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Dust grain potential variation influence by positive ion streaming as well as negative ion streaming

is presented in a complex (dusty) plasma following the Maxwellian/non-Maxwellian (kappa

distribution and Cairns distribution) function. The components of complex plasma are the

electrons, ions [positive and negative], and dust grains having negative charge. For this purpose,

the mathematical statement (equation) of currents is derived for dust grains having negative charge

to fulfill the equilibrium state (viz., qD¼ constant). It is observed numerically that positive ion

streaming speed as well as negative ion streaming speed has a significant influence on the surface

potential of dust particles, e.g., by increasing the positive ion and negative ion streaming speed, the

magnitude of dust particle surface potential increases. The relevance to low-temperature research

center in a non-equilibrium complex (dusty) plasma is precisely discussed by associating oxygen

ion (negative and positive) species. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4995481]

I. INTRODUCTION

Dusty plasmas or complex plasmas comprise ions, elec-

trons, and massive charged (negative/positive) dust particles

(grains). Complex plasmas have attracted great attention in

the beginning of this decade. The size of the dust grains may

range up to few microns and they are normally around 10 to

12 orders of magnitude heavier than plasma species. The

characteristic length-scales linked with dusty-plasma are of

the ordering rD� d and kD � L, where rD, d, kD, and L rep-

resent dust-grain radius, distance between dust grains, effec-

tive Debye-length, and dimension of the plasma-system,

respectively.1 In principle, when kD/L ! 0, the interactions

corresponding to the plasma-surface split into a two scale

problem comprising a quasi neutral presheath and a

collision-free sheath.2 The dusty plasma is regularly found in

the circumstellar mists, planetary rings, interstellar clouds,

and nebulae, interplanetary media the Earth’s domain.3,4

Complex plasma also occurs in the lab during the effect of

high Z-impurities from the wall tokamak and in addition the

impurity which is produced by MHD power generators.1,5

The modes of dusty plasma have also been examined theo-

retically6 and experimentally7,8 as well as by simulation.9

The utmost essential acoustic like modes in the Maxwellian

complex plasma10 were initially investigated11 known as

dust acoustic wave (DAW) by taking into account the cohe-

sionless liquid model. Later on, it was examined theoreti-

cally12 that an ion acoustic wave was found in a dusty

plasma, when temperature of the electrons is equalized to

ion temperature and declared it as the dust ion acoustic wave

(DIAW). In addition, the lab study13–16 was also examined.

The negative ions were seen to be an extra constituent

(naturally occurring or infused from an external source) in the

complex plasma (both in space and lab).17 The presence of

negative ions in an electro-negative plasma is the result of the

phenomena where free electrons gain by neutral atoms. The

dust grains charged negatively or positively mostly depend on

the charging mechanism,13,18–20 for example, secondary emis-

sion, photo-electric emission, and thermionic emission result-

ing in positive charge on dust particles (grains). It has been

observed through experiments conducted in the low tempera-

ture lab that thermal velocity of electrons is greater than that of

ions; the resulting electrons are captured by dust grains and

attain negative charge. The electron current as well as ion cur-

rent flows on the surface of the dust grains; as a result of this,

dust charge/potential variation occurs. Because of negatively

charged dust grains, electron current (Ie) is decreased and

hence positive ion current increases (Ii) until the steady state

value is achieved (vizjIej ¼ jIij. The dust charging process was

first examined by Barkan21 to study the dust particle potential

(surface) experimentally as well as theoretically. Likewise, the

influence of negative ions on the charging of dust grains in

Maxwellian Plasma has been observed by Mamun and

Shukla.22 Later on, the significance of non- Maxwellian plasma

species (j–distribution) was also studied.23

In principle, the component species in the plasma system

do collision among themselves continuously and as a result,

they attain different velocities. Alternatively, in order to move

towards thermal equilibrium the plasma species exchange

Kinetic-energy and Momentum among them and at last ther-

mal equilibrium is established. To describe the plasma species
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in equilibrium, Maxwellian distribution is the natural

