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A dust void is a dust-free region in dusty plasma. Theory demonstrates that the void results from the balance of
the electrostatic and plasma (such as the ion drag) forces acting on a dust particle. In dusty plasma experiments,
physical properties of the void show clear dependence on the power input into the plasma (in particular, its size
increases with the increase of the applied power). Here, the theory and numerical results are presented for such

a dependence.
PACS: 52.27.Lw, 52.25.Vy, 52.35.Fp, 52.40.Hf

1. INTRODUCTION

Numerous experiments demonstrate that a com-
monly observed property of a complex (dusty) plasma
is the formation of structured dust/dust-free regions
[1-7]. According to the current physical understand-
ing, the dust-free regions, called dust voids, appear in
a dusty plasma as a result of the electrostatic force and
the drag force acting on dust particles, the latter being
due to the plasma ions flowing to the dust [3,8-11]. The
reason for the ion drift is the enhanced plasma ioniza-
tion in the dust void region as compared to the region
occupied by dust, because the latter acts as an effective
sink of plasma particles. In general, the ion momentum
balance in the void (i.e., in the dust-free region) is de-
termined by the electric force, the ion pressure force,
and the friction force of plasma ions with neutral gas
atoms. It was shown theoretically [8-11] that a dust
void can indeed be formed as a result of the force bal-
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ance in a dusty plasma. Such voids are usually globally
stable for disturbances perpendicular to the void’s edge.

The void’s boundary appears in experiments as
a sharp interface where the dust density abruptly
changes. The sharpness of the boundary was theo-
retically explained in Refs. [8,9,11] for various phys-
ical situations. Usually, dissipative processes tend to
smooth a discontinuity (e.g., in hydrodynamics), but
in a dusty plasma, the dust density discontinuity is it-
self created by dissipative processes related to plasma
absorption by dust grains. It was obtained that these
processes not only fail to smooth the void’s boundaries
but, on the contrary, create them. In Refs. [8, 9], the
theory of dust voids was proposed for the two limiting
cases where the ion friction on the neutral gas atoms
is assumed to be small [8] and in the case where the
ion-neutral friction is dominating [9]. The «collision-
less» void appears when its size is much less than the
ion-neutral mean free path; in the opposite case, the
void is «collision-dominated» [1].

The dust void structures were also investigated
in [11] in the case where the ion diffusion in the neu-
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tral gas atoms plays an important role. It was demon-
strated that this dissipative process not only allows the
existence of dust voids (i.e., the absence of dust grains
in the void region) with sharp boundaries but can also
create new types of (shock-like) discontinuities inside
the dust structure.

The ionization source assumed in Refs. [8-11] was
homogeneous and proportional to the plasma electron
density (as observed in experiments). It was demon-
strated that the presence of the plasma ionization sup-
ported by an external power input into the plasma is
crucially important for the theory of voids because the
ionization source creates the ions flowing to the boun-
dary, thus supporting the void.

It was experimentally observed [2, 3, 5-7], that char-
acteristics of the void change with changing plasma pa-
rameters such as the input power and/or the gas pres-
sure. Typically, the size of the void increases with the
increased power input into the system. When the size
increases, the void can change the regime from nearly
collisionless to collision-dominated. In this paper, we
present a theory for the dependence of the dust void
parameters on the power applied to a dusty plasma.
The theory is developed for a one-dimensional model,
with planar geometry that is symmetric with respect
to the center of the void, by numerical investigation
of the stationary force balance equations for the void
structure.

The outline of the paper is as follows. In Sec. 2,
we introduce the model and the main equations writ-
ten in a dimensionless form; in Sec. 3, we present the
dimensionless equations in the dust and void regions,
relations at the void boundary, and an equation for the
power input; Section 4 contains the numerical results
showing the dependence of the void size on the input
power, and Sec. 5 contains the main conclusions.

2. THE MODEL

We consider the one-dimensional model as sketched
in Fig. 1. The overall approach assumes a planar ge-
ometry that is symmetric with respect to the center of
the void located at 2 = 0. The ion drift velocity is zero
at the center. When a void appears, its center is at
x = 0. The void’s edge corresponds to x,. The dust
region corresponds to x > z, where the dust number
density ng is finite (and positive).

