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The dynamics of charging of a dust particle in an electron-ion

plasma in the presence of the external volume-ionization sources

generating the plasma is investigated by means of numerical

methods with regard for the electron photoemission from the

surface of a dust particle. The stationary distributions of electron

and ion concentrations in the neighborhood of the dust particle,

as well as its charge and effective potential, are calculated. It

is shown that the sign of this charge is determined by both the

emission properties and the intensity of the external sources of

ionization. The results of numerical calculations are presented in

the graphical form.

1. Introduction

It is known that there exist several mechanisms of
charging of dust particles in plasma, in particular, those
involving plasma currents when a particle is charged
negatively (a glow discharge) and the secondary electron
emission and photoemission (when a particle is charged
positively). The latter mechanism is investigated in
more details, and a thorough analysis is given to both
the case where collisions in plasma can be neglected
[1�6] (the theory of bounded orbits) and the case
of the drift-diffusion dynamics of plasma [7�13] (see
also reviews [14, 15] and the references therein). These
investigations are necessary in calculating the effective
potentials of the interaction between dust particles that
determine the formation of structures in dust plasma.
Studying the mechanisms of charging of dust particles
as well as their potentials gains a special actuality in
view of the experiments with dust plasma performed

under microgravitation conditions [10, 16�18]. As the
majority of laboratory and cosmic experiments were
carried out under conditions when the drift-diffusion
approximation can be applied, a special attention was
recently paid to studying the dynamics of charging
of dust particles on the basis of just the mentioned
approximation [8�13, 19]. The numerical simulations
and analytical calculations were performed on the
assumption that all plasma particles were absorbed with
dust ones and were not taken into account in the
sequel. The emission of electrons from the surface of
a dust particle is not sufficiently studied [20�22], and
this problem remains open to a great extent. One can
assume that, depending on the experimental conditions,
this factor exerts an essential influence especially in
the case where the work function of an electron is
lower than the ionization potential of atoms of the
gas forming a plasma. In this case (in the absence of
external radio-frequency fields and provided that the
energy of light quanta is lower than the ionization
potential), the electron emission represents the only
source of plasma under optical irradiation of the �gas�
dust particles� mixture [16]. A similar situation will
be observed in the plasma of combustion products of
metallized mixtures.

The aim of this work lies in generalizing the
calculations of the charge and effective potential of dust
particles in collisional plasma, i.e. under conditions of the
applicability of the drift-diffusion description of plasma,
with regard for the electron emission from the surface of
dust particles.
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Let's consider an isolated dust particle, whose surface
emits electrons that can subsequently ionize a buffer
gas. The coefficients of ionization of the atomic gas by
electron impact, the recombination constant, and the
diffusion coefficients of plasma particles as well as their
temperatures are considered to be specified. In this case,
a volume-ionization source may be present. Depending
on the experimental conditions, the emission and volume
ionization can be associated with either optical and
ultraviolet radiation (photoemission, photoionization)
or a high temperature of plasma (thermionic emission,
thermal ionization). In the present paper, we consider
electrons to be generated due to photoemission and
photoionization. The system of input equations for
the described model coincides with the equations used
for investigating the processes of charging of dust
particles in a glow discharge [8, 9, 13] except for
the equation for the charge of a dust particle and
the additional electron-source term in the electron
continuity equation.

The input equations were solved numerically for a
wide range of parameters of the system (the size of a
dust particle, the degree of plasma nonisothermality, the
intensity of a volume-ionization source). The rest of the
parameters corresponds to the values considered in [17].

2. Charging of Dust Particles in Plasma

in the Presence of Electron Emission

from the Surface (the Problem Statement

and Input Equations)

Let's consider a dust particle in the gas medium
subjected to ultraviolet radiation. Due to the
photoionization and electron emission from the dust
particle surface, there appears the plasma environment
around it. If the energy of a light quantum exceeds the
work function of an electron for the material of the dust
particle, but is lower than the ionization energy of gas
atoms (molecules), the only plasma source is represented
by photoelectrons emitted by the dust particle, as well
as the impact ionization caused by them. The presence
of the plasma environment results in the appearance of
the flows of free electrons and ions that will be captured
by the dust particle. The charge of the dust particle
is determined by both the electron emission and self-
consistent dynamics of plasma in its neighborhood. We
assume that the plasma generated under the influence
of radiation is weakly ionized, which implies that its
behavior can be described within the framework of
the drift-diffusion approximation. The input system of

equations describing the kinetics of charging can be
presented as
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where ne; np are the concentrations of electrons and ions,
respectively,
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= vphnphÆ(r � a)

� the intensity of the surface source of photoelectrons
which is considered to be proportional to the initial
density nph and the velocity vph, N � the concentration
of neutral particles; Q � the rate of gas ionization by
the external ionization source; kion � the rate constant
of gas ionization by proper electrons of plasma; �ei � the
coefficient of dissociative electron-ion recombination; ~je,
~jp � the electron and ion flux densities; and ~E � the
electric field intensity.