choice.24,25 There are several plasmas in the space systems

where the plasma particles (electrons/ions) are not under ther-

mal equilibrium (non-Maxwellian distribution). On the basis

of this point, around 47 years prior,26 the electron energy spec-

tra of the plasma sheet were analyzed and an empirical func-

tion of high energy electrons to model the velocity

distribution was acquainted. It has been investigated that the

velocity distribution of high energy electrons is not like a

Maxwellian distribution and hence, another distribution

termed as kappa distribution to study the behavior of high

energy electrons in the plasma system.26 The kappa distribu-

tion was considered because of wave particle correlation and

external forces acting by the space environment,27 e.g., iono-

sphere, interstellar medium, solar wind, magnetosphere, ther-

mosphere, etc. Various observations28–31 have been made to

clarify mutual interactions (correlation) in the plasma particles

by using the j–distributed plasma species. Where j stands for

the spectral index and shows the deviation from Maxwellian

distribution of plasma species to non-Maxwellian distribution,

while the value of the spectral index (j) is always greater than

3/2. It has been noticed that for small values of spectral index

kappa, the tails of velocity distribution curves correspond to

high energy particles. By applying the limit (kappa) j ! 1,

the kappa distribution exactly coincides to a Maxwellian dis-

tribution.24,25 In 1995, the Ferja satellite32 and Viking space-

craft33 made observations regarding the rarefaction of ion

number density (cavitons). Using these observations, Cairns

and his collaborators34 made a non-thermal distribution which

is identified as Cairns distribution in the literature.

Observations reported by the Viking spacecraft33 demonstrate

that inside the auroral-zone the distribution-function describ-

ing the electrons corresponds to the shoulder of the

distribution-function. The Cairns distribution involves the

spectral-index a which corresponds to the number of

energetic-particles on the shoulder of distribution-function in

the plasma system. Using the limit a ! 0 in the Cairns-

distribution function, the Maxwellian distribution24,25 is re-

established.

In this article, the expressions for the dust particle poten-

tial (surface potential) have been documented, while using

the current balance equations (for electrons, positive/nega-

tive ions streaming) for dust particles, for the cases of

Maxwellian and non-Maxwellian (kappa distribution and

Cairns distribution) functions. We have concentrated on the

influence of positive/negative ion streaming velocity on the

negatively charged dust particle potential (surface) and its

possible outcomes.

The manuscript is arranged as follows: in Sec. II, an

attempt has been made to investigate the dust grain surface

potential containing electron and ion (negative/positive)

streaming effects. In the equilibrium condition, the dust

charging statement formulates the balance equation of the

current that can be utilized to describe the dust-particle sur-

face-potential variation and the dust grain charging mecha-

nism for the case of both Maxwellian and non-Maxwellian

(j–distribution) functions is shown in Secs. II A and II B,

respectively. And finally the numerical results and discussion

are documented in Sec. III.

II. THE DUST PARTICLE SURFACE POTENTIAL
HAVING NEGATIVE/POSITIVE ION STREAMING
SPEED

We consider a plasma system having no magnetic field

in the background, consisting of dust grains (spherical

nature), electrons, and positive/negative ions. The plasma

system like this can be described by both Maxwellian and

non-Maxwellian (Kappa/Cairns) distributions. In principle,

the Orbit Motion limited (OML) is utilized to find the upper

cutoff on the charging-currents. OML is used only when the

particle-radius is smaller than the Debye-length (thick-

sheath).35 Indeed, the plasma species from an infinite-

distance, approach towards spherical dust-grains and by

entering its Debye sphere, interact electrostatically with the

dust grain’s surface to generate either positive or negative

charge on the dust.25 In this respect, the dust charging pro-

cess is accounted for the negatively charged dust due to the

currents of electrons and ions (including both the positive

and negative ions) in a Maxwellian and non-Maxwellian dis-

tributed plasma and can be expressed by an equation36 as

follows:

@qD

@t
¼
X

j¼e;i;n

Ij; (1)

where qD is termed as the mean charge of the dust grains and

Ij is termed as the current of the plasma jth species (j¼ e
stands for electrons, i stands for positive ions, and n stands

for negative ions) flowing on the dust particle which can be

stated37 as

Ij ¼
X

j¼e;i;n

qj

ð
Vjr

D
j fjðVjÞd3Vj: (2)

