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In this paper we report about results of computer simulation by PIC/MCC method of the discharging of dust
particles in the plasma afterglow and time dependence of plasma parameters in discharge gap after switching off the
voltage. It is shown that discharging of dust particles in the afterglow plasma after switching off voltage of
radiofrequency discharge occurs faster in the central part of the electrode gap due to the ion cloud forming and
intense recombination of electrons in collisions with dust particles in this area. Moreover, the discharging rate is
increasing with increasing of the dust particles density. In the initial stage after the switching off the voltage plasma
has a positive potential relative to the electrodes. Eventually, when the electron and ion densities are significantly
reduced, the charge of the plasma is determined by the amount of negative dust particles. In this case, the plasma
potential is negative relative to the electrodes, which contributes to the effective diffusion of dust particles on the

walls of the discharge chamber.
PACS: 52.27.Lw.

INTRODUCTION

Dusty or complex plasmas are partially ionized gas
composed of neutral species, ions, electrons, and
charged dust particles. Radio-frequency discharge is
often used to create dusty plasma. Dust particles are
charged in plasma and can significantly affect the
plasma parameters. Dust-particle charge is a key
parameter in complex plasma. It determines the
interaction between a dust particle and electrons, ion, its
neighbouring dust particles, and electric field.
Knowledge of dust charge will allow us to understand
the basic properties of dusty plasma, particle dynamics
in dust clouds, and methods to manipulate the particles.
Thus one of the main dusty plasma challenges is to
understand the dust charging in a wide range of
experimental conditions, which simulates industrial and
space plasmas.

There are many publications reporting on the
investigation of dust charging in discharge plasma.
However there are only a few papers devoted to dust
charging, or discharging to be more specific, in the
discharge afterglow. These papers report that dust
particles retained residual electric charges when the
power of the discharge was switched off. Nevertheless,
the discharging phenomenon was not totally understood.
In [1], the nanoparticles’ spatial distribution in a dusty
plasma afterglow was studied and it was found that
most of the dust particles were neutral. The variation of
charge of dust particles in the afterglow of a complex rf
plasma in microgravity conditions was investigated
experimentally and theoretically in [2-4], and the
existence of negative residual charges on the dust
particles was shown.

Properties of plasma afterglows with large dust
density were studied in [5, 6]. In the afterglow
experiments, the electron density showed an unexpected
increase at the very beginning of the plasma decay.

In this paper, we study the time dependencies for the
plasma parameters and the dust charge in the afterglow
of a radio-frequency discharge with dust particles, using
PIC/MCC simulation.
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MODEL AND SIMULATION METHOD

A one-dimensional RF discharge is considered
between two plane electrodes separated by a gap of
d=0.08m which is filled with Ar at pressure

p=0.1 Torr. At initial time dust particles of a given
radius ry =100 um are distributed uniformly in the

region 6 <x<d-¢J and there are no dust particles near
electrodes x<¢ and d-d8<x<d (6=0.001m). The

dust particles collect and scatter electrons and ions
distributed in the discharge with density n, and n,,

respectively.

The PIC/MCC method was described in detail in [7]
for discharges without dust particles. It was developed
for computer simulations of the RF discharge with dust
particles [8]. The Monte Carlo technique is used to
describe electrons and ions collisions. The collision
types include elastic collisions of electrons and ions
with atoms, an ionization and excitation of atoms by
electrons, the charge exchange between ions and atoms,
Coulomb collisions of electrons and ions with dust
particles, as well as the electron and ion collection and
scattering by dust particles [9].

The model took into account the secondary electron
emission from the surface of the dust particles in
collisions of ions with dust particles. Simulations have
been carried out at several different dust densities
(ng=0...5-10%¥m®) and secondary emission yields
(#=0...0.8). A harmonic  external voltage
V,(t)=V,sin(2z ft) at a frequency f =10 MHz and
amplitude V, =150V sustains the RF discharge.

Simulation of radio-frequency discharge lasted for 100
periods. During this time, a quasi-steady mode of
discharge is established, when the average for the period
parameters of plasma do not change. After that, the
voltage between the electrodes is switched off and the
plasma begins to decay. According to our model, the
plasma particles can disappear due to recombination on
the walls and dust particles.
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RESULTS AND DISCUSSION

Simulations of a plasma afterglow after switching
off radio-frequency discharge were carried out at
different values of the dust particles density and yields
of secondary electron emission from the surface of the
dust particles.

