
the damping of collective excitations. In the ion cyclotron

frequency range, incoherent cyclotron fluctuations occur;
their spectral distribution is also found in the paper.
Much attention is paid to the fluctuations in nonequi-
librium plasmas. The Langevin fluctuation sources are
introduced in order to find the effective temperatures
which are responsible for the collective fluctuation levels
for the electric and magnetic fields. The effective temper-
atures are found as well for the incoherent magnetic field
fluctuations associated with Alfven and magnetosonic ex-
citations. The temperatures thus introduced make it pos-
sible to describe the nonequilibrium plasma states quan-
titatively. Fluctuations are also considered in a plasma
with large-scale turbulent pulsations. The influence of
such fluid-like chaotic motions on the fluctuation spec-
tra is analyzed. Such motions must be taken into ac-
count when the plasma state is studied in terms of fluc-
tuation spectra and electromagnetic wave scattering in
the plasma. Electromagnetic wave scattering is one of
the most efficient methods of plasma diagnostics both in
controlled fusion devices and in ionospheric and space
plasmas. The study of electromagnetic wave conversion
resulting from wave—plasma interaction provides addi-
tional possibilities to obtain information on the plasma
state, in particular the character of magnetic field fluc-
tuations.
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PO3CIsIHHSI TA KOHBEPCISI EJIEKTPOMATHETHHUX XBUJIDb
HA HUBBKOYACTOTHHUX KOJIEKTUBHHUX ®JIIOKTYANIAX ¥V
HAMATHETOBAHINI IIJIA3MI
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PO3I‘J’I5{HyTO pO3CiHHHH CJICKTPOMATrHETHUX XBWUJIb Y Ia3Mi 3a HasiBHOCTM CHUJIBHOIO 30BHIIIHHOIO MarHeT-

HOI'O IIOJIA U O6I‘OBOpeHO MOXKJIMBICTH HoOTO0 BUKOPUCTaHHA OJIA ,HiHFHOCTHKH mwia3sMu. Po3cisiHHs II0B’si3aHe 9K

3 HoB3HOBXKHIME dirrokTyanisMu oA (pIIOKTyallisfiMy TYCTHHE 3apdfy), TakK 1 3 [OIEpPeYHUME eIeKTpOoMar-

HETHUMH DITFOKTyaIiamMu. Po3cidHHA eTeKTpOMaTrHeTHHX XBUJIb Ha MAarHETHHUX (PIIIOKTYAINAX CYIMPOBOIKYETHCA

KOHBEPCIE€I0 XBUJIb. Po3paxoBaHi cHeKTpu (bJIIOKTyalllil MarHeTHOTO Ta eJIEKTPUYHOTO MHOJIB § HU3bKOYACTOTHIH

obaacTi O/ IJIa3MK 32 HagBHOCTH CHJIBHOI'O 30BHIIMHBOTO MaTHETHOTO I0JidA. BumlieHl HeKorepeHTHI (JIFOK-

ryamii Ta durtokTyanjl 3ymMosiieHi 30ymKeHHAM KoJeKTUBHUX MOoJ (A/b¢dBEHOBUX Ta MarHETO3BYKOBHX XBUJIb).

HocumimkeHo cieKTpaJbHl PO3MOIIN pAOKTyaIlil eJJeKTPUIHOTO Ta MarHEeTHOTO I0JIIB Y HEPIBHOBAsKHIN ITa3mi.

O6ropopeHo TaKOXK (PJIOKTyarlll B IJIa3Mi 3a HaAgBHOCTH BeJIMKOMAaCIITaOHUX TypOyaAeHTHUX mysbcainii. Pospaxo-

BAHO Tepepi3 PO3CIAHHA XBUJIb 1 BUSHAYEHO YMOBH, 3a AKNX KOHBEPCiA XBUJIb € JIOMIHYIOUNM TIpoltecoM. Busdueno

0COBIMBOCT] CIEKTPAIBHOTO PO3IOLITY PO3CIAHNX XBUJIb 3aJIEXKHO B MapaMeTpiB, MO XapaKTepU3yIOTh CTaH

IIJIa3MH.
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