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Abstract. Considering the Boltzmann response of the ions and electrons in plasma dynamics and
inertial dynamics of the dust charged grains in a highly collisional dusty plasma, the nature of the
electrostatic potential near a boundary is investigated. Based on the fluid approximation, the forma-
tion as well as the characteristic behaviours of the sheath is studied. It is expected that the presence
of dust charged grains will lead to a very different behaviour of the sheath as compared to that of
electron-ion plasma. Moreover, the collisions of the dust charged grains with the neutrals are ex-
pected to exhibit novel features.
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1. Introduction

Dusty plasma is an uniqgue multicomponent plasma and is composed of dispersed macro-
scopic dust charged grains that forms a colloidal type suspension [1] in any given parent
plasma background. Dusty plasma represents the most common form of astrophysical
[2,3], laboratory [4—6] and industrial plasma. The typically micron-sized dust grains nor-
mally acquire negative charges to high order of magnitude with respect to normal electronic
charge(gs ~ 10°-10%¢). The mass of the dust grains can have very high value too, up to
105-10® times the proton mass. Thus the dust charge to mass ratios are different than the
normal ionic species in multicomponent plasmas. Furthermore, the dust charge, mass and
size, in general behave as dynamic variables [7—9] and produce novel effects on collective
degrees of plasma dynamics. Thus, the theoretical modeling of a dusty plasma requires the
consideration of dust charge fluctuation dynamics. However, under certain limits, a con-
stant dust charge model could be justified [3, 13-15] for selective dust-plasma parameter
domain.

Presently, among the plasma configurations dusty plasma is perhaps the fastest growing
field of study. Most of the earlier investigations on dusty plasma were confined around
the dust charging model development [10—12] and the effects of dust charged grains on
high frequency collective plasma properties [16—18] under isolated approximation of dust
grains. Subsequently, the study of the dynamics of the dust charged grains within collective
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approximation picked up momentum [2,19,20]. The study extended to many of the ideal
model of dusty plasmas based on the assumption that the dust charged grains remain con-
stant in their dynamical system [21-25]. Rat@l[21] presented a hovel mode of acoustic
wave in dusty plasma which is similar to the dynamics of the multi-component plasma
with negative ions [26,27] and named it as dust acoustic wave (DAW). Interestingly, their
observations encouraged the experimental works carried out by Bairle{28] which

led to new observations on the dust acoustic waves. However, the consideration of dust
charge fluctuation in plasma was a milestone on the study of dusty plasmas.

The study on the formation of sheath in dusty plasmas at electron absorbing walls is
of current interest [29,30]. Many authors have considered the influence of collisions on
the plasma sheath transition [31-34] in the normal electron ion plasma and investigated
the Bohm criterion. But the collisional sheath does not evaluate the usual approximated
relation similar to Bohm criterion [35]. This observation is significant in the context of
dusty plasma wherein the sheath, as will be seen, can be both positive as well as be negative
[29,36] unlike the electron-ion plasma sheath which is always positive.

In this paper, the wall region of a dusty plasma model is considered wherein the plasma
is contaminated by constant dust charged grains. It is further assumed that the dust charge
fluctuations are sufficiently small and cannot be distinguished on the time scale of the fluid
approximation. Both electrons and ions are very light in comparison with the massive
micron sized dust charged grains and so they are assumed to be in their respective thermal
equilibrium. The dust charged grains suffer frequent collisions with the neutrals. The
choice of such configuration is of the current interest and, as expected it will be seen that
the characteristic behaviour of the sheath is significantly influenced by the presence of the
dust charged grains.

2. Mathematical formulation and basic equations

We have considered a plasma consisting of electrons, ions as well as negative dust charged
grains. The basic equations governing the plasma, in fluid approximation, are the equations
of continuity and motion. On the inertial time scale of the cold but heavier dust charged
grains, the dynamics of the electrons and ions are treated as a neutral background in plasma
and are assumed to follow respectively the following Boltzmann relations:

e
e — Neo = 1

Ne = Neop €XP (Te> (1)

Nn; = Nj, eXp <_£¢> . (2)
¢ is the self consistent electrostatic potentiB).and T, are respectively ion and electron
temperatures.

The dust charged grains are governed by the following equations:
8nd 0
ot %(ndvd) =0, 3)
Ov Ov 0
ndmda—td + ndmdvda—xd = eana—jK5 — F,, 4)
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ox?
wherem is the mass of the dust charged grains moving with the velogigndn is the
dust number density,. andn; are respectively the number densities of the electrons and

ions. Ze represents the charge on each dust gidijris the drag force on the dust charged
grains due to their collisions with the neutrals. It is given by

= —4re(n; — ne — Zng), (5)

F. = my(n,ovq)vg,

wheren,, is the neutral gas density aads the momentum transfer cross section for the
collisions between the dust charged grains and neutrals.

