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The transverse electromagnetic waves and the longitudinal electron-acoustic waves
are coupled to each other by the gradients of density or temperature in a plasma.
There are also other coupling factors, such as the static magnetic field or nonlin-
earities existing in the medium. Due to coupling of waves, excitation of one leads
to the generation of the other. This results in mutual transfer of power. In the
present paper, the expression for the energy flux of acoustic wave due to conver-
sion of electromagnetic wave passing through an inhomogeneous plasma has been
obtained using the W. K. B. method. It is suggested that expansion of ionized shell
of hot stars and mass loss would be possibly due to the energy conversion process.
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1. Introduction

The phenomenon of coupling between longitudinal and transverse waves in a
plasma medium gives some important as well as interesting results in the context of
astrophysical phenomena [1]. The parameters like magnetic field, rotation, inhomo-
geneity, etc., are the sources of creating the coupling phenomena. It is found that
the nature of coupling of waves in an inhomogeneous plasma is of some interest.
In astrophysical bodies, generation of radio waves may be possible due to cou-
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pling between longitudinal and transverse waves in the presence of inhomogeneous
density and magnetic field [2]. Considering the effect of the gradients of electron
concentration and temperature, Tidman [3] obtained the expressions for scattered
transverse waves. Later, Chakraborty [4—6] studied the coupling phenomena in a
warm nonuniform plasma and derived the expression for the radiating electromag-
netic energy due to energy conversion of acoustic waves. He suggested that some
astrophysical phenomena, e.g. radio noise in the ionosphere, may be one of the con-
sequences of the energy conversion process. Paul [7] derived the energy flux of the
electron acoustic wave due to the conversion of electromagnetic wave in a hot and
inhomogeneous plasma under far-field approximation, suggesting mass loss from hot
astrophysical bodies when strong electromagnetic wave emitted from the interior of
the stellar bodies is converted into electron-acoustic wave. It is to be mentioned that
the role of inhomogeneous density in the phenomenon of coupling between acoustic
and transverse wave is important if the inhomogeneity is a slowly-varying function
of space, and the characteristic length of variation is greater than the wavelength
of the transmitted wave. Under these circumstances, it is appropriate to follow
the WKB method [8].Using the WKB method, Khan and Paul [9] investigated the
conversion of dispersive longitudinal oscillations into reflected and transmitted elec-
tromagnetic fields when equilibrium density changes continuously and slowly with
space. They numerically estimated the energy of the electromagnetic wave radiated
in ionospheric F-region due to the conversion of energy of electron-acoustic wave.

In the present paper, conversion of energy from electromagnetic wave into
electron-acoustic wave in a slowly varying plasma has been investigated using the
WKB method. The coupling equations of the transverse and longitudinal waves are
solved using the WKB method, and the expression for the energy flux carried away
by the particles due to conversion of electromagnetic wave are derived. It is seen
that the energy fluxes of the particles become significant in a plasma having large
density gradient and for the waves of low frequency.

2. Basic equations

We consider a stationary, unmagnetized plasma where the velocity of the par-
ticles is nonrelativistic and forces due to collision, gravitational effect, etc., are
negligibly small in comparison with other forces in the medium. The plasma has
inhomogeneous density, i.e. [V Ny| #0. With the above assumptions, the linearized
plasma equations are

dum

—_vp® _ % gD 1
Po ot mpo ) (1)
apH
rala (pouV) =0, (2)
1oHY
VxEYD=_= (3)

c Ot
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10EW _ drepout)

VxHY = ¢ ot mc ’ @)
V-EW = —47zeN D | (5)
v-HY =0, (6)
where
PO =mV,ND " =mN,, p =mND. (7)

V, = thermal speed = (xT'/m)'/?, x = Boltzmann constant, T is the temperature,
m and N are the mass and number density of electrons, the variables with super-
script (W correspond to the first-order of approximation, while po, Py and Ny are
the equilibrium values of mass density, pressure and number density, respectively.

Assuming the time variation of the perturbed quantities as exp(—iwt), w being
the wave frequency, the linear coupling equations of transverse field variables and
longitudinal pressure perturbation may be derived as

[V x (Vx HV)  drei

V2 + k) HY — = Vi x vpPh 8
(V2 + 1) - e xR, ()
Vi VPO wme
2 2y p(1) _ [ - . HD
(VE+ k) . 147”5” V- (V x )], (9)
where
w? (w? — w?) (w? —w?) 47 Noe?
— 2 _ 2 _ 2 _ 0

H_l_oTZ’ kt_Tpa kl_Tpv W= (10)

wp is the plasma frequency, and k; and k; are the wave vectors along the longitudinal
and transverse direction, respectively.

