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THE PARTICLE SIZE EFFECT ON THE COLLISION PROCESSES IN COMPLEX PLASMA

In this paper, the impact of dust particle size on the collision processes of ions with dust particles is inves-
tigated on the basis of the modified Yukawa potential. The scattering and absorption of an ion in the field of a
dust particle with different radius are considered. The scattering angles of ions in the field of a charged dust
particle at different impact parameters are calculated. The scattering and absorption cross sections of ions in
the field of a dust particle were obtained considering their size in a wide range of coupling parameters. And
also, the ion drag force acting on the charged dust particle is investigated. The orbital and collector parts of the
ion entrainment force are obtained for different dust particle radii. The results show that taking into account
the dust particle radius leads to a sufficient change in both the momentum transfer cross section and the ion
entrainment force. It is found that accounting for dust particle size leads to a decrease in the force due to ion
scattering and, conversely, to an increase in the force due to ion absorption. The results of this work can be
useful for studying wave phenomena, configuration and arrangement of dust structures, rotation of dust clus-
ters in a magnetic field, dispersion of low-frequency oscillations, formation of voids, and other collective pro-
cesses.

Keywords: complex plasma, dust particle, collision processes, momentum transfer cross section, ion drag
force.
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BeniekTep enLIeMiHiH, KelleHj N1asmaaarbl COKTbIFbICY MpoLecTepiHe acepi

Byn kymbicTa KOKaBaHbIH MoAMdMKaUMANaHFaH NOTEHLUMANbI HEeri3iHAe To3aHabl benWeKTepaiH, enlem-
AepiH eckepe OTbIPbIN, MOHAAPAbIH, TO3aHAbl 6e/leKTepMeH COKTbIFbICY MPOLEcTepiHe acepi 3epTrend,.
PaamycTapbl apTypAi To3aHabl BenleKTepiHiH epiciHAe MOHHbIH LWallbipaybl MEeH XYTblAybl KapacTblipblaabl.
IpPTYPAi HbicaHa NapameTpaepi YLWiH 3apaaTanFaH To3aHabl 6enlWeKTepiHiH, epiciHaeri NoHAAPAbIH Wallblipay
bypbllwTapbl ecentengi. To3aHabl Oesnllek epiciHAeri MOHAAPAbIH, LWallblpay YXOHE KYTblAy KumManapbl
HalinaHbIC NapamMeTpIepPiHiH KeH, AMana3oHbiHAG ONapablH, eeMAEPiH ecKkepe OTbipbIn anbiHAbl. CoHAam-akK,
3apaATanfaH To3aHAbl benlleKkTepiHe acep eTeTiH MOHAbIK Kapny Kyli 3epTreni. To3aHabl HenleKkTepiHiH,
PTYPAI paamycTapbl YWiH WMOHAbIK Kapny KyLiHIH OpOMTaNbIK »KaHE KOANEKTOP/bIK OenikTepi anbiHAbI.
A/bIHFaH HaTUXKeNep To3aHabl BenleKTepiHiH, pagMyCbiH eCEMnKe any MMMNYAbCTI TacbiManaay KMMacbIHbIH A3,
MOHADbIK, Kapny KywWiHiH Je XeTKiNiKTi e3repyiHe oKeneTiHiH KepceTedi. AHbIKTanfaHaan, To3aHAbI
HenlWeKTEPIHIH, Me/LepPiH ecenke any MOHAAPAbIH, WallblpaybliHaH 60MATbiH KyWTiH TOMeHAeyiHe KaHe
KepiciHLIe MOHAaPAbIH KYTblAyblHAH B0ONATbIH KYLITIH *OFapblaaybiHa aKkeneai. by XKyMbICTbIH HOTUKeNepi
TONKbIHABIK KYOblNbICTapbl, TO3aHAbl KYPbINbIMHbIH KOHOUIYPALMACHIH }KaHE OPHANacyblH, MarHUT epiciHae
TO3aHAbl KNacTep/epaiH aiHanyblH, TOMEHT i XNinikTi TepbenicTepaiH AMCNepPCUAChIH, BOMATLIH Naiaa 601ybIH
*KoHe HacKa Aa YKbIMAbIK NPOLECTEPi 3epTTey YLWiH nanaanbl 60aybl MyMKIH.

