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ABSTRACT

Discharging of dust particles in an argon plasma afterglow is investigated using different approaches. First, the dust charge distribution function
(DCDF) is obtained by solving numerically the master equation describing dust discharging as a one-step stochastic process. Second, the DCDF
is calculated as a Gaussian distribution with mean dust charge and variance, which are functions of time. Additionally, the time-dependencies
for the mean dust charge are obtained assuming that the charge changes continuously in the afterglow plasma. Calculation results are compared
with available experimental data and are found to be in good qualitative agreement if the dust discharging model accounts for the emission of
electrons in the collisions of excited argon atoms with dust particles. This study is carried out taking into account the transition from ambipolar
to free diffusion as well as multistep ionization, excitation, and deexcitation of argon atoms in the plasma afterglow.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0100913

I. INTRODUCTION

Plasmas with nanosized and microsized particles (dust particles)
have been extensively studied for several decades.1–5 These plasmas
(dusty plasmas) are involved in many applications and also in fusion
research.6–10 They have also been attractive for researchers studying
fundamental problems in physics, including the formation of
Coulomb dust crystals, dust vortices and voids, wave propagation, cos-
mic clouds, etc.1–4,11,12 Dust charging in steady-state plasmas has also
been studied by many authors (see Refs. 1, 2, and 13–15, and referen-
ces therein) because the dust charge is a key parameter that determines
the interaction between a dust particle and electrons, ions, its neigh-
boring dust particles and electric and magnetic fields.

The dust charging phenomenon, or discharging to be more spe-
cific, in afterglow plasmas has also been analyzed in many papers.16–26

However, in temporary plasma afterglows, most of the authors in their
theoretical and numerical studies have used “continuous discharging
models,”14,27 i.e., the charge on a dust grain is determined by currents
collected from the plasma, these currents being continuous in time.
Naturally, these models do not account for the discreteness of the dust
charge27 and allow to calculate only the mean grain charge. Meantime,
due to the discreteness of the charge carriers, the charging process is
stochastic and dust charge fluctuations occur.27–31

Stochastic dust charge fluctuations in steady-state plasmas have
been studied through various approaches. In particular, Cui and
Goree performed Monte Carlo simulations of the dust charging pro-
cess and demonstrated that small dust particles may briefly exhibit a
positive charge.27 Later, it was noted32 that this method in fact solves
a master equation, proposed by Matsoukas and Russell,30 to model
charging with a one-step stochastic process.29 In Ref. 30, the charg-
ing process was described by a Fokker-Planck equation which was
obtained by expanding the master equation. It was also found that
the charge distribution approaches a Gaussian function with mean
charge and variance that bear simple relations to the charging cur-
rents.30 In Ref. 33, to describe the charge fluctuations at stationary
states, a model utilizing a Langevin equation was developed, and the
charge fluctuations were studied for different charging mechanisms,
such as thermionic and photoelectric emission. In Refs. 32 and 34,
model equations were developed to analyze stochastic charge fluctu-
ations of a dust particle suspended in a plasma at nonstationary
states. For this case, it was found that the dust charge distribution
function (DCDF) can also be described by a Gaussian distribution, if
the size of fluctuations is small compared to the mean charge.
However, this approach has not yet been used to calculate the DCDF
in an afterglow plasma.
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At present, there are only a few works where the DCDF in a tem-
poral afterglow plasma was simulated.35,36 These simulations were per-
formed using the Monte Carlo method as in Ref. 27, and taking into
account the transition from ambipolar to free diffusion in a decaying
plasma. The effects on the dust charge of metastable-dust collisions in
the plasma bulk and ion–neutral collisions in the sheath around a dust
particle were not taken into account while these collisions may affect
essentially the charge.17,37

In this paper, we obtain the DCDF from the master equation
describing dust discharging as a one-step stochastic process.29–31 An
argon plasma afterglow with dust particles is analyzed for the condi-
tions close to those in Refs. 35 and 36 in order to compare the
obtained DCDFs. The calculations are carried out accounting for the
transition from ambipolar to free diffusion in the plasma afterglow, as
in Refs. 35 and 36, and additionally taking into account metastable-
dust collisions in the plasma bulk and ion–neutral collisions in the
sheath around a dust grain. For different afterglow times, we also com-
pare the DCDFs obtained numerically from the master equation with
the Gaussian solutions calculated using the approach proposed in
Refs. 32 and 34. The time-dependencies for the mean dust charge and
its variance are also obtained.

II. THEORETICAL MODEL

In this section, we first present the model equations describing
the evolution of the densities of electrons, ions and excited argon
atoms and of the electron temperature in an argon plasma afterglow.
Then, we describe the equations used for the analysis of dust particle
discharging in the afterglow.

A. Diffusion model of the plasma

Consider an argon low-ionized plasma with radius R¼ 2 cm and
height L¼ 3 cm (the plasma sizes here are the same as in Refs. 22, 35,
and 36) containing electrons with density ne, singly charged positive
ions (Arþ) with density ni, ground-state argon atoms (Ar0) with den-
sity na, metastable argon atoms (Arm) with density nm, argon atoms in
the resonance 4s states (3P1 and

1P1) (Arr) with density nr as well as
argon atoms in 4p states (Ar4p) with density n4p. The metastable and
resonance atom densities nm, nr, and n4p represent the density of a
composite (3P0 and

3P2) metastable level, the density of a composite
(3P1 and

1P1) resonance level, and the density of a composite 4p state,
respectively. The plasma also contains dust particles with density nd
¼ 5� 104 cm�3, as in Refs. 35 and 36, and radius ad.