Fig. 1 shows the charge density of dust particles at
different times after switching off the voltage. Curves in
Fig. 1, a correspond to the case n, =10" m™ and
curves in Fig.1, b correspond to the case
n, =5-10" m™. In both cases, it was assumed that the
secondary emission coefficient is y, =0.4. As can be
seen from the figure, the charge of dust particles is
decreased with time in magnitude in the central part of
the inter-electrode gap. Moreover, discharging of dust
particles is faster in case of dust density increasing. To
understand the cause of this phenomenon, we analyze
the temporal variation in densities of electrons and ions
in the plasma afterglow both with and without dust
particles.
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Fig. 1. Spatial distributions of charge density of dust

particles ( a —r, =100nm, n, =10°m>;
b—-r, =100nm, n, =5-10"m?)

In Fig.2 are represented spatial distributions of
electron density (a) and ion density (b) for case without
dust particles in the discharge (n,=0). In this
calculation, the voltage was turned off at time
t=5-10"°s. Dependences above show that sheaths
arise near the electrodes and peaks of ion and electron
densities are formed at their boundaries. It is seen from
Fig. 2 that electron and ion densities are changing
slightly at the next time intervalAt=2.10°s.
Distributions of electrons and ions in plasma afterglow
with dust particles are shown in Fig. 3. In the central
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part of the inter-electrode gap the ion and electron
densities are being reduced over time, however electron
density is being decreased faster.
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Fig. 2. Spatial distributions of electron (a) and ion (b)
densities at different times after the switching off rf-
discharge without dust particles
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Fig. 3. Spatial distributions of electron (a) and ion (b)
densities at different times after the switching off rf-

discharge for r, =100 nm, n, =5-10° m™®

Thus, at time t=7-10"s electrons in the central part
of the inter-electrode gap is practically absent. At these
times only ion current flows on dust particles, which
leads to decreasing of dust particle charge in magnitude.
On the contrary, electron clouds are formed in the
sheaths, which are stored for a long time. This leads to
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that the electron current on the dust particles is
considerably long time and as a result, the charge of the
dust particles near the electrode is changed slowly.
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Fig. 4. Averaged over the period of rf-discharge spatial
distributions of electric potential in the plasma
afterglow for the case n, =0 (a) and

n, =10°m=, r, =100nm (b)

Fig. 4 shows spatial distributions of electric potential
at different times, indicated in the figure, for the cases
n,=0 (a and n, =10"m>* (b). In the case of
absence of dust particles in the discharge, region of
constant positive potential with respect to the electrodes
is observed in the central part of the inter-electrode gap.
Near the electrodes are formed sheaths in which there is
an abrupt change of the potential. Over time after
switching-off the voltage, the value of potential jumps
in the sheaths, as well as the positive potential in the
center of the electrode gap are decreased.

With the presence of dust particles in the discharge
chamber other potential distribution are observed.
Immediately after switching off the voltage the potential
plasma is positive toward the electrodes. Near the
electrodes are formed potential jumps (about 60 V), and
its maxima at the sheaths edges. This is due to the fact
that the charge of the plasma in the inter-electrode gap
is positive. Over time, the plasma potential is decreasing
due to decreasing of the ion density. As a result, at the
time t=10"s the charge of the plasma is negative,
since the negative charge of the dust particles exceeds
the charge of the ions. This causes a negative plasma
potential relative to the electrodes.

Fig. 5 shows phase portraits of ions for the case
n, =10°m=, r, =100nm at different times. It is seen
that ions are accelerated towards electrodes in sheaths
when the discharge is supported by the applied voltage
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(see Fig. 5,a). At the stage afterglow plasma ions reflect
from the walls and oscillate in the central region of the
discharge chamber (see Fig. 5,b). In this case, the ion
velocity distribution function is broadened significantly,
indicating an increase in their average thermal energy.
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Fig. 5. The phase portrait of ions for the case
n, =10°m>, r, =100nm at time t=5-10"°s (a) and
t=7-10"s (b)

CONCLUSIONS

Discharging of dust particles in the plasma afterglow
after switching off the voltage of radio-frequency
discharge occurs faster in the central part of the
electrode gap. Moreover, the discharge rate increases
with increasing of the dust particles density. Since
negatively charged dust particles are remained in the
volume, the plasma potential is negative relative to the
electrodes. Remaining in the discharge ions are trapped
in the potential well, and for negatively charged dust
particles there are conditions for the diffusion to the
walls.
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BJIMSIHUE NBUIEBBIX YACTHUIL HA IOCJIECBEYEHUE PAJIMOYACTOTHOI'O PA3PSIJIA
0.10. Kpasuenko, H.C. Mapywax, FO.B. FOwuwena

