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Dust grain charging processes are presented in a non-Maxwellian dusty plasma following the
Cairns-Tsallis (g, oo)—distribution, whose constituents are the electrons, as well as the positive/nega-
tive ions and negatively charged dust grains. For this purpose, we have solved the current balance
equation for a negatively charged dust grain to achieve an equilibrium state value (viz., ¢, = const-
ant) in the presence of Cairns-Tsallis (g, o)—distribution. In fact, the current balance equation
becomes modified due to the Boltzmannian/streaming distributed negative ions. It is numerically
found that the relevant plasma parameters, such as the spectral indexes ¢ and «, the positive ion-to-
electron temperature ratio, and the negative ion streaming speed (U,) significantly affect the dust
grain surface potential. It is also shown that in the limit ¢ — 1 the Cairns-Tsallis reduces to the
Cairns distribution; for « =0 the Cairns-Tsallis distribution reduces to pure Tsallis distribution and
the latter reduces to Maxwellian distribution for ¢ — 1 and « =0.© 2016 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4940329]

I. INTRODUCTION

Recently, there has been a great deal of interest in
understanding different types of collective processes in dusty
plasmas (an admixture of such massive and either negatively
or positively charged dust, electrons, ions, and neutral spe-
cies), because of their important role in astrophysical and
space environments,! such as asteroid zones, planetary
atmospheres, interstellar media, accretion disks, dark molec-
ular clouds, cometary tails, nebulae, the Earth’s environ-
ment,z’3 and also in industrial plasmas.4 On the other hand, it
has been shown—both theoretically and experimentally—
that the dust charge dynamics introduces new eigenmo-
des.”™® The celebrated dust acoustic mode,7’9*11 where the
dust particle mass provides the inertia and the pressure of
electrons and ions give rise to the restoring force, is a good
example. Rao er al.” theoretically predicted the existence of
an extremely low-phase-velocity (in comparison with both
the electron and ion thermal velocities) dust acoustic waves
in an unmagnetized dusty plasma. The laboratory experi-
ments of Barkan ef al.” and D’Angelo'' have conclusively
verified this theoretical prediction and have shown some
nonlinear features of dust acoustic waves.

In typical experimental conditions, dust grains are
immersed in an ambient plasma and radiative background.
Their interaction with the other plasma particles (namely,
electrons and ions) is due to the charge that they carry. Dust
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grains are charged by a number of competing processes,
depending upon local conditions, such as photoelectric emis-
sion stimulated by ultraviolet radiation, collisional charging
by electrons and ions, and disruption and secondary emission
due to Maxwellian stress.'> !¢ In fact, massive dust particles
can collect a large amount of the highly mobile plasma elec-
trons and the dust grain generally attains negative charge.
The fluctuating microscopic electron and ion currents flow-
ing onto the surface of the individual grains result in dust-
charge variation. In the steady state, the electron and ion
grain currents are equal and determine the equilibrium dust
charge. In 1994, the dust charging phenomena were hypoth-
esised to be due to the bombardment of electrons and posi-
tive ions'” to examine dust grain surface potential, both
theoretically and experimentally. Later on, these works were
extended'®'? to highlight the role of negative ions in the
Maxwellian and non Maxwellian xk—distributed plasmas.

A new distribution designed to model superthermal par-
ticles observed by the Viking spacecraft®® and Freja satel-
lite*' was introduced by Cairns et al.** It was represented in
terms of a parameter o, which calculates deviation from the
Maxwellian distribution function. As a consequence, it was
shown that the nature of ion-sound solitary structures can
change in the presence of nonthermal electrons, producing
nonlinear solitary waves that may have either an enhanced or
depleted density. A subsequent series of studies have later
employed the Cairns model.>*2® For example, Verheest and
Pillay?’ investigated large amplitude dust-acoustic solitary
waves in plasmas with negatively charged cold dust and
either nonthermally distributed ions or electrons. Later on,
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Verheest and Hellberg”® investigated large ion acoustic soli-
tary waves and double layers in plasmas with positive ions
and nonthermal electrons. Both studies detailed the condi-
tions under which such structures are to be generated.
Moreover, Mamun and co-workers have investigated the
combined effect of positively charged dust particles and the
nonthermal electrons in dust-ion-acoustic solitary waves,”’3 0
and the nonthermal ions in dust-acoustic waves.>'

