J. Plasma Physics (2007), vol. 73, part 6, pp. 921-932.  (© 2007 Cambridge University Press 921
doi:10.1017/S0022377807006393  First published online 9 February 2007  Printed in the United Kingdom

Localized coherent nonlinear wave structures
in dusty plasma with non-thermal ions

TARSEM SINGH GILL!, CHANCHAL BEDT!,
NARESHPAL SINGH SAINI! and HARVINDER KAUR?
! Department of Physics, Guru Nanak Dev University, Amritsar-143005, India
(nspst99@yahoo.com)
2Department of Physics, Khalsa College, Amritsar—143002, India

(Received 16 September 2006, accepted 27 November 2006)

Abstract. In the present research paper, the characteristics of dust-acoustic solitary
waves (DASWSs) and double layers (DLs) are studied. Ions are treated as non-
thermal and variable dust charge is considered. The Korteweg—de Vries equation
is derived using a reductive perturbation method. It is noticed that compressive
solitons are obtained up to a certain range of relative density d (= nip/n.) beyond
which rarefactive solitons are observed. The study is further extended to investigate
the possibility of DLs. Only compressive DLs are permissible. Both DASWs and
DLs are sensitive to variation of the non-thermal parameter.

1. Introduction

The past decade has witnessed a rapid growth in the field of dusty plasmas. In
a dusty plasma, a third charged species with diameter ranging from nanometers
to several hundred micrometers is present. The history, occurrence and charac-
terization of dusty plasmas in space and laboratory environments are well de-
scribed and documented in recent publications [1, 2]. Collective processes, such
as low-frequency modes in dusty plasma, have received a great deal of attention
over the last 15 years. The presence of charged dust particles introduces many
interesting features to collective processes and modifies the propagation of waves,
instabilities, etc. in a dusty plasma. Many low-frequency modes have been invest-
igated, in particular dust ion-acoustic waves (DIAWS) [3, 4], dust-acoustic waves
(DAWS) [5], dust-Coulomb waves (DCWs) [6], dust-lattice waves [7], etc. These
are the normal modes of unmagnetized dusty plasmas and have been described in
detail in the literature [1,2]. In most of the normal modes studied the variation
of charge has not been taken into account. Varma et al. [8] were the first to study
electrostatic oscillations in the presence of grain-charge perturbations in dusty
plasmas.

The linear theory of waves, based on the small-amplitude approximation, breaks
down completely when the amplitude becomes large. At this stage, nonlinear effects
play an important role, leading to the formation of coherent nonlinear wave struc-
tures. The presence of nonlinearity, dispersion and dissipation when adequately bal-
anced manifest themselves in the formation of coherent nonlinear wave structures
such as solitons, shock waves, double layers (DLs), vortices, ete. The most widely
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investigated of these structures are dust-acoustic solitons (DASs) and dust-acoustic
solitary waves (DASWSs), for which the methodology and physics issues are well
presented in a recent book by Shukla and Mamun [1]. Some form of the reductive
perturbation technique is used to derive a Korteweg—de Vries (KdV) or nonlinear
Schrodinger equation (NLSE). In most of the investigations the KdV model has
been used to study DASs and DASWs. However, Amin et al. [9] used a reductive
perturbation technique to derive a NLSE and studied the modulational instability
of DAWs and DIAWSs. For the sake of simplicity, dust was considered as cold with
a constant charge on it. The introduction of a finite dust temperature has been
considered in recent investigations [10, 11]. However, it has been pointed out that
the dust charge should be considered as a dynamical variable owing to a variety of
mechanisms [12,13]. This will result in the modification of the collective properties
of a dusty plasma. Ignoring the dust temperature, Xie et al. [12] studied DASWs
and DLs in a dusty plasma with variable dust charge and ions of two temperature
with Boltzmann distributions. However, it has been found that electron and ion
distributions play a crucial role in the formation of nonlinear structures. Several
investigations have recently been reported in plasmas with non-Maxwellian particle
distributions [14-22]. Gill et al. [23] studied the properties of ion-acoustic solitons
and DLs in a plasma consisting of warm positive and negative ions with different
mass concentrations, charged states and non-thermal electrons.

