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Nonplanar Dust-Ion Acoustic Solitary Waves in
Warm Plasma With Superthermal Electrons

Parvin Eslami, Marzieh Mottaghizadeh, and Hamid R. Pakzad

Abstract— Using the reductive perturbation technique, a
cylindrical/spherical Korteweg–de Vries (KdV) equation is
derived for dust-ion acoustic solitary wave (DIASW) in an
unmagnetized dusty plasma, whose constituents are adiabatic ion
fluid, superthermal electrons, and negatively charged static dust
particles. The solution of modified KdV equation in nonplanar
geometry is numerically analyzed. The change of the DIASW
structure due to the effect of the geometry, superthermal parame-
ter, dust density, and ion temperature is investigated by numerical
calculation of the cylindrical/spherical KdV equation.

Index Terms— Dust-ion-acoustic solitons, dusty plasmas,
nonplanar geometry, reductive perturbation method, superther-
mal electrons.

I. INTRODUCTION

DUST is ubiquitous in most space and astrophysical
plasma systems, such as molecular clouds, protostellar

disks, interstellar and circumstellar clouds, asteroid zones,
planetary atmospheres, interstellar media, cometary tails, neb-
ula, earth’s ionosphere, and so on [1]–[4]. Dust particles are
not neutral, but are charged either negatively or positively
depending on the ambient plasma environments [5]–[7]. One
of the important electrostatic dust-associated waves, which
exist in unmagnetized dusty plasmas, is the low-frequency
dust-ion acoustic waves (DIAWs). Shukla and Silin [8] have
first theoretically shown that due to the conservation of equi-
librium charge density ne0 + Zd nd0 = ni0, and the strong
inequality ne0 � ni0 [where ne0, nd0, and ni0 are, respectively,
electron, dust, and ion number density at equilibrium, Zd is
the number of electrons residing onto the dust grain surface,
and e is the magnitude of the electronic charge] a negatively
dusty plasma supports low-frequency DIAWs with phase speed
much smaller (larger) than the electron (ion) thermal speed.
The DIAWs have also been observed in laboratory experiments
[9], [10]. Note that the DIAWs significantly differ from the
dust acoustic (DA) waves in which the dust dynamics must
be considered, i.e., the inertia is provided by the dust particle
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mass, and the restoring force comes from the pressures of
inertialess electrons and ions [11]–[13]. The linear properties
of the DIAWs in dusty plasmas are now well understood
from both theoretical and experimental points of view [6],
[8], [10], [14]. The nonlinear features of the DIAWs have also
received a great deal of interest in understanding the basic
properties of localized electrostatic perturbations in space and
laboratory dusty plasmas [6], [10], [18]–[21]. The DIA solitary
waves (DIASWs) have also been investigated [15]–[19], but
the works [16], [19]–[21] are valid only for an unmagnetized
dusty plasma with cold ions and isothermal (Maxwellian)
electrons. Recently, Mamun [22] has investigated the basic
properties of 1-D DIASWs in an unmagnetized adiabatic
dusty plasma, which contains noninertial adiabatic electrons,
inertial adiabatic ions, and negatively charged static dust.
More recently, some authors studied DA and DIA solitary and
shock structures in a dusty plasma with electrons following a
q-nonextensive distribution [23]–[25]. Numerous observations
of space plasmas [26], [27] indicate clearly the presence of
superthermal electron and ion structures as ubiquitous in a
variety of astrophysical plasma environments. Plasmas with
an excess of superthermal (non-Maxwellian) electrons are
generally characterized by a long tail in the high energy
region. To model such space plasmas, generalized Lorentzian
of k distribution has been found to be appropriate rather than
the Maxwellian distribution [28]–[31]. Kappa distribution has
been used [32]–[36] in studying the effect of Landau damping
on various plasma modes. Superthermal plasma behavior was
observed in various experimental plasma contexts, such as
laser matter interactions or plasma turbulence [37]. At very
large values of the spectral index k, the velocity distribution
function approaches a Maxwellian distribution, while for low
values of k, they represent a hard spectrum with a strong
non-Maxwellian tail having a power law form at high speeds.
Recently, some researches have been done on electron, ion,
dust, and DIASWs using superthermal distribution for ions
and/or electrons [35], [38]–[41]. Theoretical researches show
that the properties of SWs in bounded nonplanar geometry
are very different from those in unbounded planar geom-
etry [42]. More recently, the effects of superthermal elec-
trons on DIASWs in an adiabatic dusty plasma containing
positively and negatively charged dust has been investigated
in [43]. To study the DIAWs in the nonplanar geometry
with radial symmetry, we consider an unmagnetized plasma
whose constituents are stationary dust grains, cold inertial ions,
and superthermal electrons.We have employed the reductive
perturbation method (RPM) to derive the dynamical equations
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for the nonlinear propagation of the electrostatic waves in
dusty plasma under consideration. The organization of this
paper is as follows. In Section II, the basic equations are given.
We have derived the cylindrical/spherical Korteweg–de Vries
(KdV) equation using RPM in Section III. In Section IV, the
effect of the geometry, superthermal parameter, dust density,
and ion temperature on DIASW structures is considered.
Finally, conclusions are drawn in Section V.

