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The process of dust grains charging in low temperature dusty plasmas of low pressure is considered under
parametric ion acoustic instability development. The secondary electron emission from the dust grain surface and a
dust grain polarization under the action of the self-consistent electric field are taken in account. The results of the
numerical 2D3V simulation of dusty plasmas charging in RF discharge are presented in cylindrical geometry. For
self-consistent simulation of dust grain charging process we use the numerical model that comprises three models:
«Particle-in-Cell» (PIC), «Monte Carlo Collisions» (MCC) and «Particle-Particle Particle-Mesh» (P3M) models.

PACS: 52.35.Qz; 52.65.Rr; 52.80.Pi; 52.27.L.w
INTRODUCTION

The presence of dusty grains considerably affects
collective processes in plasma. They can change both
the oscillation spectra and the plasma instabilities that
exist in plasma without a dust and originate new
oscillation branches and new specific instabilities.

The process of a dust grain charging in the low
temperature plasma of low pressure is considered in this
paper under the ion acoustic parametric instability onset.
The results of 2D3V simulation of the dust grains
charging in the RF discharge plasma are presented.
Particle-Particle Particle-Mesh (P3M) model is used for
the self-consistent simulation of the dust grains charging
[1, 2]. The model choice is related to that, although the
method particle-in-cell (PIC) proves its effectiveness for
plasma simulation, it has an essential drawback for
investigation of the dusty plasma. A space resolution in
the PIC scheme is limited by the space grid step size
which is, as a rule, of the order of the Debye radius. For
low temperature plasma the Debye radius size is the
order of tenth or hundredth part of centimeter. But the
dust grain size belongs to micrometer range, so it is
considerably less than the space grid step size. In PIC-
model the particles are described as the charged clouds
with a size of a space grid cell. This leads to the non-
accurate representation of the particles interaction, when
the distance between them becomes less than the spatial
grid step size. Therefore, the interaction force in the
PIC-model strongly differs from the Coulomb inter-
action on a small distance. To overcome this problem
the P3M-model is used. This model is a combination of
the PIC-model and the molecular dynamics (MD)
technique. The long-range dust grains interaction with
the charged plasma particles is described in
correspondence to the PIC formalism. For the plasma
particles that are located at the distance lesser than the
Debye radius from the dust grain the interaction force is
calculated by the direct particle-particle scheme using
the exact Coulomb potential. At the same time the
interaction force between the particles of the plasma
itself are calculated by the PIC-scheme at the same
region. To decrease the computer computation time for
the direct particle-particle interaction the so-called
“chain grid” is introduced additionally [1]. On the scales
of the order of the dust grain size the motion of the
plasma particles is calculated with a time step lesser

than it is in the regions located far from the dust grains
the typical time step in the PIC scheme is the order of

10™ seconds. At the same time near the dust grains the
typical time step is about 10™** seconds. Plasma particles,

which cross a surface of the dust grain, are considered as
a source of the secondary electron emission.

1. DISPERSION EQUATION

If the relative motion of electrons and ions is caused
by the action of a pumping field with the frequency of
the order of the lower hybrid one, the excitation of ion
acoustic parametric instability of the Kkinetic kind
becomes possible [3]. This instability is excited by the
electrons that move along the magnetic field with the
velocity v, which equals to the phase velocity of the
beats between the pumping field and unstable
oscillations. The frequency of the beats is equal to
@, — Py, , and the longitudinal wave number is equal to

k,— Pk, where @, and k, is the frequency and
longitudinal wave number of the pumping wave. The
velocity of the resonant electrons is equal to
v, =(a)5—pa)0)/(k"—pk”0). The dispersion equation
which determines the frequency of the ion sound and
electron contribution into the growth rate has the view

D =det|a =0, (1)

I
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exp[—i(n-m)(5+7)]
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The dispersion equation (1) with the elements (2) is
written in the reference frame of ions which move under
the action of external pumping field. The partial
electron contribution Jg, into the dielectric

permeability takes into account the collisions of
electrons with neutrals and ions. The frequency of the
collisions of electrons with ions is determined by the
expression

a =06

mn mn

)

v, =0.752z/m.e'nL /1.2 @3)
where L is the Coulomb logarithm, e is the elementary
charge, n is the plasma density number, and T, is the

electrons temperature.
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Fig. 1. Growth rate of the unstable oscillations,
gq=1030

Consider the ion acoustic parametric instability
development for the typical parameters of the RF

discharge: the plasma number density, n=10", the
external magnetic field, B, =100 G. The ion acoustic
parametric instability arises under the velocity value of
the electron oscillations u, =5V, and the frequency of

the pumping field @,/®,, = @,/o,, =1.2, where V, is
the ion sound velocity, wmz,fa)cea)ci is geometric

[¢]
mean frequency. The ion temperature is equal to
T, =0.3 eV, the electron temperature is by an order of

magnitude greater, T, =3eV. For these parameters the
electron-ion collision frequency is v, =3.21-10°. The
dependence of the growth rate of the unstable
oscillations on the values of longitudinal ko, and
transversal k, p, wave numbers is shown in Fig. 1. The
frequency of the unstable oscillations is near @,

frequency.