TyMiH ce3mep: KeweHAi naasma, To3aHabl Oe/WeKTep, COKTbIFbICY NPOLLEeCTepi, MMMNYAbCTI TacbiManaay
KMMacbl, MOHAbIK Kapny KyLLi.
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The particle size effect on the collision processes in complex plasma
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BanaHwne pasmepa 4acTmu, Ha NPOLLeCCbl CTONKHOBEHWA B KOMN/JIEKCHOM Nnasme

B aaHHON paboTe H6bIM nccnenoBaHbl BAMAHWE pasmepa MblAeBbIX YacTUL, Ha MNPOLECCHl CTO/IKHOBEH WA
MOHOB C MblJIEBBIMW YacTMLL@MM Ha OCHOBE MOAMPULMPOBAHHOMO NoTeHuMana KOKasbl. bbliv paccMOTPEHDI
pacceAHWe 1 NOMMOLLEHME MOHA B NOJE MbIIEBOM YaCTULbI C PA3/IMYHbIM PaZMyCcOM. Bblan paccynTaHbl yrbl
pacceAHWs MOHOB B MOJE 3aPAKEHHOM MbIIEBOM YaCTMLbI MPU PA3AMYHbIX MPULENbHbBIX NapameTpax. bbian
NO/yYeHbl CEYEHMA PacCeAHMA MU NOTIOLLEHWA MOHOB B NMOJIE NbIIEBOM YaCTULbI C Y4ETOM MX pa3Mepa B LUMPO-
KOM AmManasoHe napameTpoB cBA3W. A Takke Oblia nccaenoBaHa cuaa MOHHOTO yBAeYeHMA, AeNCTBYOWAnA Ha
3apAKEHHYIO MbleBYO YacTuLy. JnA pasanyHbIX pagmnycoB NblaeBblX YacTul, Bblam nonyyeHbl opbuTanbHas 1
KO/IZIEKTOPHAA YaCTW CU/bl MIOHHOTO yBAeYeHUA. MonyYeHHble pe3y/bTaTbl MOKa3bIBAkOT, YTO YYeT pagmnyca Mbi-
NEBbIX YACTUL, MPUBOAMT K AOCTATOYHOMY M3MEHEHMIO KaK CEYEHMA NePeHOca MMMY/bCa, TaK U CUJTbl MOHHOTO
yBfeyeHms. KaKk BbIACHNAOCH, y4eT pasmepa MblAeBbIX YaCTUL, MPUBOAUT K YMEHbLIEH WO CU/Tbl, 0BYCNOBAEHHON
paccenmBaHMem MOHOB, M, HA0BOPOT, K YBEIMYEHWNIO CUAbI, OBYCIOBAEHHOM NOMOLWLEHMEM MOHOB. Pe3ynbTaTbl
OAHHOM paboTbl MOTYT ObITb MNOE3HbI 414 U3YYEHWS BOHOBbIX ABIEHWUIA, KOHOUTYPALMKM U PACTIONOKEHWA Mbl-
NEBbIX CTPYKTYP, BPALLEHWSA MbIEBbLIX KNACTEPOB B MAarHUTHOM MOJ1e, ANCNEPCUM HU3KOYACTOTHbIX KoNebaHui,
06pa3oBaHMA BOMAOB M APYTMX KONNEKTUBHbBIX MPOLECCOB.

KntoueBble €/10Ba: KOMMEKCHAA Naa3ma, NblaeBan 4acTunLa, NPOLLECChl CTOIKHOBEHWA, CEYEHMe NepeHoca
MMMNYNbCA, CUAA MOHHOTO YBEYEHUS.

Introduction

A number of the fundamental problems concern-
ing dusty plasma is currently in the focus of experi-
mental [1-3] and theoretical [4, 5] studies in labora-
tory room gas discharge, astrophysical plasmas, as
well as various technological processes [6]. Collision
processes between charged plasma particles are cru-
cial for examining the transport characteristics of
complex plasmas.

The ion drag force resulting from collisions be-
tween charged plasma particles influences wave phe-
nomena, the configuration and arrangement of dust
structures, the rotation of dust clusters in magnetic
fields, the dispersion of low-frequency oscillations,
the formation of voids, and other collective processes
[7-12].

In studying collisional processes, understanding
the interaction between charged particles is crucial.
Currently, many studies focus on collisional pro-
cesses based on the Yukawa potential, where the size
of the dust particle is not considered.