We assume that the ions and dust particles are at gas temperature
Tg (¼ 0.026 eV), and the ions and electrons have Maxwellian distribu-
tions. The calculations are carried out for neutral gas pressures P¼ 0.3
and P¼ 0.9Torr, as in Refs. 35 and 36.

The time-dependencies for the electron and ion densities are
described, respectively, by the following balance equations:

@ne
@t
¼ KR1nane þ KR2n2m þ KR3nmne þ KR4nrne

þ KR5n4pne þ KR6nmnr þ KR7n24p�
�Rwene � Kd

e nend þ cmK
d
mndðnm þ nr þ n4pÞ; (1)

@ni
@t
¼ KR1nane þ KR2n2m þ KR3nmne þ KR4nrne

þ KR5n4pne þ KR6nmnr þ KR7n24p � Rwini � Kd
i nind; (2)

where t is the afterglow time, and KRi is the rate for a reaction accom-
panied by production/loss of electrons or ions. The corresponding
reactions are shown in Table I.

The rate coefficients for reactions (R1) and (R3)–(R5) are calcu-
lated using the corresponding reaction cross sections r taken from
Refs. 38–40 and assuming that the electron energy distribution func-

tion (EEDF) is Maxwellian. K ¼ 1=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðp=LÞ2 þ ð2:405=RÞ2

q
is the dif-

fusion length. De and Di are the diffusion coefficients for electrons and
ions, respectively. In the steady-state (t¼ 0), it is assumed that
De ¼ Di ¼ Da, whereDa � Dif ð1þ Te=TiÞ is the ambipolar diffusion
coefficient. Te and Ti are the electron and ion temperatures, respec-
tively. Dif � kiti=3 is the ion free diffusion coefficient, where

ti ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8eTi=pmi

p
is the ion thermal velocity, mi is the ion mass,

ki ¼ 1=ðnariaÞ is the ion mean-free path, and ria � 10�14 cm2 is the
cross section for ion–neutral collisions. Our model takes into account
the transition from ambipolar to free diffusion in the afterglow plasma.
It is assumed that Di ¼ Dif þ ð1:5Da � Dif Þ½1:0� exp f�K2=

ð4:5k2DeÞg� for K2=k2De < 150, Di ¼ 1:5� Da=
1
2 ½

K2=k2De�150
3000�150 �

0:4 þ 1
n o

for 150 � K2=k2De < 3000 and Di ¼ Da for K2=k2De � 3000(solid
curve in Fig. 1), where kDe is the electron Debye length. The depen-
dence of Di on K=kDe approximates well the measured dependence in
Ref. 42 in the case Te ¼ Ti: For electrons, it is assumed that the diffu-
sion coefficient De is connected with the ambipolar diffusion coeffi-
cient as in Ref. 43 for the fast transition case (dashed curve in Fig. 1)
or is described by empirical formulas (40) and (41) in Ref. 44, which
were initially obtained in Ref. 45, for the slow transition case (dotted
curve in Fig. 1). The formulas (40) and (41) in Ref. 44 describe well the
measured dependence of De on K=kDe in Ref. 42.

The rate coefficients for reactions (R9) and (R12) are
Kd
e ¼

P
kFk�

k
ed=ne and Kd

i ¼
P

kFk�
k
id=ni, respectively, where Fk is

TABLE I. Production and loss processes of electrons and ions taken into account in
the model. Here, Ar� corresponds to the argon atom in an excited state.

Reaction Rate References

(R1) e þ Ar0! Arþ þ 2e KR1 ¼ f(r) 38
(R2) Arm þ Arm
! Ar þ Arþ þ e

KR2 ¼ 1.24� 10�10 cm3/s 25

(R3) e þ Arm! Arþ þ 2e KR3 ¼ f(r) 39
(R4) e þ Arr! Arþ þ 2e KR4 ¼ f(r) 39
(R5) e þ Ar(4p)! Arþ þ 2e KR5 ¼ f(r) 40
(R6) Arm þ Arr
! Ar þ Arþ þ e

KR6 ¼ 2.1� 10�9 cm3/s 41

(R7) Ar(4p) þ Ar(4p)
! Arþ þ Ar þ e

KR7 ¼ 5.0� 10�10 cm3/s 41

(R8) e! wall Rwe ¼ De=K
2 42–45

(R9) eþ dust(Zd)
! dust(Zd -1)

Kd
e 1, 2

(R10) dust(Zd) þAr�
! dust(Zd þcm) þcmeþ Ar0

Kd
m 17

(R11) Arþ ! wall Rwi ¼ Di=K
2 42

(R12) Arþ þ dust(Zd)
! dust(Zd þ1)

Kd
i 17, 37
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the dust charge distribution function, and �ked and �
k
id are the frequen-

cies with which a particle with charge Zk
d ¼ ke collects electrons and

ions, respectively. k is an integer, and the DCDF is normalized
by RkFk ¼ 1. The expressions for �ked and �kid are presented in
Subsection IIB.

