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The dust charge distribution function (DCDF) in an argon plasma afterglow is obtained by solving numerically
the master equation describing dust discharging as a one-step stochastic process. The calculated DCDFs are com-
pared with Gaussian distributions, and it is found that the dust charge distribution functions can be approximated
quite well by the latter ones for different external conditions. It is found how the DCDF, mean dust charge, variance
and charging time depend on dust size. For late afterglow times, it is also analyzed how the emission of electrons in
the collisions of excited argon atoms with dust particles affects the DCDF. It is shown that the emission effect is
more essential for larger nanoparticles than for smaller ones.

PACS: 52.27.Lw, 52.25.VYy, 52.65.-y, 52.50.Dg

INTRODUCTION

Discharging of nanosized and microsized particles
(dust particles) in afterglow plasmas has been analyzed
in many papers [1-4]. However, most of the authors in
their theoretical and numerical studies have used “con-
tinuous discharging models” [5, 6], i.e., the currents
collected from the plasma, which determine the charge
on a dust grain, are assumed to be continuous in time.
Therefore, these models allow to calculate only the
mean grain charge and do not account for its discrete-
ness [6]. Meantime, the discreteness affects essentially
the charging process and dust charge fluctuations [6, 7].

At present, there are only a few works where the
discharging of dust particles in an afterglow plasma was
analyzed taking into account the discreteness of the dust
charge. In [8, 9], the dust charge distribution function
(DCDF) of particles with radius aq =190 nm in a tem-
poral afterglow plasma was measured and simulated
using the Monte Carlo method as in [6]. In our previous
work [10], the dust charge distribution function was
obtained by solving numerically the master equation
describing dust discharging as a one-step stochastic pro-
cess. The calculated DCDFs were very close to the
Gaussian solutions obtained using the approach as in
[11, 12]. The calculated DCDFs were also compared
with those measured in experiments [9] and were found
to be in good qualitative agreement if the dust discharg-
ing model accounts for the emission of electrons in the
collisions of excited argon atoms with dust particles
[10]. However, in our previous work [10], we did not
analyze in detail how discharging of dust particles de-
pends on dust radius. Meantime, in experiments on
dusty plasma, dust particles may have different radius
and their charge depends on ag.

In this paper, we show how the DCDF, mean dust
charge, variance and dust charging time depend on dust
radius. The dust charge parameters are calculated taking
into account the secondary electron emission in the

collisions of excited argon atoms with dust particles.
The case when the secondary emission process is ne-
glected is also considered in our study.

1. MAIN EQUATIONS AND ASSUMPTIONS

We consider an argon afterglow plasma with radius
R =2 cm and height L =3 cm (the plasma sizes here
are the same as in [8, 9]) containing electrons with den-
sity ne, singly charged positive ions (Ar*) with density
n;, ground-state argon atoms (Arg) with density n,, met-
astable argon atoms (Ary) with density nm, argon atoms
in the resonance 4s states (°P; and *P1) (Ar;) with densi-
ty nr, as well as argon atoms in 4p states (Ars) with
density nsp. We assume that the plasma also contains
dust particles with density ng = 5x10* cm, as in [9].
The ions and dust particles in the plasma are at gas tem-
perature Ty (=0.026 eV), and the ions and electrons
have Maxwellian distributions. The neutral gas pres-
sures considered here are P = 0.3 and 0.9 Torr, as in [8,
9].

The plasma afterglow is analyzed using a 0D mod-
el. The model includes the balance equations for elec-
trons, ions and argon atoms in different excited states,
which can be presented in the following form:

an(x)
N SR - SRY ®

where t is the afterglow time, n®) is ne, i, Nm, Nr OF Ngp.
R®g,;and R®,; are, respectively, the rates for reactions
of the various generation and loss processes of the spe-
cies with density n®. The reactions taken into account
in the model to calculate the electron, ion, metastable,
4s resonant and 4p atoms densities, as well as their rate
coefficients are described in detail in [10]. The model
also accounts for the transition from ambipolar to free
diffusion and for multistep ionization and excitation and
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deexcitation of argon atoms in the plasma afterglow
[10]. Considering the electron diffusion in the afterglow
plasma, it is assumed that the electron diffusion coeffi-
cient is connected with the ambipolar diffusion coeffi-
cient and Debye electron length as in [9, 10] for the fast
transition case.

