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Using the WKB method a local dispersion equation of
a right hand olrcularly polarized weve and an expression
for its elsotrie field sre derived, the wave having the
frequency smeller than the elestron cyolotron frequency
and propagating in a hot inhomogeneous plasas. The density
gradient of & plassa is coustant and parallel to an exterual
sagnetostatic field. Further the reflection coefficient of
this wave is derived,



1, INFRODUCTION

Recently a considereble interest s beem deveted to
the propagation of waves in an inhemegsneous plasma, especi-
ally in conneotion with its instabilities. Ia [1]ama [2]
a method has been developed to investigate the propagation of
eleotromagnetic waves in a inhomogensous hot magnetoactive
plasma in the WEB approximation. H. 5. Haieh [3] stufied the
propagation of the oircularly polariszed eleetmax’tie wave
in suoh a plassa when the electrostatic field parallel to the
magnetogtatic field is present, As we show, some of his ocon-
clusions are not oorrect.

In this papor the propagation of the right-hand circularly
polarized electromagnetic wave in a hot magnetoactive plasma
1s investigated., The plasma inhomogeneity is simulated by the
homogeneous gravitational field parallel to the external
magnetostatic field, The rigth-hand weve propagates in two
frequensy bands, namely for W< W, ( W, 7 0 1s
the eleotren oyclotron frequency) and for 4) > Uc /7_ +
+(w°/4+10.")ﬁ( &), is the electron plasms frequency).
The plasma temperature affeots the propagation most strongly
within the first frequency band and particularly in the vioi-
nity of 4). » ¥here the phase velooity of the wave is much
smaller than the velocity of light c. Within this frequency
region the 1ufluence of the ion movsment om the propagution
otﬁcm!.lmsnﬂbh. In ths bot not too dsnse plasma,
uhﬂoﬁoﬂ*hmqﬂmmmmh

wmumw Asousing the wevelength
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to be much msaller than the characteristic lenmgth of the
inhomogesneity, we solve this set of equations using the WEB
method. We obtain the digpersion equation for the wave, the
expresgion for the electric field amnd in the seoond order of
the WEB approximation the reflection coefficient of the wave
propagating from vaouum into plasma.

2. BASIC EQUATIONS AND THEIR WKB SOLUTICN

We shall first derive an integro-differential equation
for the eleotric field of the right-hand polarized wave pro-
pagating in an inhomogeneous plasma. The z-axis will be chosen
in the direction of the extemal homogeneous magnetostatic
rield n z (0' 01H) A grevitagional force which models the
tnhonogeneity 18 of the form (3 2(0,0,Mg). In what for10ws
ve confine ourselves to the investigation of a stable plasma
so that the stationary distribution funotion of electrons {,
can be assumed to be Maxwell - Bo:.:zmm’a_, '

-% ~%

f. (an, %, %) e m(i)e i
where MU{A) 1s the local density given by the barometric
formmla, L4

T %"
eM,y L L =

m @') ‘. : ) . -Z% ‘
Vg, aat 4& are components of electron veloaity parellel.
apd perpmiioular to the magustostatio field respestively,

Uy 1a the men thezeal welaoity of slestmons, Mer A (0)
As long #s the amplitmde of ihe elestric field of the wawe
Temains sufficienhly small, the dispeibubicn funoklon fom . ..



eluctrons csn be expreasad as ths sum of the stationary
atatribution funstion , and the perturbetion .{ The
perturbation f is governsd by the linearised Vlasov equation

9 .
¥ Pl X 2E 5

Here .o methommmsorthoolootmn

nspeqt:l.wly.,lso‘ (00,0.) , e 1 tne electron

oyolotzon frequency (&), >0) . E,_(p,t) is the elec-

tric field of the wave. We can assums a time dependence of

all guantities to be of the fora .t¥A Eudﬂ Then, from

the Naxwell equations the following equation for the field
O is obtained

Ll . hrew
0P 8 E i

The electric field of the propagatimg wave can be divided
into a right~band and a left-hand polarized component

{ . 1 .
Erglbeily),  Ergleisy)
Bqs (1) is @olved by using the method of characteristics and

after mtroduol.ns {0 into eq. (2) an integro-differential
mtmrozmun E 15 obtetnea
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ware &) (1) = T m(a) 2% « The funsticn
:u(‘l') 1 the charecteristios of ou 0qe (1), & A(T) =y -ATH
9/2_ « Jor the waves whose wavelength is small compe-
m;u&mwulmummmw.
" egs (3) oan be solved by using the WEB msthod developed for
this type of integrodiffermtial equations by M.N. Rosenbluth
aua othars [17], (2] . he elcotris £1s1d can then be written
in the form

(S} E C(w)e Jl(b)d‘l

mebqutmﬁ and the wave wector J/ vy slowiy
along the wmavelength so that
4 d,b 4 dc 1

N = L<
L do ~iC dw AEL
n:mmm;wmm.q,e)mum
equation for the 1ocal weve vestor AL (AJ) 1s obteinsd 1n
the lowest order of the WKB approximation

® Dedie)-L - v Tiﬁg‘;" k/(i“%’:.’;) -0

. wheve

_tg-"{,, | Wéx)w 4-«»; Fay"

v ¢




Bq. (5) is valid wmder the ummLu((v-wf)/lq_ )>0.
We obtain the following expression for the amplitude of the
wave ( (&) inthnuto!d.orofthonappmxjntion

C-AGz IL-L(»))% :

where A\ 1s an erbitrery constent. The solution of the
.dispersion equation can essily be found in the region of
eme1 asmping ([0 )hvs |1, &<aw) , where the
wave vestor has & small imaginary part, i.e. 4: .4, + t€,

[.[,,l>>l,, . Yor the real and imaginary part of
the wave vector we have from eq. (5)

of(w A ool
o4 llrsew), 4 e ] o)

A complete set of the solutions of eq. (3) in the first order
nfth.lnwzlntimoanbomttminthofon

1 fl(h?dg. -1 f,l(l-)d*'
® E (91, +A 2’

e corsbeuts A,’Azmwmmuam
Mwm Apparently, we can ses from the
.mwwwmmmptmmm
P mugofwwmwmmmmmin
g’ e m;‘;gu‘rummmmu
w .llcl.lbﬂnpl_m-vu—(i.o.

