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Cerenkov absorption of Alfven and fast magnetic-sound waves in a plasma with a high gas-
kinetic pressure (47Tn0T/H§ R 1) is investigated in the quasilinear approximation. Cyclotron
absorption of the fast magnetic-sound wave by the ions and of the ordinary and extraordinary
waves by the electrons are investigated in the same approximation in a plasma with a low
gas-kinetic pressure (47rn0T/H§ << 1) (ny and T are respectively the plasma density and tem-
perature and H, is the external magnetic field). It is shown that the different components of
the Alfven waves as well as the fast magnetic-sound waves which propagate almost parallel to
the external magnetic field have different damping rates. The difference in the damping rates
is of the order of the reciprocal wave-diffusion time for the ions in velocity space. It is also
shown that the formation of a plateau on the ion distribution function can lead to a strong in-
crease (compared with the linear theory) of the Cerenkov absorption of the Alfven waves. (In
a plasma with a low gas-kinetic pressure the formation of a plateau always leads to a reduc-
tion of the damping rate). The damping rates for the cyclotron damping of the fast magnetic-
sound wave and of the ordinary and extraordinary waves can also increase with wave amplitude

as a consequence of the plateau formation.

1. INTRODUCTION

CERENKOV and cyclotron absorption of the en-
ergy of different branches of the electromagnetic
waves in a uniform magnetoactive plasma have
been investigated in the quasilinear approximation
in a paper by Rowlands and the present authors.t!!
However, the expressions obtained in L1 for the
damping rates of the Alfven and fast magnetic-
sound waves apply only for a low-pressure plasma,
in which case the Cerenkov absorption of these
waves by the ions is exponentially small.

In the present work we determine the damping
rate for the Alfven wave and also for the fast
magnetic-sound wave propagating almost parallel
to a magnetic field, this absorption being a conse-
quence of the Cerenkov absorption of these waves
by the ions in a plasma with a high gas kinetic
pressure for the case in which the Alfven velocity
is smaller than or of the order of the ion thermal
velocity. It is shown that the different components
of the electric field in these waves have different
nonlinear damping rates. The difference between
the damping rates for the different components is
of the order of the reciprocal time for wave diffu-
sion of the ions in velocity space. In contrast with

the cases considered earlier, the formation of a
plateau on the ion distribution function can lead to
a strong enhancement (compared with the linear
theory) of the damping as a consequence of the
Cerenkov absorption of the Alfven waves.

We also determine the damping rate for the fast
magnetic-sound wave (under conditions of ion cy-
clotron resonance) and the ordinary and extraordi-
nary waves (under conditions of electron cyclotron
resonance) in a plasma with a low gas kinetic pres-
sure. The formation of a plateau can also increase
the damping rate for these waves.

2. BASIC EQUATIONS

The background distribution function for the
resonance particles is found from the equation[ t,21
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fﬁ is the Maxwellian distribution function corre-
sponding to temperature T, for particles of spe-
cies a, Ej is the projection of the electric field
along the axis ej (e; Il kj, €3 =e; X ey, esl1 Hp; k|
is the component of the wave vector k perpendicu-
lar to the magnetic field H, and Déa) is the col-
lisional diffusion coefficient for particles of spe-
cies a. An expression for D(Ca) is given in L1

In the general case, the fields E; will exhibit
strong spatial dispersion and, consequently, dif-
ferent damping rates y = —Im y; where

'Yi(t) = alnEi(t) /6t, (22)

which are determined from the following equa-
tions: !

A”'EJ - 0, Aij = &ij + kzcz(/cikj/kz — (51'1') /wimj,

0; = ok + iy;(f), (2.3)

Eij = (Sij —-|— 4J'Li0ij(0)j)‘/ i,
where wg is the frequency for a wave character-
ized by wave vector k and 0ij (w) is the conduc-
tivity tensor for the plasma which is given by for-
mulas derived from the linear theory.

We note that Eq. (2.1) can be used only when the
following condition is satisfied (cf. [3]):

Ak y
—_—> ,
k= ky|vy— 0ok /0ky |

(2.4)

where Ak is the width of the wave packet and v
is the projection of the velocity of the resonance
particles in the direction of the magnetic field.
The condition in (2.4) is not satisfied for waves
that exhibit a linear dispersion relation wk ~ kv
(in particular the Alfven wave and the fast mag-
netic-sound wave that propagates almost parallel
to the magnetic field Hy). The equation for the
background distribution function for these waves
has a nonlocal time character. However, Eq. (2.1)
can be used for these waves in the quasistationary
state (0f%/dt ~ 0) for driven oscillations when the
wave diffusion of the particles is balanced by col-
lisional diffusion. Egs. (2.2) and (2.3) also apply
for waves with linear dispersion.