3. W.K.B. solution of the coupling equation

Suppose a strong electromagnetic wave is incident on zz-plane and it is the
only source creating a pressure perturbation in the medium. If this wave propa-
gates along the z-direction with an z-dependence of the field variables according
to exp(ikox), kg = constant, then the coupling Egs. (9) and (10) become (the
superscript () is omitted hereafter)

d’°H
TQ(’Z) +kPH(z) =0, (11)
and
d?P(z) /2 iwem
P = . H 12
T+ RPPE) = T (7 x ). (12)
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where, k> = k2 —ko?, k| =k? —ko?, and
H = H(z)exp(ikox), P = P(z)exp(ikox). (13)

Let us assume, the equilibrium number density of electrons in the plasma is a slowly
varying function of space. So, k; (or k) and k; (or k}) will be functions of space.
Under this situation, it is appropriate to use the W. K. B method for solving the
coupled equations. Therefore, Eq. (11) gives

H(z)= \?4161,/5 exp (i/k;dz - iwt) \/k, exp < /k;dz - iwt> , (14)

where A; and A, are constants.
For a forward-going wave, take

Hziexp ikox—ki/kidz—iwt : (15)
vkt

Expression (15) is our incident electromagnetic wave which is propagating in
the forward Oz-direction. Using (15) in (12), the pressure P can be evaluated from
Eq. (12). To obtain the general solution for P, the right-hand side of (12) is taken
equal to zero and a complementary function is obtained as

Pl) = \fkl;exp (i/k;dz - iwt) Jhew ( /k dz — m) (16)

where B; and By may be functions of space.

Now, using the method of variation of parameters [10, 11], the pressure P ob-
tained from equation (12) is given by

P(z) = _ tkoemuwy Ay, /zexp(iledZ)

. / s
TrewLJh] e dz eXp(l/kZle iwt)

i koemw? Ay, [ exp(i [ Kodz)
: d —i [ kidz —iwt 17
drew Lk / K; #| exp( 1/ dz = iwt), (17)
where
2
! ! ! ! ! / w A
Ki=ki—k;, Ko=k,+k K3:/“/ktkz)» Vu=-— —QL
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é. is the unit vector along OZ-direction, L is the characteristic length of variation
of electron density in Z-direction (L > \), and

1 k) 3 dk)

ST B S a3 PP
k'3 dz? 4k’?(dz) <

But when density gradient lies perpendicular to the direction of wave propaga-
tion, and is given by Vu = —|w?/(w?L’)|é,, €, being the unit vector along the

OX-direction, where L’ is the characteristic length of variation of electron density
in X-direction, then the value of P(z) becomes

mchA 2 lké* 11 ds;t
1 2k} dz . . .
P(z) = Sﬂewz’\/zg / X, exp (1/K1dz) dz| exp(ikjt — iwt)
z (. dk
mew? Ay, ik — 2,% P _ _ .
_87rew£’\/k; / K3t exp <1/K2dz) dz| exp(—ikjt — iwt).
. z exp(iledz) z exp(ifKde) .
The integrals [ ——¢——dz and [ ——%——dz of equation (18) and the
0 0
integrals
z lk/ _ 1/ dk;t
/t;(i’;tdz exp (i/Kldz> dz
0
and

[k — g
/ e e (i / KQdZ) dz
0

and Eq. (23) can be evaluated by expanding exp(i [ K,dz) as [3]
0

exp i/andz = exp [i{Kn(OHK;(O)Z;erH , (19)
0

where n =1,2; z < L, and K, is the derivative of K, with respect to z.
In the right-hand side of the expression (19), second, third and other terms are
very small in comparison to the first term. Therefore, we obtain

i exp (iledz)
/—K3 dz
0
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1 i dK; , rexp (i [ Ksdz)
- 1- s Kyz)— 1) [ S22 2208
iK K ( K K; de >{eXp(1 1) =1} / K F