Here, qj and fj(Vj) represent the charge and distribution func-

tion of plasma jth species, respectively. Vj represents the

minimum value of the plasma particle (electrons and ions)

velocity with which the particle hits the dust grain. Where

the rD
j stands for the charging cross section due to collisions

among the dust particles and plasma species (e, i, n) can be

formulated36,38 as

rD
j ¼ 1� 2qj/D

mjV2
j

 !
pr2

D; (3)

mj(rD) is the mass of plasma species (radius of dust grains)

and /D is the dust grain surface potential.

A. Dust-charge fluctuation using Maxwellian
distribution function in the presence of negative/
positive ion streaming speed

The plasma species collide continually with each other

and move with different velocities, and because of these col-

lisions, plasma species may inter-change their kinetic energy

and momentum to achieve thermal equilibrium (balance).

The most widely recognizable distribution is the Maxwellian

distribution ½f M
j ðVjÞ� for the plasma species which depends

083702-2 Abid et al. Phys. Plasmas 24, 083702 (2017)



exponentially on the species velocity. The Maxwellian distri-

bution25,39 is given by

f M
j Vjð Þ ¼

nj

p3=2V3
tj

exp �
V2

j

V2
tj

 !
; (4)

where Vj and nj are the velocity and number density of the

plasma species, respectively, and Vtjð¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Tj=mj

p
Þ stands for

the thermal speed of jth plasma species with mj and Tj being

mass and temperature (in energy units), respectively. This sort

of distribution is only applicable to the plasma system (frame-

work) which obeys the condition of thermal equilibrium.

By inserting Eqs. (3) and (4) into Eq. (2) and using the

volume element d3Vj ¼ V2
i dVjd/dl in spherical-coordinates,

the dust charging current for electrons (IM
e ) and positive/nega-

tive ions for dust grains (negatively charged) can be written

as, respectively,1,22,36 in the form

IM
e ¼ �4pr2

Dnee
Tj

2pmj

� �1
2

exp
2e/D

miV2
te

� �
; (5)

IM
i ¼ 4pr2

DniZieVi 1� 2Zne/D

mnV2
i

� �
; (6)

and

IM
n ¼ �4pr2

DnnZneVn 1þ 2Zne/D

mnV2
n

� �
; (7)

where Zi (Zn) stands for the positive (negative) ion charging

state. Equation (5) shows that electron thermal velocity is

greater than electron streaming speed, it is because the mass

of electrons is negligibly small as compared to ion mass.

Equations (6) and (7) show that the positive ion (negative

ion) streaming speed Vi (Vn) is much greater than its thermal

speed Vti (Vtn). Under the steady state condition, @qD/@t¼ 0

and Eq. (1) takes the formX
j¼e;i;n

Ij ¼ IM
e þ IM

i þ IM
n ¼ 0: (8)

The charge-neutrality condition is given by

ne þ Znnn ¼ Zini þ qDnD=e: (9)

Now using the zero net current condition [Eq. (8)], charge-

neutrality condition [Eq. (9)] and the relationship /D ¼ qD=rD,

[in CGS unite system] the surface potential for the dust particles

having Maxwellian distributed Positive/negative ion streaming

speeds can be formulated asffiffiffiffiffiffi
Si0

p
� Ziffiffiffiffiffiffi

Si0

p U � f
2p

exp Uð Þ 1� v
Zn

Zi
þ PZiU

� �

¼
ffiffiffiffiffiffi
Sn0

p
Znv 1þ ZnU

Sn0

� �
b
Zi
; (10)

where Si0 ¼ miV
2
i =2Te; Sn0 ¼ mnV2

n=2Te; v ¼ nnn�1
i ; b

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=mn

p
and f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
mi=me

p
. The dust grain surface poten-

tial measured relative to the plasma potential is symbolized

by U ¼ e/D=Te and the dust number density (normalized)

by P ¼ nDrD4pk2
0 with k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=4pZ2

i e2ni

p
. Equation (10)

contains the effect of negative/positive ion streaming veloc-

ity on variations in the dust grain potential (surface poten-

tial), and is a function of parameter P.