II. THEORETICAL MODEL AND BASIC EQUATION

We consider an unmagnetized dusty plasma system consist-
ing of adiabatic ion fluid, superthermal distributed electrons,
and static negatively charged dust particles. The nonlinear
dynamics of the DIAWs in such a dusty plasma system in
nonplanar cylindrical and spherical geometries is governed
by [44]
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where ν = 0, for 1-D geometry and ν = 1(2) for a nonplanar
cylindrical (spherical) geometry. The variables ion number
density (ni ), ion fluid velocity (ui ), ion thermal pressure
(pi), and the electrostatic potential ϕ are normalized by the
ion equilibrium density ni0, effective ion acoustic velocity
Ci = √

Te/mi, ni0Ti , and the quantity Te/e, respectively. The
space and time variables are normalized to the Debye radius
λDe = √

Te/4πni0e2 and the reciprocal ion plasma frequency
ω−1

pi = √
mi/4πni0e2, respectively. We have set μ = ne0/ni0

and σ = Ti/Te, in which Te and Ti are the electron and
the ion fluid temperature, respectively. It may be noted that
Zdnd0/ne0 = (1 − μ)/μ, we set Zd = 1. The electrons are
assumed to be superthermally distributed; consequently, the
normalized number density of electron is given by

ne =
(

1 − φ

k − 1/2

)−k−1/2

(5)

where k is a real parameter measuring deviation from
Maxwellian equilibrium (recovered for k infinite), the normal-
ization has been provided for any value of the k >1/2 [44],
[45].

III. DERIVATION OF THE NONPLANAR KDV EQUATION

In what follows we will apply the standard reductive per-
turbation technique to (1)–(5) to obtain the modified KdV
equation. According to this method, we introduce the stretched
space-time coordinates τ and ξ through the relations [46]

τ = ε3/2t, ξ = ε1/2(r − V0t) (6)

where ε is a small parameter and V0 is the wave phase velocity.
Now, we expand each variable in powers of ε as

ni = 1 + εn(1)
i

+ ε2n(2)
i + ε3n(3)

i + . . . (7)
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ϕ = εϕ(1) + ε2ϕ(2) + ε3ϕ(3) + . . . . (10)

On substituting (7)–(10) into (1), using (6) and collecting the
terms in the different powers of ε, the cylindrical and spherical
KdV equation is derived
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where coefficients of A and B are
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where A and B are the coefficients of nonlinearity and
dispersion, respectively. If we put ν = 0 in (11), we obtain
the planar KdV equation ν = 1, 2 corresponds to the KdV
equations in the cylindrical and spherical geometries.