The flux densities of electrons and ions in a plasma
volume specified in the drift-diffusion approximation
have a form

~je = ne�e ~E �Derne; (4)

~jp = np�p ~E �Dprnp; (5)

where �e; �p � the mobilities, while De; Dp � the
diffusion coefficients of electrons and ions, respectively.

The problem was solved under the following
boundary conditions on the surface of the dust particle
of radius r = a:

nejr=a = 0; (6)

npjr=a = 0: (7)

In this case, the equation for the dust particle charge
takes the form

dZgr(t)

dt

����
r=a

= �4� a2 (je � jp � jph); (8)

where jph is a surface value of the radial component of
the photocurrent jph = vphnph, where nph = const � I

and I is the ultraviolet source intensity.
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a b

Fig. 1. Distributions of electrons and ions in the neighborhood of a dust particle (a) and the evolution of its charge (b) in the presence

of volume-ionization sources Q = 1022 m�3/s for various intensities of photoemission (a = 4:8 �m; Te=Tp = 1, Tp = 300 K)

The velocity of photoelectrons coming from the
surface of a dust particle vph is derived from the equation
describing the photoeffect

~! = A+
me v

2
ph

2
� ee'; (9)

where A stands for the work function of an electron.
Hence,

vph =

r
2

me

(~! �A+ ee'): (10)

According to the assumption that the potential of a dust
particle is close to the Coulomb one, we obtain

� =
Zgree

4�"0a
: (11)

The delta function in Eq.(1) is approximated by the
Æ-like function

Æ(r � a) ' �p
�
exp(��2(r � a)2);

while the parameter � is chosen to be equal to
�max = 109(m�1) in such a way that exceeding
this value does not change the results of numerical
calculations.

In the numerical model, we solved the system
consisting of the continuity equation and the Poisson
equation by means of the method of finite differences
with a nonuniform mesh in accordance with the explicit

and implicit Crank�Nicolson technique and making use
of the sweep technique (the Thomas method). The
algorithm used in the computation program is described
in [8] in detail.

3. Analysis of Numerical Solutions

Here, we represent the results of numerical calculations
of the dynamics of charging of a dust particle and
the stationary distributions of electrons and ions in
its neighborhood with regard for the photoemission of
electrons. The calculations were carried out for the
following values of the parameters of the problem: De =

0; 01 m2/s, Dp = 2; 05 � 10�6 m2/s, �e = �0; 386
m2/(B�s), �p = 7; 92� 10�5 m2/(B�s).

The energy of a light quantum amounted to 12 eV,
while the work function was chosen to be equal to 6 eV.
The concentration of neutral particles N = 2:5 � 1025

m�3; the rate of gas ionization by the external ionization
source Q = 1022 m�3/s; the rate constant of gas
ionization by proper electrons of plasma was respectively
equal to kion = 10�21 m3/s; and the coefficient of
dissociative electron-ion recombination �ei = 2:0�10�12

m3/s. Within the order of magnitude, these values
correspond to the parameters of a plasma generated in
a high-frequency discharge in photoemission cells. We
considered several values of the radii of dust particles
(a = 2:0; 4.8; 13.6 �m) and the nonisothermality
parameters Te=Tp = 1 and Te=Tp ' 33.
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a b

Fig. 2. The same dependences as in Fig. 1 for nph = 10
15
, a = 13:6 �m

In Fig. 1, we depict the stationary distributions of
electron and ion concentrations which are established
around the dust particle due to the self-consistent
dynamics of plasma (Fig. 1,à), as well as the temporal
evolution of the charge of the dust particle (Fig. 1,b)
in the presence of volume-ionization sources, Q = 1022

m�3/s.
The calculations demonstrate that, for the

chosen parameters of the problem, the influence of
photoemission starts to manifest itself at the values
nph > 1010 m�3. Otherwise (nph < 1010 m�3), the
results don't depend on nph and coincide to a high
accuracy with those obtained in [8] in the presence of
a volume source alone (Fig. 1). It is typical that an
increase of nph > 1010 m�3 results in a decrease of the
stationary value of the charge of the dust particle
(Fig. 1,b). Moreover, though the charge of a dust
particle remains negative at small nph (Fig. 1,b), its
sign changes at sufficiently large nph (Fig. 2,b). This
means that the plasma currents cannot compensate
the photocurrent, and the particle acquires a positive
charge. Correspondingly, the plasma environment is
reconstructed (Fig. 2,à).

The situation changes essentially in the absence of
volume-ionization sources, i.e. at Q = 0 (Fig. 3). This
case illustrates rather vividly the competition of two
mechanisms that cause the charging of a dust particle,
namely, photoemission and plasma currents. As follows
from the results of calculations, at small values of nph
(at a = 4:8 �m, nph = 1013 m�3), the charge of a
dust particle at the initial stage is positive (which is

absolutely natural because, at this stage, photoemission
is of fundamental importance, whereas plasma currents
are absent). But, in the course of time, it becomes
negative (Fig. 3,b). It implies that, in spite of the absence
of volume sources and, consequently, a primary plasma,
the flows of the secondary plasma generated due to
the impact ionization not only compensate the loss of
photoelectrons but also provide the accumulation of the
negative charge. The calculations were carried out for
various values of the rate constant of gas ionization by
proper electrons of the plasma kion.