B. Dust-charge fluctuation using non Maxwellian
j–distribution function having negative/positive ion
streaming speed

The three dimensional (kappa) j–distribution function26

can be written for jth plasma species as

f j
j Vjð Þ ¼ Cjj

1

h3
j

1þ
V2

j

jh2
j

 !� jþ1ð Þ

; (11)

where Cjj ¼ njj�3=2Cð1þ jÞ=p3=2Cðj� 1=2Þ, j (kappa) is

the spectral index which shows the conversion from thermal

equilibrium to non-thermal-equilibrium in the limit j> 3/2,

hj½¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2j� 3Þ=j

p
Vtj� is the realistic effective thermal speed,

and C stands for the gamma function. We note that the kappa

distribution [given by Eq. (11)] reduces to a Maxwellian dis-

tribution [given by Eq. (4)] for j!1.

Utilizing the same mathematical strategy as followed in

Sec. II A, we can compose electron-current ðIj
e Þ, positive

ion-current ðIj
i Þ, and negative ion-current ðIj

n Þ [it is noticed

that for the positive ions Vi� hi and for negative ions

Vn� hn, (where Vi(Vn) is streaming velocity of positive

(negative) ions)] for the j–distribution case23,36 as

Ij
e ¼ �2

ffiffiffi
p
p

r2
Dnehe

j
j� 1

C j� 1ð Þ

j
3
2C j� 1

2

� � 1� 2e/D

jmeh
2
e

 !�jþ1

Zie;

(12)

Ij
i ¼2

ffiffiffi
p
p

r2
DniVi

j
j�1

C j�1ð Þ

j
3
2C j�1

2

� � 1�2 j�1ð Þ
j

2Zie/D

miV2
i

 !
Zie;

(13)

and

Ij
n¼�2

ffiffiffi
p
p

r2
DnnVn

j
j�1

C j�1ð Þ

j
3
2C j�1

2

� � 1þ2 j�1ð Þ
j

2Zne/D

mnV2
n

 !
Zne:

(14)

By using the charge-neutrality condition [Eq. (8)], the zero

net current condition [Eq. (9)] and the relationship /D

¼ qD=rD; the equilibrium dust particle surface potential hav-

ing non Maxwellian j–distributed Positive/negative ion

streaming speed can be formulated as

ffiffiffiffiffiffi
Si0

p
� 2 j� 1ð Þ

j
ZiUffiffiffiffiffiffi

Si0

p � 1� 2U

2j� 3

� ��jþ1

fffiffiffi
2
p 2j� 3

j

� �1
2

1� v
Zn

Zi
þ PZiU

� �

¼
ffiffiffiffiffiffi
Sn0

p
Znv 1þ 2 j� 1ð Þ

j
ZnU

Sn0

� �
b
Zi
: (15)
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Equation (15) presents the variations in the dust-grain

potential (surface-potential) with the parameter P in the exis-

tence of non-Maxwellian Kappa distribution plasma species.

It is noticed that by using the limit j!1, Eq. (15) reduces

to Eq. (10) presenting the dust particle potential with a

Maxwellian complex-plasma.

C. Dust-charge fluctuation using the Cairns
distribution function having negative/positive ion
streaming speed

The three dimensional Cairns distribution function for

jth plasma species is given as34,40

f C
j Vjð Þ ¼

nj

3aþ 1ð Þp3
2V3

tj

1þ a
V4

j

V4
te

 !
exp �V2

V2
tj

 !
; (16)

where a measures the number of energetic particles within

the plasma system under consideration. Following the same

mathematical strategy as we have used in Sec. II A, electron-

current ðIc
eÞ, positive ion-current ðIc

i Þ, and negative ion-

current ðIc
nÞ [it is noticed that for the positive ions Vi�Vti

and for negative ions Vn�Vtn (where Vi(Vn) is streaming

velocity of positive (negative) ions)] for the Cairns distribu-

tion case23,36 can be written as

Ia
e ¼
�2

ffiffiffi
p
p

ener2
D

3aþ 1
Vte exp

2e/D

meV2
te

� �
þ 6aþ 2e/D

meVte
2a

� �
; (17)