The basic equations are supplemented by the charge neutrality condition at equilibrium
and is expressed through the relation:

Nio = ano + Neo- (6)

The subscripb represents the respective value of the plasma parameters at equilibrium.
In steady state eqgs (3) and (4) become

0

g V1) =0, (7)
0 0

md”d% = GZ% — mg(npovg)vg. (8)

Now, in order to simplify the basic equations, the following non-dimensional parameters
are defined

ADi
T T Sy 9)
T;

- )\Di, Cd A
with Ap; = +/T;/4mmge? is the ion Debye lengtty = Z\/(T;/maq) (nao/nio) is the
dust acoustic speed fag,, > A7, and\ = 1/n,,0 is the collision mean free path of the
dust charged graing. is considered a constant over the energy range of interest.
Based on these non-dimensional parameters the basic equations reduce to

®

Ne = N, exp(SP), (20)
n; = nj, exp(—), (11)
ngu = ngoM, (12)
! P’ 2
uu' = — — au”, (13)
€z
0*® ZM
S5 = (exp(—®) —c_exp(8®) - ° (14)
0&?
along with the parameters
Udo Neo Ndo ' ou T;
M = — = _ = = = — = —
Cd o> © Nio ’ © Nio ’ “ af, 6 Te
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For quasineutral presheath there is no space charge in that regiopi€.n., + Znq,.
The transition from the presheath to the sheath should be smooth. Thus
Mio = Moo + DM, (15)

The prime represents the derivative with resped.tdVith eqs (10) and (11), eq. (15)
transforms as

—njio exp(—Po)z®; = ng, exp(BPo) 2Py + Zng,, (16)

where®,, is the potential at the presheath.
Equation (7) leads to

’
' _ Ndgol

= . 17

ndo M ( )
Combining eqgs (16) and (17)

M

g—Z(a_Bcbg + ®() = uyg. (18)
Equation (18) when inserted in eq. (13) yields

2
&), = aM=eZ (19)

1—-M?(e_f+1)]

Unfortunately, because of the collisions of the dust charged grains with the neutrals
(e # 0), u cannot be expressed analytically as a functio@of Thus the numerical
approach has been employed to the eqgs (13) and (14) for the new findings, in contrast to
the earlier observations of the potential variation in the sheath region.

3. Numerical results

In figures 1 and 2, the variation of the normalized electrostatic potdntigth ¢ is plotted
for a plasma with a typical value farZ = 0.9 (i.e. dust charged grains are present in
copious amount) and with an arbitrary but reasonable mach numiberl.3. The ratio of
ion to electron temperaturg,is 0.1; a value similar to those encountered in the laboratory
plasmas. The emphasis is focused on the affect of collisions of the dust charged grains
with the neutrals which is controlled through the variatiomof

Whena is small (the collision mean free path is large compared to the ion Debye length)
the sheath is found to be a negative sheath. Howeved; for0.6 the sheath becomes a
positive one. Thus, because of the collision of dust charged grains with the neutrals, there
is a transition of the negative sheath to a positive sheath. It is also observed that the width
of a negative sheath is substantially large compared to ion Debye leéngthwhereas in
the case of a positive sheath it is of the ordeAgf,. The negative and positive sheaths
differ in the order of the wall potential as well. The absolute value of wall potential for a
negative sheath is about an order higher than that for a positive sheath.

The observations from figures 1 and 2 may be compared with those from figures 3 and
4 in which M = 1.1 but rest of the parameters are identical. In this plasma configuration
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Figure 1. The sheath forr = 0.5 (top) in step of 0.05 tax = 0.4 (bottom). The
parameters areZ = 0.9, 5 = 0.1 andM = 1.3.
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Figure 2. The sheath forx = 0.7 (graph 3) in step of 0.05 ta = 0.6 (graph 1). The
parameters areZ = 0.9, 5 = 0.1 andM = 1.3.

the sheath character changes from negative to positive for 0.25, a comparatively
smaller value compared to the cage= 1.3.

Figures 5-8 reexamine the sheath characteristic for a plasma in whieh0.1 and as
before, is 0.1. It is seen that the sheath character transforms from negative to positive
nature for values of which are larger as compared to the plasma configuration in which
eZ = 0.9. In a dusty plasma in whictZ = 0.1, the transition takes place at> 0.65 for
M = 1.3 (figures 5 and 6) and at > 0.35 for M = 1.1 (figures 7 and 8).

In a dusty plasma containing negatively charged dust charged grains, the wall potential
is generally positive. The electrons and the dust charged grains shield the positive wall
from the bulk plasma forming a negative sheath. It may be speculated that for large mean
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Figure 3. The sheath forx = 0.15 (bottom) in step of 0.05 ta« = 0.05 (top). The
parameters areZ = 0.9, 8 =0.1 andM = 1.1.
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Figure 4. The sheath forv = 0.4 (graph 1), = 0.3 (graph 2) andx = 0.25 (graph
3). The parameters aeZ = 0.9, 3 = 0.1 andM = 1.1.

free path, the collisions of the dust charged grains with the neutrals are not too significant.
However, in a highly collisional atmosphere the drag force on the dust charged grains due
to collisions becomes sufficiently large and retards them significantly. Since the dust flux
is conserved, the population of dust charged grains increases in the sheath. Consequently
the sheath may transform to a positive one as the number density of the electrons, ions
and the dust charged grain collectively determine the curvature of the sheath through the
Poisson’s equation.