In this case, the effective potential also has the
corresponding form (Fig. 4). It can be either attractive
(a = 4:8 �m, nph = 1013 m�3) or repulsive a = 4:8,13.6
�m, nph = 1014 m�3 or zero a = 13:6 �m, nph = 1013

m�3 in case where photoemission is almost completely
compensated by electron plasma currents.

It is obvious that both the distribution of plasma and
the evolution of charge must essentially depend on the
nonisothermality of plasma. This fact is confirmed by
numerical calculations. In particular, an increase of
the electron temperature up to 1 eV ((with the rest
of parameters being the same as for Figs. 1�4) is
accompanied with a rise of the stationary values of the
charge by a factor of 20 (Fig. 5).

For all the figures, the charge of a dust particle
Zgr is dimensionless and measured in the units of the
electron charge ee = �1:6� 10�19 Q, while the ion and
electron concentrations are normalized to the electron
concentration in the unperturbed region.
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a b

Fig. 3. Distribution of density numbers of electrons and ions in the neighborhood of a dust particle (a) and a variation of the dust

particle charge with time (b) in the absence of a photoionization source Q = 0 m
�3
/s for a = 4:8 �m, nph = 10

14
, Te=Tp = 1, Tp = 300

K, kion = 10�20 m3/s

Fig. 4. Distribution of the potential for dust particles of radii

a = 4:8, 13.6 �m; Te=Tp = 1, Tp = 300 K, for nph = 1013,

nph = 1014

4. Conclusions

On the basis of the numerical solution of the evolution
problem, we have investigated the process of charging

of a dust particle by plasma currents with regard
for the photoemission of electrons from its surface
and calculated the stationary distributions of electrons
and ions around the dust particle. The influence of
the volume ionization on the process of accumulation
of charge and distributions of plasma particles is
considered.

It is demonstrated that, in the absence of
volume-ionization sources, the stationary charge of
a dust particle is determined by the competition of
photoemission and plasma currents coming onto its
surface. The dust particle can be charged positively
or negatively, depending on the intensity of
photoemission. As was expected, the numerical
calculations have confirmed that, with the intensity
of photoemission being equal, its influence increases
with the size of a dust particle. The plasma
environment around a dust particle is formed
in accordance to the sign and magnitude of its
charge.

It is established that an increase of the electron
temperature (a deviation from the isothermality) results
in the amplification of the influence of plasma currents,
which is expressed, in particular, through the intense
accumulation of the negative charge by a dust particle
and increasing the neutralization of photoemission.

452 ISSN 0503-1265. Ukr. J. Phys. 2005. V. 50, N 5



THE INFLUENCE OF ELECTRON EMISSION

a b

Fig. 5. Distributions of electrons and ions in the neighborhood of a dust particle (a) and the evolution of its charge (b) in the presence

of a volume-ionization source Q = 10
22

m
�3
/s and Te = 10000 K, Tp = 300 K for various intensities of photoemission a = 4:8 �m

It is proved that the presence of volume-ionization
sources increases the effects conditioned by plasma
currents. For example, in the last case, the stationary
value of the negative charge of a dust particle is
several times higher by absolute magnitude than
the corresponding value established in the absence
of volume sources with all other conditions being
equal.
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ÂÏËÈÂ ÅÌIÑI� ÅËÅÊÒÐÎÍIÂ ÍÀ ÇÀÐßÄ

ÒÀ ÅÔÅÊÒÈÂÍÈÉ ÏÎÒÅÍÖIÀË

ÏÎÐÎØÈÍÊÈ Ó ÏËÀÇÌI

À. Çàãîðîäíié, Â. Ìàëüí¹â, Ñ. Ðóìÿíöåâ

Ð å ç þ ì å

×èñëîâèìè ìåòîäàìè äîñëiäæåíî äèíàìiêó ïðîöåñó çàðÿäæàí-

íÿ ïîðîøèíêè â åëåêòðîí-iîííié ïëàçìi çà íàÿâíîñòi çîâíiø-

íiõ äæåðåë îá'¹ìíî¨ iîíiçàöi¨, ùî óòâîðþþòü ïëàçìó, òà ç

óðàõóâàííÿì ôîòîåìiñi¨ åëåêòðîíiâ ç ¨¨ ïîâåðõíi. Ðîçðàõîâàíî

ñòàöiîíàðíi ðîçïîäiëè êîíöåíòðàöié åëåêòðîíiâ òà iîíiâ â îêîëi

ïîðîøèíêè, ¨¨ çàðÿä òà åôåêòèâíèé ïîòåíöiàë. Ïîêàçàíî,

ùî çíàê çàðÿäó ïîðîøèíêè âèçíà÷à¹òüñÿ ÿê ¨¨ åìiñiéíèìè

âëàñòèâîñòÿìè, òàê i iíòåíñèâíiñòþ çîâíiøíiõ äæåðåë iîíiçàöi¨.

Ðåçóëüòàòè ÷èñåëüíèõ ðîçðàõóíêiâ ïðåäñòàâëåíî ó âèãëÿäi

ãðàôiêiâ.
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