To describe a collision-dominated structure with the
size much larger than the ion-neutral mean free path,
we use the dimensionless variables given by [9, 11]
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Fig.1. Sketch of the one-dimensional simulation re-

gion. A dust cloud fills all space except for a void

region of the full width 2z, with the center at x = 0.
The edge of the void is z,
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where n;, n., and ng are the dimensional ion, electron,
and dust number densities, respectively, Z; is the dust
charge in the units of the electron charge (the dust is
assumed to be charged negatively), u; is the ion drift ve-
locity, vr; = (T;/m;)"/? is the ion thermal velocity, T,
and T; are the electron and ion temperatures, Ty is the
dust kinetic temperature in energy units (all temper-
atures are assumed to be homogeneous and constant),
7 = T; /T, is the ion-to-electron temperature ratio, as-
sumed to be small, 74 is the dimensionless dust tem-
perature (also assumed to be small), E is the electric
field, \;p is ion-neutral mean free path, a is the dust
size, and z is the dimensionless dust charge. Finally,
ngo i the ion critical density used for normalization of
the plasma electron and ion densities,

2
Ap; T __ 1T
)\in 471'62/\,'”0,7

T 1/2
Api =
4mn;e?

is the ion Debye length.
The total set of the balance equations is given by:
1. The electron momentum equation for the elec-
tron pressure force balanced by the electric field force,

(2)

oo = Mo

where

dne
dx

= -n.E. (3)
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This equation leads to Boltzmann distribution of
plasma electrons.

2. The ion momentum equation for the ion pressure
force balanced by the electric field force, the friction
on the dust force and the friction on the neutral-atom
force,

dn

T% - 3 (4)
where a4, = g, (u, 7/2) is the dust-ion drag coefficient,
which is calculated with both the capture force and the
Coulomb scattering force [9] of plasma ions by dust par-
ticles taken into account. Here, we neglect the udu/dx
term because it is small for the considered subsonic ion

n(E — agruzP — u(2 4+ a,|u]))

drift velocities (we note that in our dimensionless units,
this term contains an additional factor 7); our numeri-
cal calculations confirm this assumption. In the limits
T land 1< (7/2) < (a/Api), aqr depends only on
the ion drift velocity and is given by

erf(lul)  exp(—u?)
2|ul? Vru?

where In A is a generalization of the Coulomb logarithm
with the collective plasma effects, the finite dust size,
and the ion scattering on large angles by dust particles
taken into account. Next, ay, in (4) is a numerical co-
efficient describing the nonlinearity of the friction force
on the neutral atoms, which is typically of the order 1,
and we therefore set «,, = 1 in further numerical com-
putations here. This value of a,, is based on the exper-
imental dependence of the ion mobility on the electric
field in a low-temperature plasma [12], which demon-
strates that with the increase of the electric field F, the
mobility starts to depend on E and u « VE for large
field, i.e., the ion friction force on the neutral atoms is

aarul) = ( Jus 6

proportional to u2.
3. The dust momentum equation (balancing the
dust pressure force by the electric field force and the

ion drag force)

If we neglect the dust pressure force, we obtain the sim-
ple relation between the electric field force and the ion
drag force acting on dust particles:

d
P
4 dx

P

z

= —P(E — nagyuz). (6)

(7)

4. The ion continuity equation determining the ion
flow velocity and containing the ionization source and
the dissipation sink on the dust component (written as
an equation for the ion flux)

E = ag.(Jul)nuz.
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d®
dx

e
— — aep Pn,
T

(8)
where ® is the total dimensionless ion flux (see Eq. (10)
below), x; is the dimensionless ionization length (see
[8, 9]), and a,p, is the capture coefficient, also appear-
ing in the dust charging equation (11), which in the
limit 7 < 1 depends only on the ion flow velocity:

erf(|ul)
4y

aen(lul) = (9)

5. The ion flux relation including the convective
flux and the diffusion flux

dn

® =nu—rTap—,

dx

where ap is the diffusion coefficient of ions on neutral

particles; it is given by

(10)

ap =1/3v2=0.236

if estimated as

/\iani/?’ for Tl%Tn

(T, is the neutral gas temperature in energy units).
We note that the diffusive flux leads to the second-or-
der derivative of the ion density in the ion continuity
equation (8). The diffusion is negligible when 7 ~ 0;
in that case, ® = nu, and the pressure term in the ion
momentum equation also disappears.

6. The dust charging equation obtained from the
balance of charging plasma currents on the dust grains

g )

In the limit 7 < 1, the charging coefficient a.j, (as well
as the drag coefficient ag4,) is a function of the ion drift
velocity only.

