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Abstract
The process of a dust grain charging in non-stationary (decaying) air plasma
in external electric fields typical of a streamer channel at atmospheric air
pressure is investigated numerically using two-dimensional spherical
coordinates. The characteristic timescale on which the grain acquires
maximal electric charge is found to be determined by the rate of electron
attachment. For zero external field, the process of charging in decaying air
plasma is compared with the analogous process in nitrogen (non-attaching
gas). For non-zero external electric fields in air plasma, the correlation
between the charging time and the field dependence of the attachment rate is
revealed. For high values of external electric fields, a streamer discharge
starting from the dust grain is observed, analogous to Trichel pulses in a
negative corona.

1. Introduction
Streamer (corona) discharges were described in the 1940s
by Loeb [1] and Meek [2] and are still under investigation
today. They are an effective tool for various plasma chemical
applications such as ozone generation from air and oxygen
and removal of toxic agents from flue gases and polluted air
[3]. At present one of the most important scientific questions
that remain is quantitative modelling of corona discharges,
accounting for dust particles or aerosols.
The physics of dusty plasmas has attracted considerable
attention from the viewpoint of both basic plasma physics
and plasma applications (see [4–8] and references therein).
The greatest interest in research on these plasmas has arisen
in recent years in connection with the rapid development
of microtechnologies and technologies for producing new
materials in plasma reactors. Many theoretical studies have
addressed various questions such as particle formation and
charging [9, 10]. The presence of dust grains in a plasma
can greatly modify its properties. In gas-insulated systems,
they can reduce the breakdown voltage. When the dust
grain density is sufficiently high, this can lead to electron
depletion in the quasi-neutral dusty plasma and can affect the
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streamer-channel conductivity. Dust charging can also provide
opportunities. Large commercial electrostatic precipitators
with pulsed feeding voltage utilize corona discharges for
charging the dust particles [11, 12]. A study of the electric
charge accumulated on the particles enables us to carry out an
analysis of their mobility or movement in an electric field in
order to control the particle trajectories in several electrostatic
technologies including air cleaning, electrostatic separators,
electrostatic coating and printing.
Owing to the high mobility of electrons, non-emitting dust
particles acquire an equilibrium negative charge matching with
the parameters of the surrounding plasma. However, the charge
may be a function of time and position of the particle in plasma
with varying parameters. In this study, we aim at modelling the
process of a dust grain charging in non-stationary (decaying)
air plasmas of the streamer channel. This problem has been
little studied as most papers deal with the charging process in
stationary plasmas.

2. Basic features of the streamer structure
The basic features of the streamer structure are demonstrated
in figures 1 and 2, where the profiles of the absolute values
of the electric field and electron number density along the
streamer axis are presented calculated according to the model
developed in [13, 14]. The streamer is a thin cylindrical
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conducting channel, which can be divided into a very narrow
frontal zone or head and a channel connecting the head with
electrodes. In the head the electric field, Eh , is high, and
ionization of gas molecules occurs. The channel is a passive
region of weakly ionized plasma through which conduction
current flows while a pulse of external voltage is applied. In
the channel electric field, Ech , the electron density and other
parameters vary relatively slow. The plasma in the inner part of
the channel is quasi-neutral, and space charge is concentrated
at the boundary. The radial component of the electric field
inside the channel is almost zero.
The streamer parameters depend on the electrode polarity.
The value of the electric field in the positive streamer
channel (Ech ≈ 4–5 kV cm−1 ) obtained in [14] corresponds
to stationary streamer propagation with constant velocity and
agrees with experimental data (reviewed in [15]). For negative
streamers, this field is about two to three times greater,
in agreement with observation (see [16]) and theoretical
investigations [14]. The electron density behind the streamer
front is nch = 1013 –1014 cm−3 . The diameter of the streamer

is of the order of 100–200 µm. In further simulations, we refer
to the field in the streamer channel as the external field.