IV. NUMERICAL RESULTS AND DISCUSSION

In this section, we present numerical solutions of (11) using
a standard fourth-order Runge–Kutta scheme [46], the two-
level finite difference approximation method [47], and study
the geometrical effects on time-dependent DIASWs in dusty
plasma under consideration. Assuming ν = 0, a stationary
propagation of the DIASW governed by (11) has the following
form:

ϕ(1) = ϕm sec h2
(

ξ − u0τ



)
(13)

where φm = 3u0/A is the amplitude,  = √
4B/u0 is the

width (the full width at half maximum in the soliton profile) of
the SWs, and u0 is a constant velocity normalized to Ci . The
initial condition that we have used in all our numerical results
is the form of (13) at τ = −1.6 (at this stage the geometry
effect is weaker; hence, we can take this stage as the initial
stage of evolution). The results are shown in Figs. 1–7. Figs. 1
and 2 show that how the superthermal parameter k affects DIA
solitons in cylindrical and spherical geometries. In Fig. 1, the
cylindrical DIASWs have been plotted at τ = −31.6, −11.6,
for σ = 0.8, μ = 0.9 and different values of k. Fig. 1 shows
that amplitude increases with increase in τ as well as the value
of k. Furthermore, We see that a small value of k and thus an
increase in superthermality (decreasing k) increases the value
of speed of DIASWs. It was mentioned that the distribution of
electrons approaches the Maxwellian as k → ∞. Fig. 2 shows
the result for ν = 2; the rest of the parameters are the same
as those in Fig. 1. It is seen that the effect of superthermality
in the plasma is more pronounced in the spherical geometry.
Depending whether coefficient of nonlinearity A is positive
or negative, Fig. 3 shows that the DIASWs may exhibit
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Fig. 1. Time evolution of cylindrical SWs: ϕ(1) versus ξ at τ = −1.6, −11.6
for different values of k, with σ = 0.8, μ = 0.9.

Fig. 2. Time evolution of spherical SWs: ϕ(1)versus ξ at τ = −1.6, −11.6
for different values of k, with σ = 0.8, μ = 0.9.

compression and rarefaction revealing therefore that the fully
nonlinear behavior may be preserved to a large extent in
the weak nonlinear regime. It may be noted that in Fig. 3
coefficient of A is plotted against σ for different values of k
with μ = 0.3 and ν = 1. Similar behavior is observed for
the spherical geometry (figure not shown). Bacha et al. [23]
showed that DIA appears as rarefactive and compressive SWs
in the present of nonextensive electrons. They showed that
the variation of DIA soliton amplitude is different for small
and/or large values of nonextensive parameter [23]. Fig. 4
shows cylindrical rarefactive DIASWs for different values of
k with μ = 0.05, σ = 0.5 at τ = −31.6. The temporal
evolution of the rarefactive DIA solitons in a dusty plasma
for cylindrical geometry is also shown in Fig. 5 for μ = 0.1,
σ = 0.2, and k = 1.6. It is obvious that the amplitude of
cylindrical and spherical solitons increase rarefactively with
increasing superthermality in such plasma. These results are

Fig. 3. Variation of the coefficient A versus σ for different values k with
v = 1 and μ = 0.3.

Fig. 4. Cylindrical SWs: ϕ(1) versus ξ at τ = −1.6 for different values of
k, with σ = 0.5 and μ = 0.05.

Fig. 5. Time evolution of cylindrical SWs: ϕ(1)versus ξ at τ = −1.6, −21.6
with σ = 0.2, μ = 0.1 and k = 1.6.

also agreed with [19] for cylindrical and spherical DIASWs in
an unmagnetized dusty plasma, whose constituents are inertial
ions, Boltzmann electrons, and stationary dust particles. To see
the effect of ion-to-electron temperature ratio (σ) on the
characteristics of DIASWs, the time evolution of cylindrical
DIAWs excitation is plotted against ξ for different values of
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Fig. 6. Time evolution of cylindrical SWs: ϕ(1) versus ξ at τ = −1.6, −21.6
for different values of σ , with μ = 0.9 and k = 1.6.

Fig. 7. Time evolution of cylindrical SWs: ϕ(1)versus ξ at τ = −1.6, −21.6
for different values of μ, with σ = 0.8 and k = 1.6.