7. The Poisson equation. It is used only in the void
region. In the dust region, it gives an algebraic equa-
tion determining P as a function of n, ne, u, and z (see
Eq. (14) below). We have

e
zde oz +1

pLldn
n dx

1 dachd_u
aep du dx

dE 1

T = T ne), (12)
where
& = ;‘ (13)

is the (square root of the) ratio of the dust particle size
to the ion-neutral mean free path.
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A similar system of equations was used previously
in Ref. [11] (by keeping the ion diffusion term) and in
Refs. [8,9] by neglecting the ion diffusion on neutrals,
ap — 0, as well as the dust pressure 7; — 0 when
Eq. (6) describes sharp boundaries (P = 0 at one side
of the boundary and F = nuzag, at the other side
of the boundary), and/or the ion friction on neutrals.
We note that the present system of the balance equa-
tions was first written in the full form in Ref. [11] and
an important point here is the explicit expression for
T4 containing no parameter that can change in the ap-

pearing structures.

3. EQUATIONS IN THE DUST AND VOID
REGIONS, AT THE VOID BOUNDARY,
AND FOR THE POWER INPUT

3.1. Equations in the dust region

In the dust region, the Poisson equation gives the
value of P as a function of other parameters in the dust
region,

P(u7 n’ ne’ Z) =

where the parameter R(u,z) is related to the depen-
dence of the dust drag coefficient ay, and the charging
coefficient a,p, on the ion flow velocity u,

B " 1 dovgy (u]) 3
R(u,z) =1+ aar () I
L diae(u)

(15)

B (14 2) acp(|u]) du

These relations complement the balance equations
given in the previous section. We note that as d — 0,

it follows from expression (14) that
P =n—ne, (16)

which is nothing else but the local quasi-neutrality con-

dition. In the other limit as 7 — 0 for finite d, we
obtain
2
pono2t (17)
zavar(|ul)

We use these (or similar) relations below.
Furthermore, we obtain the ion continuity equation

du  Ry(u,n,ne,z)

— = 18
dx R(u, z) (18)
the ion momentum (force balance) equation
dn  un
= (agr(Jul)z(n—P(u,n,ne, z))—2—|ul), (19)
x0T
the electron momentum (force balance) equation
dne
dr; = —unnezagy(|ul), (20)
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n —ne + d?age(|Jul)u’nz {adr(m)nz R(u,2) (nz —2— u|)}
z+1
- 7 (14)
1+ R(u, 2)d?aq, (Jul)nz <?adr(|u)z - ozch(|u)>
and the dust charging equation
d
é :RQ(U,RJ’LE,Z). (21)

In Egs. (18) and (21), we have
_agp([u])znu® 3

Rl(uanvn&z)_ 142

zu?

T(1+2)

(aar([ul)2(n—P(u,n,n¢, 2))=2=[ul) +

n—ne — Plu,n,ne, 2)
22
d?agr(|ul)zn -
and
- 5 1 dach(|u‘)
Ry(u,n,ne,z) = 241 [acn(|ul) du
Ri(u,n,ne, z) u
Ri(u,nyne,2) u _p
R(u, z) T%r(\uDZ(n (u,n,me, 2))+

+ agr(Jul)znu| . (23)

3.2. Equations in the void region

In the void region, we use the balance equations in
which the ion diffusion and the dust pressure effects are
neglected, while the ion pressure effects are included.
The equations used in the void region are the ion con-
tinuity equation

du

U Ne
— = —(F —u(2
e Bt )+

(24)
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the ion momentum (force balance) equation

dn n
— =—(E—u(2 , 2
= LB+ ), (25)
the electron momentum (force balance) equation
dn,
o= —n.E, (26)
and the Poisson equation
dE 1
%:ﬁ(n—ne). (27)

3.3. Equations for the virtual void boundary

First, we here use the new concepts of the virtual
dust charge and the virtual void boundary that should
be used [11] in the absence of dust. The virtual dust
charge indicates that if a dust particle is placed in some
region in a plasma, it is charged corresponding to the
virtual charge at that point. We note that forces acting
on the dust grain move it if the chosen position does
not satisfy the equilibrium force balance condition (as
in the experiments in [7]). This concept is close to the
concept of field strength in electrodynamics: the force
acts on a charge only when the charge is actually placed
at the point where the field exists.