The model also assumes that electrons can be generated due to
electron emission from the dust surface due to collisions with argon
atoms in excited states. The process is described by reaction (R10) and
is characterized by the yield cm and the rate Kd

m ¼ pa2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8eTg=pmi

p
:

The model also includes the balance equations for argon atoms in
different excited states, which can be presented in the following form:

@nðXÞ

@t
¼
X
i

RðXÞG;i �
X
i

RðXÞL;i ; (3)

where nðXÞ is nm, nr or n4p. R
ðXÞ
G;i and R

ðXÞ
L;i are, respectively, the rates for

reactions of the various generation and loss processes of the species
with density nðXÞ. The reactions taken into account to calculate the
metastable, 4s resonant, and 4p atoms densities are shown in Tables I
and II, and described in detail in Ref. 25. The rate coefficients for reac-
tions (R13)–(R16), (R18), and (R20)–(R22) are calculated using the
corresponding reaction cross sections r taken from Refs. 46–48, and
assuming that the EEDF is Maxwellian. In Table II, Dm� 2.42� 1018/na
(where na in cm

�3) is the metastable diffusion coefficient.48 It is assumed
that KR17 ¼ 2� 10�7cm3/s for the power on phase48 and is in 5 times
smaller in the afterglow.25

The time evolution of electron temperature in the plasma after-
glow can be found from the following power balance equation:

@

@t
3
2
eneTe

� �
¼ ðPabs � PlossÞ

V
; (4)

where Pabs is the power absorbed in the plasma volume in the power
on phase (t ¼ 0) and Ploss� Pwþ Pcoll. In our calculations, the power
Pabs is chosen to have ne(t ¼ 0)¼ 5.0� 109 cm�3, as in Ref. 36.

In the plasma afterglow, Pabs ¼ 0. The power loss on the walls is
Pw ¼ eVðniDiei þ neDeeeÞ=K2; where ei � 5.2Te and ee ¼ 2Te are
the mean kinetic energy lost respectively per ion and electron.50

Pcoll ¼ eneV
X
X

nðXÞ
X
i

eðXÞex;iK
ðXÞ
ex;i �

X
k

eðXÞdex;kK
ðXÞ
dex;k

� ��

þnað3me=maÞKeaðTe � TgÞ
�
;

where KðXÞex;i and eðXÞex;i are, respectively, the rate coefficient and electron
energy loss at excitation (or ionization) of species nðXÞ by electron
impact for the reactions (R1), (R3)–(R5), and (R13)–(R18) in Tables I
and II. KðXÞdex;k and eðXÞdex;k are, respectively, the rate coefficient and the
electron energy gain at deexcitation of species nðXÞ by electron impact
for the reactions (R19)–(R22). Kea is the rate for electron-atom
momentum transfer collisions, which was obtained using the corre-
sponding cross section in Ref. 38. Since the dust charge density is
assumed to be low compared with the electron density
(jnd
P

kFkZ
k
dj 	 ne) during most of the time when the electron tem-

perature drops in the afterglow, the energy loss on dust particles is not
taken into account in Eq. (4). Additionally, we assume that the elec-
tron temperature cannot be smaller than the gas temperature in the
afterglow.

Note that we obtain the time-dependence for electron tempera-
ture taking into account for multistep ionization and excitation and
deexcitation of argon atoms by electron impact. Meantime, in our pre-
vious studies,17,25 to describe the electron temperature variation in
argon/dust pulsed and afterglow plasmas, these processes were not
taken into account. However, in Refs. 51–53, it was shown that multi-
step ionization and excitation and deexcitation of argon atoms by elec-
tron impact may affect essentially the time-dependence for electron
temperature in afterglow plasmas. Our calculations confirmed this
conclusion (see the supplementary material). Moreover, it was found
that considering the effect of multistep ionization and excitation and
deexcitation of argon atoms gives a DCDF and mean dust charge at

FIG. 1. Di=Da and De=Da as functions of ðK=kDeÞ2 used in present model. The
solid curve corresponds to Di=Da, while the dashed and dotted curves describe
De=Da obtained using experimental results of Freiberg and Weaver43 (fast transi-
tion case) and empirical formulas44 (slow transition case), respectively.

TABLE II. Production and loss processes of excited argon atoms taken into account
in the model, additionally to those in Table I.

Reaction Rate References

(R13) e þ Ar0! Arm þ e KR13 ¼ f(r) 46
(R14) e þ Ar0! Arr þ e KR14 ¼ f(r) 46
(R15) e þ Ar0! Ar(4p) þ e KR15 ¼ f(r) 46
(R16) e þ Arm! Ar(4p) þ e KR16 ¼ f(r) 47
(R17) e þ Arm! Arr þ e KR17 25,48
(R18) e þ Arr! Ar(4p) þ e KR18 ¼ f(r) 47
(R19) e þ Arr! Arm þ e KR19 ¼ 9.1� 10�7 cm3/s 41
(R20) e þ Arm! Ar0 þ e KR20 ¼ f(r) 46, 49 a

(R21) e þ Arr! Ar0 þ e KR21 ¼ f(r) 46, 49 a

(R22) e þ Ar(4p)! Ar0 þ e KR22 ¼ f(r) 46, 49 a

(R23) Ar0þ Arm! Ar0 þ Ar0 2.1� 10�15 cm3/s 41
(R24) Arr! Ar þ �hx 105 s-1 41
(R25) Ar(4p)! Ar þ �hx 3.2� 107 s-1 41
(R26) Ar(4p)! Arm þ �hx 3.0� 107 s-1 41
(R27) Ar(4p)! Arr þ �hx 3.0� 107 s-1 41
(R28) Arm (Arr)! Ar0 (wall) Dm=K

2 48

aObtained by applying the principle of detailed balancing to the cross section given in
the cited reference.
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late afterglow times, which are different from those obtained using the
model that does not account for this effect (the results obtained using
the simplified model are presented in supplementary material).