3. Basic equations
In this study, we consider the charging of a spherical
conducting dust grain of radius a = 10 µm located at the
origin of a spherical system of coordinates (see figure 3). We
take the direction of initially uniform external electric field as
the polar direction (z-axis). The external field is determined
by the magnitude of the electric field in the streamer channel
(Eext = Ech ). The system of equations describing the process
of the grain charging in two-dimensional spherical coordinates
includes the continuity equations for densities of electrons (ne ),
positive (np ) and negative (nn ) ions:
∂ne 1 ∂ 2
∂
1
+ 2 (r jer ) +
(sin θjeϑ )
∂t
r ∂r
r sin θ ∂θ
= (α − η2 − η3 )Ve ne − βei ne np + νdetach nn ,

(1)

∂np 1 ∂ 2
1
∂
+ 2 (r jpr ) +
(sin θjpϑ ) = αVe ne
∂t
r ∂r
r sin θ ∂θ
−βei ne np − βii nn np ,

(2)

∂nn 1 ∂ 2
∂
1
+ 2 (r jnr ) +
(sin θ jnϑ ) = (η2 + η3 )Ve ne
∂t
r ∂r
r sin θ ∂θ
−βii np nn − νdetach nn .
(3)
Here, r is the magnitude of the radius vector from the origin and
θ is the polar angle; α, η2 and η3 are the ionization and two- and
three-body attachment coefficients; βei and βii are the electron–
ion and ion–ion recombination coefficients, correspondingly.
The right-hand side of the equations represents the sum of
contributions of kinetic processes as sources of particles. The
flux densities of the electrons, positive ions and negative ions
have the form
ji = ni Vi − Di ∇ni ,

(i = e, p, n),

(4)

Figure 1. Positive (cathode-directed) streamer development in
atmospheric air in a sphere–plane gap (the sphere radius is 0.05 cm
and the applied voltage is 5 kV). Profiles of absolute value of the
electric field at the streamer axis at five successive time moments are
presented. Numbers near the lines denote the time in nanoseconds.

where Vi and Di denote the drift velocities and the diffusion
coefficients.
The system of the continuity equations for all the
components is closed by Poisson’s equation for the

Figure 2. Profiles of electron number density at the streamer axis at
five successive time moments. Notation is as in figure 1.

Figure 3. Spherical axisymmetrical mesh.
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potential, U ,




1 ∂
1
∂
∂U
ρ
2 ∂U
r
+
sin
θ
=− ,
r 2 ∂r
∂r
r 2 sin θ ∂θ
∂θ
ε0

(5)

where ρ = e(np − nn − ne ) is the space charge density. The
change in the charge imparted to the grain is given by the
following equation:

dQ
(6)
= e (Γp − Γe − Γn )ns dS,
dt
S
where ns is the unit vector directed towards the particle surface,
dS = 2πa 2 sin θ dθ is the surface element and e is the absolute
value of the electron charge. The fluxes Γi (i = e, p, n) are
calculated as follows:
Γi = si ni Vi − Di ∇ni ,

(i = e, p, n).

(7)

The symbol si is non-zero only if the drift velocity is directed
towards the dust grain surface (si = 1 when the product
Vi ns is positive and si = 0 in the opposite case). As drift
velocities are field dependent, the fluxes at any point of the
surface strongly depend on the polar angle, θ. The first term
on the right-hand side of equation (7) represents the so-called
field (drift) charging, when the grain is charged by electrons
or ions moving in an orderly direction in an external electric
field. The second term is the diffusion charging. The transport
of charged particles to the surface of a dust grain is considered
in the drift–diffusion approximation, which is valid under
the condition that the electron and ion mean free paths are
much shorter than the characteristic dimension of the problem
[17, 18]. For atmospheric air pressure, this condition holds for
both electrons and ions.
As the initial conditions, we assume that the uncharged
dust grain is immersed in plasma (ne = np = 1013 cm−3 )
behind the streamer front. The electron and ion density at
r = a is zero, and for the outer boundary the number density
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 smoothly expands towards the outer
boundary (figure 3). The solution of the transport equations
is performed by the time-splitting method. A modified fluxcorrected transport technique [19, 20] that has small numerical
diffusion is used for solving the transport equations in the
r and θ directions successively on the non-uniform mesh.
The time step is determined by the condition of stability and
accuracy [21]. The high order method is used for calculation
of the ionization term to obtain a stable solution at high values
of the electric field. Poisson’s equation is solved using the
successive over-relaxation method with the optimum value of
the acceleration parameter, ω [22].

