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Propagation and oblique collision of ion-acoustic solitary waves
in a magnetized dusty electronegative plasma
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The propagation and oblique collision of ion-acoustic (IA) solitary waves in a magnetized dusty
electronegative plasma consisting of cold mobile positive ions, Boltzmann negative ions,
Boltzmann electrons, and stationary positive/negative dust particles are studied. The extended
Poincaré-Lighthill-Kuo perturbation method is employed to derive the Korteweg-de Vries
equations and the corresponding expressions for the phase shifts after collision between two IA
solitary waves. It turns out that the angle of collision, the temperature and density of negative ions,
and the dust density of opposite polarity have reasonable effects on the phase shift. Clearly, the
numerical results demonstrated that the IA solitary waves are delayed after the oblique collision.
The current finding of this work is applicable in many plasma environments having negative ion
species, such as D- and F-regions of the Earth’s ionosphere and some laboratory plasma
experiments. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4853555]

I. INTRODUCTION

Electronegative plasma is a plasma which contains nega-
tive ion species with a significant amount that its contribution
can not be ignored in any way. The study of electronegative
plasma has gained much interest of research because of its
potential applications in both space environment (e.g., Earth’s
ionosphere,'? cometary comae,” upper region of Titan’s
atmosphere4) and laboratory devices (e.g., low-pressure dis-
charge plasma,5 Q-machine,’ plasma ignition,” dc multidipole
chamber®). In most cases,”™> electronegative plasma contains
solid impurities (dust) which are easily charged positive or
negative by the surrounding electronegative plasma species,
i.e., electrons, positive ions, and negative ions. Kim and
Merlino'® reported the conditions under which dust grains
could be positively charged in an electronegative plasma.
Rosenberg and Merlino'' investigated the polarity effect of
dust grains on the instability of ion-acoustic waves in an elec-
tronegative plasma. Moslem et al."® studied the electrostatic
structures associated with dusty electronegative magnetoplas-
mas with the polarity effect.

Since the last decade, it has been frequently considered that
negative ions in electronegative plasma obey Boltzmann distri-
bution.*'*'"*!> On one hand, Bogdanov and Kudryavtsev14
reported the conditions for realization of the Boltzmann dis-
tribution of negative ions in a plasma. They'* illustrated that
the situation of realizing Boltzmann distribution for both
electrons and negative ions takes place for small role of
attachment in comparison to the ambipolar diffusion of nega-
tive ions. On the other hand, Ghim and Hershowitz® investi-
gated weakly collisional Ar-O, electronegative plasmas in a
dc multidipole chamber. They verified that negative ions
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are in Boltzmann equilibrium with a temperature of
0.06 = 0.02 eV. Mamun et al.'? considered a case more gen-
eral than the experiment of Ghim and Hershowitz,® and they
examined theoretically the possibility for formation of soli-
tary waves and double layers in a dusty electronegative
plasma (DENP) with Boltzmann distributed negative ions.
Recently, Zobaer et al.’® have considered DENP with
Boltzmann distributed negative ions, and they investigated
the effects of nonplanar geometry on shock and solitary
waves in DENP.

Actually, wave-wave interactions are very interesting
and important nonlinear phenomena which occur during the
propagation of solitary waves in plasmas. The interesting
features of the collision between solitary waves have been
revealed: when two solitary waves approach closely, they
interact, exchange their energies and positions with each
other, and then separate off, regaining their original wave
forms.'® Throughout the whole process of the collision, the
solitary waves are remarkably stable entities, preserving their
identities through interaction; the unique effect due to the
collision is their phase shift and the trajectories.'® In a one-
(or quasi-one-) dimensional system, there are two distinct
soliton interactions. One is the overtaking collision'” and the
other is the head-on collision.'® In three-dimensional (3D)
systems, the general case is 0 < 0 < 7, where 0 is the angle
between two propagation directions of the two solitary
waves, so the head-on collision and the overtaking collision
are only two special cases for § = 7 and 0 = 0, respectively.
In general, for the interaction (i.e., the oblique collision)
between two solitary waves in 3D systems, we must search
for the evolution of the solitary waves propagating in two
different directions, and hence we need to employ a suitable
asymptotic expansion to solve the original hydrodynamic
equations, e.g., using the extended Poincaré-Lighthill-Kuo
(PLK) perturbation method.'®?° Indeed, the reality which
cannot be ignored is that the one-dimensional geometry may