0

| i K , r1of, 1 dk't /
= 1— Koz)—1} [ — ik} — —_ Kidz | d
iKng( KK, ds ){exp(z 22) }/K3 (1 T >exp<1 1dz | dz
0
Tk i 1 1\ dk, k! dEs .
o |:K1K3 + K1K3 {(2]432 B 1) dz B K1K3 dz {exp(lKl) - 1}
r(1 1 dk't
X/{Ka <ik2 2%k dz ) P <1/K2dz)}dz
A t
By i 1 1\dk, Kk, dKs ,
B {Kﬂ(s * K2Ks3 {(2]@’2 - K2) dz KoKy dz top(ifes) =1},

where the terms containing d?K3/dz2, (dK3/dz)? etc. have been neglected.
Therefore, the pressure P is given by

kocmwaAly e
- 1- iK2)—1 ikoz+i [ kidz—iwt
47TewLK1K3\/k;< KiK; dz ){eXp(l 12) }EXp(l 0x+1/ 1dz zw>

kyemis? A K
et (1 o o) (eswliras) oo ihoa—i [ s iot)

ArewLKoK3\/k)\| KoKz dz
(20)
where Vp is assumed to be present in the direction of OZ, and
P cmwy Ay el (L LYkl kG dK
8mewl/ K1 K3\ /k) | 2k}, K1) dz  KiKs dz
x{exp(iK1z) — 1} exp (ikom + i/k;dz - iwt)
B cmw? Ay B4 1 1 N\dky  kp dKj
dmewl/ KoKkl |F 2k} Ki) dz KyKj dz
x{exp(iKyz) — 1} exp <ik0x —i / kjdz — iwt) , (21)

where Vi lies along the Ozx-axis.
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So, considering the variation of equilibrium electron number density parallel to
the Z-axis, real values of transmitted and reflected part of the perturbed pressures
read

kocmw? A4 1 dKs
Re(P t — P Y _ s . o 29
e(P) Imewl KKy k| [cos o —cos ¢ ks 4z (sin ¢2 —sin qﬁl)} . (22)
and
koemw?2 Ay, 1 dKs
Re(P)" = p | _ . - L o (23
e(P) ImewLKaKay/k| [cos ¢4 — CcOS P3 oK, 4o (sin ¢4 — sin ¢3)] (23)

Similarly, when the variation of electron density is along OX-axis, real values of
transmitted an reflected part of the perturbed pressure are

B cmszly
- 8mewLl' K1 K3\/k)|

_{( 1 1) dk!, I ng}(Siwz_siwl)} (24)

Re(P)! [k 1 (cos ¢y — cos ¢1)

2kl Ki) dz K Ks dz
and
Re(P)" = cmwf)Aly o
o(P) T Smewl/ Ky K3 /K] t(cos 4 — cos g3)
1 1\ dk) Kl dKsY . .
S (- - =3l - 25
{(%g KQ) T Rk, dz f (o sines) (25),
where

¢1:k0+/k‘§dz—wt,
¢2:k0+K1+/k§dz—wt,
¢3:k0—/k‘§dz—wt,

¢4:k0+K27/k§dszt,
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4. Energy flux carried away by the particles

The energy carried away by the particles in the direction of wave propagation
is given by
S’ = (Reu.) (Re P). (26)

Now, from the basic equations (1) - (7), one obtains,
iw

"~ mNy(w? — w2)

VP, (27)

u =

So, using the expression (20) in (27), real values of the transmitted and reflected
part of the longitudinal velocity of plasma particles are

B w2 ko ¢ Ay
o 4meNy L Ky K3(‘U2 - wg) \/kg

(ki kR (UL k) AR
- —— | sin — — — | —— ] sin
2%k dz K Ks dz 2T\ 2% dz T Ks K, ) dz !

(28)

Re (u.)"

[k; COS (g — k; Cos @1

and
2
wy, ko ¢ A1y

~dmeNy L Ko K3(w? — w2) k|

B L I P 0 . L S Y SR 1€ D
%) dz  KyKz) dz ' \2%k dz ' K K,) dz i

(29)

Re (u,)" =

[k‘; coS g4 — kl/ cos ¢3

where Vi has been assumed to be present along the OZ-axis.