3. CERENKOV DAMPING OF MAGNETO-
HYDRODYNAMIC WAVES

We consider the damping of low-frequency
(w < wj) long-wave (kvi < wj) oscillations of a
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plasma which correspond to the magnetohydrody-
namic waves of ordinary magnetohydrodynamics.
We consider magnetohydrodynamic waves ina
plasma with a high ion pressure «;= 4m,T;/H2

Z 1. The damping of these waves in a plasma with
a low pressure (kj < 1) has been treated in the
quasilinear approximation in “].) The dispersion
equation for these waves is of the following form
(nj =ke/wk + i‘}/j ):

(211 — n4% cos2 ) [e2n — ns® — e3pe03/ (£33 — na? sin?¥) |

= —&12821 — {exe21 (13 + nynz sin & cos ¥)
+ (31 + nangsin 9 cos 9) [erpeas — (822 — n22)

X (&13 + myng sin 9 cos 0) ]} (es3 — ng?sin2 9) ', (3.1)
It is known from a linear theory that the right

side of Eq. (3.1) is small so that in the zeroth ap-

proximation this equation splits into two equations:

(3.2)

ne cos? ¢ — ey = 0,

n2% — eon | 32803 [ £33 = 0. (3.3)

The first of these equations determines the fre-
quency of the Alfven wave w = kjvp while the
second determines the frequency of the fast and
slow magnetic-sound waves. When ki 2 1 the
magnetic-sound waves are highly damped if the
angle 4 is not close to zero (y ~ w). Hence, below
in the case ¥ ~ 1 we shall only consider the damp-
ing of the Alfven wave.

For the Alfven wave we can write yj = 0 in the
expressions for the tensor €ij in Eq. (3.1). Under
these conditions the tensor €j; can be written

3
g2 = i)ZAZi’H[ 1 + ®i (1 ——Z_tg2ﬁ>jl = inAz—:%q,
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In the dispersion equation (3.1) we can write
wj = kjva everywhere except in the expression for
ny (ng = ke/wy = ke/wk + iyy). Carrying out this
procedure we find

{;— = 7(00,2—2 (91 + @), 3.6)
where

i ctg?®qfo— 2xnif2

2 fo+ (12 +2fefo)

1 + infz
fo+ % (f1 + 2f2fo)

Now, using Eq. (2.3) to find the ratios E3/E;
and E,/E; and introducing Eq. (3.4) for €jj we
find the difference in the damping rates

Es 0 qfi+tg20(1 4 2uif2)

91 =

q2= ’K;t 2'&

—_—yy = —In—2 =2
N S T (e o)
0 E, 7 qfo— %itg2 9 fy
Y - (3.7)
N N B T o ot (7 + )

It is evident that when 4~ 1 the quantities 3 — 74
and 7, —y; are of the order of the reciprocal re-
laxation time for the background distribution func-
tion due to diffusion on the waves. It is evident
that for sufficiently strong electric fields the dif-
ference in the damping rates (3.7) can be of the
order of the damping rate.

In the stationary case, taking account of colli-
sions of resonance ions with nonresonance ions we
find that the derivative of the distribution function
with respect to vj, which determines the damping
of the magnetohydrodynamic waves, is

0t | dvy = (8fui/ dvy) (1 4+ D[ Dg)-1,  (3.8)

where the diffusion coefficient D is determined by
the expression
ne?

