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Dust-Grain Charging in Developing Air Plasma
Natalia Yu. Babaeva and Jae Koo Lee, Senior Member, IEEE

Abstract—The process of a dust-grain charging in developing
air plasma with an external source (cm 3 s 1 ) is studied analytically and numerically in drift-diffusion approximation. It is shown
that, when the source is turned on, the steady-state level of electron concentration in the bulk plasma is attained rather quickly
(the time being determined by the attachment rate). The time of
establishing the ion concentration depends on the source intensity
1 2 . In the steady state, the ratio of ion-to-electron concenas
1 2 and can be
trations is proportional to the source intensity as
very large for low-intensity sources. As a consequence, the process
of a dust-grain charging in developing plasma differs significantly
for low- and high-intensity sources. At sufficiently high rates of ionization, the grain charge in air is comparable to that in electropositive gases. For low-intensity sources when the ion concentration
exceeds that of electron by several orders of magnitude, the grain
charge is of the order of several tens of electron charges. The oscillating regime of a dust-grain charging is observed for low-intensity
sources.
Index Terms—Air plasma, attachment, dust grain, external
source intensity.

I. INTRODUCTION

T

HE INTEREST in research on dusty plasmas has arisen
in recent years in connection with the rapid development
of technologies for producing new materials in plasma reactors.
(see [1]–[5] and references therein). The dust plasma consists of
electrons, ions, neutral gas molecules, and charged dust grains
of a micrometer size. Due to the high mobility of electrons, dust
grains acquire an equilibrium negative charge matching with the
parameters of the surrounding plasma. In a plasma with varying
parameters (decaying or developing plasma), this charge is usually a function of time. In the present study, we consider the
process of a dust-grain charging in developing atmospheric air
plasma with an external source by which the plasma is sustained. We do not specify the nature of the external source. The
plasma could be produced either by the electron beam or the
radioactive decay products (beam sustained or nuclear induced
plasmas). The first problem has been studied in [6] where the
external source was associated with the ionization of helium by
the electron beam. In [7], the numerical model of the process of a
dust-grain charging in nuclear-induced air and xenon plasma has
been developed and charges accumulated on the grain surface
was compared for plasmas of electropositive and electronega-
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tive gases. It has been shown that, at a sufficiently high ionization rate, grains in air were charged by electrons not by ions.
For this reason, the dust grain in air acquired an electric charge
comparable with that in electropositive gases. Note that in [8], a
self-consistent model is presented that takes into account the effect of nonlocal nature of electron energy distribution function
on the charging of a dust grain.
Two main processes account for the charge evolution on a
dust grain inserted in air plasma in the presence of the external
source. The first is connected with the plasma evolution as it
would proceed in the absence of a dust grain. This process determines the background concentrations of electrons and ions
(which can differ by several orders in magnitude) far from the
dust grain. The second process is the dust-grain charging in developing plasma. It is the second process which is the main objective of the present paper. However, our consideration will
not be complete and self-consistent if we do not treat the first
process properly.
This paper is structured as follows. In Section II, the basic
equations are presented which account for processes in developing air plasma coupled with equations for a dust-grain
charging. Section III suggests simple analytical approach for
consideration the developing air plasma in the absence of a dust
grain. The results of simulation of a dust-grain charging are
presented in Section IV for weak and strong external sources.
In the Appendix, the parameters used for air plasma simulation
are indicated.
II. BASIC EQUATIONS
Following the same approach developed in [9], we consider
the process of charging of a spherical conducting dust grain of
m located at the origin of a spherical system
radius
of coordinates as shown in Fig. 1. The system of equations for
one-dimensional (1-D) spherical coordinates includes the conti, positive
, and
nuity equation for densities of electrons
negative
ions

(1)

(2)

(3)
is the intensity of the external source, is
where (cm s
, and
the magnitude of the radius vector from the origin,
are ionization, two and three-body attachment coefficients,
are electron–ion and ion–ion recombination coefand
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III. SIMPLE ANALYTICAL CONSIDERATION OF THE
ELEMENTARY PROCESSES IN THE PLASMA BULK

Fig. 1.