B. Discharging of dust particles in the plasma
afterglow

Here, we assume that dust particles of the same radius ad may
have different charges due to stochastic charge fluctuations connected
with charge discreteness. The charges of dust particles are character-
ized by the DCDF Fk, which can be described by the following master
equation for the one-step process:30–32

d
dt

Fk ¼ �kþ1ed Fkþ1 � �kedFk � ð�kid þ �mÞFk þ ð�k�1id þ �mÞFk�1; (5)

where for Zk
d < 0, �kid � nia2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8peTi=mi

p
ð1� nksþHkn

2
ks

2ksnariaÞ,
nk ¼ usk=Te; s ¼ Te=Ti, �ked ¼ nea2d

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8peTe=me

p
exp ðusk=TeÞ, me is

the electron mass, and usk ¼ eZk
d=ad . Here, Hk 
0.1 for 0.1� b� 10,

Hk 
 b for b < 0.1, and Hk
 b �2 (lnb)3 for b �1,37 where
b ¼ jeZk

dj=ksTi, and ks is the screening length, which is of the same
order as the Debye length.6 In the expression for �kid , ion–neutral colli-
sions in the sheath around a dust particle are accounted for. The terms
in the right-hand side of Eq. (5), which are proportional to �m ¼
cmK

d
mðnm þ nr þ n4pÞ; account for electron emission from the dust

surface at collisions of dust particles with argon atoms in excited states.
For Zk

d > 0; �ked ¼ nea2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8peTe=me

p
ð1þ usk=TeÞ and

�kid � nia2d
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8peTi=mi

p
exp ð�usk=TiÞ:

We also calculate the mean dust charge Zd using the following
expression:

@Zd

@t
¼ �id þ cmK

d
mðnm þ nr þ n4pÞ � �ed; (6)

where �id and �ed are coinciding with the corresponding expressions
for �kid and �

k
ed if one replaces in these expressions Zk

d by Zd . Here, we
consider the cases when the mean dust charge is negative.

We also compare the DCDF calculated from Eq. (5) with the
Gaussian distribution,32,34

FGk ¼
1

2pr2
z

� �1=2 exp �ð�Zk
d þ ZdÞ2

2r2
z

" #
; (7)

where Zd is determined by Eq. (6), and the variance r2
z as a function of

time is found from the following equation:32,34

dr2
z

dt
� �a=1r

2
z þ a2; (8)

where a=1 ¼ 2ð�=ed � �
=
idÞ with primes indicating derivatives with

respect to Zd, a2 ¼ �ed þ vid þ cmK
d
mðnm þ nr þ n4pÞ. In a steady-

state plasma (t ¼ 0) and when cm¼ 0, r2
z � �edþ�id

2ð�=
ed
��=

id
Þ
.30,31 Note that

the expressions for r2
z can be used only if � � �= � �== for both the

electron and ion flux.30,31

The equations for each particle (electrons, ions, excited argon
atoms in metastable and 4s and 4p resonance states), the power bal-
ance equation (4), the equation for mean dust charge (6), and the sys-
tem of equations for DCDF following from Eq. (5) are solved

numerically by using the DVODE package.54 The initial values of
plasma parameters, except ne(0) and ni(0), are obtained setting
@=@t ¼ 0 in the model equations. It is assumed that at t ¼ 0, ne ¼ ni
¼5� 109cm�3, as in Ref. 36.

III. RESULTS

Using the equations presented in Sec. II, we have calculated the
electron, ion and metastable atom densities, electron temperature,
mean dust charge Zd, and dust charge distribution function Fk for dif-
ferent afterglow times. The numerical calculations have been carried
out for the conditions typical to experiments on argon/dust afterglow
plasmas22,35,36 in the PKE-Nefedov reactor55 for P¼ 0.3 and
P¼ 0.9Torr. In this section, the charges Zk

dmax corresponding to the
maximum of Fk and the dust distribution functions are compared
with the mean charges Zd and the Gaussian distributions FGk, respec-
tively. We also compare the calculated Fk with the measured charge
distributions presented in Ref. 36. The results are obtained taking into
account secondary electron emission in the collisions of excited argon
atoms Ar� (Arm, Arr, and Ar4p) with dust particles [(R10) in Table I]
for different values of cm, as well as neglecting this process (cm ¼0).
Since the values of cm are not known for the conditions considered
here, we use in our simulations the values leading to a good agreement
with experimental data.35,36 The calculations have been carried out for
the cases of fast and slow transition in the decaying plasma.

A. The fast transition case

First, consider the case of fast transition at P ¼ 0.3Torr. For this
case, the mean dust charge as a function of time is shown for cm ¼ 0
and cm ¼ 0.035 in Fig. 2(a). In this figure, the time-dependencies for
the charge Zk

dmax corresponding to the maximum of Fk are also pre-
sented. The electron temperature andmetastable atom density as func-
tions of time for the cm ¼ 0 case are shown in Fig. 2(b), while the
time-dependencies for ne and ni are presented in Fig. 2(c). The time-
dependencies for Te, nm, ne, and ni obtained at cm ¼ 0.035 are not
shown here because they were found to be nearly the same as those for
the case when cm¼ 0.