D—=_
2m;

7 &) D) 8 (ox — kywy) W%zztgzﬁ ( )
[OF;
| _ctg* qfo — ify 2

' 2| 14 cetg? ¥ gfs + 2uif n vy?
Vo -+ %i (f12 + 2fof2)

ctg? & gfo — xifs 2v;?
(3.9)

fctg = cot.

and K. N. STEPANOV

Here, €x = 2|Hy|* = |Hy|® + (c/vp)? |E{|? is the
spectral density of the energy in the Alfven wave.
The quantities ga(l), which determine the damping

rate vy =y, =3 =7 in (3.6), are found to be
w () — ig Lxd‘” (3.10)
nl 1+ D/D D

We now consider the damping of the Alfven
waves in a plasma with a high gas kinetic pressure
ki>>1 in the case in which the Alfven velocity vp
is appreciably smaller than the ion thermal veloc-
ity. For weak high-frequency fields D/D“) «1
the quantities q)(l)w 1 and (3.6) yields the expres-
sions that are obtained from the linear theory: L4
Y =vyYM Where

Ym @2 x;h

3 2
—_——=—— <ctg1‘}———tg1‘})
® o Y8 2

(3.11)

In strong fields D/Dg) > 1 the diffusion coeffi-
cient can be written in the form

D(z) = A + B(z — 20)%,

where
Ttie2y;? €x
= — Kvon) —X%
S gé(wk i) e
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The second and third terms in ¢ are obtained by
integration over the boundaries of the resonance
region v ~ vy ;. It is evident that

A/B ~ (P12,2/%i< 1.

We use the notation y = B/D(ci)(O). Below, for rea-
sons of simplicity, we limit our analysis to the
case in which

1<y <u (3.12)

Inasmuch as A/Dg)(O) <1 in this case, the quan-
tity in (3.10) can be written in the form

ol — 1 3‘: ze *dx
nl 344y (2 — 20)D9(0) /D (2)]

Taking account of the relation in (3.12) we then
find that

o =n/2Vy, @O=Iny/2y, @O =3(x—2)/4y.
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Ustng the expressions that have been obtained
b

for ¢, we then obtain the damping rate
.\ 2 —_ 3

The ratio of the nonlinear damping rate (3.13) to
the linear damping rate (3.11) is

W W Ay
This ratio can be greater than unity if
1/ << P2 < 3n2(n — 2) [ 4y. (3.15)

It is evident that for waves characterized by w/k)
~ (vy + vy) /2 the quantity zpz < 1/kj and y> vy if
y~ \/K—l_ > 1.

Usually, the reduction in the derivative of the
distribution function for the resonance particles
(with respect to v|)) caused by wave diffusion
leads to a reduction of the Cerenkov absorption.
However, in the case considered here, a plasma
with a high gas-kinetic pressure, strong wave dif-
fusion can lead to an increase in the Cerenkov ab-
sorption of the Alfven waves by the plasma ions.

The damping rate for the Alfven wave, given by
Eq. (3.6), and the coefficient for ion diffusion due
to the Alfven waves (3.9), increase as 1/9* when
4 — 0. However, these expressions can only be
used when ¥ > /wj. The damping of the fast
magnetic-sound wave is reduced as 4 is reduced
and when ¢ << 1 the fast magnetic-sound wave is
weakly damped even when ki 2 1. At small values
of 4 the phase velocities of these waves are close
to the Alfven velocity so that both waves are very
similar.

We now consider the absorption of the Alfven
and fast magnetic-sound waves excited by external
sources with random phase in the case of small ¢
for steady-state oscillations when the diffusion due
to the waves is balanced by collisions.

Solving the dispersion equation we find that the
complex frequencies for the Alfven wave and the
fast magnetic-sound wave are determined by the
expressions

o=rhiva(l—qs), |g:]<L1,

where the quantities are q. given by

R I )

go? ( _oas., IVY 2
+ 40)1'2 1 28 S )I
When 9% > w/wi (3.16) becomes (3.6). The expres-
sion in (3.16) has been obtained in t4) for a Max-
wellian ion distribution.

(3.16)
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When ¢ < 1 the coefficient for ion diffusion due
to the Alfven wave and the fast magnetic-sound
wave assumes the following form:

ne? o \2
D= S ?‘ 6(o— /tnUn)* 0 < (l)_z> %202
le+n/b2
X_1 + (0i/q0)?| 29+ + Xzﬁz(Zfz + 12/fo) |2 (3.17)

We note that the expressions obtained above for
the damping and the diffusion coefficient for 4 << 1
apply when the plasma pressure is not too large,
in which case ¢ = (w/wj) kj is appreciably smal-
ler than unity. When o~ 1 the phase velocities of
the Alfven wave and the fast magnetic-sound wave
can be appreciably different from the Alfven veloc-
ity. When ¢ =0 the refractive index for these
waves is given by n =ny 2[5] where

nie = na?/ (1 ¥ o). (3.18)