Dust grain and the coordinate system.

ficient, correspondingly. The right-hand side of the equations
represent the sum of contribution of kinetic processes as sources
of charged plasma particles. Ionization (detachment) term is included in (1) and (2) as ionization can take place in the electric
field produced by charges accumulated on the grain surface (in
case of a strong external source). Fluxes of electrons, positive,
and negative ions have the following form:
(4)
where
and
denote drift velocities and the diffusion coefficients determined by the magnitude of the electric field. The
system of the continuity equations for all the components is
closed by the Poisson equation for the potential

In this section, we consider the processes of establishing
steady-state levels of electron and ion concentrations in the bulk
plasma (in the absence of a dust grain). These concentrations
create the background on which the dust-grain charging occurs.
In this case, in the absence of electric field ionization and
detachment processes in (1)–(3) can be omitted. For not very
10
10 cm ) the elecintensive external sources (
tron–ion recombination term
is small in comparison
. For example, for typical values of
with the attachment
cm /s and
s concentration
should reach the level of 10 cm for the recombination
to be comparable with the attachment. In this case, the external
10 cm
source would be great enough (
s ) to support this level of ion concentration. The electron–ion
recombination term
in the right-hand side of (2) can
also be omitted as it is small in comparison with the ion–ion
recombination. Thus, for the processes in the bulk plasma, we
can rewrite (1)–(3) as
(8)

(5)

(9)

where
is the space-charge density. The
change of the charge imparted to the particle is given by

(10)

(6)
where
is the unit vector directed toward the particle surface,
is the surface element, and is the absolute value of the
electron charge. The fluxes
are calculated as
follows:

In the bulk plasma, the electron and ion pairs are produced by
the external source. The electrons are lost in attachment process
while positive ion are lost primary due to ion–ion rather than
electron–ion recombination. The typical time of establishing the
stationary electron concentration can be obtained by solving (8)
. We have
with initial conditions
(11)

(7)
The symbol is nonzero only if the drift velocity is directed
toward the dust-grain surface (
, when the product
is positive and
in the opposite case). It is supposed
that the dust grain absorbs every plasma particle hitting its surface. The first term in the right-hand side of (7) represents the
so-called drift charging, when the grain is charged by electrons
or ions moving in an orderly direction in the electric field. The
second term accounts for the diffusion charging. The transport
of charged particles to the surface of a dust grain is considered
in the drift-diffusion approximation. The electron and ion denis zero, for the outer boundary the number density
sity at
of charged particles is determined by the processes in the bulk
plasma not disturbed by the presence of a dust grain.
Equations (1)–(7) are solved numerically on the nonuniform
mesh, which expands toward the outer boundary. The flux-corrected transport technique which has small numerical diffusion
is used for solving the transport equation. The Poisson’s equation is solved using the successive over-relaxation method with
optimum value of the acceleration parameter . Elementary
process in air are discussed in the Appendix.

At small initial values of electron concentration
the electron
level is stabilized very quickly during
.This time
does not depend on the external source intensity. For typical
8 10 s
is of the order of a few tens
values of
of nanoseconds. The stationary electron concentration is
(12)
The time evolution of positive ion density can be obtained
by solving (9) that can be rewritten with account for quasi-neu, when
. We have
trality condition
(13)
Equation (13) can readily be integrated to obtain the density of
positive ions
(14)

BABAEVA AND LEE: DUST-GRAIN CHARGING IN DEVELOPING AIR PLASMA

Fig. 2. Evolution of electron (dashed lines) and ion (solid lines) concentration
in the bulk plasma for different values of external source intensity. Numbers
s ). Initial concentrations at
at the lines denote the source intensity (cm
t = 0 are n = n = 10 cm . Calculation according to (11) and (14) with
= 2 10 cm s ;  = 8 10 s .

2

2

where
and
is the
initial concentration of positive ions. The stationary concentrations of positive and negative ions are
(15)
For ions the corresponding time of establishing the steady. This time depends on the external
state level is
source intensity and can be very large for low intensity sources.
The ratio of densities of positive ions to electrons in the plasma
bulk can be estimated according to the formula
(16)
In Fig. 2, evolution of electron and ion concentration in the
bulk plasma for different values of external sources calculated according to the formulas (11) and (14) are presented. The
steady-state level of ion concentration as well as the time of stabilization depend on the source intensity . The electron concentrations presented in Fig. 2 by dashed lines are attained very
quickly during the first tens of nanoseconds after the source has
been turned on. It is seen that ion concentrations grow much
slower. The time-dependent levels of ion and electron concentration is an important factor for our further consideration as
they determine the background (far from the grain) concentration of plasma particles—ions and electrons.
IV. RESULTS OF SIMULATIONS AND DISCUSSIONS
We return now to the process of a dust-grain charging in developing plasma maintained by the external source. Self-consistent simulation is performed using (1)–(7). Note that in simulations all the terms in the right-hand side of (1)–(3) are taken
into account including ionization, attachment, detachment, electron–ion, and ion–ion recombination. In the Appendix, the parameters used for air plasma simulation are presented.
It is assumed that the dust grain is initially uncharged and
cm .
placed in the plasma with concentration
Simultaneously, the external ionization source is switched
on producing the electron–ion pairs. For electronegative gases
such as air, depending on the source intensity , we obtained
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Fig. 3. Strong external source S = 10 cm s . Distribution of electrons
and ions around the dust grain in developing plasma for two time moments 1 s
and 10 s. The center of the dust grain is located at z = 0. The background
electron concentration arrives to the steady state very quickly.