Asuming Vi to be along the OX-axis, we get from the expression (30) and
(40) the real values of (u.)! and (u.)” which are given by

wf,cAly
8meNo L' Ky K3(w? — w2) k|

! !
- <( . 1>dkt ad dK‘”’)(k;sm@k;smm)

Re(u,)" =

{k; (k:; COS g — k; cos ¢1)

2k CKy) dz KiK3 dz
_ & AP .
{ ‘dz (K1K3\/k§> " K1 K3k dz }(Sln¢2 sin 1) (30)
and
R ( ) = wZ%CAly k/ (k-l k/
e(u, T__gﬂeNoL/Kng(uﬂ—wg)\/k; 1 (ky cos gy — k7 cos )
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1 1N\dk, kD OdEG\ .
- - - 23 (k —k
(<2k; K2> T KK, 4o ) Fesinéa—kisings)

d 1 1 dk’
— [ ary . .
{ktdz <K2K3\/k§> " KoK3\/k) dz }(Sln¢4 sin ) | - (31)

Therefore, using the values of Re(P) and Re(u,), and then averaging over a
time period 27 /w, the expression for energy carried away by the particles along the
OZ- and OX-directions are obtained as

Case-I: The variation of electron density is along the direction of wave
propagation(OZ—direction)

Using the above expressions, the transmitted part of the Z-component of par-
ticle energy flux is obtained as

w22k (k) + k1) A3
|<<S,/z)t1>‘ = 47TL2]€£]€122(1€2 775]{:2)2(1(02 jwz)z {1 - COS(]C; - ]{,‘E)Z} . (32)
p

The reflected part of energy flux carried away by the particles is given by

wwlPkg(k —k)A3,

AYAY I _ / /
|<(Sz)1>‘ - 47TL2]€2]€22(]{32+]€2)2(UJZ—UJIQ))Q{l COS(kt-l-kl)Z} (33)

Case-II: The variation of density lies perpendicular to the direction
of wave propagation

The transmitted and reflected part of the particle energy flux are given by

(S5, = w2w2cke(ky + k) A3, (
™ 3on L2k 2 (k) — k)2 (w? — w2)?

1—cos(k;—kj)z} (34)

and
_ oﬂwgch;t(kj% — kE)A%y 0
82 L%k 2 (k| + k)2 (w2 — w2)?

{((S2)Tr)] —cos(ky +kp)z}.  (35)

Expressions (32) —(35) show that the energy flux of the particles ((S’)) depends on
V Ny, w, z, etc. It may be observed here that (S’) becomes significant in a plasma
having large density gradient, but it is insignificant for a very high frequency wave.
For a wave having frequency very close to the plasma frequency, ie., w =~ w,
the particle energy flux would be significantly larger. The role of the distance (z)
covered by the wave on (S’) gives some interesting results for the energy fluxes.
For z = 0 to z = 2n/K; (or 2n/K3), the average value of the transmitted and
reflected energy flux of the particles will be varying in nature. It is seen that
when z = 0,27/K;,47 /K3, - - - etc., the transmitted particle energy fluxes ((S’)%)
and ((S")};) are minimum. But, when z = /Ky, 3n/Ky,57/K, - etc., both
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(814 ((S")%;) become maximum.The reflected parts of the energy flux ((S’)})
and ((S")7;) would be minimum and maximum when z = 0,27/K», 47/ Ko, - - - etc.
and z =7m/Ko,3w/Ks,51/K>,- - etc. respectively.

5. Summary and concluding remarks

In this paper, coupling of electromagnetic wave and electron-acoustic wave in an
inhomogeneous plasma has been studied using W. K. B. method for which it is as-
sumed that equilibrium density changes slowly but continuously in such a way that
the characteristic length of variation is much greater than the wave length of the
transmitted wave. It has been shown that the incident electromagnetic wave would
be converted in to electron-acoustic wave due to the coupling of waves in inhomoge-
neous plasma. The particle energy flux depends on the density gradient, frequency
of incident wave and characteristic length of density variation. This energy flux
will be significant in a plasma having large density gradient and for low-frequency
waves and when the wave frequency approaches to plasma frequency. It is very im-
portant to mention that for the present study, both electromagnetic and electron
acoustic wave are assumed to be stable during propagation through the inhomoge-
neous plasma, i.e., instabilities of the waves in inhomogeneous plasma have been
neglected.

