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A theoretical model for an argon/dusty plasma afterglow in presence of nano-sized dust particles with large
density is developed. According to the model, in the plasma afterglow the electrons are generated in metastable
collisions and in the secondary emission by collisions of ions with electrodes. By using the model and experimental
time-dependencies for metastable density and electrode bias, the time-dependencies for electron density in
argon/dusty plasma afterglow are calculated. The effect of secondary emission on electron generation in argon/dusty

plasma afterglow is analyzed.
PACS: 52.25.Vy, 52.27.Lw, 51.50.+v, 52.80.Pi

INTRODUCTION

In the last two decades plasmas with nano- and
micrometre-sized (dust) particles have been extensively
studied. However, most of the studies are focused on the
steady-state plasma regime [1-3]. In contrast, the
properties of dusty plasmas in the afterglow regime are
still not well studied, especially of the plasmas with
large dust density where negative charge on dust
particles is larger than free electron density ‘n Z d‘ >n,.

n,, n, and Z, are the electron density, dust density

e’
and dust charge, respectively.

In [4, 5], experimental results on plasma afterglow
with large dust density are presented. It was found that
at the very beginning of the plasma decay the electron

density increased unexpectedly. First, the increase of n,

was attributed to the releasing of electrons from dust
particles by secondary emission in collisions of reactive
species with dusts [4, 5]. Later on, it was shown that the
Ar  metastable-metastable  collisions  (metastable
pooling) can be the source of the observed electron
density increase [6, 7]. Recent experiments on plasma
afterglow with large dust density revealed the negative
electrode voltage in the afterglow sufficiently large to
produce secondary electrons by collisions of positive
ions with electrodes. This also can increase 7, at the
very beginning of the plasma decay [8, 9].

In this paper, we study the effect of the secondary
electron emission from electrodes on the properties of
argon/dusty plasma afterglow with large dust density.
The study is carried out for 0.1 mbar argon plasma
generated by a capacitively coupled symmetrically
driven RF discharge between two 30 cm diameter
electrodes with 7 cm gap, the same as that used in
experiments of Refs. [4,5]. We will compare: i) the
time-dependencies for density of electrons calculated by
taking into account the secondary emission from
electrodes ii) the time-dependencies of electron density
without secondary emission and iii) electron density
measured in the experiment.
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THEORETICAL MODEL AND
ASSUMPTIONS

Let us consider the plasma of radius R=15 cm and
height L= 7 cm, consisting of singly charged positive
ions (Ar’) with density n,, negatively charged dust
particles with density n,, radius a, and mean (averaged
over all particles) charge Z, (in units of electron charge
e), ground-state argon atoms (Ar”) with density n, and
metastable argon atoms (Ar™) with density n,. It is
assumed that there are three groups of electrons in the
plasma afterglow: 1) thermal electrons with Maxwellian
distribution and characterized by electron temperature
T, and density n,, ii) “energetic” electrons generated by
metastable pooling with density n,and energies about
7.3 eV [6], and iii) secondary electrons generated on
electrodes with density n, and energies about the
electrode voltage.

We assume that soon after switching of the RF
power the electron temperature decays exponentialy
according to 7 (¢) =T,, exp(—t/z,), where ¢ is the time,

T, is the electron temperature in power-on phase and

r, =50us is the T,'s decay time [5,6]. We assume that
T, can not be smaller than a certain temperature 1, =

0.1 eV [10], i. e. the electron temperature stays constant
after it reaches ];ﬁ. The potentials of a cylindrical

metal wall and the electrode potential with respect to
bulk plasma are ® =-4.77, and U, =V, +®,,

respectively [11]. Vf is the electrode potential with

respect to the cylindrical wall [11]. The electrode
potentials as a function of time were measured for dust-
free and dusty plasma afterglows (Fig. 1) [8, 9].