Among the nonlinear structures, DLs are of considerable importance because of
their relevance to cosmic applications [24-28]. In space plasmas they are considered

as a source of the Earth’s aurora as well as being responsible for auroral electron
precipitation. Furthermore, DLs provide a mechanism for the acceleration of a
charged particle. Among the other nonlinear structures such as solitons, DLs are
the least studied [29-32]. Recently, DLs and DASs in dusty plasmas have attracted
a great deal of attention [12,23,33-37]. Several recent reviews on these nonlinear
wave structures can be found in the literature |38, 39].

Numerical simulations have established beyond doubt that particles may follow
distributions other than a Maxwellian distribution. As mentioned above, the elec-
tron and the ion distributions play a crucial role in characterizing the physics of
the wave structures. They offer a considerable increase in the richness and variety
of wave motion that can exist in a plasma and, furthermore, significantly influence
the conditions required for the formation of solitons and DLs. Clearly there is
a departure from Boltzmann distributions. Several investigations have explored
the role played by such non-Maxwellian distributions on solitons in dusty as well
as multi-species plasmas. With the observation of solitary wave structures with a
density depression, the role of non-thermal electron distributions on the character-
ization of solitary wave/solitons was reported in [40-42]. Non-thermal distributions
are a common feature of the auroral zone [43,44] and yet the mechanism for the
formation of non-thermal particle distributions in space plasmas is still a central
problem. The aim of the present investigation is to study the effect of non-thermal
ion distributions on the solitary wave behavior as well as DLs in a dusty plasma
with dust charge considered as a variable.

The organization of the paper is as follows. Section 2 gives the basic equations
governing dust fluids, electron and ion distributions, as well as dust charge dynam-
ics. In Sec. 3, we use a reductive perturbation method to derive a KdV equation
and in Sec. 4 we derive the modified KdV (mKdV) equation. Section 5 deals with
the description of DLs and Sec. 6 concludes the paper.
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2. Basic equations
We consider a dusty plasma with extremely massive, highly negatively charged dust
grains, electrons and non-thermal ions. Charge conservation implies the following
equilibrium equation:

Nio = ZaoNao + Te0 5 (1)
where njg, nep and nqg are the unperturbed ions, electrons and dust number densit-
ies, respectively, and Zgy is the unperturbed number of charges on the dust grain.

The following equations are the normalized continuity, momentum and Poisson’s
equations that govern the dynamics of the dusty plasma:

8nd + G(ndud)

ot @)
8ud c’?ud o % .
ot + uq O = Zq oz’ (3)
0%
@ - Z(lnd + ne — ni, (4)

where nq, uq, ¢ and Zg are the dust number density, dust particle velocity, electro-
static potential and the variable charge number of dust grains, respectively.

For the sake of convenience, we use here the procedure of Xie et al. [12]. The
electrons and ions obey the Boltzmann distribution and non-thermal distribution,
respectively, as follows:

Te0

Ne = ex , 5
ZdOndO p(ﬁl ¢) ( )
n;
ni = (14 6 + 56°) exp(—9). (6)
0o
Parameters 3; and 3 are defined, respectively, as follows:
T; 4o
== = —. 7
h=g B Trsa (7

In (2), (3) and (4), the dust charge density nq, dust particle velocity uq, variable
charge number of dust grain Z,, distance x and time t are normalized by nqo, the
acoustic speed c¢q = \/(TiZao /ma), Zao, the Debye length Ap = /(T /4w Zggnaoe?)
and the inverse of the plasma frequency w};f = \/ (ma/4mna Z3,€*). respectively.
The electrostatic potential ¢ is normalized by T} /e and « is the non-thermal para-
meter. We have followed the model of Cairns et al. [40,41], where ions are assumed
to follow a non-thermal particle distribution. The parameter « in the distribution
function f;(v;) defines the shape of the distribution and expresses the deviation from
the Maxwellian state. This form of the distribution is convenient for the description
of various observed particle distributions. For example, when o = 0 we obtain a
Maxwellian distribution and when oo — 1 the distribution resembles two counter
streaming beams with a cold core distribution [42].