different levels of charged particles concentrations in the bulk
plasma (background levels). The times of establishing the concentrations are different for electrons and ions. After switching
on the source, the steady-state electron level is attained rather
quickly with typical time determined by the attachment rate.
For positive and negative ions, the corresponding time of establishing the steady-state level depends on the source intensity and is very large for low intensity sources. In such a developing plasma, the process of a dust-grain charging exceeds the
time of establishing the stationary level of background plasma
concentrations. Accumulated charges also depend on the source
intensity . Division on strong and weak external sources is
in some sense arbitrary. The source intensity determines the
ratio of ion and electron concentration in the bulk plasma (far
from the grain). It also defines the intensity of electron diffusion
fluxes arriving to the dust-grain surface. Also of importance is
the relation between the time moment when the stationary background level of plasma concentration is reached and the moment when (the first) equalization of positive and negative fluxes
occurs.
A. Strong External Source
In Fig. 3, concentrations for electron and ions are presented at
two different time moments for strong external source
cm s . In the 1-D case, we trace the plasma parameters only
along the axis. However, the figures are presented in symmetrical form showing the distribution of plasma parameters along
and
).
the polar axis (for polar angles
The steady state of electron concentration in the bulk plasma
is attained during
10 ns and stabilizes at the
10 cm . Further redistribution
level of
of electron concentration (shown in Fig. 3 by a dotted line) is
due to the enhanced electric field caused by charges accumulated on the grain surface. Steady state of ion concentration
10 cm is reached by the time
s. Note, that ion concentration exceeds that of electrons by three orders of magnitude which is
in agreement with the simple analytical consideration as indicated in Fig. 2. In Fig. 4, electron, positive, and negative diffu-
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Fig. 4. Strong external source S = 10 cm
s . Fluxes of charged
plasma particles collected by the spherical dust grain in developing air plasma.
1) Diffusion flux of electrons. 2) Diffusion flux of negative ions. 3) Diffusion
flux of positive ions. 4) Drift flux of positive ions. The first arrow from the left
indicates the moment when steady state plasma background concentration is
attained. The second arrow shows the moment when ion and electron fluxes
equalize and the charge attains its maximal value.

sive fluxes are shown as a function of time. Electron diffusive
flux gives the main contribution to the process of grain charging.
This flux determines primarily the charge accumulated on the
grain body. It slowly decreases with time as the negative charge
on the grain surface increases. On the contrary, the diffusion
flux of positive ions grows with time. Drift fluxes of electrons
and negative ions are zero as the electric field is directed toward the negatively charged grain surface. Drift flux of positive
ions and diffusive flux of negative ions are also small. The first
arrow from the left in Fig. 4 indicates the moment when steady
state of background concentration is attained (see also the curve
cm s
in Fig. 2). Starting from this particfor
ular moment, the process of the dust-grain charging occurs at
the stationary background plasma conditions. In a steady-state
regime, the electron and ion fluxes onto the grain surface are
equal to each other. The second arrow in Fig. 4 shows the moment when ion and electron fluxes equalize and the charge attains its maximal stationary value. For strong sources the moment when stationary background concentrations are obtained
precedes the moment of fluxes equalization.
Evolution of charges collected by the grain versus time is
presented in Fig. 5 for five different values of strong external
source. The acquired charges are comparable with those obtained in case of electropositive gases. This result correlates
with observation [7] where the process of dust-grain charging
in nuclear-induced air plasma was studied numerically. It was
stated in [7] that at sufficiently high ionization rates, dust grains
are charged by electrons not by ions. For this reason, the dust
grain in air can acquire an electric charge comparable with that
in electropositive gas.
B. Weak External Source
cm s , which we conWeak external source
sider in this section, is characterized by much greater difference
in electron and ions stationary background concentration as incm . This
dicated in Fig. 6. In this case, we have
level of background electron concentration, attained during the
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Fig. 5. Time evolution of charge accumulated on the dust grain in developing
air plasma for different values of strong external source S .

Fig. 6. Weak external source S = 10 cm s . Distribution of electrons
and ions around the dust grain in developing plasma for two time moments 10
and 100 s. The center of the dust grain is located at z = 0.