One can see in Fig. 2(a) that discharging of dust particles in the
plasma afterglow can be divided in several phases. During phase I,
which starts at t¼ 0 and ends at t� 0.1ms, the amount of negative
charge on the dust particles decreases rapidly because the frequency
describing deposition of ions on a dust particle (�id) is larger than that
of electrons due to rapid decrease in the electron temperature [Fig.
2(b)]. In this phase, the decrease in Te is mainly due to electron energy
loss in collisions with argon atoms in the ground state and due to dif-
fusion of electrons and ions to the walls; multistep ionization and exci-
tation and deexcitation of argon atoms by electron impact do not
affect essentially the time-dependence for electron temperature (see
the supplementary material). During phase II [at 0.1ms � t� 15ms
in Fig. 2(a)], jZdj also decreases with increasing time. However, the
decrease is not only due to decreasing of the electron temperature
(at t� 5ms), but also due to larger ni compared with ne (at t> 1ms)
[Fig. 2(c)], and due to metastable-dust collisions (at t> 2ms in the cm
¼ 0.035 case). Meantime, in the cm ¼ 0 case, the decrease in jZdj in
phase II is not so fast as in phase I because of slower variation of Te in
phase II.

At t� 2ms, ni and ne are significantly less than the correspond-
ing initial densities [Fig. 2(c)], while the decrease in nm during the first
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two milliseconds is not so large [Fig. 2(b)]. As a result, for t> 2ms, dis-
charging of dust particles due to their collisions with metastable argon
atoms may become essential, and jZdj calculated with cm ¼ 0.035
becomes smaller than with cm ¼ 0 [Fig. 2(a)]. Note that for t< 2ms,
discharging of dust particles in their collisions with metastable atoms
[Fig. 2(a)] is not essential (curves 1 and 2 are nearly superimposed)
because the frequency for ion–dust collisions is larger than that describ-
ing the secondary emission process [�id > cmK

d
mðnm þ nr þ n4pÞ].

During phase III, when t> 15ms, the dust charge becomes time-
independent because the frequencies describing deposition of plasma
species on a dust grain are very small due to vanishing nm, ne and ni
[Figs. 2(b) and 2(c)].

Using Eq. (5), we have calculated the normalized DCDFs in the
late afterglow (here, for t ¼ 50ms). In Fig. 2(d), the calculated DCDF
agrees well with the one obtained in experiments,36 if our model
accounts for the increase in energy of electrons due to their collisions
with argon atoms in different excited states and for the secondary emis-
sion with cm ¼ 0.035 [Fig. 2(d)]. Note also that the time-dependence
for mean dust charge obtained from Eq. (6) is nearly the same as for the
charge Zk

dmax corresponding to the DCDFmaximum [Fig. 2(a)].
The charge distributions calculated from Eq. (5) in the cm

¼ 0.035 case have been compared with the Gaussian distributions

obtained using Eqs. (7) and (8) for different afterglow times. It has
been found that the Gaussian distributions approximate well the
DCDFs [Figs. 3(a)–3(c)] even if the deviation increases at large after-
glow times [Fig. 3(c)], when rz has nearly the same magnitude as the
mean dust charge [Figs. 2(a) and 3(d)]. Note that the Gaussian solu-
tion was obtained assuming that the size of fluctuations is small com-
pared to the mean charge.29,32,34

Figure 3(d) shows the time-dependencies for the variance of the
dust charge. The variance decreases with time until t� 3ms and
increases at 4ms < t� 8ms. In our opinion, this increase in r2

z in the
cm ¼ 0 case is mainly due to decreasing the ratio of �ed=�id (because
of the transition from ambipolar to free diffusion in the plasma after-
glow). To check this conclusion, we have analyzed the expression for
variance in the case of steady-state plasma31 ðr2

z � �edþ�id
2ð�=ed��

=

idÞ
Þ. In the

OML approximation, the last expression can be written in the follow-

ing form: r2
z �

ð1þ�ed=�idÞadTe

2eðs=ð1þsjzjÞþ�ed=�idÞ, where z ¼ eZd=adTe. When

s=ð1þ sjzjÞ < 1, a decrease in �ed=�id affects more essentially the
denominator of expression for r2

z than its numerator. As a result, a
decrease in �ed=�id may be accompanied by increasing r2

z . It also fol-
lows from the expression for r2

z that at late afterglow times, when s
and z are time-independent and �ed=�id � 0, the variance is also

FIG. 2. (a) The mean dust charge (curves 1 and 2) and Zkdmax(dashed and dotted curves) as functions of time. The curve 1 and the dashed curve are calculated for the cm
¼ 0 case. The curve 2 and the dotted curve are obtained at cm ¼ 0.035. (b) The time-dependencies for electron temperature and nm. (c) The electron and ion densities as
functions of time. (d) The normalized DCDFs calculated for the cm ¼ 0 case (dashed curve) and cm ¼ 0.035 (dotted curve); and the DCDF obtained in experiments36 (solid
curve). Here, Fkmax ¼ FkðZkdmaxÞ and the results are calculated for the case of fast transition at P¼ 0.3 Torr and ad ¼ 190 nm.
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time-independent, in good agreement with the dependences in Fig.
3(d). If cm 6¼ 0, the variance for the steady-state case is

r2
z �

�edþ�idþcmK
d
mðnmþnrþn4pÞ

2ð�=ed��
=

idÞ
, i.e., it is increasing with an increase in cm,

also in good agreement with the dependences in Fig. 3(d). Note that
for the steady-state case, usually50 rz � 0:5

ffiffiffiffiffiffiffiffi
jZdj

p
. In our case,

rz ¼ 0:54
ffiffiffiffiffiffiffiffi
jZdj

p
for t¼ 0.