© 2013 AIP Publishing LLC
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not be a realistic situation in laboratory devices and in space.
However, the oblique collision of solitary waves in a three
dimensional geometry is more realistic in a magnetized dusty
electronegative plasma, especially, of D- and F-regions of
the Earth’s ionosphere.

However, there are few investigations of the oblique
collision of solitary waves in 3D geometry for different
plasma systems.?'>* For example, Xue®' discussed how the
magnetic field significantly modifies the solitons collision
property. Han er al.* discussed the existence of ion-acoustic
solitary waves and their interaction in a weakly relativistic
two-dimensional thermal plasma. They>? found that the rela-
tivistic factor has significant influence on the amplitude, the
width of the newly formed nonlinear wave. Liang er al.*?
obtained the phase shifts after collision of two solitary waves
with an arbitrary angle. They®® illuminated that the value of
phase shift increases as the angle between the propagation
directions of two solitary waves increase. El-Labany er al.**
found that the magnitude of the phase shift of the dust-
acoustic solitary waves depends directly on the angle of the
oblique collision and the concentrations of the two types of
isothermal ions.

To the best of our knowledge, there are no previous
investigations for the interaction of ion-acoustic (IA) soli-
tary waves in DENP in the presence of an external magnetic
field. Though, the aim of this study is to demonstrate the
existence of phase shift after the oblique collision between
two IA solitary waves using the extended PLK method in
3D geometry, in DENP with Boltzmann distributed nega-
tive ions and dust polarity effect. It should be mentioned
here that this work is applicable in many plasma environ-
ments having negative ion species, such as D- and F-
regions of the Earth’s ionosphere' ™ as well as some labora-
tory plasma experiments.’® This paper is organized as
follows: In Sec. II, we apply the extended PLK method to
the magnetized DENP system considering the dust polarity
effect. Analytically, two Korteweg-de Vries (KdV) equa-
tions are derived for describing the dynamics of the two IA
solitary waves. Furthermore, the phase shifts and the trajec-
tories are estimated. Section III is devoted for numerical
investigations and the discussion.

Il. THE OBLIQUE COLLISION BETWEEN TWO
ION-ACOUSTIC SOLITARY WAVES

We consider a three-dimensional, magnetized, and
collisionless four-component plasma consisting of cold mo-
bile positive ions, Boltzmann distributed negative ions,
Boltzmann distributed electrons, and stationary dust particles
with positive or negative charge. The external magnetic field
is directed along the z axis, i.e., B = ByZ, where Z is the unit
vector along the z axis. At equilibrium, the charge neutrality
condition reads as njy = n.0 + Ny, — 0Zqng,, Where nyg, 1.0,
nn0, and ngq are, respectively, positive ion, electron, negative
ion, and dust number densities at equilibrium. Z, is the num-
ber of electrons residing onto the surface of a stationary dust
and 6 = +1(—1) for positive (negative) dust."® The dynam-
ics of the positive ion fluid are governed by the hydrody-
namic equations, nam'aly,12
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811,- o
5 T V-lniw) =0, (1)
81/{,' ~
E + (MZV)M, = —V¢ + Q(I/ll X Z), (2)
V2 = oe? + e — ni =y, (3)

where n; and u; are the number density and velocity of
the positive ion fluid. p,(= neo/nio), W,(= fno/nip) and
Wy (= Zang,/ni,) are the ratio of the electron, the negative
ion and the dust number densities to the ion number density
at equillibrium, respectively. a(= T,/T,) is the ratio between
the electron temperature to the negative ion temperature.
Q(: eB,/ micw,,i) is the ion cyclotron frequency normalized
by the ion plasma frequency w;(= +/4me?n;,/m;). The fol-
lowing normalizations are used

ni = nifnio, uj — u;/Cj,

¢ — edp/KT,, t— twy, YV — ApV,

where C;(= +/KT,/m;) is the ion-acoustic speed and
Jp(= /KT, /4re?n;,) is the Debye length.