In this case the characteristic frequencies are
w = w1,2 Where

w12 = (kv /402 + k2va?) " F ko2 [ 20 (3.19)
The damping for the waves given by (3.19) is (B;
=vj/c)

(3.20)

v n 1Fo ) .
¥ —_ _ in 2ol e—2;
((1))12 2 3o Prutie:

The coefficient for diffusion on waves with frequen-
cies given by (3.19) is given by

ne? €x
Dyo——_ —k R
2= %6((0 o) it
2
% {)zmz< kva V|, J e ’ (3.21)
o / fo na®

In the region #° < w/wj the expression in (3.16)
yields (3.20) for the damping rate if the quantity o
is neglected in the latter. The diffusion coefficients
(3.17) and (3.21) are also the same when #* < o /j
and o << 1. It follows from (3.20) that at small ¢
(% < w/wj) the wave diffusion reduces the dampmg
for the Alfven and magnetic-sound waves (¢ 1) <1).

4. CYCLOTRON DAMPING OF ELECTROMAG-
NETIC WAVES

We now investigate the damping of electromag-
netic waves at frequencies close to or equal to the
electron or ion cyclotron frequencies; it is as-
sumed that these waves propagate in a plasma
with a low gas kinetic pressure kj + kg < 1.

For a plasma with high density (vp < c¢) and
w~ wj it is possible that an Alfven wave can prop-
agate but this wave is subject to strong damping



576

when w — wj. The damping rate for this wave for
the case in which the resonance ions are located

in the tail of the Maxwellian distribution has been
found in ' in the quasilinear approximation. The
magnetic-sound wave remains weakly damped when
w — wi. The expressions obtained in 1) cannot be
used for the damping of the magnetic-sound wave.

Two waves can propagate in the plasma when
w ~ we: these are the ordinary wave and the ex-
traordinary wave. At small values of ¢ the extra-
ordinary wave is highly damped when w — we.
When ¢ — 1 the wave is weakly damped. The ordi-
nary wave is weakly damped for any value of 4.
The damping of the extraordinary wave for small ¢
has been given in the quasilinear approximation

11 for the case in which the resonance elec-
trons have velocities along the magnetic field
which are appreciably greater than the electron
thermal velocity.

In this section we shall consider ion cyclotron
absorption of the fast magnetic-sound wave and
electron cyclotron absorption of the ordinary and
extraordinary waves.

We start by considering the fast magnetic-
acoustic wave. Assuming that in the present case
the quantity €33 is appreciably greater than the
other components of the tensor €] and appreciably
greater than the square of the refractive index, we
find from Eq. (2.3) that the quantity E; can be neg-
lected. Under these conditions Eq. (2.3) assumes
the form

(g1 — n?cos? O)E| + iesE2 = 0,
—ieoEy + (81 — n?)Ey =0, (4.1)
where
_ﬂ na’e 1
€1 = ¢ n=il — 2 (@ - i) — — 142,
1 2+ na 8 s e=7 (D + i) o

= (0 — c01)/]/2 R

P = S et*dt + i°§ ze* dz S 1 0 dvy,
n (1]

2
V;‘-O v —vres 14

"y

Ures = (OJ - (:)i)/k”.

From the dispersion equation
(81 —n?cos? B) (&1 — n?) —e2 =0
we determine the refractive index (or the fre-

quency) and the damping rate for the magnetic-
sound wave

n?2 = na%/ (1 &+ cos? V), (4.2)
e < o :
v l/x,cosﬁsm ) er@d (4.3)
o V8m(1+ cos2 ) @2 2
where
X e~ 2
o={ % _ v D (4
v 1+ 202 D
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(In the case of a Maxwellian distribution & =1,
the expression for the damping of the magnetic-
sound wave for w ~ w; has been treated in [6].)
The coefficient of ion wave diffusion is
me? sin® On;v | 26y e
8m2w:?| vy cos & — vy /dky| D2+ 2

In deriving (4.3)—(4.5) it was assured that the
wave packet is sufficiently narrow in the magnetic
field directiont!, so that the inequality Ak/k
<k vi/w;i ~ VK holds.