%— JU % %G § baving the mit emplitule sand the
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phase equal to {,(L’_m-w't) s we got from (5), (6)

and (
% {Ztll,(n.)nl. 4 t::j;‘

. ___ub“l.cn-m (wvf f

AL, u,e{ TIRAYE e 3

ﬁ'/_l 4y v (ﬁ)‘l}

T

!hopn«dingfonnlaforthnclntrloﬁoldeanbouadoﬂy

for thoss A , for which the eonditien (&)-&)/L, (W)t > 1
is fuifilled.

3. REFLECTION COEFFICIENT

The refleotion cosffiocient for a plasma the density of
which slowly wvaries in spage is different from gero only in
the second oxder of the WKB approximation [47.. In peper [2]
the kinetio effects were shown, for electrostatic waves, to

lead to essentially greatur wave reflection than follows from

the simple magnetohydrodynamioal theory. In the following,

mmunoomuwhammfumump-;
Mdmmtmmmmmmm L

uluuonozoq G)umwummtm

£ Teons,



where U/(4)1s at least a first order small quamtity in
the WKB upmion.rormmuon V(lanthnhm

trPl) dt Baly)
(a)‘?‘(l) 47494{21[ {, BV MZ..O? ")
&(b)

where

P(4)-1 V(T)'(’-’ L

Anc:;prosuonfor BM(L) is complicated but for what
follows we need only the result that for Lm 4 Z0 the

value of % B, (L) 1s sinite am

B, (0)-54 vt T(w-a)*

In fact, the terms with NV » ), 1, 2, 3 in integral (8)
oan be shown to be amall comparing with the ters with M =4,
To compute the integral in (8) the method of sgaddle points
is used. An equation for saddle points of integrel (8) is

of the form . '

2L 8PR) 4 AP

” LW L
The fupsbiens W(@-Mﬂ&) wi P(R) are anarybse
ol megml 15 5609 in $he:Wper IAIL of the k-plane
adzmmmamml.w[;]
' .’“,,‘#.‘_“;”%ﬁ ‘ﬂ) o4 (5) bas & wmtqme zeet

=0
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which 1ies 1n she region where | & 5 /(W-ue)| << 1
Bolving eq. (9) within this region of the k-plane the sasymp-
totle expression of the funotions P and W can be wsed,

244 v
Pr2W~ T o)

Yor the saddle point ""A we then get
s &
'LA "“r (L""r) £ .

The integration path f, in integrel (8) can be ghifted
in the complax plane in order that it passes thmu@‘; the
saddle point and runs along the curve of steepest descent.
Integrals on the sections of the deformed integration path
(the curve C’_ in Fig. 1) connecting the original curve

C, with 1128 of steepest descent can be neglested for
X - oo o 10 A(n)» L, + Then, for “Y(-eo)
. we obta.i.l L

- WM) ”" i szwﬁ)*w"}

The complex reflestion costfistent 1, (A) 1s given by

R(x)- w»)u,k{ zzfuwa}

Using (10) e om ﬂl‘ ’M‘W
lvte value ormmmmu i&(‘”),dﬂn
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wave propagating froa vaounm into the plasma

A
512r o -2nld,
av [R5 £

4, CONCLUSION

Using the WEB msthod we have derived an expression for
the electric field of the right-hand cireularly polarized
wave in a hot collisionless plasma with the density increasing
exponentially in space, The wave 13 damped collisionlessly
propagating both in and opposite to the direction of the
density gradient, The amplification of this wave predicted
in [3]was obtained from an uncorrest aispersion equation._
The author included some terms proportional to (L »L,.) !
that ere of the first order of the WEB the approximation,
Recently, M.P. Bachynski and B.W. Gibbs experimentally
verified the Hsieh’s theory and they observed no space ampli-
fication of the waves as a consequence of an inhomogeneity.

When a right-hand polarized wave propagates into the
plassa from vacuum the movement of particles plays no impor—
tant role. The reflection coefficient (11) is the same as
that derived from the magnetohylrodynamies with 47 = 0
[7] ant consequentiy the wave reflection alight. & weak
influence of the kinetic effects on the reflection coeffioient
of the right-hsnd polarized wave can be explained by an
‘interection of this wave with the rescnant pargicles by
mesns of the anomalous Doppler offect, The electrostatic
waves, investigated 1n [27], interact with the resonant
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particles by mesns of the Jerenkov effect; as a consequence,
in computing the integral analogous to (8) new gaddle points
appear in the upper half of the k—plm.lntluomotﬂn
right-hand polarised wave these ssddle points, connscted
with kinetic effects, shift to the lower balf-plane and in
ealoulation of the reflection cosfficient they do not plsy
any role.

Btimulating disoussions with Dr. J. Véclavik are
gratefully acknowledged.
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Mg. 2.z C, 1a the originst integration path, C,
is the distorted integretion path, Cs is the ourve of
steepest descent, ‘:. is a saddle point, J.,v. 18 the wave

‘number in vacuma, @  1is a cut of the complex plane.
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