If the Mach number is large, a stronger drag force on the dust charged grains is necessary
to obtain a positive sheath. Therefore, in such situations one observes that the negative
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Figure 5. The sheath forx = 0.6 (top) in step of 0.05 tex = 0.5 (bottom). The
parameters areZ = 0.1, 5 = 0.1 andM = 1.3.
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Figure 6. The sheath forv = 0.75 (graph 1) in step of 0.05 ta = 0.65 (graph 3).
The parameters aeZ = 0.1, 3 = 0.1 andM = 1.3.

sheath transforms to a positive one only at a larger value @n the other hand, if the
concentration of dust charged grains is small, an appreciable drag force on the dust charge
grains is obtained only at high valuesaafThus, one can explain why the negative sheath
transforms to a positive one at higher values @fhenc Z is small.

It will be interesting to examine the sheath in a dusty plasma in which the Mach number
very large. Such conditions are observed in space plasmas; but the feature of transition
of the sheath from negative to positive character does not occur here even for very large
values ofa. In figure 9, the sheath potential is presented for the paramefets 0.9,

B = 0.1andM = 2.2. Itis seen that the sheath remains negative even fer 0.99.
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Figure 7. The sheath forx = 0.3 (top) in step of 0.05 tex = 0.2 (bottom). The
parameters areZ = 0.1, 3 =0.1 andM = 1.1.
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Figure 8. The sheath fory = 0.45 (graph 1) in step of 0.05 ta = 0.35 (graph 3).
The parameters aeZ = 0.1, 3 =0.1 andM = 1.1.

However, forM < 2.2 but for identicak Z andg, the transitions do take place. It is likely
that for largeM, the number density of the dust charged grains does not suffer sufficient
decrease to give a positive sheath.

The influence of the temperature ratiopn the sheath characteristics is also studied and
the results are presented in figures 10 and 11. The parameterts aré.1 andM = 1.1.
In figure 10, the observations far= 0.3 are presented. The sheath is negativggfer 0.1
as well as for3 = 0.5; but in the later case, the wall potential as well as the sheath width
is significantly smaller than those could be foundfo& 0.1. In figure 11, the observa-
tions fora = 0.45 is presented. The sheath changes from negative to positive type when
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Figure 9. The sheath forxr = 0.99. The parameters aeeZ = 0.9, 8 = 0.1 and
M =2.2.
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Figure 10. The sheath fog = 0.1 (graph 1) and3 = 0.5 (graph 2). The parameters
areeZ =0.1,a =0.3andM = 1.1.

B increases from 0.1 to 0.5. The number density of the electrons increases in the sheath for

higher value of3. Consequently, the curvature of the potential profile changes (figure 10)
with increase ins and finally one obtains a positive sheath (figure 11).

4. Discussion and conclusion

The present theoretical investigation deals with the interaction between a dusty plasma
and a solid boundary. Electrons and ions remain in thermal equilibrium while the dust
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Figure 11. The sheath fog = 0.1 (graph 1) and3 = 0.5 (graph 2). The parameters
areeZ =0.1,a =0.45andM =1.1.

charged grains are the inertial species. The dust charged grains suffer frequent collisions
with the neutrals. It is found that, within the plasma fluid approximation, the presence of
dust charged grains in plasma significantly alter the characteristic behaviour of the plasma
sheath near an absorbing wall in contrast to the usual observations in an ordinary electron-
ion plasma.

It is observed that in a dusty plasma the wall potential does not have to be negative
always respect to the main body of the plasma. It is because the positive ions and the
electrons are both mobile and can escape to the wall together. If the wall potential is
positive, it is shielded from the main body of the plasma by the electrons and the dust
charged grains and the sheath is negative in character. On the other hand, if the wall
potential is negative, the sheath is an ion rich one and it is positive in nature.)Since
Api, itis only natural that the negative sheaths will be wider than the positive ones.

The nature of the sheath is determined by the relative concentrations of the plasma
species through the Poisson’s equation. The collision frequency of the dust charged grains
with the neutrals, velocity of the dust charged grains at the sheath edge and the ion to
electron temperature ratio influence the relative concentration of the plasma species in the
sheath and hence they play crucial roles in the transition of the sheath from the negative to
the positive nature.

However, in this paper we have ignored the size, shape and charge fluctuation among
the individual dust charged grains. But the dust charge, mass and size, in general, behave
as dynamic variables and produce novel effects on collective degrees of plasma dynam-
ics. Thus the model under consideration is, though having the limitations may be regarded
as the beginning of the process of understanding the sheath in a dusty plasma where colli-
sional affects are important. Overall observations could be of interest in laboratory plasmas
as well as relate to the observations in astrophysical problems.
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