Over the last few years, the non-extensive statistical
mechanics based on the deviations of Boltzmann-Gibbs-
Shannon (BGS) entropic measure has been paid a great deal
of attention. In statistical mechanics, extensive thermody-
namical quantities are proportional to amount of matter pres-
ent or system size such as volume V, particle number N, total
internal energy E, magnetization M, etc. Thus, if we double
the number of particles in a certain thermodynamic system,
the total energy, for example, will also double as a conse-
quence of extensitivity. Non-extensive quantities, however,
such as pressure P, temperature T, and chemical potential g,
are independent of the total amount of matter. Moreover, the
ratio of two extensive quantities results in a non-extensive
quantity, such as the number density n =N/V, which is the
ratio of the number of particle to volume of the system.

A suitable non-extensive generalization of the BGS en-
tropy for statistical equilibrium was first proposed by Renyi
and later investigated by Tsallis,** extending the standard addi-
tivity of the entropies to the nonlinear, non-extensive case
where one particular parameter, the entropic index ¢, charac-
terizes the degree of non-extensitivity of system considered (in
this representation, the Maxwell-Boltzmann distribution is
recovered in the limit ¢ — 1). Two important physical regions
can be identified: the region —1 < ¢ < 1, covering all velocities
(and potentially representing the high-energy tails); and the
region ¢ > 1, where the distribution function exhibits a thermal
cut-off on the maximum value allowed for the velocity of the
particles.® The ion acoustic dynamics in plasmas®*>° has also
been investigated in the context of the Tsallis model. Tribeche
et al.’” considered ion-acoustic solitary wave generation in a
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two-component plasma with Tsallis-distributed electrons,
where it showed the emergence of both compressive and rare-
factive solitons. Alternatively, a x—distribution can be used to
model the plasma behavior, as described by Vasyliunas.*®
Interestingly, it has been argued that the x—distribution can be
derived from the Tsallis distribution.”® The most latest non-
Maxwellian distribution termed as Vasyliunas—Cairns distribu-
tion was investigated by Abid er al.*’

This manuscript is organized as follows: In Sec. II, we
critically examine the Cairns-Tsallis (g, o)—distribution func-
tion and place limits on its range of validity in general and
specifically for application to soliton studies. In Sec. III, we
obtain the charging currents on the dust grain surface due to
Cairns-Tsallis—distributed plasma species, i.e., electrons and
positive/negative ions. In the steady state, the dust charging
equation reduces to the current balance equation, which can
be employed to study the dust grain surface potential and the
dust grain charging mechanism in the presence of streaming
of negative ions. Finally, numerical results are discussed and
summarized in Sec. IV.

Il. THE CAIRNS-TSALLIS DISTRIBUTION

AND ITS RANGE OF VALIDITY

Three dimensional hybrid Cairns-Tsallis (¢, «)—distribu-
tion, which is specifically a product of the Cairns and the
Tsallis distribution functions, is given*' by

1
q—1

V4 V2
fCT(Vj):an<1+“V—%> [1—(4—1)F’n ;D

where V= (T_,/mj)l/ 2 is thermal velocity of jth species (j=e
for electron, i for ions, and n for negative ions), and ¢ and «
are real parameters, associated with the so-called nonextensiv-
ity and the number of nonthermal electrons, positive ions, and
negative ions in the distribution, respectively. Furthermore,
C,+ 1s a constant of normalization given by*?