Ia
i ¼

2
ffiffiffi
p
p

r2
DZieVi

3aþ 1
1þ 6a� 2Zie/D

miV2
i

1þ 2að Þ
� �

; (18)

Ia
n ¼
�2

ffiffiffi
p
p

r2
DZneVn

3aþ 1
1þ 6aþ 2Zne/D

mnV2
n

1þ 2að Þ
� �

: (19)

By using the charge-neutrality condition, the zero net cur-

rent condition, and the relationship /D ¼ qD=rD, the equi-

librium dust particle surface potential having Cairns

distributed positive/negative ion streaming speed can be

expressed as

ffiffiffiffiffiffi
Si0

p
� 6a� ZiUffiffiffiffiffiffi

Si0

p 1þ 2að Þ

�f 1� v
Zn

Zi
þ ZiPU

� �
6aþ 2aU þ exp Uð Þ
� �

¼ Zn

Zi
vb

ffiffiffiffiffiffi
Sn0

p
1þ 6aþ ZnU 1þ 2að Þ

Sn
: (20)

Equation (20) shows the variations in the dust-grain potential

(surface-potential) with the parameter P in the presence of

non-Maxwellian Cairns distribution plasma species. It is

noticed that by using the limit a¼ 0, Eq. (20) reduces to Eq.

(10) presenting the dust particle potential with a Maxwellian

complex-plasma. In order to investigate the connection

between the dust particle surface-potential and the dust num-

ber density parameter in the presence of both positive and

negative ions streaming under the condition of thermal/non-

thermal equilibrium conditions, Eqs. (10), (15), and (20) can

be further studied numerically.

III. NUMERICAL RESULTS AND DISCUSSION

Here, an attempt has been made to observe numerically

Eqs. (10), (15), and (20) to study dust particle surface-

potential (U) [measured relative to the plasma potential] ver-

sus dust number density (normalized) parameter P [ratio of

dust number-density (nD) to ion number density (ni)] in log

scale. The influence of positive/negative ion streaming speed

on dust surface-potential for the case of Maxwellian/non

Maxwellian (kappa distribution and Cairns distribution)

dusty plasmas has also been discussed. These plasma systems

contains negative ions of oxygen ðO�2 Þ, positive ions of

oxygen ðOþ2 Þ, electrons and isolated negatively charged dust

grains. Here, the following data have been used for numerical

analysis:17,22,41,42 b¼ 1, a¼ 0.4, Si0¼ 0.3–0.9, Sn0¼ 0.1–1.0,

Zi¼ 1, and Zn¼ 2.

Figure 1 displays the effects of negative ion streaming

speed (Un0) on the dust-grain surface potential (normalized)

U ¼ e/D=Te as a function of the dust number density param-

eter (normalized) P ¼ 4pnDrDk2
0 [see Eq. (10)] for the fixed

values of a¼ 0.4, b¼ 1, Zn¼ 2, f¼ 242.8, and Zi¼ 1. It is

observed that as we increase the values of negative ion

FIG. 1. The relationship between dust grain surface potential ðU ¼ e/D=TeÞ
and the dust grain density parameter (P ¼ k2

0nD4prD) [see Eq. (10)] for dif-

ferent values of negative ion streaming speed Sn0(¼0.1, 0.5, 1.0) with

Si0¼ 0.5. Other parameters utilized here are Zi¼ 1, v¼ 0.4, b¼ 1, and

Zn¼ 2.

FIG. 2. The relationship between U and P [see Eq. (10)] for different values

of positive ion streaming speed Si0(¼0.1, 0.5, 1.0) with Sn0¼ 0.5. Other

parameters utilized here are the same as in Fig. 1.