The density of thermal electrons in the plasma
afterglow is governed by the following equation:

on,/ot=K.nn,+(K,,n, +K,n)n, +nyv, +

Q)

e
-n,/t,, —Kinn,.

me"“e""m

nyv, +K, nn
Here, K! is the rate for ionization of ground-state atoms

by Maxwellian electrons, K’;h and K, are the rates for

ionization of metastable atoms and ground-state atoms
by secondary electrons, respectively. v, and V; are the
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frequencies determining the termalization of electrons
due to inelastic collisions of secondary and energetic
electrons, respectively. K is the rate for ionization of

Ar metastable atoms by thermal electrons. 7, is the

electron diffusion time constant. Kde is the rate for

collection of thermal electrons by dust particles, which
is calculated by orbital motion limited (OML) theory.
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Fig. 1. The time-dependence of electrode voltages V; in
the dust-free (curve 1) and dusty (curve 2) plasma
afterglows
The balance equation for energetic electrons is [7]:

— 2 * of
on,lot=k,n,—vmn,—Kinmn,—n, /7., (2)
where k, is the rate for electron production in
metastable pooling. K;f is the rate for collection of
energetic electrons by dust particles, and 7 i is the

time characterizing the escape of energetic electrons to
the walls.
The balance equation for secondary electrons is:

on,/Ot=yn /7, — ”h‘/; _anhnd -m, /7, ()

The first term on the right-hand side in (3) describes
generation of secondary electrons on the electrodes.
Here, y, is the effective secondary emission yield, and

T,, is the ion diffusion time constant. The second term

accounts for the thermalization of secondary electrons
in inelastic collisions. The third term on the right-hand
side in (3) describes the collection of secondary

electrons by dust particles with the rate K 5 .
To calculate the rates K, K;f “and K;’ in (1)-(3),

one has to know the dust particle charge. Z, is found

from the balance equation for dust charging:
dz,|/ot=Kin,+KJn, +Kjn,—Kin,, (4)

where K; is the rate for collection of ions by dust

particles.
The time-dependence for ion density in the afterglow
is described by the ion balance equation:

on, /ot=K'nn, +(K!,n +K! nn, +K nn + 5)

a "a e m me “e "m

2 i
k.n, —n /v, —K,nn,.

m-'m i

The plasma is assumed to be quasi-neutral, or
ni=n8+nef+nh+|Zd|nd. (6)
Equations (1) - (6) are solved numerically. The time
dependencies for metastable density and electrode

voltage in the afterglow are taken from the experiment
[7-9], while the dust radius and ion density for the
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power-on phase are assumed to be known. In particular,
the time-dependence for the spatially-averaged Ar
metastable  density can be approximated as

n,(t)=n,(0)xexp(-t/r,), where n, (0) is the
metastable density in the power-on phase and 7, is the

decay time for metastable density [7]. The procedure of
calculation is similar to that used in [6].

RESULTS

Using the analytical expressions (1)-(6), we have
calculated plasma parameters (the densities of thermal,
energetic and secondary electrons, ion density and dust
charge) as a function of time in the dusty plasma
afterglow.

The calculated decay of spatially averaged thermal
electron density and the experimental results of electron
decay are compared in Fig. 2. The time-dependence for
n, is calculated for a; = 50 nm, n, =3.5% 10" cm™, p=
0.1 mbar, 7,= 366 K and y, =0.1.
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Fig. 2. The time-dependence for n, in dusty plasma
afterglow, measured in the experiment (curve 1) and
calculated using the model (curve 2)

One can see from Fig. 2 that the calculated electron
density follows well the experimental value. However,
the calculated n,.(#) dependence has a peak at ¢ ~1 ms,
while the peak for experimental electron density is at
t 0.5 ms. Moreover, for ¢t >1 ms, the decrease of the
calculated electron density with time is faster than that
in the experiment. We belive that our model
underestimates the electron temperature at the begining
of the afterglow (for 7 <1 ms) and overestimates the
electron loss in the late afterglow (for 7> 1 ms).

Next, we analysed how metastable pooling and
secondary electron emission from the electrodes affect
the electron density in the afterglow. To understand the
role of the electron production processes, we made
calculations with different simplifications. First, we
considered the case when the secondary emission is
absent, while the metastable pooling takes place. In
Fig. 3, the n (1) dependence calculated for y, =0 (curve

2) is compared with that for , = 0.1 (curve 1).

