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A self-consistent model of the ambipolar diffusion of electrons and ions in dusty plasmas accounting
for the local electric fields, the dust grain charging process, and the interaction of the plasma particles
with the dust grains and neutrals is presented. The dependencies of the diffusion coefficient on the
interaction of the electrons and ions with the dust grains as well as with the neutrals are investigated. It
is shown that increase of the dust density leads to a reduction of the diffusion scale length, and this effect
is enhanced at higher electron densities. The dependence of the diffusion scale length on the neutral gas
pressure is found to be given by a power law, where the absolute value of the power exponent decreases
with increase of the dust density. The electric field gradient and its effects are shown to be significant
and should thus be taken into account in studies of dusty plasmas with not very small dust densities.
The possibility of observing localized coherent dissipative nonlinear dust ion-acoustic structures in an
asymmetrically discharged double-plasma and the importance of the ambipolar diffusion in ionospheric
dusty plasmas are discussed.
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1. Introduction

A phenomenon unique to weakly ionized plasmas
is that of ambipolar diffusion [1]. It occurs when col-
lisions of the charged plasma particles (electrons and
ions) with each other are negligible in comparison to
that with the neutral particles. The diffusion of the
electrons and the ions are in this case highly correlated
because of the appearance of a space-charge electric
field [2].

Most naturally occurring weakly ionized plasmas
are dusty plasmas since besides the electrons, ions,
and neutral atoms and/or molecules, they also contain
massive electrically charged (dust) grains or micropar-
ticles in solid or liquid phase. An important property
of a dusty plasmas is the dust-grain charging process.
Usually a dust grain is negatively charged because of
the much higher (with respect to the ion) electron
mobility, since its charge is determined by the fluxes
(grain currents) of electrons and ions flowing onto its
surface. Since the grain currents strongly depend on
the local plasma parameters, the grain charge can be
both space and time dependent. It also strongly de-
pends on the recombination of the electrons and ions
that hit the grain surface, as well as the momentum
loss by the plasma particles from (including Coulomb)
collisions with the grain. These processes are the most
important relaxation mechanisms in a dusty plasma
[3]. Since diffusion, especially ambipolar diffusion, is

author’s e-mail: s_i_popel@mtu-net.ru

277

often responsible for the formation of stationary or
quasistationary plasma states [1], processes associated
with dust charging, which strongly affect the diffu-
sion of the electrons and ions, can significantly affect
a plasma containing dust grains.

Earlier works on the diffusion of electrons and ions
in dusty plasmas [4, 5] give theoretical results which
roughly agree with some experimental data. For ex-
ample, the presence of dusts in a plasma can lead to an
appreciable reduction in the diffusion scale length [4].
But these studies are based on the plasma quasineu-
trality assumption. An empirical momentum-transfer
rate, which determines the diffusion coefficient, of the
plasma particles, was also used. It includes only the
nonelastic (impact) collisions of the electrons and ions
with the dust grains, but not the elastic Coulomb col-
lisions. The purpose of the present paper is to de-
velop a more self-consistent model for the ambipolar
diffusion of electrons and ions in a dusty plasma by
taking into account the dust charging process, the in-
teraction of the plasma particles with the dust grains
and neutrals, the resulting self-consistent electric field,
etc. The model is then used to consider propaga-
tion of localized nonlinear structures such as dust ion-
acoustic wave (DIAW), shocks and solitons [6, 7] in
an inhomogeneous dusty plasma as well as to describe
the ambipolar diffusion process near a contact of the
regions containing negatively and positively charged
dust grains in the dusty ionosphere.
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2. Self-Consistent Model

Here, we describe the theoretical model [8] which
is used in this paper. We are interested in the ambipo-
lar diffusion of the plasma electrons and ions, which
are much lighter than the dust grains. Accordingly, we
assume that the dust grain distribution remains sta-
tionary and its density profile flat. Furthermore, since
we are interested in ambipolar diffusion, we shall as-
sume that electron-ion, electron-electron, and ion-ion
collisions are negligible.

The diffusion coefficients of the electrons (D, ) and
ions (D;) satisfy the Einstein relations [1, 2]

D,=T.u./e and D;=T;u;/e, (1)

where T, ; and . ; are the temperatures and mobil-
ities of the electrons and ions, respectively, and —e
is the electron charge. The electron and ion mobili-
ties relate the drift velocities of the electrons and ions
to the self-consistent electric field E. Taking into ac-
count the interaction of the plasma particles with the
microparticles and neutrals, we obtain

e = 6/77161/2ff and p; =e/m;v eﬂ7 (2)

where m. and m; are the electron and ion masses,
Vjﬁ = Ven + Ved, 1/;3ff = Vin + Vid, Ven and vy, are
the electron-neutral and ion-neutral collision frequen-
cies, respectively, and v.4 and v;4 are the momentum-
transfer rates due to electron and ion collisions, re-
spectively, with the dust grains.