Our present analysis may be useful to understand some phenomena in the iono-
sphere, solar corona and hot stars. It is known that earth’s ionosphere is a non-
uniform plasma medium and the density is a slowly varying function of distance
from earth’s surface. Electromagnetic waves propagating through the ionosphere
would be converted into acoustic waves due to the coupling of waves and this may
be one of the sources of heating of the ionosphere.

Expansion of the ionized shell of hot stars may also be due to the conversion of
a transverse wave in to an acoustic wave. When electromagnetic waves, generated
in the interior of hot stars, come to the surface and enter its ionized shell, strong
acoustic waves would be generated due to the energy conversion process. As a result,
the ionized shells of hot stars may be expanded. If the velocity of expansion of the
plasma shell is larger than the escape velocity of the plasma particles, some amount
of mass would be ejected from the plasma shell to out of the stars. Considering the
values of the plasma parameters of the hot stars, the energy carried away by the
particles in the outward direction can be numerically estimated.

It is to be noted that the effects of magnetic field, temperature gradient, etc.,
have not been considered in the present study, though these are very important for
the study of the coupling of waves. During astrophysical disturbances (e.g., during
solar bursts, magnetic storms, etc.) strength of the magnetic field becomes very
high and the plasma particles move with very high velocity of relativistic order. To
have the actual picture of the coupling of waves in the inhomogeneous plasma of
the astrophysical objects it is necessary to consider the static magnetic field and
the relativistic effects for the analysis of the coupling of waves. In this regard, it
is important to note that if electrons have streaming motion in the presence of
the density gradient in the plasma, equilibrium density becomes time dependent,
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which may be observed from the continuity equation in unperturbed state. So,
we require to perform W. K. B. analysis in time, i.e., the time variation of the
perturbed quantities should be assumed as proportional to exp[—i [ wdt] instead
of exp[—iwt], w being the frequency of the wave.

Acknowledgements

This work was supported by the University Grants Commission, New Delhi,
India. S. N. Paul is thankful to the Inter University Centre for Astronomy and
Astrophysics, Pune, India for providing hospitality for the work. The authors are
also thankful to the referee for some useful suggestions which helped to make the
manuscript in present form.

References

[1] V. V. Zeleznyakov, Radio Emission of Sun and Planets, (Translated from Russian by
H. Massey), Pergamon Press (1964).

9] G. B. Field, Ap. J. 124 (1956) 555.

D. A. Tidman, Phys. Rev. 117 (1960) 362.

B. Chakraborty, J. Math. Phys. 11 (1970) 2570.
B. Chakraborty , J. Math. Phys. 12 (1971) 529.
B.Chakraborty, Appl. Sci. Res. 28 (1973) 466.
7] S. N. Paul, Czec. J. Phys. B 27 (1977) 873.

8] K. G. Budden, Radio Waves in Ionosphere, Cambridge University Press, New York
(1961) Chap.-9.

[9] M. R. Khan and S. N. Paul, Appl. Sci. Res. 33 (1977) 209.

[10] A.R. Forsyth, A Treatise on Differential Equations, McMillan and Co., London (1914)
Chapters IT and IV.

[11] F. Mathew and R. L. Walker, Mathematical Methods of Physics, W. A. Benjamin, Inc.,
New York (1964) Sec. 1.1.

KRN SN =)

FIZIKA A 14 (2005) 4, 265-276 275



PAUL ET AL.: CONVERSION OF ELECTROMAGNETIC WAVE INTO ELECTRON-ACOUSTIC ...

PRETVORBA ELEKTROMAGNETSKOG VALA U ELEKTRONSKO-ZVUCNI
VAL U NEHOMOGENOJ PLAZMI

Poprecni elektromagnetski valovi i uzduzni elektronsko-zvuéni valovi vezani su
medusobno gradijentima gusto¢e i temperature u plazmi. Djeluju i drugi vezni
¢imbenici, kao staticko magnetsko polje ili nelinearnost plazme. Zbog povezivanja
valova, uzbuda jednih stvara druge. Stoga imamo uzajamni prijenos energije. U
ovom se radu, primjenom W. K. B. metode, izvodi izraz za tok energije zvuénog
vala zbog pretvorbe elektromagnetskog vala koji prolazi nehomogenom plazmom.
Izrazava se moguénost da su Sirenje ionizirane ljuske vruéih zvijezda i gubitak mase
posljedica procesa pretvorbe energije.
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