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Influence of the presence of a collisionless (Knudsen) layer around
a dust grain in plasma and the electron emission from the grain
surface on its charge and screening are investigated. It is assumed
that no ionization and recombination occur in the vicinity of the
grain. The criterion of the grain charge sign change is obtained. It
is shown that, at asymptotically large distances, the electrostatic
potential behaves as the Coulomb one with effective charge Zeff

which is always negative independently of the sign of the actual
charge Zd. Hence, for Zd > 0, the electrostatic potential changes
sign and has a minimum. This indicates the possibility of the
existence of the electrostatic attraction between positively charged
dust particles.

1. Introduction

The grain charge is one of the most important
characteristics of complex (dusty) plasmas which
influences many properties of these systems. When the
electron/ion emission from the grain surface is absent or
small, the grains are negatively charged as a result of
the higher mobility of electrons in comparison with that
of positive ions [1, 2]. The charge absolute magnitude
increases until the flux of ions which are attracted
to the grain balances the flux of electrons which are
repelled. The electron emission from the grain surface
(thermionic, secondary, or photoelectron emission) leads
to a decrease of the absolute magnitude of the charge.
For a high emission intensity, the charge can even
become positive.

Most of the experiments dealing with investigations
of ordered structures in complex plasmas have been
performed in low-pressure gas discharges. Under these
conditions, the ion (electron) mean free path �i(e)

usually exceeds the characteristic length scale of the
perturbed plasma around a grain which is, in the first
approximation, of the order of the plasma screening
length, λD. On this basis, the collisionless orbit motion
limited (OML) theory is often used, although the recent

theoretical and experimental results have demonstrated
that the charging is considerably influenced by ion-
neutral collisions even when �i is larger than λD [2,3]. In
the opposite limiting case of high collisionality �i(e) �
λD, the hydrodynamic approximation can be used.

In the hydrodynamic approximation, it is usually
supposed that the grain surface is fully absorbing, and
the corresponding zero boundary conditions for the ion
and electron densities at the grain surface are used,
ni(a) = ne(a) = 0, where a is the grain radius. However,
the application of the hydrodynamic equations down
to the grain surface is valid only if the collisionless
layer is thin enough relative to the grain size, i.e., when
�i(e) � a. But if �i(e) > a, the presence of the collisionless
layer around the grain should be taken into account.
There is a wide region of plasma parameters, where
this inequality is realized. In [4–6], the zero boundary
conditions were modified by the addition of a term
comprising the derivative d[ni(e)r]/dr. This improves the
accuracy of the boundary condition, but still requires
�i(e) < a to be satisfied.

The purpose of the present paper is to investigate
the influence of a collisionless (Knudsen) layer between
the grain surface and the surrounding plasma, as well
as the electron emission from its surface, on the grain
charging and screening processes. We consider a small
individual charged grain immersed in the collisional
isotropic plasma and neglect the volume ionization and
recombination processes. The latter assumption means
that plasma sources which compensate for the electron-
ion recombination on the grain surface are far from
the grain, outside of the plasma perturbed region. The
problem of the grain charging under similar conditions
but neglecting the Knudsen layer and the electron
emission from the grain was investigated in [7].

In this paper, the region a < r < a+ �i(e) around the
grain is approximated by a collisionless layer, while we

1The results of the work were reported at the 2nd International Conference “Dusty Plasmas in Applications” (August 26–30, 2007,
Odesa, Ukraine).
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use the drift-diffusion approximation in the outer region
r > a + �i(e). The approximate algebraic equations for
the ion and electron fluxes to the grain and for the grain
charge are obtained, and the asymptotic behavior of the
electrostatic potential around the grain and its screening
are determined.