a not very high concentration of dust grains in the plasma,
the electron energy distribution function (EEDF) in a dusty
plasma is close (at the values of reduced electric field typical
for streamer propagation) to the EEDF in air (see [23]). In our
model, the rate constants of reactions including electrons are
functions of the reduced field, E/n, and the data for air are
used (see [24–28] and references therein).
4.1. Transport coefficients
The electron swarm data [26] are utilized for the following
approximation of the drift velocity for electrons:
 0.8
E
Ve = 3.2 × 105
n


E
−17
2
−1
cm s ,
(8)
is in Td, 1 Td = 10 V cm
n
and for ions,
Vp,n = 5.5 × 102

E
n


cm s−1 ,


E
is in Td .
n

(9)

The diffusion coefficients for electrons for atmospheric air
pressure are assumed to be equal in both the longitudinal
and transverse directions and approximated by the following
equation at a gas temperature of 293 K:

 0.8 
E
E
is in Td .
cm2 s−1 ,
De = 7 × 102 + 8 ×
n
n
(10)
4.2. Diffusion for positive and negative ions
The diffusion coefficient for positive (i = p) and negative
(i = n) ions is defined via the Einstein relation,
Ti
Di
= kB ,
µi
e

(11)

where Ti is the ion temperature, which depends on E/n. Ti
can be evaluated according to the Wannier formula [29] (see
also [25]),
Ti = Tg + 13 (mi + m)Vi2 .

(12)

Here, mi and m are the masses of the ion and the molecule, Vi
is the drift velocity of the ion for a given E/n and Tg is the gas
temperature.
4.3. Ionization

4. Elementary processes in the streamer channel
in air
In this section, the data on rate constants of elementary
processes that are used in our calculations are presented.
Plasma parameters in the streamer channel are determined
by a set of kinetic processes such as ionization, attachment,
detachment and electron–ion and ion–ion recombination. For

The value of the electron-impact ionization coefficient, α/n,
is approximated by the expression [27]




1010
6 × 106
α
−16
exp
−
5
×
10
= 1+
E/n
(E/n)3
n


E
cm2 ,
is in Td .
(13)
n
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4.4. Recombination
Ions and electrons may experience recombination.
At
pressures of about 1 atm, the ion–ion recombination coefficient
depends weakly on the pressure. Its value in air is [30]
βii = 2 × 10−6



300
Ti

1.5
,

(cm−3 s−1 ),

(14)

where Ti can be evaluated according to formula (12). The
main process of electron and positive ion recombination
in molecular plasma is a dissociative recombination. The
rate of electron–ion recombination depends on the sort
of ion and on the electric field.
At typical streamer
channel values of E = 3–10 kV cm−1 the electron–ion
recombination coefficient for simple ions (N+2 , O+2 , NO+ ) is
βei = (3–6) × 10−8 cm3 s−1 , and for complex ions (N+4 , O+4 ,
N2 O+2 ), βei = (2–4) × 10−7 cm3 s−1 [25]. Experimental data
in molecular nitrogen (possibly with small amount of oxygen)
at pressures of about 1 atm give for this interval of E/n the
values βei = (3–5) × 10−8 cm3 s−1 , typical for simple ions. In
our calculations for air, the value βei = 5 × 10−8 cm3 s−1 is
used [31].
4.5. Electron attachment
Molecules like O2 in air have a very strong attachment. This
process influence the characteristics of dust grain charging
because it limits the mobility of negative charge carriers. Due
to the essential role of attachment processes, we treat them in
detail. Two types of attachment are taken into account—threeand two-body attachment.
4.5.1. Three-body attachment. In rather weak fields (in the
streamer channel), the process of three-body attachment,
e + O 2 + O 2 → O−
2 + O2 ,