Next, consider the case when P ¼ 0.9 Torr. For this case, the
electron and ion densities, and the electron temperature as functions
of time in the plasma afterglow are shown in Fig. 4(a).

The dependencies presented in Fig. 4(a) are similar to those in
Fig. 2. However, ne, ni, and Te decrease more slowly with increasing t
at P¼ 0.9Torr because of less-intensive diffusion of ions and electrons
to the walls (smaller ion and electron mean-free paths because of
larger ion–neutral and electron–neutral collision frequencies). The ini-
tial electron temperature at P ¼ 0.9Torr (Te ¼ 1.39 eV) is smaller
than at P ¼ 0.3Torr (Te ¼ 1.71 eV) also due to smaller losses of ions
and electrons on the walls (smaller ambipolar diffusion coefficient).
Because of smaller initial electron temperature, the initial metastable
density at P ¼ 0.9Torr (nm ¼ 3.0� 1010 cm�3) is smaller than at P
¼ 0.3Torr (nm ¼ 4.2� 1010 cm�3). At t¼ 0, jZd j¼ 284 and 411 for
0.9 and 0.3Torr, correspondingly, i.e., the initial absolute value of
dust charge decreases with increasing pressure, mainly due to the
enhancement of ion–neutral collisions around dust particles.37

For P¼ 0.9Torr, similarly to the P¼ 0.3Torr case [Fig. 2(a)], the
time-dependence for the mean dust charge and Zk

dmax has been found
to be nearly the same (not shown here).

For P¼ 0.9Torr and late afterglow times, the dust charge distribu-
tion function calculated from Eq. (5) agrees well with the measured one,
if the secondary emission yield is 0.01 [Fig. 4(b)]. If cm ¼ 0, the calcu-
lated DCDF is shifted to smaller charge values as at 0.3Torr [Fig. 2(d)].

At P¼ 0.9Torr, the DCDF calculated from the master Eq. (5)
can be well described by the Gaussian distribution [Fig. 4(b)] with the
variance determined by Eq. (8), this agreement being better than at
P¼ 0.3Torr [Figs. 3(c) and 4(b)]. It has also been found that the time-
dependencies for variance at P¼ 0.9Torr are similar to those for the
P¼ 0.3Torr case [Fig. 3(d)].

B. The slow transition case

We have also considered the case when the transition from ambi-
polar to free diffusion takes place at rather small K2=k2Deð� 100Þ(the
slow transition case). The mean dust charge, electron, ion and metasta-
ble atom densities and Te as functions of time in the plasma afterglow
are presented in Figs. 5(a)–5(c), first for P¼ 0.3 Torr.

One can see in Fig. 5(b) that the time-dependencies for Te and
nm are nearly the same as in the fast transition case [Fig. 2(b)].
However, the difference between ne and ni in the slow transition case

FIG. 3. The DCDFs obtained from Eq. (5) (dashed curves with circles) and the Gaussian distribution functions obtained from Eq. (7) (solid curves) for the cm ¼ 0.035 case at
t ¼ 0 (a), t ¼ 0.2 ms (b), and t ¼ 50 ms (c). The variance as a function of time (d) for the cm ¼ 0 (dashed curve) and cm ¼ 0.035 (dotted curve) cases. The other conditions
are the same as in Fig. 2.
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FIG. 4. ne (solid curve), ni (dashed curve), and Te (dotted curve) as functions of time (a). The normalized dust charge distribution functions calculated from Eq. (5) in the late
afterglow for cm ¼ 0 (dashed curve) and 0.01 (dotted curve with circles), and the normalized DCDF obtained in experiments36 (solid curve) (b). The dash-dotted curve corre-
sponds to the normalized Gaussian distribution obtained from Eq. (7) at cm ¼ 0.01. Here, P ¼ 0.9 Torr and the other conditions are the same as in Fig. 2.

FIG. 5. The mean dust charge (curves 1 and 2) and Zkdmax(dashed and dotted curves) as functions of time (a). The curve 1 and dashed curve are for cm ¼ 0, and the curve 2
and dotted curve —for cm ¼ 0.1. The time-dependencies for electron temperature and nm (b). ne and ni as functions of time (c). The normalized dust charge distribution func-
tions calculated from Eq. (5) in the late afterglow for cm ¼ 0 (dashed curve) and 0.1 (dotted curve), and the normalized DCDF obtained in experiments36 (solid curve) (d). The
dash-dotted curve in Fig. 5(d) corresponds to the normalized Gaussian distribution at cm ¼ 0.1. The dependencies are obtained for the slow transition case and P ¼ 0.3 Torr.
The other conditions are the same as in Fig. 4.
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becomes essential only when ne � 106 cm�3, while the difference for
the fast transition is observed at ne � 108 cm�3 [Fig. 2(c)]. Because of
this difference, the decrease in jZdj in the afterglow plasma at cm ¼ 0
in the slow transition case is not so large as in the fast transition case
[curves 1 in Figs. 2(a) and 5(a)]. As a result, the DCDF calculated for
cm ¼ 0 and late afterglow times in the slow transition case differs
more essentially from the measured one than in the fast transition case
[Figs. 2(d) and 5(d)]. Indeed, at late afterglow times (t� 50ms),
Zk
dmax ¼ �26 and �16 for the low and fast transition cases, respec-

tively, while in the experiment the maximum of DCDF is observed at
Zd¼ �4.