Now, in order to analyze the effects of quasielastic
oblique collision of two solitons S1 and S2 in magnetized
dusty electronegative plasmas, we assume that they are,
asymptotically, far apart in the initial state and travel
toward each other. After some time they interact, and the
amplitude of overlapping waves is greater than the alge-
braic sum of the individual solitons before the collision.
Moreover, the amplitude slightly dips immediately after the
collision and returns to its value before the collision at a
later time. Accordingly, we employ the extended PLK per-
turbation method'®?® to study the oblique collision
between S1 and S2. According to this method, we introduce
the stretched coordinates®'**

E=e(lax+ Ly +Liz—cit) + ezPo(r], )4
n= €(l,x‘2x + lyzy + Iz + Czl) + 62Q0(f, ‘E) + e D, 4)

T=¢€1,

where £ and 7 denote the trajectories of the two solitons S1
and S2 propagating, respectively, in two different directions
of Rl(: Lax + lyly + l;lZ) and Rz(: Lox + lygy + l;gZ) at
Po(n,7) = Qo(&,7) = 0. After interaction, the trajectories
will be changed and hence Py(n,7) # 0 and Qo(¢,7) # 0.
Here, ¢, and ¢, are the unknown phase velocities of the
two IA solitary waves (to be determined later). Before going
into details, let us determine the angle 0 between the
directions of propagation of the two waves, which is given
by 0 = cos '((Lulw + bl + Laka)/[(By + 6y + 2)"?
() + By + 3)'%)), where Ly, L1, Ly (Lo, Lo, 1) are the
directional cosines of S1 (S2) wave vector along the x-, y-,
and z- axes, respectively. Also, the functions Py(#, 7) and
Qo(¢&, 1) are to be determined later. The dependent variables
are expanded as
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ni=1+eny+np +e*ng + - -
¢ =+ b+ ey +

e = Eug + g + - : )
uy, = e3uy1 + e4uy2 +

u, = ezuzl + 6314_72 + e4u23 + -

Substituting Egs. (4) and (5) into the set of Egs. (1)—(3), then
collecting terms of the same powers of e, for the lowest non-
zero order, we get

¢ = d5(& 1) + Dl (n,7), 6)
lzl 2 ¢ 122 2 n
njp = (c_1> $1(& 1) + <c—2) $1(1,7), (7

)

Ly
Uz :Ck_ll(bi(év ) (br](’/h )7 (8)

L _k0giE D) La0gi(nT)
T o¢ Q op

L 0gi(ET) 12 0di(n,7)

(C))

(10)

Using the solvability condition, the phase velocities ¢; and
¢, are obtained as

2,
) = £ , 11
1 \/1+5ud+(6—1)ﬂn (an
2,
= z . 12
? 1+ dpy+ (0 —u, (12

The unknown functions ¢5(¢,7) and ¢l (n,7) will be
determined at higher orders. Equations (6)—(10) imply that,
at the lowest nonzero order, we have two waves, one of them
is traveling toward each other. For the next-order, we obtain

¢y = $5(&7) + ¢ (1, 7), (13)
lzl z 14 122 2 n
njp = (Cl> ¢2(§,T) + (C_Z) 2(1/]7‘5)) (14)
lzl 14 122 n
[25%) :C_l¢2(évf) _C_2¢2(7]7T)7 (15)
cily Pdi(E1)  caly PPi(n.7)
_ o o2 Q o 16
“Tal e | odmy |07
x1 85 x2 81’]
—cily PP (E,7) " 2l 8P (n,7)
e 2o