The electron temperature Te as a function of time in
the plasma afterglow is obtained from the power bal-
ance equation:

g(geneTej — (Pabs — Ploss) , (2)
ot\ 2 V

where e is the elementary charge, p, _is the power ab-

sorbed in the plasma volume V in the power on phase (t
= 0) and Pioss *Pw + Pcoii. Pw and Py are the power loss
on the walls and the power loss in electron neutral colli-
sions, respectively [10]. Here, the power P, is chosen

to have ne(t = 0)= 5.0x10°cm3, as in [9]. In the plasma
afterglow, P, _=0.

It is assumed that the dust particles in the plasma af-
terglow are of the same radius aq, but may have differ-
ent charges due to stochastic charge fluctuations con-
nected with charge discreteness. The dust charges are
characterized by the DCDF Fy, which can be found
from the following master equation [7, 11]:

% Fo = V:d+1Fk+1 - V:d Fo— (Vilé +va) R+
(Vi + V)R ®)

where vk and V&g are the frequencies with which a
particle with charge Z*;=ke collects electrons and ions
[10], respectively, k is an integer. v is the frequency
describing electron emission from the dust surface at
collisions of dust particles with argon atoms in excited
states. The DCDF is normalized by 2iF=1.

The mean dust charge Zq is calculated using the fol-
lowing expression

%zvid +7ng(nm+nr+n4p)—ved, (4)

where vig and veq are coinciding with the corresponding
expressions for v&ig and v if one replaces in these ex-
pressions ZX; by Z4. K%y, is the rate for collisions of ex-
cited argon atoms with dust particles [10], and ym is the
corresponding yield describing the induced secondary
electron emission.

The DCDF calculated from equation (3) is compared
with the Gaussian distribution [11, 12]:

FGk =

(=Zh +zd)2] )

2
20,

72 EXp|:

1
(271'0'12)

where Zq4 is determined by equation (4), while the vari-
ance c?; is obtained from the following equation [11,
12]:

do?

dt

where o'1=2(v'eq—Vv'ia) With primes indicating deriva-
tives with respect to Zg, co="ved+Vig+Vin .

The equations (1) — (4) and (6) are solved numerical-
ly by using the DVODE package [13]. The initial values
of plasma parameters, except ne(0) and n;(0), are ob-
tained setting 6/0t=0 in the model equations. It is as-
sumed that at t = 0, ne = nj =5x10%m3, as in [9].

2. NUMERICAL RESULTS

Using Egs. (1) — (4), (6), we calculated the dust
charge distribution function, mean dust charge, variance
and charging time tcn=1/[ ves-vig] as functions of time.
The calculations were carried out for the conditions
close to those in [9]. The results were obtained taking
into account secondary electron emission in the colli-
sions of excited argon atoms (Arm, Arr and Arsp) with
dust particles (ym #0), as well as neglecting by this pro-
cess (ym =0). Note that we used in our simulations the
values of y, leading to a good agreement with experi-
mental data [9], while the exact values of y, are not
known for the conditions considered here. The simula-
tions were carried out to analyze how the parameters of
dust charge depend on dust size.

x—alo’ +a, (6)
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Fig. 1. |Z4| (), zn(b) and c?; (c) as functions of time for

P =0.3 Torr, s =0.035and ag = 1, 5, 10, 20, 50, 100,
and 190 nm
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Fig. 1,a shows the absolute value of mean dust
charge as a function of time for different dust radii. The
initial |Z4| increases if aq becomes larger (see Fig. 1,a)
because of larger surface collecting electrons from the
plasma volume. |Zq4| decreases faster with time in the
beginning of afterglow, if dust size increases
(see Fig. 1,a). The faster decrease of |Zg| is mainly be-
cause of larger ion flux to the dust particle surface
(via~ a4?). Due to larger ion and electron fluxes to a dust
particle, the charging time decreases when aq becomes
larger (see Fig. 1,b). Therefore, at late afterglow times,
the absolute value of mean dust charge may become
smaller with increasing aq (see Fig. 1,a). In particular,
|Z4| for ag=5nm is larger than the absolute values of
mean dust charge for ag = 10 and 20 nm. This is mainly
due to smaller viq in the ag = 5 nm case compared with
the frequencies in the ag = 10 and 20 nm cases. Moreo-
ver, the secondary emission in metastable-dust colli-
sions affects more essentially the charge of larger dust
particles. At late afterglow times (t =100 ms), |Z4] is
2.37 (2.37), 4.61(4.56), 3.36(3.2), 3.59(3.2), 6.8(5.17),
10.7(6.04), 16.08(3.74) for ag = 1, 5, 10, 20, 50, 100,
190 nm at ym =0 (y =0.035), respectively. Thus, at
t=100 ms and j, = 0.035, the absolute value of mean
dust charge for aq =190 nm is smaller than |Z4 for
ag =5, 50 and 100 nm because of the secondary emis-
sion. This is not the case for y, = 0. The effect of sec-
ondary emission on dust charge enhances with increas-
ing dust radius because the rate for metastable-dust col-
lisions increases with increasing aq (K%, ~ a%).