2. Asymptotic Model of Charging

When the ionization and recombination in the vicinity
of the grain are neglected, the total ion (electron) flux
that the grain collects (emits) from (to) the surrounding
plasma is considered. With regard for the spherical
symmetry, we get, in the drift-diffusion approximation
(see, e.g., [8]),

dni(e)

dr
± eni(e)

Ti(e)

dϕ

dr
=

Ii(e)

4πDi(e)r2
, (1)

where Ti(e), Di(e), and Ii(e) are the ion (electron)
temperature (in energy units), diffusion coefficient, and
flux to the grain (integration constant), respectively; ϕ
is the electrostatic potential; and the upper (lower) sign
corresponds to ions (electrons). Under the stationary
conditions Ii = Ie, where Ii is the ion flux from the
plasma to the grain surface, while Ie is the total electron
flux which includes the electron flux from the plasma
Iep and the electron emission flux Iem (if the latter is
present), Ie = Iep − Iem. The general solutions of Eqs.
(1) can be written in the form

ni(e)(r) = exp
(
∓eϕ(r)

Ti(e)

)
×

×
[
ni(e)(r0) exp

(
±eϕ(r0)

Ti(e)

)
+

+
Ii(e)

4πDi(e)

r∫
r0

exp
(
±eϕ(r′)

Ti(e)

)
dr′

r′2

⎤
⎦ , (2)

where r0 is an arbitrary radius. Usually, r0 is the radius,
at which the boundary conditions are set. If r0 � λD,
there is a region r < r1 where the screening is negligible,
and the potential can be approximated by the Coulomb
form

ϕ(r) ∼= eZd

r
+ ϕc, (3)

where Zd is the grain charge number and ϕc is a certain
constant which appears due to the plasma screening of

the grain charge at r > r1 (in vacuum ϕc = 0). For
r < r1, by substituting Eq. (3) into Eqs. (2), we get

ni(r) =
[
ni(r0) +

Ii

4πzaτDi

]
exp

[
zτa

(
1
r0

− 1
r

)]
−

− Ii

4πzaτDi
(4)

ne(r) =
[
ne(r0) − Ie

4πzaDe

]
exp

[
−za

(
1
r0

− 1
r

)]
+

+
Ie

4πzaDe
, (5)

where z = e2Zd/(Tea) is the dimensionless grain charge,
and τ = Te/Ti is the electron-to-ion temperature
ratio. It follows from Eqs. (4) and (5) that, due
to the exponential dependence on r, ni(e) quickly
approach almost constant values which are very weakly
dependent on r. They should be associated with the
unperturbed plasma density n0. Conditions, under which
ni(e) approach the unperturbed level n0 for plasma
particles attracted by the grain, are r0 � r < r1. For
repulsed particles, they are zτa � r < r1 for ions and
za � r < r1 for electrons. Then Eqs. (4) and (5) are
reduced to

ni(r0)e
zτa
r0 +

Ii

4πzaτDi
(e

zτa
r0 − 1) = n0, (6)

ne(r0)e
− za

r0 +
Ie

4πzaDe
(1 − e−

za
r0 ) = n0. (7)

The next step is the definition of r0 and finding a
relation between Ii(e) and ni(e)(r0). Let us put r0 =
r0i = a + �i for the ions and r0 = r0e = a + �e

for the electrons. In the outer region r > r0, we use
the drift-diffusion approximation, and the layer a <
r < r0 is considered as a collisionless one with a
potential of the Coulomb form (3). The ion and electron
motions in this layer are determined from the energy
and momentum conservation laws. The relation between
the ion (electron) flux to the grain from the plasma and
the corresponding density at the boundary between the
collisionless and hydrodynamic regions ni(e)(r0i(e)) was
obtained in [9]. In the case of the Maxwellian velocity
distribution of ions and electrons in the hydrodynamic
region r > r0, it can be written in the form

Ii = πa2ni(r0i)vTi
ξ−1
i (z) exp

(
zτa

r0i

)
, (8)
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Iep = πa2ne(r0e)vTe
ξ−1
e (z) exp

(
− za

r0e

)
, (9)

where vTi(e) = (8Ti(e)/πmi(e))1/2 is the ion (electron)
thermal velocity, and

ξi(z) =

=

⎧⎨
⎩

a2 exp(zτa/r0i)
r2
0i − �i(a + r0i) exp(zτa2/r0i(a + r0i))

, z < 0,

exp(zτ), z ≥ 0,

(10)

ξe(z) =

=

⎧⎨
⎩

exp(−z), z ≤ 0,
a2 exp(−za/r0e)

r2
0e − �e(a + r0e) exp(−za2/r0e(a + r0e))

, z > 0.