One can see that the secondary emission increases
the electron density. The peak density at y, =0.1 is
about 15 % larger than that at , = 0. In the case when

the metastable pooling is absent (k,=0) and the
secondary emission takes place (y, =0.1), it was

found that the thermal electron density decreases rapidly
with time (see curve 3 in Fig. 3). Thus, the effect of
secondary electron emission is less important than
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metastable pooling in argon/dusty plasma afterglow.
Note that nearly the same time-dependence for n.(?)
can be obtained by excluding the secondary electron

emission (y, = 0) but decreasing the dust density down
to 1,=3.25% 10" cm™.
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Fig. 3. The time-dependences for n, calculated using
different assumptions in the model

In conclusion, we have calculated the time-
dependencies for electron density in argon/dusty plasma
afterglow by using the model and experimental time-
dependencies for metastable density and electrode
voltage. The effect of secondary electron emission from
the electrodes on the electron behaviour in argon/dusty
plasma afterglow has been estimated by varying
secondary emission yields. It has been found that the
secondary electron emission is less important than argon
metastable pooling.
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BJIUSAHUE BTOPUUHOM SMUCCHUU HA PACIIAJL APTOHOBOI IJIA3MBbI, KOTOPAS
COAEPKHUT HEI'ATUBHO 3APSI’KEHHBIE IIBIVIEBBIE YACTHUIBI

HU.b. /lenucenko, U. Cmeganosuu, H.A. Azapenkos, I .Il. Bypmaxa

Pazpabotana Teopernueckas MOJeNb pachajalonieiics MbIJICBON aprOHOBOH IUIa3MBI, KOTOPas UMEET BBICOKYIO
IUIOTHOCTh HAHOPAa3MEPHBIX MBUIMHOK. /laHHas MOJENb YyYMTBHIBACT T'€HEPALUIO 3JIEKTPOHOB IPHU CTOJKHOBEHUSIX
MeTacTaOWIBHBIX aTOMOB MEXHy coOoH u Onaromapss BTOPHUYHOM SMHCCHM NPH CTOJIKHOBCHHSX HOHOB C
anexkTpogaMu. Mcmonme3yss 3Ty MoJeNb M OKCIHEPUMEHTAlbHbIE BPEMEHHBIE 3aBUCHUMOCTH JJIS IUIOTHOCTH
METacTaOWIBHBIX aTOMOB W TMOTEHIMaja 3JEKTPOAOB, PAacCUMTaHbl BPEMEHHbBIE 3aBUCHMOCTH JUIS IJIOTHOCTH
3JIEKTPOHOB B MBIJIEBOM pacnajarolieicss aproHoBoi miasme. [IpoaHanu3upoBaHo BIMSHUE BTOPUUHON SMHCCHU Ha
TEHEPAIHIO 3JIEKTPOHOB B 9TOH cpeze.

BILIMB BTOPUHHOI EMICIi HA PO3IA ] APTOHOBOI IIJTA3MH, IO MICTUTb
HET'ATHUBHO 3APSIIKEHI IMJIBOBI YACTUHKHA

Lb. /lenucenxo, I. Cmegpanosuu, M.0. Azapenkos, I'.Il. Bypmaka

Po3poOieHo TeopeTHYHY MOIENb IWJIOBOI aproHOBOI IUIA3MH, IO PO3MATAETBCA, TA Ma€ BHCOKY T'YCTHHY
MOPOIIIMHOK HaHOPO3Mipy. JlaHa MOIens BpaxoBye T'eHEpAIilo CIEKTPOHIB IPH 3iTKHEHI METacTabiIbHUX aTOMIB
MiXK COOOI0 Ta 3aBISKH BTOPHWHHIM eMmicii mpu 3iTKHEHI i0HIB 3 €NeKTpoJaMHi. BHKOPHCTOBYIOUHM II0 MOAETH Ta
eKCIIePUMEHTANIbHI ~ YacoBl 3aJIeKHOCTI Ul TYCTHHM MeTacTaOlIbHMX aTOMIB Ta IOTEHIialy eJIeKTPOJIiB,
PO3paxoBaHO YaCOBI 3aJIEKHOCTI Uil TYCTHHU €JIEKTPOHIB Y 3aMOpOILeHId aproHOBii I1a3Mi, MO PO3NaJaeThCs.
[TpoananizoBaHO BILUTMB BTOPUHHOI eMicCii Ha FeHEepallilo eJIEKTPOHIB Y IIbOMY CEPEIOBHIIIL.
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