We note that in the case of strong wave diffusion

D/Dm >> 1) in the region |y |< 1 (more precisely
[] < |<I> | << 1) the damping of the magnetic-sound
wave increases proportionately to 1/®. It should
be noted, however, that the amplitude of the elec-
tric field cannot be given as a specified quantity
which is independent of ®. The field amplitudes
are proportional to the amplitudes of the extrane-
ous current densities jext:

D= Dz =

- |(4.5)

Ei = oujr %

When ¢ — 0 and z = 0 the coefficients p;, are
proportional to ® so that for small & and z =0
the diffusion coefficient D~ ek/<I>2 is independent
of & and the absolute magnitude of the spectral
energy absorbed per unit volume of plasma, y€y,
is independent of the amplitude of the extraneous
currents for the case of large amplitudes since
y~ 1/®, &~Dy/D~ 1/(j¢XY)? and €} ~ (j¢Xt &)2,
Thus, when the oscillations of the exciting cur-
rents jeXt increase the absolute magnitude of the
absorbed energy no longer depends on the current
amplitudes (saturation).

We turn now to the electron cyclotron reso-
nance. The dielectric tensor at frequencies close
to we for a plasma characterized by a low pres-
sure (kg << 1) can be given by

ey=1ioc+1—v/4 ew=1i0c4+1—v/4— 2iq,

ep=0—iv/4d—a,

14 .
€3 =1 —v+ g3, 23 = 1€43,

18 =120 tg 0 [1 + iYmze—2 (D + ip) ],
ess’ = (vsin? 9/ Y2 cos ) Bnz[1 + iymze= (@ - i),
6 = Vn/8ve=#(® + ip) / Br cos O,
2= (0 — ) [V2hwe, v=(/0)2<2, B.=uve/c.
(4.6)
Here, the quantities ® and ¢ are determined by

Eqgs. (4.1) and (4.4), in which we now write

X = vzl/Zvi3 and D, = D!€® | D::ei). For values of
the angle ¢4 which are not too close to zero, the
diffusion coefficient and the damping rate are

given by

a = of.*n® sin? 9,
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D = [ex 2sin* §(2 — v)2(2 + 2 cos® ¥ — 4v + v sin? 9) 2]
X[2n62| v cos & — dox / dky| (1 — v)2(2 cos? & — 20

+ v sin? §)2 (D2 + §2) | -te22, (4.7)
Y _ ?_ Bencosd P @ . (4.8)
o) n v Q @2+ 2

P = (3/'40 sin2 'l() — D CO82 ﬁ) 'Z,‘ _§_
— (1 =) (1 — sw) (1 + cos*0)
— (1 — ov) sin2 & + v(Yow — 1)

X sin2 O + /402 (g2 & (1 + cos? §) |n?
+ (1 —v) (1 — o) + sv?(v —2) tg? 9,
Q = 2sin20n* — (2 ++ sin®? 0 — 2v)n? 4 vn? — 3v + 22

The dependence of the frequency on wave vector is
determined by the dispersion equation of the
zeroth approximation (v = Qé/wé):

sin? 9nt — (2 —2v 4 sin2®)n2+ (1 —v) (2 —v) = 0.

We note that Eq. (4.8) is obtained under the as-
sumption that y < k|ve. Since n ~ 1, when ¢ is
not close to zero ® ~1 and |z|<1 and we find
from Eq. (4.8) that y/w ~ B, that is to say,

v ~ K|ve. In this case Eq. (4.8) can only be used
to obtain orders of magnitude (strictly speaking,
the quasilinear approximation does not apply). For
small values of ¢4 for the ordinary wave we have
P~sin'¢ « 1 sothat y~ k| ve sin? ¢ < kjve. We
note, among other things, that for the ordinary
wave P< 1 even when ¢ ~ 30°-45° In the region
of exponentially small damping (|z| > 1) Eq. (4.8)
can be used for any 4~ 1. (For a Maxwellian elec-
tron distribution the expressions for the damping
of the ordinary and extraordinary waves have been
obtained in '™ for |z|> 1 and in '®! for the gen-
eral case |z|R 1.)
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In the electron cyclotron resonance the damping
for certain values of k (as in the case of the ion
cyclotron resonance on the magnetic-sound wave)
increases as 1/¢ in the region & < 1. However,
the absolute magnitude of the absorbed spectral
energy for these values of k (at increased ampli-
tudes of the exciting currents) tends to approach a
constant value since the amplitude of the high fre-
quency field in the plasma ~ & in this case.

For all other k, we find ¢*> & for & < 1 and
the absorbed power Y€y is proportional to (je"t)4.
In conclusion the author wishes to thank A. 1.
Akhiezer for his interest in the work and for valu-

able remarks.
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