(11)

The use of the Maxwellian distribution simplifies
significantly the expressions for the fluxes Ii(e), but, in
principle, other distribution functions can be used.

Let us eliminate ni(r0i) from Eqs. (6), (8) and ne(r0e)
from Eqs. (7), (9) and take into account that Di(e) =
vTi(e)�i(e)/3. Then the ion and electron fluxes to the
grain are

Ii =
4πan0zτDi

4
3zτ �i

a ξi(z) + exp (zτa/r0i) − 1
, (12)

Iep =
4πan0zDe

4
3z �e

a ξe(z) − exp (−za/r0e) + 1
×

×
{

1 +
3a

4z�e
Gem

[
1 − exp

(
− za

r0e

)]}
, (13)

Ie = Iep − Iem =
4πan0zDe[1 − Gemξe(z)]

4
3z �e

a ξe(z) − exp (−za/r0e) + 1
, (14)

where the dimensionless parameter Gem =
Iem/πa2n0vTe

characterizes the relative intensity of
the electron emission without concretization of its
mechanism. The parameter Gem is simply the ratio
of the emitted electron flux density Iem/(4πa2) to the
thermal electron flux density on a flat surface n0vTe

/4.
The flux balance condition Ii = Ie yields the algebraic
equation for the dimensionless grain charge z:

τ
Di

De

4
3z �e

a ξe(z) − exp (−za/r0e) + 1
4
3zτ �i

a ξi(z) + exp (zτa/r0i) − 1
= 1 − Gemξe(z).

(15)

Let us consider limiting cases. In the hydrodynamic
limit (�i(e)/a → 0), the expressions for the ion and
electron fluxes [Eqs. (12) and (14)] reduce to

Ii =
4πan0zτDi

ezτ − 1
, Ie = 4πan0zDe

1 − Geme−z

1 − e−z
. (16)

The dimensionless charge z is determined by

τ
Di

De

1 − e−z

ezτ − 1
= 1 − Geme−z. (17)

These expressions in the absence of electron emission
(Gem = 0) are identical to those derived in [10]. The
emission was taken into account in [11], where Eq. (17)
was derived for the first time. Note that the parameter
Gem was determined in [11] in a somewhat different way,
namely as Gem = ne(a)/n0. By using (9), (11), and (13),
it is easy to show that both definitions coincide in the
limit �i(e)/a → 0. Equation (17) yields a particularly
simple result in the case of isothermal plasma (τ = 1),
z = ln(Di/De + Gem).

In the opposite limit of very weak collisionality
(a/�i → 0), we get the equations

ez − Gem

1 − zτ
=

vTi

vTe

, z ≤ 0, (18)

ezτ (1 + z − Gem) =
vTi

vTe

, z > 0. (19)

In the absence of the electron emission, Eq.
(18) coincides with that in the well-known OML
approximation (apart from some difference in the
determination of z).

Let us put z = 0 in Eq. (15) to find the critical value
of the parameter Gem, at which the grain charge changes
the sign. We get

G0 = 1 − vTi

vTe

1 + 3a2

4�er0e

1 + 3a2

4�ir0i

. (20)

When Gem < G0, the grain charge is negative, while it
is positive in the opposite case. In the limits �i(e)/a →
0 and a/�i(e) → 0, we get G0 = 1 − Di/De and
G0 = 1− vTi

/vTe
, respectively. Because we always have

vTi
� vTe

and Di � De, the second term in Eq. (20) is
small, and G0

∼= 1 with a reasonable accuracy.
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If the parameter Gem is not too small, Gem �
τDi/De, then the flux balance is shifted significantly
as compared that for a non-emitting grain, Gem = 0. In
this case, the left-hand side of Eq. (15) is small and can
be omitted. Then

Gemξe(z) ∼= 1. (21)

This means physically that the ion flux Ii is small
compared to the oppositely directed electron fluxes Iep

and Iem which practically compensate each other. It is
directly seen from Eq. (21) that z is independent of τ ,
as well as any other characteristic of ions. If Gem < 1,
then z < 0 and Eq. (21) reduces to z = ln(Gem). Near
the critical value (Gem ≈ 1), |z| � 1, and Eq. (11)
yields ξe(z) ≈ 1 − z. Thus, we have z ≈ Gem − 1.
Note, that although Eq. (21) does not contain any
characteristics of ions, this equation cannot be applied
to the purely emissive two-component electron-dust
plasma, because the parameter Gem is determined in
terms of the unperturbed density of electrons and ions
n0.