The dust charge variable Qq is governed by the charge current balance equa-
tion [7|

0 0
<8t + Udaif)Qd = Ie + Ii- (8)
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It must be noted that the charging currents originate from the electrons and ions
reaching the grain surface. The dust charging time is of the order of 107 s, while
the dust motion time is of the order of 1073 s. Thus, the dust charge can quickly
reach the local equilibrium at which the currents from the electrons and ions to the
dust grains are balanced. The current balance equation implies

I+ 1, ~0. (9)

We further suppose that the streaming velocities of electrons and ions are much
smaller than the thermal velocities. The electron and ion currents are

2(8Tp, >1/2 <e<1>>
I, = —enr Ne €XP| = |
TMe Te
i\ 1/2
Ii:e7r7°2<81—;> ’I’Ll<1—e(b),
Tm; Tl

where ® denotes the dust grain surface potential relative to the plasma potential ¢.
From the current balance equation and following Xie et al. [12], we have

a18(1+ B¢ + B¢*) exp(—¢) (1 — v) — exp(Bi (¢ + ) = 0, (11)

where ¢ = e®/T;, ay = /1 /i, 6 = nip/neo and the mass ratio of ions to electrons
is by pi = m;/m, >~ 1843. By using (11) we can calculate the dust charge Q4 = C®,
where C' is the capacitance of the dust grain (C' =r) and

_¥
v

where ¢ = 1)y at ¢ = 0 is the dust surface floating potential with respect to the
unperturbed plasma potential at an infinite distance from the dust grain surface.
In (11), by substituting ¢ = 0 to determine the value of 1y, we have

a16(1 —g) — exp(Brpn) = 0. (13)

Now, by expanding ¢ near ¢y, Zq1 from (12) can be obtained as follows:

Zy (12)

T

Zy =mo1, M= , (14)
'YawO

where

Ya = [Q10 + Br exp (Brebo)]
and

M = —[B1exp (Bithy) — ard(1 — 1) (B —1)].

Similarly, Zgq2 can be obtained as follows:

— 2 _ Ve =

Zia =192 +ed1”, Y= (15)

Ya 1p() ’
with

Ye = Vel + Ye2 + Ye3
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where

Yer = a1 6(1 —pg) — B1” exp(Bivo)],
Yo = Yo [e16(1 — B) — Bi? exp(Bivo)],
Vs = —2 (Yo B1)? exp(Bity).

The value of v is always negative for the dust grains that are negatively charged,
so the condition

1 2 a15 (16)

must be satisfied.

3. Small-amplitude solitary waves

A self-consistent dust charge variation with plasma potential would have consid-
erable influence on the small amplitude as well as large-amplitude solitary waves.
Here we first study the small-amplitude solitary waves with non-thermal ions. As
mentioned earlier, a reductive perturbation method will be used here. In order
to investigate the properties of small-amplitude DASWs, we construct a weakly
nonlinear theory of DAWs that leads to a scaling of the independent variable
through the stretching coordinates as follows:

E=e"?(x—uot) and 7T =€,
where € is a small parameter measuring the weakness of dispersion and vy is the
solitary wave velocity. To strike an appropriate balance between nonlinearity and

dispersion terms the dependent variables ng, uq, ¢ and Zy are expanded from
equilibrium values in the power of € as

ng = 1+€ndl +€27L(]2 +-,
U = €uqr + € uge +
(17)
¢=epr+ePot o,
Za=1+4+€eZn +EQZ(12 +-