083702-4 Abid et al. Phys. Plasmas 24, 083702 (2017)



streaming Sn0(¼ 1.0, 0.5, 0.1) while keeping positive ion

streaming Si0 fixed with the value Si0¼ 0.5, the strength of

dust grain surface potential ðj/DjÞ increases and the effect

becomes significant when P is less than –1.75. The same

effect has been observed for the case of positive ion stream-

ing speed in Fig. 2. From Fig. 2, we can see that by increas-

ing the positive ion streaming speed Si0(¼0.1, 0.5, 1.0) with

the fixed value of Sn0¼ 0.5, the strength of dust grain surface

potential ðj/DjÞ increases. Figure 3 (Fig. 4) represents how

the negative (positive) ion streaming speed amends the dust

particle surface potential or dust-charge in the presence of

non-Maxwellian j–distribution. It is investigated that as we

increase the value of negative-ion streaming-speed Sn0(0.1,

0.5, 1.0) with the fixed value of Si0¼ 0.5 and j¼ 3, the mag-

nitude of dust grain surface potential ðj/DjÞ increases. On

the other hand, by increasing the value of positive ion

streaming speed Si0(0.1, 0.5, 1.0) with Sn0¼ 0.5 and j¼ 3,

the magnitude of dust-grain surface-potential ðj/DjÞ enhan-

ces because positive ion streaming gradually increases the

relative potential between positive ions and the negative

charge of dust grains. Similarly, Figs. 5 and 6 show the effect

of negative ion streaming speed and positive ion streaming

speed on dust particle surface potential ðj/DjÞ having non-

Maxwellian Cairns distribution, respectively. It is observed

that by increasing both negative ion streaming speed and

positive ion streaming-speed magnitude of dust surface-

potential increases. The influence of spectral indices j and a
has been studied with Figs. 7 and 8, respectively. It has been

investigated that by increasing the values of j and a, the dust

FIG. 3. The relationship between U and P [see Eq. (15)] for different values

of negative ion streaming speed Sn0(¼0.1, 0.5, 1.0) with Si0¼ 0.5 and j¼ 3.

Other parameters utilized here are the same as in Fig. 1.

FIG. 4. The relationship between U and P [see Eq. (15)] for different values

of positive ion streaming speed Si0(¼0.1, 0.5, 1.0) with Sn0¼ 0.5 and j¼ 3.

Other parameters utilized here are the same as in Fig. 1.

FIG. 5. The relationship between U and P [see Eq. (20)] for different values

of negative ion streaming speed Sn0(¼0.1, 0.5, 1.0) with Si0¼ 0.5 and

a¼ 0.2. Other parameters utilized here are the same as in Fig. 1.

FIG. 6. The relationship between U and P [see Eq. (20)] for different values

of positive ion streaming speed Si0(¼0.1, 0.5, 1.0) with Sn0¼ 0.5 and

a¼ 0.2. Other parameters utilized here are the same as in Fig. 1.

FIG. 7. The relationship between U and P [see Eq. (15)] for different values

of spectral index j(¼2.6, 5, 30) with Sn0¼ 0.5 and Si0¼ 0.1. Other parame-

ters utilized here are the same as in Fig. 1.
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grain surface potential increases. Figure 7 shows that as we

increase the value of j, our result follows the curve plotted,

using Maxwellian-distribution. But the opposite effect has

been observed in Fig. 8, as we decrease the value of a, our

result approaches the Maxwellian curve.

In conclusion, we have observed a dust surface potential

variation by taking into account the positive ion streaming as

well as negative ion streaming in the presence of

Maxwellian/non-Maxwellian (j–distribution) distributed

plasma species. We formulated the mathematical statement

of currents when dust charge accomplishes its balance state

(viz., qd ¼ constant) for positive/negative ion streaming, and

the dust particle surface potential. Numerical calculations

show that the variation of plasma variables, for example, Si0

and Sn0, significantly affects the dust grain surface potential

(i) by increasing the negative ion streaming speed, the

strength of dust surface potential ðj/DjÞ increases. (ii) By

increasing the values of positive ion streaming speed, the

dust grain surface potential ðj/DjÞ increases. The physical

reason for the observed trend is because positive/negative

ion streaming gradually increases the relative potential

between ions and the negative charge of dust grains. The

accumulation of dust charges seems to appear due to relative

streaming of ions; the dust surface potential has been

increased. It has been also studied that by increasing spectral

index j and a dust grain surface potential relative to plasma

potential increases.
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