3. Screening

The model described in Section 2 is asymptotic in
the sense that the screening length λD exceeds all
characteristic distances in the system and therefore is
absent in derived expressions. It was assumed that
�i(e)/λD → 0 and a/λD → 0. In the next section,
the finiteness of the parameters �i(e)/λD and a/λD will
be introduced. In order to do this, an explicit form of
the potential at large distances is required. Such an
asymptotic dependence of ϕ(r) at r → ∞, when

e|ϕ(r)|/Ti(e) � 1, (22)

is determined below.
Let us put r0 = ∞ in Eq. (2) and, consequently,

ϕ(r0) = 0, ni(e)(r0) = n0. Then the flux balance
condition Ii = Ie = I0 yields

ni(e)(r) = exp
(
∓eϕ(r)

Ti(e)

)[
n0−

− I0

4πDi(e)

∞∫
r

exp
(
±eϕ(r′)

Ti(e)

)
dr′

r′2

]
. (23)

In the region where inequality (22) is satisfied, we have,
to within terms on the order of r−1,

ni(e)(r) = n0

(
1 ∓ eϕ(r)

Ti(e)

)
− I0

4πDi(e)r
. (24)

Substituting this relation into the Poisson equation, we
get

1
r2

d

dr

(
r2 dϕ

dr

)
=

ϕ

λ2
D

+
eI0

r

(
1
Di

− 1
De

)
, (25)

where λ2
D = Te/4πe2n0(1 + τ). The solution of Eq. (25)

reads

ϕ(r) =
A

r
e−r/λD +

eZeff

r
, (26)

where A is a constant that can be determined from
matching Eq. (26) with the potential at smaller distances
(its sign coincides with that of the actual grain charge
Zd), and

Zeff = −I0λ
2
D

(
1
Di

− 1
De

)
. (27)

Thus, in the region r � λD, the electrostatic potential
has the Coulomb form

ϕ(r) ∼= eZeff

r
. (28)

Substituting Eq. (12) into Eq. (27), we get

zeff =
e2Zeff

Tea
= − zτ

1 + τ
×

× 1 − Di

De

4
3zτ �i

a ξi(z) + exp (zτa/(a + �i)) − 1
. (29)

In the limit �i(e) � a, Eq. (29) reduces to

zeff = − zτ

(1 + τ)(ezτ − 1)

(
1 − Di

De

)
∼=

∼= − zτ

(1 + τ)(ezτ − 1)
(30)

which coincides with our earlier result [10]. In the
opposite limit �i(e) � a, we get

zeff = − 3a

4�i

1
(1 + τ)ξi(z)

(
1 − Di

De

)
,

ξi(z) =
{

(1 − zτ)−1, z ≤ 0,
ezτ , z > 0.

(31)
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Consequently, zeff → 0 as a/�i → 0. This result is in
agreement with the known behavior of the electrostatic
potential ϕ(r) ∼ r−2 in the fully collisionless regime [12].
However, the direct transition to this dependence is
impossible because of the condition �i � λD.

It is easy to show that zeff < 0 independently of the
sign of the charge z. Even for an uncharge grain (when
Gem = G0), its effective charge is negative and finite:

zeff

∣∣
z=0

= − 1 − Di

De

(1 + τ)
(

4�i

3a + a
a+�i

) . (32)

The negativity of the effective charge of a grain is
obvious already from Eq. (27), because I0 > 0 and
De > Di.