A good agreement between the calculated DCDFs from Eq. (5)
and measured DCDFs can be obtained, if the model accounts for the
secondary electron emission in the collisions of excited argon atoms
with dust particles [Figs. 2(d) and 5(d)]. Meantime, the secondary
emission yield cm in the slow transition case is found to be larger
(here, for P ¼0.3Torr, cm ¼ 0.1) than the one in the fast transition
case (cm¼ 0.035). For P¼ 0.3Torr, cm¼ 0.1 and late afterglow times,
the Gaussian distribution obtained from Eq. (7) is slightly different
from the DCDF calculated from Eq. (5) [Fig. 5(d)].

Note that similarly to the fast transition case [Fig. 2(a)], the
dependencies for Zd and Zk

d also agree well in the slow transition case
[Fig. 5(a)]. The time-dependencies for r2

z obtained in the slow transi-
tion case for cm ¼ 0 and cm ¼ 0.1 have been found (not shown here)
to be similar to the corresponding dependencies obtained in the fast
transition case [Fig. 3(d)].

Considering the slow transition case, we have also analyzed the
afterglow plasma when P¼ 0.9Torr. It has been found that the DCDF
obtained from Eq. (5) agrees well with the measured distribution if cm
¼ 0.1 (similar to the P¼ 0.3Torr case) [Fig. 6(a)]. The DCDF can be
approximated by the Gaussian distribution with the variance shown in
Fig. 6(b). As in the P¼ 0.3Torr case [Fig. 5(d)], at late afterglow times,
there is some difference between the DCDF and FGk for P¼ 0.9Torr
[Fig. 6(a)].

r2
z decreases with increasing time, until t� 10ms because of

decreasing jZdj. For 10ms < t� 30ms, the variance increases with
increasing t because the ion flux to a dust particle is larger than the

one of electrons (�id > �ed). For t> 5ms, r2
z obtained in the cm ¼ 0.1

case is larger than the variance calculated at cm ¼ 0. These time-
dependencies are similar to the ones calculated for the fast transition
[Fig. 3(d)].

IV. CONCLUSIONS

Thus, the DCDFs in an afterglow plasma were obtained from the
master equation [Eq. (5)] for different afterglow times and were
compared with those measured in experiments36 for pressures P
¼ 0.3Torr and P¼ 0.9Torr. The DCDFs were found to be in a good
qualitative agreement, if the dust discharging model accounts for the
emission of electrons in the collisions of argon atoms in excited states
with dust particles. The calculated DCDFs at different afterglow times
also appeared to be well approximated by Gaussian distributions with
the variances described by Eq. (8) as proposed in Refs. 32 and 34.
However, at late afterglow times, the Gaussian distributions may be
slightly different from those obtained from Eq. (5) [Figs. 3(c), 5(d),
and 6(a)]. The difference is due to the fact that the Gaussian distribu-
tions were obtained assuming that the variance is smaller than Zd

2 (see
Refs. 32 and 34), which is not the case in the late afterglow for the con-
ditions here (Figs. 3 and 6). We also obtained the time-dependencies
for mean dust charge Zd assuming that the charge changes continu-
ously in the afterglow plasma [Figs. 2(a) and 5(a)]. The time-
dependencies for Zd are almost the same as those for the charge Zk

dmax
corresponding to the maximum of DCDF. The variance of the dust
charge as a function of time was also obtained for different conditions.

The study was carried out using a spatially averaged model,
which accounts for the transition from ambipolar to free diffusion in
the afterglow plasma. The cases of fast transition and slow transition
were considered, nearly in the same way as in Ref. 36. Meantime, the
dust discharging model presented here has some advantages compared
with the model in Ref. 36. In particular, our model accounts for the
effect of metastable-dust collisions on the DCDF. The results pre-
sented here show that these collisions may affect essentially the mean
dust charge, the DCDF and the variance at late afterglow times. These
processes play a role even if the secondary emission yield, characteriz-
ing the electron emission from dust surface at collisions of dust
particles with argon atoms in excited states, is small (�0.1).38

FIG. 6. The normalized calculated dust charge distribution function (a) and the variance (b) for cm ¼ 0 (dashed curve) and 0.1 (dotted curve), and the normalized DCDF (a)
obtained in experiments36 (solid curve). In Fig. 6(a), the dashed and dotted curves correspond to the DCDF obtained from Eq. (5), while the dash-dotted curve corresponds to
FGk (for cm ¼ 0.1). Here, P ¼ 0.9 Torr and the other conditions are the same as in Fig. 5.
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Moreover, our model accounts for multistep ionization and excitation
and deexcitation of argon atoms in the electron power balance in the
plasma afterglow. The last processes may significantly affect the time-
dependence of electron temperature and, as a consequence, other
plasma parameters (see the supplementary material).