first tens of nanoseconds, does not change with time during the
process of grain charging. Stationary ion concentrations
10 cm are reached by the time
100 s. In this case, ion background concentration exceeds that of electrons by four orders in magnitude (see
also Fig. 2). During the first 10 s, the electron diffusive flux
dominates until the increased diffusion of positive ions exceeds
that of electrons. The first arrow from the left in Fig. 7 indicates the moment when ion and electron fluxes equalize for the
first time. Charge attains it maximal negative value as shown in
Fig. 8. However, by this particular moment, the steady state of
background plasma is not reached and the positive flux is still
increasing. As a result, the charge on the grain changes the sign.
In its turn, it leads to the increase of negative flux (see curve 2
in Fig. 7). The second arrow in Fig. 7 indicates the next moment
when positive and negative fluxes become equal and the charge
reaches its maximal positive value. The third arrow shows the
time when steady state of the plasma background concentration
is attained. See also corresponding arrows in Fig. 8, where the
charge accumulated on the dust-grain surface is plotted versus
time. Note, that for weak sources stationary background concentrations are obtained after the first (the second, etc.) equalization
of fluxes occurs. This results in oscillating regime of fluxes and,
as a consequence, in oscillating regime of charges collected on
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APPENDIX
ELEMENTARY PROCESSES IN AIR
In this Appendix, the data are presented on the rate constants
of elementary processes which are used in our simulations. For
the detailed discussion on the appropriate choice of swarm parameters, see [9] and [10] and references therein.
A. Transport Coefficients
The electron swarm data [11] are utilized for the following
approximation of drift velocity for electrons:
cm/s, E/n is in Td
Fig. 7. Weak external source S = 10 cm
s . Fluxes of charged
plasma particles collected by the spherical dust grain in developing air plasma.
1) Diffusion flux of electrons. 2) Diffusion flux of negative ions. 3) Diffusion
flux of positive ions. 4) Total negative flux of electrons and negative ions.
Drift fluxes are negligibly small. The first and the second arrows from the
left indicate the moment when ion and electron fluxes equalize for the first
and the second time, correspondingly. The third arrow shows the time when
the steady state of plasma background concentration is attained. See also the
corresponding arrows in Fig. 8.

V cm
(17)

and for ions
cm/s, E/n is in Td

(18)

, where coefficient
is for positive ions and
stands for negative ions. The diffusion coefficients
for electrons for atmospheric pressure air is approximated by
the following equation at a gas temperature of 293 K:
(19)
(cm /s, E/n is in Td).
B. Diffusion for Positive and Negative Ions
The diffusion coefficient for positive
ions is defined using Einstein relation

and negative

(20)
where is the ion temperature which depends on
.
be evaluated according to Wannier formula (see [12])

can

(21)
Fig. 8. Time evolution of charge accumulated on the dust grain in developing
air plasma for weak external source S = 10 cm s . Oscillating regime
of the dust-grain charge is demonstrated.

and are masses of the ion and the molecule,
is
Here,
, and
is the gas
the drift velocity of the ion for the given
temperature.

the grain surface. The stationary charge in this case is several of
electron charges.

C. Ionization
The value of electron-impact ionization coefficient
approximated by

V. CONCLUSION
This paper reports the result of a self-consistent model for a
dust-grain charging in electronegative gases with an external
source. The evolution of the grain charge is investigated and
characteristic time scales on which the grain acquires the
charge are established. It is demonstrated that the process of
particle charging occurs in a different way for strong and weak
external sources and the accumulated charges depend on source
intensity. The importance of relation between the time moment
when the stationary background level of plasma concentration
is reached and the moment when (the first) equalization of
positive and negative fluxes occurs is emphasized.

is

(22)
(cm , E/n is in Td).
D. Recombination
At pressures about 1 atmosphere, the ion–ion recombination
coefficient weakly depends on pressure. Its value in air is [13]
(23)
(cm s , where can be evaluated according to (21). For the
electron and positive ion recombination in air, the value
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cm /s is used typical for simple ions (N , O , and
NO ).
E. Electron Attachment
Two types of attachment are taken into account—three- and
two-body attachment. In rather weak electric fields, the process
of three-body attachment is essential. In the present paper, for
the following approxithree-body attachment coefficient
mation is used as the best fit to the experimental data in the form
[12]
of explicit dependence on
(24)
(cm , E/n is in Td).
Expression (24) overestimates the attachment coefficient for
low and zero electric fields. In [15], an approximation of experimental data gives the following expressions for corresponding
attachment rate coefficient:

(25)
(cm s ). Expression (25) is used to estimate the value of the
8 10 s in zero electric fields (when
attachment rate
) that is considered to be the upper limit for it.
For rather high values of electric field the reaction of dissociative attachment must be taken into account. The two-body
attachment coefficient in air can be approximated as
(26)
(cm ). The sum of two- and three-body attachment rates (at gas
torr) is related with two- and three-body atpressure
tachment coefficients by the expression
. For
rather weak electric fields considered in the paper, attachment
mainly occurs due to three body collisions.
F. Detachment
In order to determine the effective rate at which electrons are
removed from negative ions, it is necessary to know the ion composition of the plasma. In the present paper, the detachment rate
coefficient
(27)
(cm s ) is used which corresponds to the abundance of O
ions [12] with the effective ion temperature
calculated according to (21).
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