Thus, for Zd < 0, the grain charge is not fully
screened, while, for Zd > 0, the overscreening of the
grain charge occurs, and the electrostatic potential (26)
changes its sign at a certain distance. In the context
of the pair particle interaction potential, this implies
a long-range attractive asymptote of the electrostatic
interaction potential. This attraction was previously
obtained numerically [13] and analytically by means of
the plasma linear response formalism [14]. The location
of the potential minimum rmin can be found by solving
the equation(

1 +
r

λD

)
exp

(
− r

λD

)
=

e|Zeff |
A

. (33)

The potential depth is

|ϕ(rmin)| =
e|Zeff |

λD + rmin
. (34)

4. Accounting for the Finiteness of the
Screening Length

The charging model developed in Section 2 does not
contain the dependence of the grain charge on the
screening length. To account for this dependence, let us
approximate the potential ϕ(r) combining Eqs. (3) and
(28) by the function

ϕ(r) =

{
eZd

r + ϕc, r < a + λD,

eZeff
r , r ≥ a + λD.

(35)

Such an approximation allows the analytic integration in
Eqs. (2). The continuity condition at r = a + λD results
in

ϕc = −e(Zd − Zeff)
a + λD

. (36)

Then, we follow the procedure described in Section 2
but without the restriction r < r1, because potential
(35) is specified within the whole range of r. Therefore,
the passage from Eqs. (4), (5) to Eqs. (6), (7) occurs
at r → ∞. As a result, the expressions for the ion and
electron fluxes to a grain are

Ii =
4πan0zτDi

Qi(z, y)
, (37)

Ie = Iep − Iem =
4πan0zDe

Qe(z, y)
×

×
[
1 − Gemξe(z) exp

(
z(1 − y)

a

a + λD

)]
, (38)

where y = zeff/z, and

Qi(z, y) =
4
3
zτ

�i

a
ξi(z) exp

[
−zτ(1 − y)

a

a + λD

]
+

+ exp
[
zτa

(
1

r0i
− 1 − y

a + λD

)]
+

+
(

1
y
− 1

)
exp

(
zτy

a

a + λD

)
− 1

y
, (39)

Qe(z, y) =
4
3
z
�e

a
ξe(z) exp

[
z(1 − y)

a

a + λD

]
−

− exp
[
−za

(
1

r0e
− 1 − y

a + λD

)]
−

−
(

1
y
− 1

)
exp

(
−zy

a

a + λD

)
+

1
y
. (40)

The first equation connecting two independent
variables z and y follows from the flux balance
conditions:

τ
Di

De

Qe(z, y)
Qi(z, y)

= 1 − Gemξe(z) exp
[
z(1 − y)

a

a + λD

]
.

(41)

The second equation is obtained by the substitution of
Eq. (37) or (38) in Eq. (27). Using Eq. (37), we get

yQi(z, y) = − τ

1 + τ

(
1 − Di

De

)
. (42)
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Fig. 1. Dimensionless grain charge z as a function of the ion mean
free path �i normalized to the grain radius a in argon plasmas in
the absence of the electron emission (Gem = 0) for various values
of τ = Te/Ti and L = �e/�i. Curves correspond to the solution of
Eq. (15), points are the result of numerical calculations

The actual Zd and effective Zeff grain charges are
found from solutions of the system of equations (41)
and (42). Unlike the asymptotic model, where Zd is
determined by the solution of Eq. (15) independently of
Zeff and only then the effective charge is calculated with
the help of Eq. (29), both charges are determined here
simultaneously. It is quite natural, because Zd depends
on the behavior of the potential in the asymptotic
region.

In the limit a/λD → 0, Eqs. (41) and (42) are
uncoupled, and the transition to the asymptotic model
is realized. In this case, Eq. (41) reduces to Eq. (15) and
Eq. (42) reduces to Eq. (29). In the hydrodynamic limit
�i(e)/a → 0, functions (39), (40), and ξe become simpler,
but the system of equations (41) and (42) has the same
form.

The critical value G0 of the parameter Gem remains
unchanged in comparison with the asymptotic model.
Equation (20) remains valid, as well as the corresponding
expression for the effective charge (32). It is easy to write
an analog of Eq. (21) corresponding to the approximate
balance of the electron fluxes Iep and Iem provided
that the ion flux Ii (equal to their small difference) is
neglected. Thus, it is done by replacing the left-hand
side of Eq. (41) by zero. The substitution of its solution
y = 1+(a+λD) ln[Gemξe(z)]/za in Eq. (42) reduces the
problem to find z to the solution of one equation.