Using stretching coordinates and inserting (5), (6) and (17) into (2)—(4), and equat-
ing the same powers of €, we obtain a set of equations as follows:

g1 = —%, Uy = _& and  Za = mé¢n, (18)
) Vo
with
1 B +0(1—p)
V3 nt 6—1

To next order of €, we obtain

Ongz  Onar Ouaz  O(naruar) _

e T Tar T o oe O (19)
a’u,dg 8ud1 au(u o _% _ % P
Vo a¢ o “(“075 =" Za1 9’ (20)

https://doi.org/10.1017/50022377807006393 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377807006393

926 T.S. Gill et al.

0? o1 Te0 Mo
A — N Z( « Z( ; 1—-
ez~ 2 + Zanar + Zaz + ¢2 — B+ P~ (1=
¢2 ( Tle0 2 o > :
+ — — . 21
2 o ZdO ﬂl ndo Z(JO ( )

After some algebraic manipulation and eliminating all the second-order terms, we
obtain the following KdV equation:

01 Opy Py
a9 + Agy f+38£3

=0, (22)

where

3 3 2—6 v
A= B( 71__ﬂ1_272> and BZ;O-
The coefficients A and B are the coefficients of nonlinear and dispersive terms,
respectively. On introducing the new variable x = £ —ugT, ug is a constant velocity,
and the soliton solution of (22) in the stationary frame is given as

b1 = b sech? {(f—um’)} 7 (23)
w
where ¢,, = 3uy/A and w = 24/B/uy are the soliton amplitude and width,

respectively.

The form of A suggests that it is a function of a number of parameters such as
1,0, B1, 72, ete. These parameters further depend on the temperature of electrons
and ions, non-thermality, the relative density of ions to electrons and other entries
characterizing dusty plasma in a complicated way. Thus, nonlinearity explicitly
depends on a number of variables. However, dispersion is a simple function of vy.
Thus, we can strike a delicate balance between nonlinearity and dispersion for
a certain range of parameters to obtain a soliton solution given by (23). We have
performed such a characterization by performing a numerical computation of ¢,, as
a function of relative density 0 (= nip/neo) and the results are shown in Fig. 1. Other
parameters have been taken as uy = 1 and 5 = 0.001. Compressive solitons are
observed up to a certain range of § beyond which rarefactive solitons are obtained.
The peak amplitude shifts with non-thermality and reverses its sign with increase
in . Furthermore, there is a singularity for all values of 5. All these features are
succinetly observed in Fig. 1.

4. Derivation of the modified KdV equation

The singularity occurs when the coefficient of the nonlinear term of (22) is zero, as
shown in Fig. 1. For this case the KdV equation (22) is no longer valid. We derive
a modified (mKdV) equation that governs the dynamics of small-amplitude DLs
when A becomes zero. In such cases we must include higher-order nonlinearity. For
this purpose we also include higher-order nonlinear effects, which are important in
the study of DLs. This demands the introduction of new stretching coordinates

E=e(x—vpt) and 7 =€,
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Figure 1. Variation of peak amplitude ¢,, in the KdV equation with § for different values
of # and with up = 1 and 8; = 0.001. Curve 1 corresponds to 5 = 0.0, curve 2 to § = 0.01,
curve 3 to = 0.3 and curve 4 to 8 = 0.5.

where € is a small expansion parameter. Using the above stretching coordinates and
substituting (17) into (2)—(4), and comparing the coefficients of €3, we have