σ , viz., σ = 0.6, and σ = 0.8, as shown in Fig. 6. Other
parameters are k = 1.6 and μ = 0.9. From this figure, it is
shown that increasing of σ leads to the decrease in the soliton
amplitude. Thus increase in the ion temperature (relative to
electron) decreases the soliton amplitude. It is also found that
the cylindrical solitons travel slower than the spherical solitons
(figure not shown). Fig. 7 shows the effect of increasing of
the value of μ on the amplitude of DIASWs. It is clear
that increasing the amount of dust in this system leads to
increasing amplitudes of the DIASWs. The other parameters
are as follows: σ = 0.8 and k = 1.6. It is worth mentioning
here that the dust density can be expressed by the variation of
μ because of nd0/ne0 = (1 − μ)/μ. The above results can be
compared with other investigations. Mamun et al. [48] showed
that the amplitude of DIASWs decreases with the increase
of the trapping parameter of vortexlike electron distribution.
Alinejad [49] showed that an increase of the nonthermal
electron concentration can be leads to a decrease of the
soliton amplitude. Tribeche et al. [50] investigated the effect
of electron nonthermality on the large amplitude electrostatic
SWs in a charge varying dusty plasma. They found that the
nonlinear localized structure with positive potential shrinks
when the electron deviates from isothermality.

V. CONCLUSION

In conclusion, we have investigated the nonplanar cylin-
drical and spherical DIASW that is governed by the modi-
fied KdV equation in an unmagnetized dusty plasma, whose
constituents are adiabatic ion fluid, superthermal electrons,
and negatively charged static dust particles. The ranges of
different plasma parameters used in this investigations are
very wide (0.05<μ<0.9 and 0<σ <1), and are relevant
to [22], [52], [53]. To have some numerical appreciations of
our results, values of sigma parameter corresponding to the
Saturn rings (E ring and F ring) [53] and [54]. Thus, the
results of the present investigation may help us to explain
the basic features of DIASWs propagating in space [5], [6]
and laboratory [55] dusty plasmas. The nonplanar geometry
effect for DIASW is very strong for a small value of |τ |
and there are obvious differences between the cylindrical
and spherical DIASWs. It is seen that amplitude increases
with increase in τ as well as the value of superthermal
parameter k. Furthermore, we see that a small value of k
and thus an increase in superthermality increases the value
of speed of DASWs. It is also found that the amplitude of
cylindrical SWs is smaller than that of the spherical ones.
It may be noted that because of electron superthermality and
also other plasma parameters the DIASW may exhibit either
a compression or a rarefaction. The amplitude of DIASW
decreases with increasing of μ (decreasing of dust density)
and ion temperature. The purpose of studying the nonplanar
bounded plasma is to gain understanding on the propagation
characteristics of the DIAWs that are of vital importance in
laboratory plasmas as well as in plasma application. We also
stress that the present results may help to understand the salient
features of the cylindrical/spherical DIASWs when data for
laboratory observations become available. It is also important
to mention that the DIASWs are more suitable than the DAWs
to observe in laboratory dusty plasma conditions.

REFERENCES

[1] D. A. Mendis and M. Horanyi, Cometary Plasma Processes, vol. 61.
Washington, DC, USA: American Geophysical Union, 1991, p. 17.

[2] J. B. Pieper and J. Goree, “Dispersion of plasma dust acoustic waves
in the strong-coupling regime,” Phys. Rev. Lett., vol. 77, no. 15,
pp. 3137–3140, 1996.

[3] P. K. Shukla, “Dust ion-acoustic shocks and holes,” Phys. Plasmas,
vol. 7, no. 3, pp. 1044–1046, 2000.

[4] M. Rosenberg and R. L. Merlino, “Ion-acoustic instability in
a dusty negative ion plasma,” Planet. Space Sci., vol. 55, no. 10,
pp. 1464–1469, 2007.

[5] C. K. Goertz, “Dusty plasmas in the solar system,” Rev. Geophys.,
vol. 27, no. 2, pp. 271–292, 1989.

[6] P. K. Shukla and A. A. Mamun, Introduction to Dusty Plasma Physics.
London, U.K.: Institute of Physics, 2002.

[7] P. K. Shukla and B. Eliasson, “Nonlinear collective interactions in
quantum plasmas with degenerate electron fluids,” Rev. Mod. Phys.,
vol. 83, no. 3, pp. 885–906, 2011.