5. Comparison of Results with Those of
Numerical Calculations

Besides the developed analytical model, numerical
calculations were performed as well. We have solved the
system of differential equations consisting of Eqs. (1) for
ions and electrons and the Poisson equation written in
the form
dZ

dr
= 4πr2(ni − ne), (43)

where Z = Z(r) is the charge inside a sphere of radius
r. The boundary conditions at r = r0 for Eqs. (1) are
relations (8) and (9), and one for Eq. (43) is Z(r0) =
Zd (since r0 � λD). All these equations are of the
first order, thus these boundary conditions constitute
formally a complete set. However, they depend on
the beforehand unknown values Zd, Ii, and Iep. Thus,
additional conditions are necessary. As those, we use
ni = ne and dZ/dr = 0 as r → ∞.

The dimensionless grain charge z as a function of the
ion mean free path �i normalized to the grain radius a
in argon plasmas in the absence of the electron emission
(Gem = 0) for different values of τ = Te/Ti = 1, 10,
100 and L = �e/�i = 1, 2, 50 is shown in Fig. 1. Curves
correspond to the solution of the algebraic equation (15),
points are the result of numerical calculations. A smooth
transition from the pure hydrodynamic regime with
small mean free path (the left side of the figure) to the
regime with a thick Knudsen layer (the right side of the
figure) takes place. The grain charge is always negative.
An increase in τ results in a decrease in |z| at all values of
the parameter �i/a. The weakly pronounced maximum
of the function z(�i/a) at τ = 1 becomes more visible
for larger τ and shifts in the direction of higher values of
the argument. The parameter L affects the grain charge
only at small values of �i/a. For other gases, such as
hydrogen, helium, neon, and xenon, the dependence of z
on τ , L, and �i/a is qualitatively the same. As seen from
Fig. 1, there is a good agreement between the results of
the analytical model and numerical calculations.

Our calculations showed that the accounting of
a Knudsen layer in the hydrodynamic approximation
results in a decrease in the absolute value of negative
grain charge. This decrease can be rather large, about
two times for isothermal plasma (τ = 1) and five times
at τ = 100.

The ratio of effective and actual grain charges
Zeff/Zd as a function of the screening length λD

normalized to the grain radius a in argon plasmas is
shown in Fig. 2. The results of the analytical model are
compared with our numerical calculation and with a
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Fig. 2. Ratio of effective and actual grain charges Zeff/Zd as a
function of the screening length λD normalized to the grain radius
a in argon plasmas at Gem = 0, τ = 1, L = 2 and �i/a = 0,
3. Solid curves correspond to the analytic model solution of the
system of equations (39) and (40); dash-dotted curves correspond
to the asymptotic model (λD/a → ∞); and symbols correspond
to the numerical calculations of the present work (filled) and [7]
(open)

numerical solution by Bystrenko and Zagorodny [7] who
used the hydrodynamic approximation with boundary
conditions at the grain surface (this corresponds to
�i/a → 0 in our model). The results of numerical
calculations obtained by different methods practically
coincide. The ratio Zeff/Zd derived from the asymptotic
model slightly underestimate the numerical values.

Let us consider now the influence of the electron
emission. Figure 3 shows how the parameter λD/a affects
the dependence of z on Gem. In all cases, decreasing
λD/a results in increasing |z|, for both positive and
negative z. At the same time, the grain charge remains
practically independent of the parameters other than
Gem in the region 0.1 < Gem < 2. Decreasing the
parameter λD/a strongly affects the value of z at
larger values of Gem and �i/a. At small �i/a (curves
corresponding to �i/a = 0 in Fig. 3), z only weakly
depends on λD/a at all Gem. But, for �i/a = 2, this
dependence becomes rather strong for Gem � 10.