We shall assume that the electron drift velocity
u. is much smaller than its thermal velocity vy, =
/Te/me, and the ion drift velocity u; can be arbi-
trary. The momentum-transfer rates due to the inter-
action of the plasma particles with the dust grains are
then [7]

Vea = (2V27/3)avrima(n;/ne) (1 + 27)
x [4+ 2z + 2% exp (2)Aea]
fgu_\ﬁa vpingll >
x{\/w/Zerf(u/\f)u[lJru +(1—a?)
><(1+2Tz)]+(1—|—272+&2)exp (—122/2)}»

(3)

(4)

orb

= V2mavping(2r2)* Nig (@) a3

[m ert(i/v2) — aexp (<i2/2)] )

where v;g = Vfgu + Vf(fb, Vfgu is the ion momentum-

transfer frequency due to the collection (absorption) of
the ions by the dust grain, v2" is the ion momentum-
transfer rate of elastic ion Coulomb scattering in the
dust-grain field, a is the dust radius, vp; = \/T;/m; is
the ion thermal velocity, ng, n., and n; are the dust,
electron, and ion densities, respectively, z = Zge?/aT,

is the dust surface potential in units of T./e, g4 =
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—Zge is the dust charge, 7 = T, /T; is the electron-to-
ion temperature ratio, 4 = |u;|/vr; is the normalized
ion drift velocity,

7 A2 2
Aed:/e—wln(1+4 Dw)dx
Z

0 (6)
—2/6_$ln (296 - 1) dx
z

is the Coulomb logarithm for electron-dust colli-
sions [9], Ai(@) ~ In[(1 + B)/(a/Ap(@) + B)] is the
Coulomb logarithm for ion-dust collisions [10], 8(@) =
21(a/Ap(@))(1 4 a2)~L, Ap(@) is the effective screen-
ing length defined by >\ = A (L+a) + 52,
Ap = /\D( ))|a=0, and )\D“ = /1. ;/4me?n, ; is the
electron or ion Debye length.

The electron and ion diffusion fluxes are given by

[1]

T'.=neu. =—D.Vne — pen.E, (7

(®)

For ambipolar diffusion, the electron and ion fluxes
are equal, or

I,=T,=T. (9)

In the steady state, the electron continuity equation
is
ViossTle, (10)

V-T'=—vpne +vie — Beinine —

where

ve = 2v2mavring(ni/ne) (1 + 271), (11)

is the rate of electron recombination on the dust grain,
vy is the ionization frequency, (e; is the rate of recom-
bination in the plasma bulk, and 1. is a generalized
loss rate. Bulk recombination are usually negligible
for low-pressure discharges, so that Eq. (11) can be
rewritten in the form

VT = (12)

—vne,

where v* = v, — V7 4 Vjogs- In the following we shall
concentrate on the Eq. (12).

Ambipolar diffusion is also affected by the dust
charging process. Under most experimental condi-
tions the dust-charge variation is mainly due to the
variation of the local plasma potential. In this case
dust charging can be roughly described by the orbit-
motion-limited (OML) theory [11]. In the steady
state, the dust charge is then determined by a bal-
ance of the local electron (J.) and ion (J;) charging

fluxes hitting the dust surface, or

J.—J; =0, (13)
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Fig. 1 The diffusion profiles of the electron density for
ng = 0 (curve 1), ng = 10> cm™® (curve 2),
ng = 10° cm ™ (curve 3), ng = 10* em™3 (curve 4),
and nq = 10° cm™® (curve 5) in an argon plasma
with argon gas pressure 0.18 Pa, ne = 10° cm ™3,
Te = 1.2 eV, and T; = 0.03 eV. The dust grain
radius is @ = 4.4 pm. The triangles are from the
experiments of Ma et al. [12] for nqg = 0.

where
J. = 2V21a?vren. exp (=2) (14)
and
J; = \/ﬂa%ﬂnid_l{d exp (—a?/2)+
(15)