Furthermore, for the next order of e, after some alge-
braic manipulation, we obtain the following equation:
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2, (|0 d ¢
—2(c1ln +calay)usz = 71J ;il +A19] 8421 6?1] a
2 3 00
+2122J 8(;’) 4 ¢,7 8(]5 0 ol dé
ot 311

+J”D1% T Ed] }dédn

—J”Dza(ﬁ%ml]dédn, (18)

1 (32 c
Ay == 2] B, = %
2 262<c§ >, 2 2,

122 2 L1l
D, =2 =+ qly E2:l72 14+—=1.
. Cc1c2

The first (second) term on the right hand side of Eq. (18)
will be proportional to 7(&) because the integrated function
is independent of #(&). Thus, the first two terms of Eq. (18)
are all secular terms, which must be eliminated in order to
avoid spurious resonances. Hence, we have

8 14 a ¢ 83 ¢
;5 + A5 a‘i + B, 6? =0, (20)
a n a n 83 n
%—A ’{; ) a;? —0. Q1)

The third and the fourth terms in Eq. (18) are not secular
terms, but they will generate secular contributions at the next
higher order, so they must vanish and the leading equations
for the phase shifts read

OP E

a—n" Dll 7, (22)
0 E, .

=l 3)

It is well known that the solitary wave solutions of KdV
equations (20) and (21) are the “sech squared” solitons, given as

.\ 12 ]
§ . A ¢ 1 ,
d)? = ?mseChz ( llzqzllm> (é + §Al¢]émf>

/2 |
Ayl ! 1
¢1 = ], sech’® KTBZ) n— §Az¢7mf

where qSlm and ¢/ are the amplitudes of solitons S1 and S2
in their initial positions. The leading phase changes due to
the collision can be calculated from Eqgs. (22) and (23) as

(24)

(25)
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, —E; (12B,¢" \ '
NN=—\—
0(7]7 ) Dl Al
Ay \ 2 1
tanh 1m O -1
x fan [(12&) n=3 4201, ’
(26)

1/2
—E, [ 12By¢)¢
Qo(&,7) = D—; <%>

.\ 12
A5 1 ¢
h|| —2 —A105 1
X tan ( 1231 €+3 1¢1m‘[ +
(27)

Substituting Eqgs. (26) and (27) into Eq. (4), we obtain the
trajectories of the two solitary waves for oblique collision as

2 ﬂ (1231(]5,17"1) 2
1

Ay

AN
o ()" (3 L)

f = E(lxlx+ lyly + 1z — Clt) — €

J’_ ceey
(28)
¢ 1/2
E, [ 12B,¢5
n= e(lxzx + lyzy + 1z + CQ[) - €2D—22 (%)
S\ 12
A5 1
X tanh (%ﬁr) (é + §Al¢§m‘c> + 1 + te
(29)

To obtain the phase shifts after the oblique collision of
the two solitons, we assumed that the two solitons S1 and S2
are, asymptotically, far from each other at the initial time
(t = —00), i.e., soliton S1 is at ¢ =0, n = —oo and soliton
S2 is at # =0, & = +o00. After the collision (1 = +00), the
soliton S1 is far to the right of soliton S2, i.e., soliton S1 is at
¢ =0, n = +o0 and soliton S2 is at n = 0, £ = —oc0. Using
Eqgs. (28) and (29) we obtain the corresponding phase shifts
APy and AQy as follows:

E, (12B,¢! \'*
APy = 26 D_ll (%) : (30)
1/2
2 EZ 12quslém
AQ() = —2¢ 172 T . (31)

lll. NUMERICAL INVESTIGATIONS AND DISCUSSION

We consider a magnetized dusty electronegative plasma
consisting of cold positive ions fluid, isothermal electrons,
isothermal negative ions with immobile positively/negatively
charged dust particles. The oblique collision between two [A
solitary waves propagating in the plasma is studied. Though,
the extended PLK perturbation method is employed to derive
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the expressions for the phase shifts APy and AQy. It is clear
from Egs. (11), (12), (19), (30), and (31) that the phase shifts
depend upon the physical parameters of the plasma system.
For instance, the magnitude of the phase shift depends on the
initial amplitudes of IA solitary waves with large amplitudes
causing large phase shifts.>> Accordingly, the effects of the
oblique collision (i.e., 8 # 0 or n), the dust density, the dust
polarity, the temperature and the density of negative ions,
and the static magnetic field on the phase shifts and trajecto-
ries of the two IA solitons after the oblique collision are dis-
cussed as follows.