However, the model here has some limitations. First, we did not
calculate plasma parameters as functions of spatial coordinates. The
dependencies for the electron and ion diffusion coefficients on the
electron Debye length are taken from Refs. 42–45, which were
obtained empirically analyzing different experimental, theoretical and
numerical results. Moreover, we cannot determine which regime, fast
transition or slow transition, is realized for the conditions here. We
expect that after development of 1D or 2D models for afterglow dusty
plasmas, it will be possible to describe more correctly the ion and elec-
tron diffusion in the plasma afterglow. These models should allow to
determine the location of dust particles in plasma volume and to find
the dust charge distribution function and other plasma parameters as
functions of spatial coordinates. Including the effects of spatial inho-
mogeneity should also allow to analyze the time-variation of sheaths
and voids in afterglow dusty plasmas. Second, we assumed that the
electron energy distribution function is Maxwellian during the whole
afterglow period. In reality, the EEDF in rf plasmas can differ essen-
tially from the Maxwellian distribution,50 and its shape changes with
time in afterglow plasmas.57 Moreover, the real values of cm for the
conditions here are not known. In our simulations, the secondary
emission coefficients are taken to fit the results of simulations to exper-
imental data. In reality, the value of cm is a function of dust size, dust
material and the value E/na, where E is the electric field,13,38 i.e., cm
depends on neutral gas pressure (na 
 P). We also did not account in
our model for the secondary emission induced by ion–dust collisions.
The results of our calculations (shown in supplementary material)
revealed that this process does not affect essentially the mean dust
charge, dust charge distribution function and plasma parameters in
the plasma afterglow for typical values of the yield (�0.1)16,38 charac-
terizing the electron emission from dust surface at collisions of dust
particles with ions. The effect of this process on dust charge and
DCDF is less important than that of the secondary emission induced
by collisions of metastable atoms with dust particles because the ion
density decreases faster in the plasma afterglow than the density of
metastable atoms (Figs. 2 and 5).

Note that the results here are obtained for the case when the dust
particles in the plasma have the same size. Therefore, our results can
be used only to analyze experiments, in which the particles grow
nearly monodisperse, i.e., their size distribution is very narrow.58,59

However, in many experiments on dusty plasma, the plasma may con-
tain dust particles of different radius.60,61 The model here allows to
find how dust charge characteristics depend on dust radius (see the
supplementary material). The preliminary results of the study of dust
radius effects showed that the mean dust charge, the dust charge distri-
bution function, and the variance depend strongly on dust radius (see
the supplementary material).

Afterglow properties may also be affected by the electron emis-
sion at collisions of plasma species with the walls. However, studies of
cold-cathode discharges in argon showed that the yield of the electron
emission at collisions of metastable atoms with the walls cwm is very
low if E/na is small (� 100Td) (Figs. 9 and 12 in Ref. 38). In afterglow
plasmas, the electric fields near plasma walls are usually small, and

therefore, we expect that this emission process is not intensive.
Moreover, we expect that cwm is essentially smaller than the yield cm,
describing the electron emission at collisions of metastable atoms with
dust particles, because the electron affinity of nanosized materials is
usually significantly reduced compared to the bulk material affinity.13

The electron emission in collisions of argon atoms in the ground state
with the walls may also affect plasma properties. However, this process
is intensive only if the atom energies are large [>500 eV for “clean”
metal surfaces [Fig. 2 and Eq. (B12) from Ref. 38] and> 32 eV for
“dirty” metal surfaces [Eq. (B17) from Ref. 38]. To the best of our
knowledge, the energies of neutral species in afterglow plasmas are
usually much smaller than 32 eV.

The model also does not describe the case when the afterglow
plasma contains negative ions62,63 and different chemically active spe-
cies, like in Ar/C2H2 plasma, widely used for formation of carbona-
ceous nanoparticles.64,65 Moreover, following Ref. 36, we considered
here only the case when the dust charge density in the beginning of
afterglow is smaller than the electron density (jndZdj	 ne). The exten-
sion of our studies to the case of large dust charge densities (jndZdj �
ne) is planned in our future works.

Note also that in a dusty plasma, as in other plasma systems, dif-
ferent instabilities and wave propagation may be observed at certain
conditions.1,2,11,66,67 However, in experiments in Ref. 36, it was not
reported about an essential effect of oscillations on the properties of
afterglow dusty plasma. Moreover, at high pressure (�300 mTorr)
considered here, the random fluctuations of the discharge and dust
particles can be suppressed.67 Therefore, we do not account here for
effects of the plasma and dust particle oscillations on afterglow
properties.

Thus, the results presented here can be used for qualitative analy-
sis of dust discharging in non-reactive afterglow plasmas and be a base
for building more complicated models including the processes not
considered in the present study. The model and results presented here
can also be useful for benchmarking or verifying experiments and
numerical simulations, particularly in non-stationary plasmas contain-
ing dust particles. Our future works will be focused on the develop-
ment of more advanced models of the afterglow dusty plasma, which
will include the effects of the non-Maxwellian electron distribution
function, spatial nonuniformity of the afterglow, chemical processes in
the plasma and will describe the case when the plasma contains nega-
tive ions. Moreover, experimental and numerical studies on determi-
nation of the correct electron emission yields are also planned.

SUPPLEMENTARY MATERIAL

See the supplementary material with the results on the effects of
multistep ionization and excitation and deexcitation of argon atoms
by electron impact on the electron temperature and other parameters
of the afterglow plasma, and on the effects of the electron emission at
ion–dust collisions. The supplementary material also contains infor-
mation on the dependence of dust charge characteristics on dust
radius.
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