2
U U
nay = —= + 4L, (24)
Vo )
v aud? —u audl — 2w audl . % (25)
0 8£ d1 ag d1Y0 85 85 )
and
0* Ne n;
7(21 = Za1Naz + Za2nar + zag + nag + ¢3( C B — ——(B— 1))
23 Zdo"do Zd0 Mo
ney 33 ng 1 1 N ni
¢:1)’( o1y O <ﬁ+)>+¢1¢2< C B - — )
Zaondo 6 Zaonao 2 3 Z40Mdo Z40Mdo
(26)
Furthermore, comparing the coefficients of ¢!, we obtain
(9 ¢ 8 « a ds 2 a C C a a ¢
g Pz Onar | Ouag | 2 (uaruaz) +3L°S uaL _ 7)
o€ or o€ vy o0& vy O
Oua Ougz | O(uaiuaz) O3 Oy Oy
— =2 4 24— + Zaa—. 28
5, W o€ + ¢ o€ + zq1 € + Za2 D€ (28)
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After eliminating all the second- and third-order terms, we obtain the following
mKdV equation:

k) 2 01 I(¢192) ¢
L0 A B =0 29
or TN TAT o TP e =0 (29)
where
Qo 3nw 3 — —B( e g — Nig >7 (30)
2 2o Mo Zdo Zd0Mdo
3
v
B=2 31
5 (31)
C_§ i_?)l_i_’}/lzvo_i_é vy — 1}3_@ "0 @4_ 37740 ﬁ-}-l
2208w 2 3 TN T g ez 2 2naoza 311
(32)
At A = 0, the stationary solution of (29) can be written as
$1 = p1m sech [(5 _LUOT)], (33)
1

where ¢1,, = 1/6ug/C and L1 = 1/ B/ug are the peak amplitude and width of the

soliton, respectively. Solitons exist when C' > 0.

5. Double layer solution

When A — 1 but A#0 and using Ao — D¢ /2[12] in (29), we obtain the following
equation:

O 5091 O d¢i
— +C¢pi—— + D1 —— + B—
ar T C0ige TP T B5a

We present a DL solution associated with the mKdV equation. For this, we intro-

duce a variable ( = £ — M in a stationary frame, where M is a Mach number.

After integration (34) leads to the following equation:

= 0. (34)

1/0¢\°
3 <8<) +V(g) =0, (35)
where V(¢) is the Sagdeev potential given by
M Q. R _
V(¢) == P¢* + 56" + 0", (36)
2 3 4
Here,
1 D C
P = — = — = —. 37
B Q 5B’ R 3B (37)

-

For simplicity, we have introduced ¢ for ¢1. While deriving (35), we have used the
following boundary conditions:

0¢p 9*¢
= 50, =
a¢ a¢?
Furthermore, (35) and (36) can be considered as the equations of motion of a particle
of unit mass under the action of the potential V(¢). They may also be regarded as

¢ — 0, — 0 as|(] — o0. (38)
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the equations of anharmonic oscillation, provided ¢ and ¢ are interpreted as time
and space coordinates, respectively. For the DL solution, the Sagdeev potential
should be negative between ¢ = 0 and ¢ = ¢2,,,, where ¢, is some extreme value
of potential. Additional boundary conditions that V(¢) must satisfy for the DL
solution are as follows:

Vig)=0 ato=0 and ¢ = o, (39)
Vig)=0 atd=0 and ¢= oy, (40)
V() =0 atd=0 and ¢ = gop. (41)

By using these boundary conditions in (36), we obtain

R
M = _ﬁ(vb%mv (42)
and
2Q

m=—=—. 43
?2 3R (43)

Using (42) and (43) in (36), we obtain

R
V() = 56 (6om — o) (44
The DL solution of (36) with (44) is given by

d) = %Tm |:1 — tanh H _gd)Zm (5 - MT):| . (45)

Equation (45) implies the existence of a DL whenever R is negative. Furthermore,
this characterizes the nature of the DLs. The system will support compressive and
rarefactive DLs depending on the sign of Q. If @ is positive, a compressive DL exists,
whereas for negative @) a rarefactive DL exists. The thickness of the DL is given by

4 2 1/2
¢= o] (‘R) | (46)