Note that at late afterglow times, the mean charges
of dust particles with different a; may be nearly the
same (see |Zq(t)| in (see Fig. 1,a) for ag = 10 and 20 nm),
while the variances are very different (see Fig. 1,c).
Similarly, the variances for different a; may be nearly
the same (see %, in (see Fig. 1,c) for ag = 5 and 10 nm),
while the mean charges differ essentially (see Fig. 1,a).
In our opinion, this is due to changes in the dust charg-
ing time and the variance at a variation of aq. For large
dust particles (aq > 20 nm) and t > 0.3 ms, the variance
increases with growth of aq (see Fig. 1,c). This conclu-
sion can be also obtained using the orbit motion limited
(OML) approximation for the steady-state case at ym =0
o~ A+ve vig)ayT, wca, Where 7 =T./T., Te

P 2e(el Urrlz) Vg lvg)
and T; are the electron and ion temperatures, respective-
ly, and z = eZ4/ a4Te). The variance depends also on ym,
and at late afterglow times for large dust particles, 5 in

the case of ym = 0.035 is larger than that in the case of
m=0. At t =100 ms, the variance is 0.83(0.83),
2.34(2.37), 2.21(2.3), 1.28(1.5), 2.67(3.52), 4.51(6.65)
and 7.36(11.99) for ag = 1, 5, 10, 20, 50, 100, 190 nm at
7 =0 (s = 0.035), respectively. The dependence of the
variance in the afterglow plasma is the same as that in
the steady-state case [7, 10]

o2 VetV +7.Ka(n, +n,+n,)
/ / !
! 2(Vey —Vig)

~

i. e., itis increasing with an increase of ym.
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Fig. 2. The DCDFs calculated for different dust radii at
s = 0 (a) and when , = 0.035 (b). The other condi-
tions are the same as in Fig. 1
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Fig. 3. The normalized DCDFs for P = 0.3 Torr (a) and
P = 0.9 Torr (b). The distributions are calculated at
7 = 0 (dashed curves) and ym# 0 (dotted curves).
The solid curves correspond to the DCDFs obtained in
experiments [9]. Here, Fumax=Fk(ZXamax), a3 =190 nm
and the other conditions are the same as in Fig. 1.
ZXamax is the charge corresponding to

the maximum of Fy
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Using the master equation (3), we also calculated
the dust charge distribution at late afterglow times for
7 = 0 (Fig. 2,a) and ym = 0.035 (see Fig. 2,b).

Fig. 2,a shows that most dust particles in the ym» =0
case are negatively charged, independently on their size.
Meantime, rather large amount of dust particles with
ag =190 nm are positively charged in the y =0.035
case, while the particles of smaller size are mainly nega-
tively charged. This is because the variance for large
dust particles is larger and |Zg| is smaller in the
7 = 0.035 case compared with the corresponding values
obtained at =0 (see Fig.1 and [14]). For small
ad (<10 nm), the dust charge distribution function in the
ym = 0.035 case is nearly the same as that obtained for
s = 0, because o2, and |Zq| are also nearly the same in
the both cases.

10

-6 -4 -2 0
Charge (e)
0.3 T T
C

0.2k B Gaussian .

w” from Eq. (3) #/ \‘.
K N\ a,=50nm
01 - ’r ‘h\ -
Py >
0.0 |r L L L 1 T
-10

-5 -4 -2
Charge (e)

Fig. 4. The DCDFs obtained from Eq. (3) (dashed
curves) and from Egs. (5) and (6) (solid curves) for
ag=1nm (a), 5 nm (b), and 50 nm (c).