As it shown in Fig. 1, in this case the instability takes
place in the wave number range, 0.1<k p, <0.9,
0.2-10° <k p, <5-10°. The propagation angle of the
parametrically unstable ion acoustic oscillations
relatively the magnetic field direction vary within wide
limits, 2.2-10° <cos# <5-10. The maximum growth
rate, 7. ~0.14a,, is reached for the wave number

k.o, =02, kp, ~7-10" and the propagation angle

value cosd~0.35-107.

The frequency of the parametrically unstable
oscillation in this region of the wave numbers can
essentially defer from the frequency of the “pure” ion
sound @, =kV,. It is found out that the discrepancy Aw
between @, and the frequency of the unstable ion
acoustic oscillations for which the maximum growth
rate is reached is Aw~y,, ~0.1w,, .

2. SYMULATION RESULTS

For the numerical simulation the following
parameters are chosen: the plasma density number

n, =10%cm, the external magnetic field B, =100G ,
the initial temperature of electrons T,, =3 eV, the initial

ISSN 1562-6016. BAHT. 2016. Ne6(106)

temperature of ions T,;= 0.1-T,, = 0.3 eV, the pumping
field frequency @, =1.2 e, . The velocity of electrons
oscillations relatively ions equals 5-V,, where V, is the
ion sound velocity. Then the  parameter
4=,/ w, =32. The operation gas is argon.
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Fig. 2. Electric field energy density

Evolution of the electric field energy density
normalized on the initial thermal energy density of
electrons is presented in Fig. 2. The electric field energy
at first exponentially grows up to the maximum energy
level is reached. Then, after the several relaxation
oscillations, it decreases together with the value

u/v,(t). The curve 1 in Fig.2 is proportional to
exp(0.16 @, (t—t,)). It corresponds to the growth rate

7y =0.08a,, . At the final stage the value E’/nT,
becomes stable at the quasi stationary level.

Time evolution of the amplitude of the most unstable
(kp, =1.17 ) Fourier harmonic of the electric potential

is shown in Fig. 3.
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Fig. 3. Most unstable electric field mode

Fig. 4 demonstrates the behavior in time of the
longitudinal electron temperature and transversal ion
temperature. The transversal ion temperature exceeds
the initial temperature of ions more than five times at
stationary level. At the same time the longitudinal
temperature of ions remains almost fixed. The
longitudinal electron temperature exceeds the initial
temperature of electrons three times at stationary level
and continues father growth.
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Fig. 4. Growth of the electron and ion temperatures
3. DUST GRAINS CHARGING PROCESS

The dust grains charging process is shown in
Figs. 5-8. In the non-equilibrium plasma of the low
pressure RF discharge the ions, atoms and dust grains,
despite the high energy of electrons, as a rule, remain
cold, although the transversal ion energy grows
considerably due to parametric ion acoustic instability
development. Owing to the considerably greater
mobility of electrons their flux greatly exceeds the ions
flux. As a result a typical grain of micrometer size
obtains the negative charge, collecting several
thousands of elementary charges, and creates negative
floating potential which repels electrons and attracts
ions. The charge of a dust grain grows until the ions flux
on their surface comes up with electrons flux. After that
the dust grain charge achieves the stationary stage. At
this stage it is almost fixed in average, but experiences
same fluctuations near the equilibrium value.
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Fig. 5. Time dependence of the charge value of the dust
grain 1and 2

In Fig. 5 the charge varying in time of two dust
grains, 1 and 2, located at plasma periphery is presented.
At the initial stage of the dust grains charging
(@,t<60) they are charged in correspondence with

the ions and electrons fluxes, that fall on their surface.
The computations show that this time interval is about
7 us. It agrees with the time interval 5 us, predicted
by the <“orbital motion limit” (OML) theory. The
stationary level of the charge at the plasma periphery is
greater than in the bulk plasma. In Fig. 6 the charge
fluctuations of the dust grains 1 and 2 near the plasma
periphery are shown at the quasi stationary stage.
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Fig. 6. Charge fluctuations of the dust grains 1 and 2 at
the quasi-stationary stage

Most of the dust grains charging in plasma theories are
formulated in the terms of continuous variables. But as
in a reality, so in the plasma simulation by means of
particle-in-cell method (PIC formalism) this process
represents a discrete sequence of the events of charged
plasma particles absorption by the surface of a dust
grain. The sequence and the time intervals between the
successive dust grains charging events are described by
the stationary stochastic markov process. It gives a
possibility to take into account the charge fluctuations
of dust grains near an equilibrium value. In the dusty
plasma such fluctuations always are present. It makes
the properties of the dusty plasma different from the
properties of the “usual” multi-component plasma and
underlines importance of their taking in account.
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Fig. 7. Plasma potential near the dust grains
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The expressions for the amplitude of dusty grain charge
fluctuations are obtained in the papers [4-6] on the base
of the relation of thermal energy and electrostatic
potential at the distance of a dust radius. They give the
estimate of the fluctuations at the level of 60 values of
elementary charge. However this estimate relies on an
assumption of plasma stationarity, but under the
instability development it is not the case. Non-
stationarity of RF discharge under the ion acoustic
parametric  instability conditions increases the
fluctuations amplitude. Nevertheless, this estimate gives
the right order of magnitude of the charge fluctuations
of dust grains.