Earlier investigations have shown that both compressive and rarefactive DLs are
admissible in a dusty plasma [45]. We have chosen the parameters as uy = 1 and
B1 = 0.001. Figure 2 displays V(¢) versus ¢ for the above chosen set of parameters,
and apparently compressive DLs are obtained. The increase in the non-thermal
parameter decreases the amplitude as well as the depth of the potential well.
Further increases in 8 leads to the disappearance of the DLs. Figures 3 and 4
display the peak amplitudes of solitons and DLs, respectively, as a function of
0 (= mig/neo) for three values of B. An interesting result is that in both cases an
increase of § and 3 leads to an increase of ¢y, and ¢a,,, respectively. However,
the width of the DLs first increases with § and subsequently falls with any further
increase in §. The same behavior is observed for different 8 but the width decreases

with an increase in non-thermality, as shown in Fig. 5.

6. Conclusions

In this paper, we have studied the role of the non-thermal parameter 8 both
on DASs and DLs in a dusty plasma with a variable dust charge and consisting of
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-100 *

Figure 2. Variation of the quasi-potential V(¢) in the DLs with ¢ for different values of 8
and with up = 1 and 8; = 0.001. Curve 1 corresponds to 5 = 0.0, curve 2 to 8 = 0.1 and
curve 3 to = 0.3.

0.001 0.002 0.003 0.004
5 —*

Figure 3. Variation of peak amplitude ¢;,, in the mKdV equation with § for different values
of B and with vy = 1 and 5, = 0.001. Curve 1 corresponds to § = 0.01, curve 2 to 8 = 0.03
and curve 3 to § = 0.05.

non-thermal ions. We have derived KdV and mKdV equations using a reductive
perturbation method. The results obtained have several ramifications as follows.

(i) It is concluded that when the variable charge is introduced, then there is
the possibility of both types of solitary waves for non-thermal distributions
(8 # 0). In the case of non-thermal distributions, the range of ¢ for a positive
peak amplitude depends upon the non-thermal parameter 3. It is noticed that
there is the possibility of both types of solitary waves for variable charge as
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Figure 4. Variation of peak amplitude ¢, in the DLs with § for different values of 8 and
with uy = 1 and 8; = 0.0001. Curve 1 corresponds to § = 0.0, curve 2 to 8 = 0.15 and
curve 3 to 6 = 0.25.

0.05 0.1 0.15 0.2
6 —————*

Figure 5. Variation of the thickness d of the DLs of small-amplitude solitons with § for
different values of # and with vy = 1 and 3, = 0.001. Curve 1 corresponds to # = 0.0,
curve 2 to 8 = 0.05, curve 3 to 8 = 0.1 and curve 4 to # = 0.15.

compared with constant dust charge for which only one type of solitary wave
is obtained [14].

(ii) Only compressive DLs are observed. The non-thermal parameter [ plays a
crucial role in the existence of DLs.

References

[1] Shukla, P. K. and Mamun, A. A. 2002 Introduction to Dusty Plasma Physics. Bristol:
Institute of Physics.

https://doi.org/10.1017/50022377807006393 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377807006393

932 T.S. Gill et al.

]

| Shukla, P. K. and Silin, V. P. 1992 Phys. Scripta 45, 508.

| Shukla, P. K. 1992 Phys. Scripta 45, 504.

| Rao, N. N., Shukla, P. K. and Yu, M. Y. 1990 Planet. Space Sci. 38, 543.

| Rao, N. N. 1999 Phys. Plasmas 6, 4414.

| Melandso, F., Askalsen, F. T. and Havnes, O. 1993 Planet. Space Sci. 41, 312.

| Varma, R. K., Shukla, P. K. and Krishan, V. 1993 Phys. Rev. E 47, 3612.

| Amin, M. R., Morfill, G. E. and Shukla, P. K. 1998 Phys. Rev. E 58, 6517.

| Gill, T. S. and Kaur, H. 2000 Pramana-J. Phys. 55, 855.

| Roychoudhury, R. and Mukherjee, S. 1997 Phys. Plasmas 4, 2305.