In the absence of dust grains, the void boundaries
can be obtained as virtual boundaries. The virtual
dust voids bounded by the virtual surface can be stable
as well as unstable. Experimental observations of real
dust voids and a few particles staying on the virtual
void surface for long time correspond to a stable vir-
tual void, i.e., a stable virtual void boundary. The dust
charge at the virtual void surface is virtual. This means
that if we introduce a grain at this surface, it acquires
the charge equal to the virtual dust charge. Although
the model in [8, 9], which deals with the boundary con-
ditions at the void surface and assumes the jump of the
dust density at the void boundary, can in principle pre-
dict the virtual void size, the virtual dust charge can
be obtained only at the void surface in this approach.
Here, we use the concept of the virtual dust charge to
calculate the void boundaries and the actual dust den-
sity distributions.

The boundary conditions for the void boundary are
given by the continuity equation of the electric field

E(zy) = n(zy)zou(zy)agr ([u(zy))) (28)
and the charging equation
exp(=2) = 2 (ule ) (29)
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They give the position z, of the void boundary and the
dust charge z, at the void boundary. We can therefore
obtain the ion density n, = n(z,), the electron density
Ney = Ne(y), the ion drift velocity u, = u(z,), and
the parameter P, = P(uy, Ty, Ne, v, Zy) at the boundary.

3.4. Equation for the power input

The value for the power input provided by the
ionization source can be obtained from ion continuity
equation (24) by integrating it over the void size. We
obtain

Ty

Qi:2/

0

ne(x)

dx.

(30)

The factor 2 is written here because the calculations
are performed from the center of the void for the half-
space > 0 and therefore for a half of the void (see
Fig. 1). All values are found as a function of the ion-
ization distance, which is modeled as

x; =2(1=m/6), 0<m<5. (31)
Thus we obtain the dependences on the parameter m,
which are subsequently converted to the functions of
@i, and the interpolated curves are given.

4. NUMERICAL RESULTS

The above equations (where the ion diffusion and
the dust pressure effects are neglected while the ion
pressure effects are included) were first solved for the
set of the parameters 7 = 0.05, x; = 2, d = 0.2, and
no 2. These values are close to typical parame-
ters of complex plasma experiments such as in Ref. [9].
The assumptions adopted are sufficient for the problem
considered because we can easily obtain both the void
structure and the dust structure, without any problems
occurring with the point v = 0 in this approximation.
We assume that 2z = 0 is in the center of the void and
start numerical calculations from this point in the void
region for x > 0 to find the boundary z, of the void.

We thus obtain the main parameters of the void
boundary: x, = 0.19004, z, = 2.82089, n, = 2.32804,
Ne, = 191211, E, 0.45031, and u, = 0.07948.
Then we can find the jump P, of the parameter P at
the void’s edge, i.e., the value of P at the dust side
of the boundary. From Eqs. (14) and (15), we obtain
P, = 0.3686. This is positive and therefore the condi-
tion P, > 0 is satisfied, i.e., a sharp dust void boundary
exists. All the parameters found at the boundary can
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Fig.2. Distribution of the main dimensionless pa-

rameters in the void and the dust regions in the
case where the ion diffusion is neglected. The as-
sumed values of the normalized plasma parameters are
T =TiT. = 005 z; = 2, d = (a/\in)"? = 0.2,
no = 2, and ng. = 0.98. At the dust boundary, the
parameter P as well as its derivatives are discontinu-
At the end of the structure, where P = 0, the
derivative of P is also discontinuous

ous.

now be used to solve the equations in the dust region
up to the point P = 0, together with the boundary
conditions at the void’s edge.

The solution is presented in Fig. 2. We can see that
at the dust—void boundary, the parameter P is discon-
tinuous (together with its derivatives). At the end of
the structure, where P = 0, the derivative of P is also
discontinuous. It is important that the sign of the ion
velocity u changes inside the dust region. It can be seen
that the solution in the dust region has no singularity
at u = 0, which is related to the fact that the electric
field, being proportional to u (due to the dust balance
equation), vanishes for u = 0. Also, no point where the
equality R = 0 is possible, is reached inside the dust
region.