In Fig. 7 the structure of the plasma potential near
dust grains is shown. Two dust grains are located in
Fig. 7: the first is located in the low left angle (with the
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coordinates r =38 gm, z=60 xm) and the second is

located in the right upper angle (with the coordinates
r=118 um, z=117 um). The distance between the

dust grains is about 100 um. They have a negative

charge and create a negative potential around itself in
plasma.

In Fig. 8 the correspondent density number of ions is
presented. As one can see from Fig. 8 the ions
concentrate near the dust grains shielding their potential
at the distance of the order of 10 gm.
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Fig. 8. lon density number near the charged dusty
grains

CONCLUSIONS

At the quasi stationary stage of the ion acoustic
parametric instability development the temperature of
ions has the considerable anisotropy that depends from
the value of the external magnetic field.

For the selfconsistent simulation of the process of
dust grains charging, including their finite size effects,
the Particle-Particle Particle-Mesh (P3M) numerical
model is used, that gives a realistic picture of the
interaction of dusty grains with plasma particles, and
permits to take into account the short range force
between dust grains and plasma particles.

The calculations have shown that the charging time
obtained by the numerical simulation agrees with the
charging time predicted by the “orbital motion limit”
(OML) theory. At that the stationary discharge at the
plasma periphery is larger than it is in the bulk plasma.

Nonstationarity of RF discharge under the ion
acoustic parametric instability development increases
the amplitude of the charge fluctuations of dust grains in
comparison with the estimate obtained on the base of
the relation of the particles thermal energy and the
electrostatic potential value at a distance of the dust
grain radius.
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3APSIIKA IBIJIMHOK HU3KOTEMIIEPATYPHOM NBIJIEBOM IJIA3MbI ITIPA PABBUTUHA
HMOHHO-3BYKOBOM MAPAMETPUYECKOI HEYCTOMYHUBOCTH
B.B. Onvwanckuii

PaccMoTrpeH mporecc 3apsKd MbUIMHOK B HU3KOTEMIIEPAaTYPHOW IBUIEBOM I1a3Me HHU3KOTO JABJICHHS IPH
Pa3BUTUU IIAPAMETPUUYECKON HMOHHO-3BYKOBOM HEYCTOMYMBOCTH C Y4ETOM BTOPHUYHOH JJIEKTPOHHOW 3MHUCCHM C
MOBEPXHOCTH TBUIMHOK M IOJISIPU3AlMK IBUIMHOK MOJ JEHCTBUEM CaMOCOIJIACOBAHHOTO 3JIEKTPUYECKOIO MOJIS.
IIpencraBnensr pe3ynbratel 2D3V-MonenupoBanust 3apsaku NbUIEBOH Tra3Mbl B BUpaspsae B MIITHHIPHYECKON
reoMeTpun. s caMOCOTIIACOBAaHHOTO MOJCIHPOBAHUS IIPOIECCa 3apsSAKH IMBUIMHOK HCIIONB3YEeTCS YHCICHHAS
MoJienb, obbeauustomas Tpu mojenu: «Particle-in-Cell» (PIC), «Monte Carlo Collisions» (MCC) u «Particle-
Particle Particle-Mesh» (P3M).

3APSIJIZKAHHS ITOPOIIMHOK HU3bKOTEMIIEPATYPHOI 3AITIOPOIIEHOI ILJTAZMH ITPU
PO3BUTKY IOHHO-3BYKOBOi MAPAMETPUYHOI HECTIMKOCTI
B.B. Onvuwancokuii

PosrisgHyTO Nporec 3apaKaHHS MOPOIIMHOK B HU3BKOTEMIIEpaTypHIN 3alIOPOIIEHIH T1a3Mi HU3BKOTO THCKY ITiJ
Yyac PO3BUTKY IapaMEeTpUYHOI 10HHO-3BYKOBOI HECTIHKOCTI 3 ypaxyBaHHSIM BTOPHMHHOI €JEKTPOHHOI emicii 3
TIOBEPXHI IMOPOLIMHOK 1 MOJIsIpU3anii IOPOLIMHOK IIiJI JIIE0 CaMOy3T0JUKEHOTo eleKTpuuHoro nois. [IpencrasieHo
pesynbraté 2D3V-MonentoBaHHS 3apspKaHHs 3arnoponieHoi wiasmu y BU pospsai B nuningpuyHiit reomerpii. s
CaMOY3T0JDKEHOTO MOJICNIIOBAHHS TPOLeCy 3apsKaHHS ITOPOIIMHOK Oyjla BHKOpPHCTaHa 4YHCIOBA MOJENb, sKa
noegHye B cobi tpu mogeni: «Particle-in-Cell» (PIC), «Monte Carlo Collisions» (MCC) ta «Particle-Particle
Particle-Mesh» (P3M).
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