[IpencraBneHs! pe3ynbTaThl KOMITBIOTEpHOTO MoaenupoBaHus MetooM PIC/MCC pa3psaky IBUIEBBIX YaCcTHI B
MIOCJIECBEYCHUH TUIa3MBbl PaJHOYacTOTHOTO paspsiia U BPEMEHHBIC 3aBUCHMOCTH ITapaMeTPOB IUIA3MBI B Pa3psiiHOM
MIPOMEXXYTKE IIOCHE BBIKIIOYEHHUs HampspkeHus. [lokazaHo, 9TO paspsiika ITBUIEBBIX YacTUI] B ITOCIECBEUCHUH
IUIa3MBbl TI0CJIE BHIKJIIOUEHHS HAIPSHKEHUsI PaJloYacTOTHOTO pa3psifa NPOUCXOJHUT ObICTpee B IIEHTPAIBLHON YacTH
MEXINIEKTPOAHOTO HPOMEXKYTKa, YTO 0OycIOBIEHO O00pa3oBaHMEM HOHHOTO CryCTKA M HHTCHCHBHOM
peKoMOMHaIel 3JeKTPOHOB IPU CTOJIKHOBEHUH C NBUIMHKaMH B 3ToW oOnacti. Kpome Toro, ckopocTh pa3psaku
YBEJIUUMBACTCS C YBEIMYCHHEM IUIOTHOCTH YacTHIl IBUIM. B HauanpHOW CTaguM MOCie BBIKIIOUCHHS HANPSKEHUS
IUTa3Ma UMeeT IOJIOKUTENIBHBIH MOTeHLHal OTHOCUTENIBHO AJIEKTPOAOB. B KOHIIE KOHIIOB, KOIJa KOHIEHTPAIUH
3JIEKTPOHOB ¥ HOHOB 3HAYNTEIBHO CHIKAIOTCSI, 3apsi/ IUIA3MBbI OIIPEACIIACTCS. KOJIMYECTBOM OTPUIATEIBHBIX YaCTHIL
msUTH. B 3TOM citydae moTeHIHa I1a3Mbl SBISETCS OTPUIATENBFHBIM 110 OTHOIICHHIO K 3JIEKTPOAAM.

BIIVIMB MMJIOBUX YACTHUHOK HA HMICJISICBITIHHA PAJIOYACTOTHOT O PO3PAY
O.10. Kpaguenko, 1.C. Mapywax, 10.B. FOwjuwena

[MpexacraBneHo pe3ynbTaTé KOMITtoTepHOro moaentoBanus MetooM PIC/MCC po3psiaku MHUIOBHX YaCTHHOK Y
MICIISACBITIHHI IJIa3MH Palio4aCTOTHOTO PO3PSAY Ta YaCOBi PO3MOILUIH TapaMeTPiB ILIa3MH B PO3PSTHOMY IPOMIXKKY
miciisi BAMKHEHHs Hanpyru. [1okazaHo, 110 po3psiika MHIOBHX YaCTUHOK Y MICISICBITIHHI IUIa3MU MiCiIsi BAMKHEHHS
HATPYTd PaaiovacTOTHOTO PO3PSLY BiOYBA€ThCS MIBUAIIC B IEHTPAIbHIN YaCTHHI MIKEICKTPOIHOIO MPOMIXKKY,
IO TOB’S3aHO 3 YTBOPEHHSIM I1OHHOTO 3ryCTKa Ta IHTEHCHBHOI PEKOMOIHAILIIEI0 ENEKTPOHIB NP 3iTKHEHHI 3
MUJIMHKaMU B 1iit o0iacTi. KpiM Toro, MBHAKICTH PO3PSIIKU 301IBLIYETHCS 31 301IbIIEHHSIM KOHIEHTPAL[T YaCTHHOK
nuity B pospsiai. Ha mouarkoBii cranmii micisi BAMKHEHHS HANpyrd IUla3Ma Mae MO3WTHBHHUM MOTEHILIaN LI0A0
€JIEKTPO/IiB. 3PEIITOI0, KOJIM KOHIICHTPAIlIi SJICKTPOHIB Ta 10HIB 3HAYHO 3HMKYIOTHCS, 3apsi IIa3MH BHU3HAYAETHCS
KUTBKICTIO HETaTMBHHUX YAaCTMHOK IMIJIY. Y IIbOMY BHIIAJKy HOTEHLIaJ IUIA3MH € HETaTHBHUM II0 BiJHOLICHHIO JIO
€IIEKTPO/IIB.
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