(15)

e + O 2 + N 2 → O−
2 + N2 ,

(16)

is essential.
According to [32, 33], the constants of
reactions (15) and (16) are related as 1 : 0.02. Thus, in
reaction (15), O2 molecules are an order of magnitude more
effective than N2 molecules. In this paper, for the three-body
attachment coefficient, η3 /n2 , the following approximation is
used in the form of an explicit dependence on E/n [25].
η3
= 1.6 × 10−37
n2



E
n

−1.1


cm5 ,


E
is in Td .
n

4.5.2.
Two-body attachment.
For rather high values
of electric field (E > 10–15 kV cm−1 ), the reaction of
dissociative attachment must be taken into account. In this
case, electron-loss processes with formation of negative ions
are determined basically by the high-threshold reaction of
electron dissociative attachment to oxygen:
e + O2 → O− + O.

For the two-body attachment coefficient in air, the most reliable
are the data presented in [32], which can be approximated as


 3 

η2
E 
−19

= 4.3 × 10 exp −1.05 5.3 − log10
(cm2 ).
n
n 
(20)
The sum of the two-body attachment and three-body
attachment rates (at gas pressure P = 760 Torr) for air is
shown in figure 14 (bottom curve). This value is related to
the two-body and three-body attachment coefficients by the
expression νatt = (η2 + η3 )Ve . Note that the minimum value of
the attachment rate is of the order of 10 kV cm−1 . Also note that
in weak fields typical of the streamer channel at atmospheric
pressures (3–10 kV cm−1 ), attachment mainly occurs due to
three-body collisions (15).
In figure 4, the absolute value of the difference between the
electron attachment and ionization rates, ν = (η2 − η3 − α)Ve ,
for air at 1 atm is given. This difference is positive for E < Ecr
and negative for E > Ecr . The critical value, Ecr , of the
reduced field at which ionization is equal to the attachment
is denoted by the arrow (in air at normal temperature and
pressure, the value of Ecr is about 25 kV cm−1 ). The electric
field in the streamer channel is usually below Ecr . Note that in
the streamer channel attachment and electron recombination
are essential, while the ionization and detachment terms
are small. In this case, the ionization cannot maintain the
plasma, and the plasma is decaying with the characteristic time
τ ∼ 1/(η2 + η3 )Ve for an electronegative and τ ∼ 1/βei ne for
an electropositive gas.
4.6. Detachment
The primary ions, O− and O−
2 , generate a large set of negative
−
−
−
−
,
O
,
NO
,
NO
ions (O−
3
4
2 , NO3 ) through ion–molecule

(17)

The formula (17) overestimates the attachment coefficient
for low and zero external fields. In [34], an approximation
of experimental data gives the following expressions for the
corresponding attachment rate coefficient:


300
600
Katt3 = 1.4 × 10−29 ×
exp −
Te
Tg


700 × (Te − Tg )
(cm6 s−1 ).
(18)
× exp
Te × T g
The formula gives the value of the attachment rate νatt3 ∼
8 × 107 s−1 in zero electric fields (when Te ∼ T ).
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Figure 4. Absolute value of the difference between electron
attachment and ionization rates.
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association and charge exchange reactions. Since the channels
for loss of different sorts of negative ions are different, 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 this paper, the detachment rate coefficient
is used:


6030
Kdetach = 2 × 10−10 exp −
(cm−3 s−1 ),
(21)
Ti
which corresponds to an abundance of O−
2 ions [25], with
the effective ion temperature, Ti , calculated according to
formula (12).

5. Charging of a dust grain in decaying air and
nitrogen plasma (zero external field)
Most experimental work has been conducted for the pulsed
regimes of the corona discharge because they are usually more
effective. In this section we investigate the process of a particle
charging in the decaying air plasma of the streamer trace after
a rapid cut-off of the voltage pulse sustaining the discharge
(zero external field). The dust grain in air and in nitrogen is
charged mainly by electron diffusive fluxes (until the maximum
charged is attained) and not by ions. Ion fluxes are essential
in the later stages of grain charging. However, the charging
process occurs in a different way in attaching (air) and nonattaching (nitrogen) gases. In figure 5, symmetric profiles of
plasma charged particles around the dust grain are presented.
It is seen that the electron level decreases very rapidly, with
the typical time determined mainly by three-body attachment
of electrons to O2 molecules:
τatt ≈