[8] P. K. Shukla and V. P. Silin, “Dust ion acoustic wave,” Phys. Scripta,
vol. 45, no. 5, p. 508, 1992.

[9] R. L. Merlino and J. Goree, “Dusty plasmas in the laboratory, industry,
and space,” Phys. Today, vol. 57, no. 7, pp. 32–38, 2004.

[10] A. Barkan, N. D’Angelo, and R. L. Merlino, “Experiments on ion-
acoustic waves in dusty plasmas,” Planet. Space Sci., vol. 44, no. 3,
pp. 239–242, 1996.

[11] P. K. Shukla and M. Rosenberg, “Boundary effects on dust-acoustic and
dust ion-acoustic waves in collisional dusty plasmas,” Phys. Plasmas,
vol. 6, no. 3, pp. 1038–1040, 1999.



ESLAMI et al.: NONPLANAR DIASWs IN WARM PLASMA 3593

[12] N. N. Rao, P. K. Shukla, and M. Y. Yu, “Dust-acoustic waves in dusty
plasmas,” Planet. Space Sci., vol. 38, no. 4, pp. 543–546, 1990.

[13] A. Barkan, R. L. Merlino, and N. D’Angelo, “Laboratory observation
of the dust-acoustic wave mode,” Phys. Plasmas, vol. 2, pp. 3563–3565,
Jun. 1995.

[14] P. K. Shukla and M. Rosenberg, “Boundary effects on dust-acoustic and
dust ion-acoustic waves in collisional dusty plasmas,” Phys. Plasmas,
vol. 6, no. 3, pp. 1038–1040, 1999.

[15] P. K. Shukla and A. A. Mamun, “Solitons, shocks and vortices in dusty
plasmas,” New J. Phys., vol. 5, pp. 17.1–17.37, Mar. 2003.

[16] R. Bharuthram and P. K. Shukla, “Large amplitude ion-acoustic solitons
in a dusty plasma,” Planet. Space Sci., vol. 40, no. 7, pp. 973–977, 1992.

[17] Y. Nakamura, H. Bailung, and P. K. Shukla, “Observation of ion-
acoustic shocks in a dusty plasma,” Phys. Rev. Lett., vol. 83, no. 8,
pp. 1602–1605, 1999.

[18] Y. Nakamura and A. Sharma, “Observation of ion-acoustic solitary
waves in a dusty plasma,” Phys. Plasmas, vol. 8, no. 9, pp. 3921–3926,
2001.

[19] A. Mamun and P. K. Shukla, “Cylindrical and spherical dust ion-acoustic
solitary waves,” Phys. Plasmas, vol. 9, no. 4, pp. 1468–1470, 2002.

[20] A. A. Mamun and P. K. Shukla, “The role of dust charge fluctuations on
nonlinear dust ion-acoustic waves,” IEEE Trans. Plasma Sci., vol. 30,
no. 2, pp. 720–724, Apr. 2002.

[21] A. A. Mamun and P. K. Shukla, “Nonlinear waves and structures in dusty
plasmas,” Plasma Phys. Controll. Fusion, vol. 47, no. 5A, pp. A1–A9,
2005.

[22] A. A. Mamun, “Effects of adiabaticity of electrons and ions on dust-ion-
acoustic solitary waves,” Phys. Lett. A, vol. 372, no. 9, pp. 1490–1493,
2008.

[23] M. Bacha, M. Tribeche, and P. K. Shukla, “Dust ion-acoustic solitary
waves in a dusty plasma with nonextensive electrons,” Phys. Rev. E,
vol. 85, no. 5, pp. 056413–056418, 2012.

[24] S. Yasmin, M. Asaduzzaman, and A. A. Mamun, “Evolution of higher
order nonlinear equation for the dust ion-acoustic waves in nonextensive
plasma,” Phys. Plasmas, vol. 19, no. 10, pp. 103703–103707, 2012.

[25] H. R. Pakzad, “Effect of q-nonextensive distribution of electrons on dust
acoustic shock waves in strongly coupled dusty plasmas,” Can. J. Phys.,
vol. 89, no. 10, pp. 1073–1078, 2011.