We note that for another set of the initial parame-
ters, R can be equal to zero inside the dust region. The
expression R appears in denominators (e.g., see (18))
when solving the system of equations for du/dz and
dn/dzx. The possibility of a singularity (i.e., R = 0)
means that the one-dimensional approach adopted in
the present study might not be sufficient to describe the
dust dynamics. We note that in the two-dimensional
case where the same system of equations with nonzero
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dust velocity describing formation of dust vortices has
the additional term v4dz/dr, no such singularities ap-
pear for dust rotation. Thus, R = 0 in the one-dimen-
sional case corresponds to the possibility of generation
of dust vortices in the two-dimensional consideration.
The absence of such a singularity for the results shown
in Fig. 2 suggests that for the set of parameters used,
the dust vortices cannot be excited in the dust region.

In the case where the second surface is not a free
surface (as was assumed for the point P = 0 shown
in Fig. 2), and, for example, the wall with the floating
potential appears, the dust region does not continue to
P = 0 and another jump of P can occur before that
point, leading to a near-wall dust void. Within the
near-wall void, the ion flow velocity is directed to the
dust region in the vicinity of it, then it changes its sign
once more at some point, and is directed towards the
wall near the wall. We note that only in this case the
boundary conditions for the floating potential at the
wall can be satisfied. Here, we do not explore the pos-
sibility of the near-wall dust void and consider only the
free second surface with P = 0.

Next, we allow for changes in the ionization rate
according to (31) to study the dependence of the dust
void size on input power (30). All values of the plasma
and dust parameters are found as functions of m. Then
these functions are converted to functions of the applied
power ;, and the corresponding interpolated curves
are given.

Figure 3 shows the dependence on the applied power
of the size of the void z,, as well as the jump P, of the
parameter P and plasma parameters such as the dimen-
sionless ion density, dust charge, and the ion flow veloc-
ity at the void’s edge (presented as n, —2, z, —2.5, and
u, curves, respectively). Here, 7 = 0.05 and d = 0.2;
the other parameters are the same as in Fig. 2. We note
the general increase of the dust void size z, for larger
power input, which is in agreement with experimental
results. The increase of the void is accompanied by
the increase of the jump P, of the parameter P at the
void boundary, which corresponds to larger dust den-
sities. We note that the dust charge at the boundary
is decreased, which is due to a larger input of ions into
the dust charging compared with the input of plasma
electrons. Indeed, we can see that the ion density and
velocity increase at the void boundary with the increase
of the power input into the system.

In Fig. 4, the dependence of the dust void size z,,
of the jump P,, and of the plasma parameters (pre-
sented as n, — 2 and z, — 2.5 curves) at the void’s edge
on the applied power is presented for other values of
plasma parameters, i.e., for 7 = 0.1 and d = 0.1. We
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Fig.3. Dependence of the size of the void z,, the
jump P, of the parameter P, and the plasma parame-
ters (presented as n, —2, z, —2.5, and u, curves for the
normalized ion density, normalized dust charge, and the
normalized ion drift velocity, respectively) at the void's
edge on the applied power @;. The assumed values of
the normalized plasma parameters are the same as in
Fig. 2, in particular, 7 = 0.05 and d = 0.2

note that in this figure, we also add the dependence of
the electron density at the void’s edge n.,, (presented
as Mey — 1) on the power input into the system. We
see that all general features of the applied power de-
pendences are similar for different plasma parameters
(we have also checked other values of the plasma pa-
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Fig.4. Dependence of the size of the void z,, the
jump P, of the parameter P, and the plasma parame-
ters (presented as ne,, — 1, ny — 2, z, — 2.5, and u,
curves for the normalized electron density, ion density,
dust charge, and the ion drift velocity, respectively)
at the void's edge on the applied power @;. The as-
sumed values of the normalized plasma parameters are
7 = 0.1 and d = 0.1, the others are the same as in
Figs. 2 and 3

rameters). In particular, the tendency of the increasing
dust void size with the increasing power input into the
systems is the same. We also note the decreasing elec-
tron density at the void’s edge, which also contributes
to the decrease of the dimensionless dust charge as the
power input into the system increases.
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5. CONCLUSION

To conclude, we have investigated the behavior of
the main parameters of a dust void on the power ap-
plied to a dusty plasma system. We have demonstrated
that the size of the dust void increases with increasing
the power input. This is in agreement with experimen-
tal observations, e.g., in Ref. [3]. We have obtained the
dependence of the main plasma and dust parameters
at the void boundary on the applied power for various
plasma conditions.
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