1
≈ 10 ns.
νatt

by the dust particle shows that the electron diffusive fluxes
define the timescale on which the dust particle acquires the
maximal charge. The decrease of these fluxes is governed by
the attachment rate. The moment when the maximal charge is
attained is indicated in figure 6 by the arrow.
It is interesting to compare the evolution of charge
collected by the dust grain in decaying plasma in attaching
(air) and non-attaching (nitrogen) gases. For nitrogen,
the corresponding time of electron decrease is defined by
electron–ion recombination; this process is very slow and is
of the order of a few microseconds:
τrec ≈

1
≈ 2 µs.
βei ne

(24)

In decaying nitrogen plasma, the charging time (when the
maximal charge is attained) is comparable with that in a
stationary plasma [18]. As a result, the charging time for air is
essentially less than that for nitrogen. In figure 7, evolution of
electrons and ions around the dust grain in a decaying nitrogen
plasma is shown, and figure 8 demonstrates the corresponding
electron and ion fluxes. The maximal value of the attained
charge is greater in nitrogen plasma compared with that in air,
and the charge in both cases exceeds the value of 105 electron
charges (figure 9). Consideration of further processes of charge
neutralization by slow ions is beyond the scope of this paper.

(22)

The characteristic time of the decrease of positive and negative
ions is determined by the ion–ion recombination:
τrec ≈

1
≈ 50 ns.
βii np

(23)

The corresponding electron and ion fluxes to the dust
grain are shown in figure 6. Analysis of the fluxes collected

Figure 5. Evolution of electrons and positive and negative ions
around the dust grain (along z-axis) during the first 250 ns of the
dust grain charging in a decaying air plasma (zero external field).
The curves are shown for three successive time moments. The
centre of the dust grain is located at z = 0.

Time (ns)

Figure 6. Diffusion and drift fluxes of charged plasma particles
collected by the spherical dust grain in decaying plasma (air).
Curve A, diffusion flux of electrons; curve B, drift flux of positive
ions; curve C, diffusion flux of positive ions; and curve D, diffusion
flux of negative ions.

Figure 7. Distribution of electrons and positive ions around the dust
grain in decaying nitrogen plasma at 10 000 ns (zero external field).
The centre of the dust grain is located at z = 0.
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Z axis (µm)

Figure 8. Diffusion and drift fluxes of charged particles collected by
the spherical dust grain in decaying plasma (nitrogen). Curve A,
diffusion flux of electrons; curve B, drift flux of positive ions;
curve C, diffusion flux of positive ions.

Figure 9. Time evolution of charge accumulated on the dust grain in
decaying air and nitrogen plasmas in zero external field. The arrows
indicate the moment when the charge attains its maximal value.

Note that the electron diffusive fluxes play the essential role
in the process of the dust grain charging in a non-stationary
air plasma as they determine the timescale on which the dust
particle acquires the maximal charge.

6. Charging of a dust grain in external fields
The problem of a dust grain charging in the streamer channel
can be formulated as a charging process in external fields.
The absolute values of the electric field in the streamer channel
do not exceed Ecr (figure 4). Thus, the plasma in the streamer
channel is decaying.
The distribution of the electric field around an uncharged
conducting sphere (dust grain) placed in an initially uniform
electric field, Eext , can be obtained analytically [35]. The
field lines of a uniform electric field are parallel, but the
presence of the conductor alters the field in such a way that
the field lines strike the surface of the conductor, which is
an equipotential surface, normally. In the process of the
dust grain charging, we account for the potential of charges
accumulated on its surface and for the potential produced by
space charges near the grain. The electric field produced by
132

Figure 10. Evolution of the absolute value of the electric field along
the z-axis during the initial stage of the charging process. The centre
of the dust grain is located at z = 0.