In Figure 1, the electrostatic potential (,bf is plotted against
¢, showing the presence of only the bell-shaped electrostatic
potential of one wave. It is clear from Figure 1 that the width
of the electrostatic potential decreases as the temperature of
negative ions ¢ increases. Moreover, the dust polarity effect is
shown by taking 6 = +1 for positive dust or 6 = —1 for nega-
tive dust; the width of the potential in case of positive dust is
larger than the case of negative dust. Figures 2(a) and 2(b)
demonstrate the variation of the positive ion density (n;)
against the space coordinate R{(= [yx+ [,y +11z) and
the time variable ¢ for 6 = +1 (Figure 2(a)) and 6 = —1
(Figure 2(b)). Figure 2 shows that two propagated IA solitons
approach to each other, collide, and asymptotically separate
away. We observe that during oblique collision one practically
motionless composite structure is formed for some time inter-
val. In other words, it is shown that when two same amplitude
IA solitary waves interact obliquely, a new nonlinear wave is
formed during their interaction which moves ahead of the col-
liding TA solitary waves; both its amplitude and width are
larger than those of colliding solitary waves. Therefore, as a
result to create a new nonlinear wave, the IA solitary waves af-
ter the oblique collision are delayed. That is to say, the phase
shift depends directly on a new created nonlinear wave. After
the oblique collision, it is easy to find the propagation of the
two solitons along the deviated trajectories from the initial tra-
jectories. In fact, these deviations are just the phase shifts for
the two IA solitons. Accordingly, one can see that the new

FIG. 1. The bell-shaped electrostatic potential </>} of one IA solitary wave
for the following cases: 6 = +1(—1) for blue (red) curve, ¢ = 10(11) for
solid (dashed) curve. The parameters are set as e=0.05/1; =1y
=1;=01,1=0,Q=02,p, =04, u, =04,¢5, = ¢1, =03.
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FIG. 2. Profile of interaction between the two IA solitary waves of the same amplitude, (a) for 6 = +1, (b) for 6 = —1, where ¢ = 10,¢ =0.1,0 = 7/1.172
(ie., Ly =0.1,1,; =0.1,; =0.6,1,, = 0.1,/,p = 0.1, [, = —0.6). The other parameters are the same as in Figure 1.

nonlinear wave width for concentration of negatively charged
dust particles is greater than the width of the new nonlinear
wave for concentration of positively charged dust particles.
Therefore, the deviation of the trajectories (phase shifts) in
case of negative polarity dust is larger than the case of positive
polarity dust. Figures 3(a)-3(d) represent the space-time coor-
dinates plots of the two colliding IA solitons in order to show

the existence of the phase shifts clearly. In these coordinates
wave phenomena look as sloped straight lines. The two collid-
ing IA solitary waves trajectories are then represented by two
crossing straight lines. It is clear that there is a small temporal
delay between converging (left part of the plots) and diverging
(right part of the plots) waves. To measure the propagation
delay of the waves we fitted their trajectories with straight lines

FIG. 3. Space-time plots of two
colliding IA solitons at different values
of the oblique angle 0. Degree of
brightness indicates n;;. Each line
marks the soliton path before and
after the collision. The values of the

angle 6 are as the following:
(a) plotted for 0 = 7/2.552 (i.e., ,; =
0.1,y = 0.1,y = 0.1,1o = 0.1, 1