V/2erf(@/V2) 1+ 72+ 3] }

Equations (1) — (15) are closed by the Poisson
equation,

V-E =4we(n; —ne — Zgng). (16)
3. Results of Numerical Simulations

The steady-state diffusion profiles are a solution
of the equations (7) — (9), (12), (13), and (16). We
solved this set of equations numerically to obtain the
properties of an inhomogeneous dusty plasma, in par-
ticular that in an asymmetrically discharged double-
plasma device [12]. We focused on the effect of the
dust grains on the diffusion scale length and the elec-
tric field that appears self-consistently because of the
diffusion process. For concreteness, we considered an
argon plasma with the electron and ion temperatures
T. =12¢eV and T; = 0.03 eV, respectively. The grain
radius is taken to be a = 4.4 um. Figure 1 shows the
diffusion generated profiles of the electron density for
different dust densities. The argon gas pressure is 0.18
Pa, and the background electron density is neg = 10°
ecm~3. The triangles are the experimental data of Ma
et al. [12] for ng = 0. There is a rather good agree-
ment between the theoretical curve 1 (for ng = 0) and
the experimental data.

We name in the ambipolar diffusion length A\, the
distance at which an e-fold decrease in the electron
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Fig. 2 The ratio Ao /Ape versus the dust density for neg =
10' em™ (curve 1), neo = 10° cm™® (curve 2),
neo = 10% ecm ™3 (curve 3), neo = 107 em ™2 (curve
4). The other parameters are the same as in Fig. 1.

density occurs. Increase of the dust density is accom-
panied by reduction of the diffusion scale length. It
is in good agreement with the experimental results
[4]. The effect of this reduction is stronger for larger
This result can be attributed to
an increase (due to increase of the dust density) of
the contribution of the electron and ion collisions with
the dust grains in comparison to that with the neu-
trals. Figure 2 shows the comparison of the magni-
tudes of the ambipolar diffusion length calculated on
the basis of the set of equations (7) — (9), (12), (13),
and (16) (solid curves) with those (dotted curves) cal-
culated on the basis of the theory (see, e.g., [4, 5])
assuming the fulfillment of the quasineutrality condi-
tion and T;/T. < 1. We see that the assumption of
the quasineutrality leads to incorrect results for high

electron densities.

dust particle densities and/or low electron densities.
This is related to the fact [8] that for not small dust
densities, say, ng > 10® cm ™3, the electric field gradi-
ent is not small and should thus be taken into account
explicitly in related theoretical studies.

The dependence of the ratio A, /Ape on the pres-
sure P satisfies the power law A, /Ap. o P~%, namely,

a = —0.93 for ng = 10> cm™3 (for the argon gas and
for neo = 10° em=3), a = —0.71 for ng = 103 cm=3,
and a = —0.54 for ng = 10* cm™3. The magnitude of

the power exponent increases with decrease of the dust
density. In particular, we have a = —1 for ng = 0, as
also found experimentally by Ma et al. [12].

4. Conditions for DIAW Structures

We applied these results to obtain the conditions
for the existence of DIAW solitons and shocks in inho-
mogenious dusty plasma. Double-plasmas have often
been used for investigating localized nonlinear struc-
tures such as DIAW shocks [13] and solitons [14] in
homogeneous plasmas. In most applications, however,
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Fig. 3 The ratio Aqvq/cs versus the dust density for neg =
10" ¢cm™ (curve 1), neo = 10° cm™3 (curve 2),
neo = 108 ecm ™2 (curve 3), neo = 107 ecm ™3 (curve
4). The other parameters are the same as in Fig. 1.

Clearly, a localized
structure can be excited in an inhomogeneous plasma
only if the diffusion scale length of the plasma is much
smaller than its characteristic width.

The width A&, of a DIAW soliton is mainly de-
termined by the electron Debye length (see, e.g., [15]).
For the parameters here we have A&, ~ 10\ p. From
our results we can conclude that for the asymmet-
rically discharged double-plasma device [12], namely,
P=018Pa, T, =12¢eV,T; =0.03 eV, and a = 4.4
pm, DIAW solitons may be observed only for relatively

the plasma is inhomogeneous.

large electron densities, namely, n.g > 108 cm™2 and
relatively low dust densities, namely ng < 10* cm™3.

For the parameters here, one of the most relevant
DIAW shocks is that related to anomalous dissipation
that originates from the dust charging process [6, 16].
This shock is especially interesting since it involves
new physical effects that exist only in dusty plasmas.
The width of the shock front A&, can be estimated
by A&y ~ Mes/v, [16], where Mecy is the speed
of the DIAW shock front, M is the Mach number,
Vg = wﬁia(l + 2+ T;/T.)/\/2rvr; is the grain charg-
ing rate, and wy; = \/4mn;e2/m; is the ion plasma
frequency. The Mach number M for DIAW shocks of
not too large amplitude as observed in a homogeneous
double-plasma is of the order of unity [13]. Thus the
necessary condition for these shocks can be excited in
inhomogeneous dusty plasmas is A, > ¢,/v,. Figure 3
shows the dependence of the ratio A,v,/cs on the dust
density for different electron densities n.g, a = 4.4
pm, for the parameters of the inhomogeneous double-
plasma of interest here [12]. We see that DIAW shocks
associated to anomalous dissipation can only appear

if the electron density is large neo > 108 cm™3.
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5. Electric Fields in Dusty Ionosphere