[26] W. C. Feldman, J. R. Asbridge, S. J. Bame, and M. D. Montgomery,
“On the origin of solar wind proton thermal anisotropy,” J. Geophys.
Res., vol. 78, no. 28, pp. 6451–6468, 1973.

[27] V. Formisano, G. Moreno, F. Palmiotto, and P. C. Hedgecock, “Solar
wind interaction with the Earth’s magnetic field: 1. Magnetosheath,”
J. Geophys. Res., vol. 78, no. 19, pp. 3714–3730, 1973.

[28] A. Hasegawa, K. Mima, and M. Duong-Van, “Plasma distribution
function in a superthermal radiation field,” Phys. Rev. Lett., vol. 54,
no. 24, pp. 2608–2610, 1985.

[29] R. M. Thorne and D. Summers, “Landau damping in space plasmas,”
Phys. Fluids, vol. B3, no. 8, pp. 2117–2123, 1991.

[30] D. Summers and R. M. Thorne, “Calculation of the dielectric tensor for
a generalized Lorentzian (kappa) distribution function,” Phys. Plasmas,
vol. 1, no. 6, pp. 2012–2025, 1994.

[31] R. L. Mace and M. A. Hellberg, “A dispersion function for plas-
mas containing superthermal particles,” Phys. Plasmas, vol. 2, no. 6,
pp. 2098–2109, 1995.

[32] M. A. Hellberg and R. L. Mace, “Generalized plasma dispersion function
for a plasma with a kappa-Maxwellian velocity distribution,” Phys.
Plasmas, vol. 9, no. 5, pp. 1495–1505, 2002.

[33] J. J. Podesta, “Spatial Landau damping in plasmas with three-
dimensional κ distributions,” Phys. Plasmas, vol. 12, no. 5,
pp. 052101–052110, 2005.

[34] H. Abbasi and H. H. Pajouh, “Influence of trapped electrons on ion-
acoustic solitons in plasmas with superthermal electrons,” Phys. Plas-
mas, vol. 14, no. 1, pp. 012307–012312, 2007.

[35] T. K. Baluku and M. A. Hellberg, “Dust acoustic solitons in plasmas
with kappa-distributed electrons and/or ions,” Phys. Plasmas, vol. 15,
no. 12, pp. 123705–123715, 2008.

[36] T. K. Baluka, M. A. Hellberg, I. Kourakis, and N. S. Saini, “Dust ion
acoustic solitons in a plasma with kappa-distributed electrons,” Phys.
Plasmas, vol. 17, no. 5, pp. 053702–053712, 2010.

[37] S. Magni, H. E. Roman, R. Barni, C. Riccardi, T. Pierre, and
D. Guyomarc’h, “Statistical analysis of correlations and intermittency
of a turbulent rotating column in a magnetoplasma device,” Phys. Rev.
E, vol. 72, no. 2, pp. 026403–026409, 2005.

[38] H. H. Pajouh and H. Abbasi, “Dust-ion-acoustic solitons in plasmas with
nonMaxwellian electron distribution function,” Phys. Plasmas, vol. 15,
no. 10, pp. 103705–103710, 2008.

[39] P. Eslami, M. Mottaghizadeh, and H. R. Pakzad, “Cylindrical and
spherical dust acoustic solitary waves in dusty plasma with superthermal
ions and electrons,” Astrophys. Space Sci., vol. 333, no. 1, pp. 263–268,
2011.

[40] K. Javidan and H. R. Pakzad, “Cylindrical and spherical electron
acoustic solitary waves in the presence of superthermal hot electrons,”
Astrophys. Space Sci., vol. 337, no. 2, pp. 623–628, 2012.

[41] M. Tribeche and N. Boubakour, “Small amplitude ion-acoustic double
layers in a plasma with superthermal electrons and thermal positrons,”
Phys. Plasmas, vol. 16, no. 8, pp. 084502–084505, 2009.

[42] A. A. Mamun and P. K. Shukla, “Effects of nonthermal distribution
of electrons and polarity of net dust-charge number density on non-
planar dust-ion-acoustic solitary waves,” Phys. Rev. E, vol. 80, no. 3,
pp. 037401–037404, 2009.