=0.1,/,, = —0.1). (b) plotted for 0
= 1/1.644 (ie.. [y = 0.1, = 0.1, 1,
= 02,05 =0.1,1p =0.1,1, = —0.2).
(c) plotted for 0 ==n/1.276 (i.e., Iy
=0.1,0y =0.1,L; =04, =0.1,1,
=0.1,1,, = —0.4). (d) plotted for 0
= 1/1.172 (ie.. Ly = 0.1, 1 = 0.1, 1,
=0.6,1p = 0.1, = 0.1,1., = —0.6).
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FIG. 4. The contour regions for
the phase shift AP, versus y, and o at
R=1,t=10,Q=04,u,=04,0=
n/1276 (e, Ly =0.1,I,; =0.1,1;
=04,lp=01,1;p =0.1,[, = —0.4).
(a) for 6 = +1, (b) for 6 = —1.

0.9 P
0.8
P!
0.7
Q 0.6F
0.5

04F)

03

3

FIG. 5. The contour regions for the
phase shift APy versus f, and Q at
R=11t=10,0 = 10,u;, = 0.3, 0
=n/1276 (i.e., [1=0.1,l,;=0.1,1,
=04,1,,=0.1,,,=0.1,l,=—0.4). (a)
for 6=+1, (b) for 6=—1.

0.2 03 0.4 0.5 06 0.7

Un
(a)

separately before and after the oblique collision obtaining two
pairs of lines. These lines cross at two different points. The
delay time At was determined from the offset between the
crossing points. Owing to increase (decrease) /.1 (/.,) the angle
between the propagation directions of IA solitary waves
increases, which give rise to increase phase shifts (i.e., Af) as
depict in Figure 3. Crucially, the propagation delay in our nu-
merical results increases with the increase of the angle between
the propagation direction of IA solitons.

The variation of the phase shift AP, with the dust num-
ber density (,) and the temperature of negative ions () is
shown in Figure 4 (for positive polarity dust, i.e., Figure
4(a) and for negative polarity dust, i.e., Figure 4(b)). We
can see that AP, decreases as both p, and ¢ increase. So,
the temperature of negative ions has a significant effect
on the phase shift which can not be ignored specially
when negative ions obey Boltzmann distribution.
Apparently, AP, for negative (positive) dust particles
decreases smoothly (gradually) with increasing of the dust
number density (i) and the temperature of negative ions
(0). Moreover, Figures 5(a) and 5(b) indicate that APy
decreases as both the negative ion density (,) and the ion

(b)

cyclotron frequency (Q) increase. For a given value of ,,
the phase shift curves when Q < 0.3 are fairly near to each
other, but the phase shift curves when Q > 0.3 are far away
from each other. Moreover, for a given value of the parame-
ter Q, especially for Q < 0.3 (Q > 0.3), phase shift APy
decreases gradually (smoothly) with increasing of p,.
Accordingly, it is worth to notice that Q and p, have strong
effects on the IA solitary waves collision.

At last, these findings should be very useful for explain-
ing the interaction features of the nonlinear IA solitary waves
in space environment'™ (e.g., D- and F-regions of the
Earth’s ionosphere) as well as laboratory devices’® where
dusty electronegative plasma with Boltzmann distributed
negative ions and dust polarity effect exists.

ACKNOWLEDGMENTS

The authors would like to express their gratitude to the
referees for a number of valuable criticisms and comments
that have led to improvement of the original manuscript. The
authors also thank the editor and his staff for their kind
cooperation.



122114-7 El-Labany, EI-Shamy, and Behery

'H. Massey, Negative Ions, 3rd ed. (Cambridge University Press,
Cambridge, 1976), p. 663.

2W. Swider, in lonospheric Modeling, edited by J. N. Korenkov
(Birkhauser, Basel, 1988), p. 403.

3P H. Chaizy, H. Reme, J. A. Sauvaud, C. d’uston, R. P. Lin, D. E. Larson,
D. L. Mitchell, K. A. Anderson, C. W. Carlson, A. Korth, and D. A.
Mendis, Nature (London) 349, 393 (1991).