for -1 <¢g <1,
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Here, m; is the mass and T; the temperature of jth species
(j=e, i, n) and I'(x) is the Gamma function. In the limit ¢ — 1,
both expressions convert into the Cairns distribution.”* For
a=0, Eq. (1) reduces to pure Tsallis distribution.’* In the

forg > 1.

particular case « =0 and ¢ — 1, the Cairns-Tsallis distribu-
tion exactly reduces to the Maxwellian distribution. It is
observed that the pure Tsallis distribution function behaves
very differently in the two ranges, —1 <¢ < 1and ¢ > 1.%* In
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the former range, the distribution is nonzero over the full
range of velocities from —oo to +00, and it reflects an excess
of superthermal particles in the non-Maxwellian tail. It is,
thus, in principle, similar to a power-law or a k—distribution
in that sense. On the other hand, for ¢ > 1, it exhibits a ther-
mal cutoff, is zero in the region |Vz;| > (Tj/mj)lﬂ, and it is,
thus, bounded by the thermal velocity. Hence, it follows
that the product Cairns-Tsallis distribution is zero beyond
the thermal speed, and in that g range is not of any interest
for the representation of the commonly observed non-
Maxwellian tail distributions.

lll. DUST POTENTIAL VARIATION WITH
CAIRNS-TSALLIS DISTRIBUTION FUNCTION

We consider that finite-sized dust grains are immersed
in an unmagnetized plasma, containing electrons and posi-
tive/negative ions following the Cairns-Tsallis—distribution.
We further assume that the plasma particles approach the
dust grain from an infinite distance. When they enter the
Debye sphere, due to the electrostatic force between the dust
grain and the plasma species, a negative charge on dust sur-
face is accumulated. Here, 0g,/0t =Z; I;” is the basic
charging equation for dust grain due to the electrons and pos-
itive/negative ions. In steady state value (g,= const.), the
current balance equation can be expressed as*’

17+ [ + 17 =0, 2

with
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I = njqjjvjaffqa(w)fvj. 3)

Here, of = mrj(1 —2g;¢,/mV7}) is the cross-section for
charging collisions between the dust grains and plasma spe-
cies of charge ¢;, and ¢,(r4) is the surface potential (radius)
of dust grains. Inserting the value of o*}i and f,,(V;) into Eq.
(3) and expressing the spherical volume element
(°V; = V}aVidud¢), the charging currents due to the elec-
trons and the positive/negative ions for negatively charged

dust grains can be expressed, respectively, as
Aqx e¢d

19 = —\/2%7er? exp (—
e d 2
By, m,Vy,

)neVTquan (4)

AxZi
“ e"i")nivan%Q, )

By miVy,

qu“ = 23nr§e(1
and

g _
I =

e Agy Zy
— 237'51‘56 (1 + = e¢d> nnVTanona (6)

2
By m, Vs,
where

24004+ 6 — 17g + 124¢?
q(—6 +29g — 464> + 244%)’
8o
2 +4(=7+6q)
q

By, =

I+

Agy =

, for —1<g<1.

15
r(—->)|3
(l—q 2> !

Here, Z; (Z,) is the positive (negative) ion charging state, and
n; is plasma number density of j—th species. For « =0, and ¢
— 1, the values of A,,, B,,, and Q approach to 1 and the
electron current, the positive ion current, and the negative
ion current reduce to Maxwellian current.'® Now, using the
relation ¢, = gj/rq, and the charge-neutrality condition
ne —Zin; + Z,n, = qqngle, we insert Eqgs. (4)—(6) into Eq. (2)
to determine the equilibrium dust grain surface potential as
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and y=T,/T,. The normalized dust grain potential is denoted
by U=e¢,/T, and the normalized dust number density by
P:47rrdﬂvénd, with Ag=(T,/ 47m,<Zi2e2)1/ 2. Notice that for
=0 and g=1, A,,=1 and B,,=1, as the result of Eq. (7)

exactly reducing to Eq. (6) of Ref. 18, i.e., the dust grain sur-
face potential in a Maxwellian dusty plasma. Furthermore, in
the absence of negative ion-to-positive ion number density
(i.e., p=0) and assuming the positive ion to electron ratio
approaches the unity (i.e., ¢1), Eq. (7) reproduces the result of
Ref. 17 for an isolated dust grain. Eq. (7) can be solved
numerically to study the variation in the grain surface poten-
tial when plasma system is far from thermal equilibrium.