| Xie, B., He, K. and Huang, Z. 1999 Phys. Plasmas 6, 3808.

| Nejoh, Y. N. 1997 Phys. Plasmas 4, 2813.

| Mamun, A. A., Cairns, R. A. and Shukla, P. K. 1996 Phys. Plasmas 3, 2610.

| Mamun, A. A., Cairns, R. A. and Shukla, P. K. 1996 Phys. Plasmas 3, 702.

| Mamun, A. A. and Shukla, P. K. 2002 /EEE Trans. Plasma Sci. 30, 720.

| Mamun, A. A. and Cairns, R. A. 1996 J. Plasma Phys. 56, 175.

| Cairns, R. A., Mamun, A. A., Bingham, R. and Shukla, P. K. 1995 Phys. Scripta T13, 211.
19] Mamun, A. A. 1997 Phy. Rev. E 55, 1852.

| Mamun, A. A. 1998 Phys. Plasmas 5, 322.

| Mamun, A. A. 1998 J. Plasma Phys. 59, 575.

]

]

]

]

]

]

]

]

]

]

]

]

]

]

Alfven, H. and Carlqvist, P. 1967 Sov. Phys. 220, 1.

Temerin, M., Cerny, K., Lotko, W. and Mozer, F. S. 1982 Phys. Rev. Lett. 48, 1175.

Borovsky, L. E. 1984 .J. Geophys. Res. 89, 2251.

Carlqvist, P. 1986 IEEE Trans. Plasma Sci. 14, 794.

Mishra, M. K., Arora, A. K. and Chhabra, R. S. 2002 Phys. Rev. E 66, 46402.

Goswami, K. S. and Bujarbarua, S. 1985 Phys. Lett. A 108, 149.

Bharuthram, R. and Shukla, P. K. 1986 Phys. Fluids 29, 3214.

Jain, S. L., Tiwari, R. S. and Sharma, S. R. 1990 Canad. J. Phys. 68, 474.

Yadav, L. L. and Sharma, S. R. 1991 Phys. Scripta 43, 106.

Shukla, P. K. and Mamun, A. A. 2001 IEEE Trans. Plasma. Sci. 29, 221.

Shukla, P. K. 2000 Phys. Plasmas 7, 1044.

El-Labany, S. K., El-Taibany, W. F., Mamun, A. A. and Moslem, W. M. 2004 Phys.

Plasmas 11, 926.

[36] El-Labany, S. K. and El-Taibany, W. F. 2003 Phys. Plasmas 10, 989.

[37] Roychoudhury, R. and Chatterjee, P. 1999 Phys. Plasmas 6, 406.

[38] Shukla, P. K. and Mamun, A. A. 2003 New .J. Phys. 5, 171.

[39] Shukla, P. K. 2003 Phys. Plasmas 10, 1619.

[40] Cairns, R. A., Mamun, A. A., Bingham, R., Bostrom, R., Dendy, R. O., Nairn, C. M. C.

and Shukla, P. K. 1995 Geophys. Rev. Lett. 22, 2709.

[41] Cairns, R. A., Bingham, R., Dendy, R. O., Nairn, C. M. C., Shukla, P. K. and Mamun,
A A 1995 J. Geophys. Res. 5, C6-43.

[42] Volosevich, A. V., Galperin, Yu. I. and Truhachev, F. M. 2002 Adv. Space Res. 30, 1677.

[43] Lundin, R., Eliasson, L., Hultqvist, B. and Stasiewicz, K. 1987 Geophys. Res. Lett. 14,
443.

[44] Hall, D. S., Chaloner, C. P., Bryant, D. A., Lepine, D. R. and Trikakis, 1991 J. Geophys.
Res. 96, 7869.

[45] Sakanaka, P. H. and Shukla, P. K. 2000 Phys. Scripta T84, 181.

https://doi.org/10.1017/50022377807006393 Published online by Cambridge University Press


https://doi.org/10.1017/S0022377807006393