“A. D, Coates, F. J. Crary, G. R. Lewis, D. T. Young, J. H. Waite, Jr., and E.
C. Sittler, Jr., Geophys. Res. Lett. 34, 1.22103, doi:10.1029/2007GL030978
(2007).

SP. Kocian, Phys. Fluids 18, 1710 (1975).

°B. Song, N. D’Angelo, and R. L. Merlino, Phys. Fluids B 3, 284 (1991).

1. Kaganovich, Phys. Plasmas 8, 2540 (2001).

8Y. Ghim and N. Hershkowitz, Appl. Phys. Lett. 94, 151503 (2009).

°N. D’Angelo, J. Phys. D 37, 860 (2004).

105 H. Kim and R. L. Merlino, Phys. Plasmas 13, 052118 (2006).

. Rosenberg and R. L. Merlino, Planet. Space Sci. 55, 1464 (2007).

2A. A. Mamun, P. K. Shukla, and B. Eliasson, Phys. Rev. E 80, 046406
(2009).

Phys. Plasmas 20, 122114 (2013)

W. M. Moslem, U. M. Abdelsalam, R. Sabry, and P. K. Shukla, New J.
Phys. 12, 073010 (2010).

"E. A. Bogdanov and A. A. Kudryavtsev, Tech. Phys. Lett. 27, 905 (2001).

I5M. S. Zobaer, K. N. Mukta, L. Nahar, N. Roy, and A. A. Mamun, Phys.
Plasmas 20, 043704 (2013).

!N J. Zabusky and M. D. Kruskal, Phys. Rev. Lett. 15, 240 (1965).

17C.'S. Gardner e al., Phys. Rev. Lett. 19, 1095 (1967).

'8C. H. Su and R. M. Mirie, J. Fluid Mech. 98, 509 (1980).

YA, Jeffery and T. Kawahawa, Asymptotic Methods in Nonlinear Wave
Theory (Pitman, London, 1982).

20G. Huang and M. G. Velarde, Phys. Rev. E 53, 2988 (1996).

21J. K. Xue, Chin. Phys. 15, 562 (2006).

22J.N. Han, S. L. Du, and W. S. Duan, Phys. Plasmas 15, 112104 (2008).

2G. Z. Liang, J. N. Han, M. M. Lin, J. N. Wei, and W. S. Duan, Phys.
Plasmas 16, 073705 (2009).

243, K. El-Labany, E. F. El-Shamy, and M. Sokry, Phys. Plasmas 17,
113706 (2010).

25p, Harvey, C. Durniak, D. Samsonov, and G. Morfill, Phys. Rev. E 81,
057401 (2010).


http://dx.doi.org/10.1038/349393a0
http://dx.doi.org/10.1029/2007GL030978
http://dx.doi.org/10.1063/1.861089
http://dx.doi.org/10.1063/1.859736
http://dx.doi.org/10.1063/1.1343088
http://dx.doi.org/10.1063/1.3119627
http://dx.doi.org/10.1088/0022-3727/37/6/009
http://dx.doi.org/10.1063/1.2204830
http://dx.doi.org/10.1016/j.pss.2007.04.012
http://dx.doi.org/10.1103/PhysRevE.80.046406
http://dx.doi.org/10.1088/1367-2630/12/7/073010
http://dx.doi.org/10.1088/1367-2630/12/7/073010
http://dx.doi.org/10.1134/1.1424388
http://dx.doi.org/10.1063/1.4801004
http://dx.doi.org/10.1063/1.4801004
http://dx.doi.org/10.1103/PhysRevLett.15.240
http://dx.doi.org/10.1103/PhysRevLett.19.1095
http://dx.doi.org/10.1017/S0022112080000262
http://dx.doi.org/10.1103/PhysRevE.53.2988
http://dx.doi.org/10.1088/1009-1963/15/3/020
http://dx.doi.org/10.1063/1.3027509
http://dx.doi.org/10.1063/1.3184822
http://dx.doi.org/10.1063/1.3184822
http://dx.doi.org/10.1063/1.3494569
http://dx.doi.org/10.1103/PhysRevE.81.057401