If the negative ion streaming speed V( is much larger
than negative ion thermal speed, then the negative ion cur-
rent represented in Eq. (6) can be expressed in the following
form

Ay Zy
1% = /2’137 e (1 - B—qlmL(bzd) maVoBg Q. (8)
gz MV

In order to calculate the dust grain surface potential in the
presence of streaming of negative ions, we substitute Eqgs.
(4), (5), and (8) into Eq. (2) to obtain
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FIG. 1. (a) Normalized Cairns-Tsallis distribution function for the varying spectral index ¢(=0.66, 0.83, 0.99) with o= 0.0. (b) Normalized Cairns-Tsallis dis-
tribution function for the varying spectral index g(= 0.66, 0.83, 0.99) with o =0.01. (c) Normalized Cairns-Tsallis distribution function for the varying spectral
index g(= 0.75, 0.83, 0.99) with o =0.1. (d) Normalized Cairns-Tsallis distribution function for the varying spectral index g(= 0.75, 0.83, 0.99) with o =0.3.
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where Uy = mnV(% /2T,. Eq. (9) represents the equilibrium
dust grain surface potential U and normalized dust number
density P with streaming of negative ions in the presence of
Cairns-Tsallis—distributed plasma. It is observed that by tak-
ing the «=0 and ¢ =1, we have A,,=1 and B, =1 since
Eq. (9) exactly coincides with Eq. (4) of Ref. 18. Moreover,
in the absence of negative ion streaming speed (i.e., U=0),
negative ion number density (p = 0), and assuming ¢ ~ 1, Eq.
(9) exactly agrees with the result of Ref. 17. Equation (9) can
be solved numerically to study the relation between the grain
surface potential and the dust-to-ion number density ratio
when plasma system is far away from thermal equilibrium.

IV. NUMERICAL RESULTS AND DISCUSSION

For numerical illustration, we have plotted the normal-
ized Cairns-Tsallis distribution function in Eq. (1) for the
different values of ¢ and «. The effect of spectral index « is
to increase the high energy particles on the shoulder of the
velocity distribution curve, whereas the spectral index ¢
describes the influence of super thermal particles on the tails
of the velocity distribution curve. Fig. 1(a) shows the effect

of a pure Tsallis distribution for different values of the pa-
rameter g for & =0. It is observed that in the Cairns-Tsallis
velocity distribution curve approaches to Maxwellian at
q=0.99. The effect of the nonextensivity parameter ¢ with
different values of o is depicted in Figs. 1(b)-1(d). It is
observed that for large values of nonthermal o # 0 affect of
plasma species is prominent on the shoulder of the velocity
distribution curve. When the contribution of nonextensitivity
approaches to one ¢ (i.e., g~ 1), the velocity distribution
curve approaches the pure Cairns distribution.**

We have also solved Egs. (7) and (9) numerically to
study dust surface potential U as a function of dust parame-
ter P (dust-to-ion number density ratio) and to examine the
various affects of plasma parameters in a non-Maxwellian
dusty plasma in Cairns-Tsallis distribution. The latter con-
tains negative and positive ions (O, and O; ions) in addi-
tion to electrons and negatively charged isolated dust
grains. Here we have also used some normalized values,
which are consistent with the low-temperature laboratory
plasmas,'®***° namely, «=0.0-0.03, =1, y=0.1-1,
0=0.2, Uy=0.1-1, p=0.2-0.6, and Z,=1=Z,. Figure 2
exhibits the effects of ¢ on the normalized dust grain sur-
face potential U = e¢,/T, as a function of the normalized
dust density parameter P = 47mdrd)v(2) [see Eq. (7)], which is
now changed with the Cairns-Tsallis distribution for fixed
values of «=0.0, u=242.8, p=04, f=1,7=0.5, 6=1.0,
and Z;=1=Z,. Notice that as we increase the value of ¢,
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Log P