Here P = 0.3 Torr, and the other conditions are the
same as in Fig. 1

We also compared the dust charge distribution
functions, which were obtained for late afterglow times
and ag = 190 nm from Eq. (3), with those measured in
experiments [8, 9] at P = 0.3 Torr (Fig. 3,a) and
P =0.9 Torr (see Fig. 3,b). It was found that the calcu-

lated DCDFs agree well with the measured ones [9], if
our model accounts for the secondary emission with
i =0.035 for P=0.3 Torr (see Fig. 3,a) and with
ym = 0.01 for P = 0.9 Torr (see Fig. 3,b).

For late afterglow times (t = 100 ms), we also com-
pared the DCDFs calculated from the master equation
(3) with the Gaussian distributions obtained using Egs.
(4) - (6). It is found that Fgx approximates rather well
the DCDF obtained from the master equation (3) for
different dust radii (Fig. 4). Slight differences are due to
the fact that the Gaussian distributions were obtained
assuming that the variance is essentially smaller than Z4?
(see [11, 12]), which is not the case for the conditions
here (see Fig. 1).

CONCLUSIONS

Discharging of dust particles of different sizes in an
argon plasma afterglow has been investigated. It has
been analyzed how the DCDF, mean dust charge, vari-
ance and charging time depend on dust radius. It has
been shown that the absolute value of mean dust charge
decreases faster with time in the beginning of afterglow
if the dust size is larger because of larger ion flux to the
dust particle surface. Due to larger ion and electron
fluxes to a dust particle, the dust charging time decreas-
es when ag becomes larger (see Fig. 1,b). As a result, at
late afterglow times, the absolute value of mean dust
charge may become smaller with increasing aq (See Fig.
1,a). Moreover, it has been also found that the second-
ary emission in metastable-dust collisions affects more
essentially the charge of larger dust particles. This is
because of large rate for collisions of excited argon at-
oms with dust particles. It has been obtained that for
t>0.3 ms and large dust particles (ag> 20 nm), the var-
iance increases with growth of a4 (see Fig. 1,c). For late
afterglow times, the variance is larger in the presence of
the secondary emission than in the case when y, =0.
The results concerning the variance in the afterglow
plasma are in agreement with the conclusions obtained
using analytical expressions for o2, in the steady-state
case.

The calculated dust charge distribution functions
have been compared with the measured ones [9] and
have been 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 (see Fig. 3).

The DCDFs calculated from the master equation (3)
have been compared with the Gaussian distributions
obtained using the approach in [11, 12]. It has been
found that the Gaussian distributions approximate rather
well the calculated DCDFs for different dust radii (see
Fig. 4).

The results presented here are relevant to many ap-
plications involving plasmas [15-17], especially gas
discharges used for the synthesis of various nanomateri-
als.
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PO3PSIJIXKAHHSI IIOPOIIIMHOK PI3HOI'O PO3MIPY B APTOHOBIM IIJIA3MI IICJISICBITIHHSA

Lb. /lenucenxo, M. Mikixian, M.O. A3apenxos

3100yTO (DYHKIIIO pO3MOIiTy MOPONIMHOK 32 3apsiaoM (DPII3) y miciscBiTIHHI aproHOBOI IIA3MH IUISIXOM YHC-
JIOBOTO PO3B’S3aHHSI OCHOBHOT'O KIHETWYHOTO PIBHSHHS, IO OIUCY€E PO3PSIKEHHS HMOPOIIMHOK SIK OJHOKPOKOBHH
croxacTnuHui mporec. Po3paxoBani ®PII3 mopiBHAHO 3 po3moxinamu [aycca, i BUSBIEHO, IO OCTAHHI MOXYTh
JIoBOITI ToOpe ommcyBaTH (PYHKIIT pO3MOILUTY TOPOIIMHOK 32 3apsiIOM 32 Pi3HHUX 30BHINIHIX YMOB. 3’SCOBAaHO, SIK
OPII3, cepenniii 3apsix MOPOMKMHOK, Auctepcis GyHkuii ['aycca, mo anpokcumye @PII3, Ta wyac 3apsmKkaHHS 1O-
POIIMHOK 3aJIeKaTh Bi pO3Mipy MOPOMIHMHOK. J{JIs Mi3HIX YaciB MiCISACBITIHHS TaKOX aHATII3YETHCS, SIK EMICis elek-
TPOHIB y 3ITKHEHHIX 30yIKCHUX aTOMIB aprony 3 mopomuHkamu BiutnBae Ha ®PII3. TlokazaHo, 1m0 BIUIUB i€l
eMmicii Ha OLJIbIII MOPOIINHKH € OB CYyTTEBUM, HIK Ha MaJli.
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