Regions containing dust in the ionosphere can
lead to many physical effects having unique observable
features [17, 18, 19, 20]. The latter include ionospheric
phenomena such as noctilucent clouds (NLC) and po-
lar mesosphere summer echoes (PMSE), where dust
grains result, in particular, from condensation of water
vapor (see, e.g., [17]). In the ionosphere, dust grains
are charged due to the photoelectric effect and the
absorption of electrons and ions from the surrounding
plasma. Therefore, the plasma of the dusty ionosphere
can be considered as a dusty plasma [17, 19].

At the altitudes of 80 to 95 km, where NLC and
PMSE exist, there is the cutoff of the solar spectrum
corresponding to photon energy of 7.3 eV [18]. This
means that pure ice dust grains having the work func-
tion equal to 8.7 eV are not subjected to the action
of the photoelectric effect and their charges should al-
ways be negative. However, if the ice grains contain
impurities with the work function less than 7.3 eV
then the grains can acquire positive charges [17, 18].

The regions of the pure ice dust grains and the
grains containing impurities, which constitute NLC
and/or PMSE, can be contiguous. Even in the case of
equal sizes of the dust grains (with and without impu-
rities), the densities of electrons and ions in such con-
tiguous regions are different. This results in the am-
bipolar diffusion in these regions. In Figure 4 the re-
sults of calculations of the electron density, the electric
field, and the dust particle charge are presented which
are formed due to the ambipolar diffusion in the re-
gion of the pure ice dust grains for typical parameters
[17] of the dusty plasma at the mesospheric altitudes
(ng =5-102 cm™3, ny = 10* cm=3, T, = T; = 155
K, P = 0.5 Pa, a = 50 nm, and ¢ = 500 nm). We
see that the electric fields formed as a result of the
ambipolar diffusion in the mesosphere can reach the
values |E| ~ 1 V/m. We note that such values of the
electric fields were observed in the lower mesosphere
and in the vicinity of NLC [21].

6. Summary

In summary, we have introduced a self-consistent
model for ambipolar diffusion of electrons and ions in
dusty plasmas accounting for the dust grain charg-
ing process, the interaction of the plasma particles
with the dust grains and neutrals, the resulting self-
consistent electric fields, etc., and studied its effect on
the properties of an inhomogeneous plasma. The dif-
fusion coefficient is strongly affected by the interaction
of electrons and ions with the dust grains as well as
the neutrals. It is found that the gradients of the self-
consistent electric fields are not negligible and should
be taken into account if the dust density is not small
(ng > 10% cm=3). This effect implies the violation of
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Fig. 4 The profiles of the normalized electron density, the
electric field, and the dust particle charge number
formed as a result of the ambipolar diffusion at the
mesospheric altitudes for two sizes of dust grains:
a = 50 nm (curves 1) and a = 500 nm (curves 2).
The plasma parameters are: ng = 5 - 102 cm ™3,
neo = 10* em™?, T, = T; = 155 K, and P = 0.5 Pa.

the quasineutrality condition and is stronger at larger
dust densities. The violation of the quasineutrality
condition and the importance of the electric field as-
sociated with the ambipolar diffusion are confirmed
for dust densities as large as ng = 102 cm 3. Increase
of the dust density leads also to a reduction in the dif-
fusion scale length and this effect is stronger at larger
electron densities. It is found that the dependence of
the diffusion scale length on the neutral gas pressure
is well described by a power law A\, o P~¢, where
the magnitude of the power decreases with increase of
the dust density. We have also given the conditions
for observation of DIAW solitons and shocks in an
inhomogeneous plasma from an asymmetrically dis-
charged double-plasma device [12]. It is found that
DIAW solitons can be observed only for rather large
(neop > 108 ¢cm™3) electron densities and rather low
(ng < 10* em™3) dust densities, while DTAW shocks
can appear only at large (n.o > 10® cm™3) electron
densities. Furthermore, we have found the profiles of
the electron density, the electric field, and the dust
particle charge formed as a result of the ambipolar
diffusion near the contact of regions of negatively and
positively charged dust grains under the mesospheric
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conditions, and have shown that the electric fields ap-
peared in these regions are of the order of 1 V/m. Such
electric fields were observed in the lower mesosphere
and in the vicinity of NLC [21].
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