FIG. 2. The equilibrium dust surface potential (U = e¢,/T,) against the
dust density parameter (P = 477:1‘4/1(2)11(1) [see Eq. (7)] for the different values
of spectral index ¢ = (0.8, 0.9, 1.0). Other parameters used here are a = 0.0,
c6=1.0,p=04,=1,y=0.5,u=2828,and Z;=1=2,.

the magnitude of dust grain surface potential decreases and
the curves tend to approach the Maxwellian case when
q =1, whereas opposite behavior is obtained by increasing
the value of the positive ion-to-electron temperature ratio
and spectral index «, shown in Figs. 3 and 4 in the presence
of Boltzmannian negative ions. On the other hand, Fig. 5
illustrates how the value of g affects the dust surface poten-
tial or dust charge in the presence of streaming of negative
ions with the fixed value of o [see Eq. (9)]. It is investigated
that as we increase the value of ¢, the dust surface potential
decreases. Fig. 6, on the other hand, depicts the behavior of
negative ion streaming speed (Uy) on the dust grain poten-
tial. It is observed that as we increase the value of U, with
fixed value of «=0.01 and ¢ =0.9, the dust surface poten-
tial increases.

In conclusion, we have considered two models for nega-
tive ions, the streaming negative ions and the Boltzmannian
negative ions, to investigate their effects on the charging of
dust grain in non-Maxwellian dusty plasmas with Cairns-
Tsallis—distribution function. We derive the expressions for
the dust grain surface potential by solving the current bal-
ance equations for the Cairns-Tsallis distributed plasma with

or ceessee]

Log P

FIG. 3. The equilibrium dust surface potential (U = e¢,/T,) against the
dust density parameter (p = 47rrd/1§nd) [see Eq. (7)] for the different values
of the positive ion-to-electron temperature ratio ¢ = (0.1, 0.5, 1.0) with
q=0.9 and o= 0.01. Other parameters used here are same as in Fig. 1.

Phys. Plasmas 23, 013706 (2016)

Log P

FIG. 4. The equilibrium dust surface potential (U = e¢,/T.) against the dust
density parameter (p = 4nrd),§n,1) [see Eq. (7)] for different values of o = (0.0,
0.01, 0.02) with ¢ = 0.95. Other parameters used here are same as in Fig. 1.

Log P

FIG. 5. The equilibrium dust surface potential (U = e¢,/T,) against the
dust density parameter (P = 47rrd/1§nd) [see Eq. (9)] for different values of
spectral index ¢ = (0.9, 0.95, 1.0) with =0.01 and U,= 1. Other parame-
ters used here are as in Fig. 1.

6L, L . L L . ]

Log P

FIG. 6. The equilibrium dust surface potential U = e¢, /T, against the dust
density parameter (P = 4m‘d).énd) [see Eq. (9)] for different values of the
negative ion streaming speed Uy = (0.1, 0.5, 1.0) with ¢=0.9 and o =0.01.
Other parameters used here are same as in Fig. 1.
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spectral indexes (o, g) due to the electrons and positive/nega-
tive ions. Numerical calculations reveal that the variation of
plasma parameters, such as the spectral indexes («, ¢), the
positive ion-to-electron temperature ratio ¢, and the negative
ion streaming speed U, significantly affect the dust surface
potential. By increasing the values of spectral index o, posi-
tive ion-to-electron temperature ratio ¢, and the negative ion
streaming speed U, the magnitude of the equilibrium dust
surface potential increases, while the increase of the spectral
index g shows the opposite effects.
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