accumulated charges is directed towards the surface. Thus,
on the left-hand side, this field is added to the external field
and, consequently, subtracted on the right-hand side. The
total field is the superposition of the external field, the field
of the accumulated charges and the field produced by space
charges. The very initial stage of electric field redistribution
is shown in figure 10. Figures 11(a) and (b) demonstrate the
evolution of the potential and electric field after 30 ns of the
charging process in an external field, Eext = 5000 V cm−1 .
As can be seen, in external fields (in the streamer channel)
the charging process occurs in very non-uniform and nonstationary conditions. In this case, the distribution of charged
plasma particles and, consequently, drift and diffusion fluxes
to the grain surface depend on the polar angle, θ , as indicated
in figure 12. Here, we also observe the substantial decrease in
electron concentration due to attachment. The decrease
in ion level is due to recombination processes. Note that
in weak fields typical for the streamer channel at atmospheric
pressures, attachment and electron recombination are essential,
while ionization and detachment processes are negligible.
Attachment occurs mainly due to three-body collisions. In
this case, the ionization cannot maintain the plasma, and
the plasma density is decreasing with the characteristic time
τe ∼ 1/(η2 + η3 )Ve for electrons and τi ∼ 1/βii np for
ions (the drift velocity, Ve , depends on the external field).
The region in which the quasi-neutrality of the plasma is
significantly violated is of the order of 50 µm on the lefthand side of the dust grain (θ = π) and is much smaller
on its right-hand side (θ = 0), where the grain faces the
electron flow. In figure 13, the process of grain charging is
shown for different values of external electric field. The arrows
mark the moments when the maximal charge is attained. The
corresponding charging times correlate with the attachment
rate curve (figure 14). These times are large for fields of
8–10 kV cm−1 . The indicated values of the electric field
correspond to the minimal value of the attachment rates. In
this region, three-body attachment is already not efficient, but
the electrons do not possess sufficient energy for dissociative
(two-body) attachment. Due to the essential role of the mobile
electrons in the charging process, the charging time is defined
mainly by the attachment process and, consequently, by the
level of electron concentration near the particle. As a result,
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Figure 13. Particle charge as a function of time for the different
values of Eext (kV cm−1 ) that label the curves. The arrows indicate
the moment when the grain charge attains its maximal value.
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Figure 11. Contours of (a) potential and (b) absolute value of the
electric field around the conducting dust grain after 30 ns of the
charging process in the external field, Eext = 5000 V cm−1 . (The
contour lines for the electric field are shown in 4000 V cm−1 .)

Figure 14. Correlation between the attachment rate curve and
charging time, τch (time needed for the grain to attain the maximal
charge).

For high electric fields, the accumulated charge can be
very large and the formation of corona discharge can be
observed starting preferably from the left-hand side of the dust
grain (θ = π), which faces the direction of the external field
and where the electric field is higher. The process is analogous
to that of Trichel pulse formation in a negative corona [36].
The spatial distribution of the electric field near the dust grain
at three successive moments is shown in figure 15 and, with
higher resolution (in figure 16). The process is very rapid and
develops within 1 ns. A detailed consideration of this process
is beyond the scope of this paper.

Z axis

Figure 12. The asymmetric profile of charged particle distribution
around the dust grain (along z-axis) after 250 ns charging in an
external field of 7000 V cm−1 . The direction of the external filed is
indicated by the arrow.

for negative streamers (Ech ≈ 8–10 kV cm−1 ) the time needed
for a dust grain to attain the maximal charge (∼200–300 ns)
is greater than the corresponding time for positive streamers
(∼100 ns).

7. Conclusions
In this paper, we have presented a numerical model of a dust
grain charging in decaying plasma of the streamer channel.
For a zero external field, it was demonstrated that the process
occurs in a different way in attaching (air) and non-attaching
(nitrogen) gases. For non-zero external fields, a correlation
between the charging time in air and the field dependence of
the attachment rate is revealed. For high values of the external
fields, a corona discharge starting from the dust grain was
observed.
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Figure 15. Corona discharge starting from the dust grain.
Distribution of the z-component of the electric field at three
successive time moments.

Figure 16. Left-hand side of the dust grain. Magnified from
figure 15.
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