The dependence of z on λD/a at various intensities
of the electron emission in the limiting case of perfect
hydrodynamics, �i/a = 0, is shown in Fig. 4. The case
of a significant thickness of the Knudsen layer �i/a = 2
is presented in Fig. 5. In these figures, the results of
numerical calculations are shown as well. At λD/a � 1,
the grain charge is close to the value corresponding to

Fig. 3. Dimensionless grain charge z as a function of the emissivity
Gem in argon plasmas for τ = 1, L = 2, and �i/a = 0, 2. Solid
curves correspond to λD/a → ∞, dashed curves correspond to
λD/a = 10, and dash-dotted curves correspond to λD/a = 4

Fig. 4. Dimensionless grain charge z as a function of λD/a in
argon plasmas for τ = 1, L = 2, �i/a = 0, and Gem = 0, 0.01, 0.3,
10. Solid curves correspond to the analytical model, dash-dotted
curves correspond to the asymptotic solution λD/a → ∞, and
symbols correspond to the numerical calculation

the asymptotic model (dash-dotted curves). At λD/a ∼
1, the deviations from the asymptotic model are very
significant, the magnitude of these deviations in the
numerical calculation being smaller than that in the
analytical model. A similar situation takes place for the
effective charge (see Fig. 6).
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Fig. 5. Dimensionless grain charge z as a function of λD/a in
argon plasmas for τ = 1, L = 2, �i/a = 2, and Gem = 0, 0.3,
10. Solid curves correspond to the analytical model, dash-dotted
curves correspond to the asymptotic solution λD/a → ∞, and
symbols correspond to the numerical calculation

Fig. 6. Dimensionless effective grain charge zeff as a function of
λD/a in argon plasmas for τ = 1, L = 2, �i/a = 0, and Gem = 0,
0.01, 0.3, 10. Solid curves correspond to the analytical model, dash-
dotted curves correspond to the asymptotic solution λD/a → ∞,
and symbols correspond to the numerical calculation

6. Conclusions

We have proposed a model of dust grain charging
in a weakly ionized plasma in the hydrodynamic
approximation. We considered the conditions when
the grain radius a and the mean free paths of ions
�i and electrons �e are of the same order, and the
collisionless (Knudsen) layer around a grain should be
taken into account. It is assumed that the processes
of volume ionization and recombination in the plasma
region perturbed by the grain are not important and
do not affect the value of the ion and electron fluxes
to the grain. The screening length λD is assumed
large in comparison with the grain radius and the
mean free paths of ions and electrons. The expressions
for the ion and electron fluxes to a grain and the
algebraic equation for its charge Zd are obtained.
Changes in the grain charge during the transition
from a thin to a thick collisionless layer around
the grain are traced. The model also allows one
to account for the electron emission from the grain
surface. The electron emission (secondary, thermo-, or
photoemission) reduces the absolute magnitude of the
grain charge, and it becomes positive at sufficiently
large emission intensities. The dimensionless parameter
which characterizes the electron emission intensity is
introduced, and the criterion of a change of the particle
charge sign is given. We have considered the behavior
of the electrostatic potential at large distances from

the grain and shown that it has the Coulomb-like form
with some effective charge Zeff . The effective charge is
always negative independently of the sign of the actual
charge Zd. This implies that, for a negatively charged
grain, only the partial screening occurs; whereas, for a
positively charged grain, the potential reverses its sign
at some point and becomes negative. In the latter case,
the electrostatic attraction is possible between a pair of
positively charged grains.
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ГIДРОДИНАМIЧНЕ НАБЛИЖЕННЯ ДЛЯ ЗАРЯДЖАННЯ
ПОРОШИНОК В СЛАБКОIОНIЗОВАНIЙ ПЛАЗМI

Л.Г. Д’ячков, С.A. Храпак, А.Г. Храпак

Р е з ю м е

Дослiджено вплив як кнудсенiвського (без зiткнень) шару
поблизу порошинки у плазмi, так i емiсiї електронiв з по-
верхнi порошинки на її заряд та екранування. Вважаєть-
ся, що iонiзацiя i рекомбiнацiя поблизу порошинки вiдсут-
нi. Отримано критерiй для змiни знака заряду порошин-
ки. Показано, що електростатичний потенцiал на асимпто-
тично великих вiдстанях поводиться як кулонiвський по-
тенцiал ефективного заряду Zеф, який завжди негативний
незалежно вiд знака фактичного заряду Zd. Для Zd >
0 електростатичний потенцiал змiнює знак i має мiнi-
мум, що свiдчить про можливiсть iснування електростатич-
ного притягання мiж позитивно зарядженими порошинка-
ми.
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