[43] H. Alinejad, “Effect of dust polarity on dust ion-acoustic localized
structures in a superthermal dusty plasma,” Astrophys. Space Sci.,
vol. 339, no. 2, pp. 249–254, 2012.

[44] N. Jehan, S. Mahmood, and M. Mirza, “Cylindrical and spherical ion-
acoustic solitons in adiabatically hot electron-positron-ion plasmas,”
Phys. Scripta, vol. 76, no. 6, p. 661, 2007.

[45] N. Boubakour, M. Tribeche, and K. Aoutou, “Ion acoustic solitary waves
in a plasma with superthermal electrons and positrons,” Phys. Scripta,
vol. 79, no. 6, p. 065503, 2009.

[46] H. W. Press, A. S. Teukolsky, T. W. Vetterling, and P. B. Flannery,
Numerical Recipes in Fortran, 2nd ed. Cambridge, U.K.: Cambridge
Univ. Press, 1992.

[47] S. Maxon and J. Viecelli, “Spherical solitons,” Phys. Rev. Lett., vol. 32,
no. 1, pp. 4–6, 1974.

[48] A. A. Mamun and P. K. Shukla, “Nonplanar dust ion-acoustic solitary
and shock waves in a dusty plasma with electrons following a vortex-like
distribution,” Phys. Lett. A, vol. 374, no. 3, pp. 472–475, 2010.

[49] H. Alinejad, “Dust ion-acoustic solitary and shock waves in a dusty
plasma with nonthermal electrons,” Astrophys. Space Sci., vol. 327,
no. 1, pp. 131–137, 2010.

[50] M. Tribeche and G. Boumezoued, “Effect of electron nonthermality on
nonlinear electrostatic solitary waves in a charge varying dusty plasma,”
Phys. Plasmas, vol. 15, no. 5, pp. 053702–053708, 2008.

[51] B. Sahu, “Cylindrical or spherical dust-ion acoustic shocks in an
adiabatic dusty plasma,” Bulg. J. Phys., vol. 38, no. 2, pp. 175–183,
2011.

[52] J. K. Xue, “Nonplanar dust-ion acoustic shock waves with transverse
perturbation,” Phys. Plasmas, vol. 12, no. 1, pp. 012314–012318, 2005.

[53] B. A. Smith, L. Soderblom, R. F. Beebe, J. M. Boyce, G. Briggs,
A. Bunker, S. A. Collins, C. Hansen, T. V. Johnson, J. L. Mitchell,
R. J. Terrile, M. Carr, A. F. Cook, J. Cuzzi, J. B. Pollack, G. E. Daniel-
son, A. Ingersoll, M. E. Davies, G. E. Hunt, H. Masursky, E. Shoemaker,
D. Morrison, T. Owen, C. Sagan, J. Veverka, R. Strom, and V. E. Suomi,
“Encounter with Saturn: Voyager 1 imaging science results,” Science,
vol. 212, no. 4491, pp. 163–191, 1981.

[54] B. A. Smith, L. Soderblom, R. M. Batson, P. M. Bridges, J. L. Inge,
H. Masursky, E. Shoemaker, R. F. Beebe, J. Boyce, G. Briggs,
A. Bunker, S. A. Collins, C. J. Hansen, T. V. Johnson, J. L. Mitchell,
R. J. Terrile, M. Carr, A. F. Cook II, J. Cuzzi, J. B. Pollack, G. E. Daniel-
son, A. Ingersoll, M. E. Davies, G. E. Hunt, D. Morrison, T. Owen,
C. Sagan, J. Veverka, R. Strom, and V. E. Suomi, “A new look at the
Saturn system—The Voyager 2 images,” Science, vol. 215, pp. 504–537,
Jan. 1982.

[55] G. S. Selwyn, “A phenomenlogical study of particulates in plasma tools
and processes,” Jpn. J. Appl. Phys., vol. 32, no. 6S, pp. 3068–3073, 1993.

Authors’ photographs and biographies not available at the time of publication.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