In this paper, on the basis of the modified Yu-
kawa potential the collision processes of positively
charged ions with the dust particles have been inves-
tigated considering their size. The collision process is
characterized by the following dimensionless param-
eters: the coupling parameter § = e?Zd/mv?A, the
impact parameter p/A and the radius of the dust par-
ticle normalized to the Debye length a/A.
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Theory of interaction

This paper explores the collision processes be-
tween a positively charged ion and a dust particle us-
ing a modified Yukawa interaction potential that in-
corporates the effect of the dust particle's finite size
[13]:

eZZd
(14+akp)r

ur) =— exp(=(r —a)kp), (1)

where r is the interparticle distance, kj, is screening
length, a is the dust particle radius. In case a — 0, the
modified Yukawa potential (1) corresponds to the Yu-
kawa interaction potential

U(r) = —e?Z exp(—rkp)/r.
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Figure 1 — The effective potential (2) for the radial
motion of ions in the field of the dust particle with
radius a/A = 10"*and a/A =04 atp\ 1 =
3.0;4.24; 5.0
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Collision processes

A. Scattering

Let’s examine the collision between a positively
charged ion and a stationary charged dust particle.
The ion’s motion within the central force field of the
charged dust particle is described by the effective in-
teraction potential energy U.s, given by: [14-16]:

Uesr(rp) _ p* | UM
E T2 + E @)

where E = mv2 /2 represents the initial kinetic energy
of the projectile (before the collision), and p is the im-
pact parameter. The first term on the right side of
equation (2) arises from the centrifugal repulsive
force [14-16]. The following equation gives the scat-
tering angle of the projectile based on the impact pa-
rameter:
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x(p) = | —2¢(p)| (3)

ar
where @(p) = pf —
o r ’1—Ueff(T,P)

The scattering cross section can be calculated us-
ing the scattering angle (3) in the following manner
[25]:

o =2m ["(L—cosx(p)pdp (4

The calculation considers the physical condition
that ry is greater than a. Let us discuss the obtained
results of scattering processes of ion in the field of
charged dust particle with taking into account its size.
The effective potential (2) the radial motion of ions in
the field of the dust particle with radius a/A=10"*; 0.4
at B = 100 and different impact parameters p/A = 3.0;
4.24, 5.0 are shown in figure 1.
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Figure 2 — The dependence of scattering angle on impact parameter
for particles of different sizes at B= 1 and = 30

In figure 2 the dependence of scattering angle on im-
pact parameter for particles of different sizes at f =1
and =30 are shown. As can be seen from the figures,
the influence of dust particle size is enhanced with the
increase of the coupling parameter f, i.e. at strong in-
teraction of the ion with the dust particle f >> 1.

As previously discussed in the works [15,16], the
manifestation of the effect is observed where finite
motion of the ion is observed in the field of a dust
particle with a large scattering angle at a critical im-
pact parameter p./A = 4.24 and B = 30 for a = 107,
This effect is preserved, with a small shift in the crit-
ical impact parameter p./A =4.27 for o = 0.2 and p./A
=433 fora=10.4.
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Figure 3 — The dependence of scattering
cross section on the coupling parameter
for particles of different sizes
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Further the scattering cross section (4) has been
obtained as a function of the coupling parameter for
dust coupling parameter for dust particles of different
sizes, which is presented in figure 3. The results show
that the consideration of dust particle size leads to a
significant reduction of ion scattering around the dust
particle. It can also be seen that the number of scat-
tered ions almost becomes negligible from the cou-
pling parameter § > 100 for o = 0.2 and B > 40 for a
=0.4.

B. Capturing

The contact collision cross section is determined
from the capture collision (contact collision) parame-
ter p.(p), which corresponds to the impact parameter
at which the distance of closest approach (tmin) corre-
sponds to the contact of the projectile with the dust
particle surface [17, 18]. It is assumed that any pro-
jectile (ion) with p < p. is considered to be captured
by a charged dust particle. By knowing p.() we can
calculate the scattering cross section as [17]:

ac(B) = mpZ (B). )

The parameter p. is determined by the condition that
the closest approach distance, ro, is less than the ra-
dius of the dust particle, a. This condition ensures an
accurate representation of the particle interaction. The
closest approach distance (ro) is computed from the
relation Uy(r, p) = 1. The dependence of collection
cross section on the coupling parameter for dust par-
ticles of different sizes are given in figure 4. As ex-
pected, accounting for dust particle size resulted in an
increase in the collection cross section. In figure 5 are
shown the dependence of momentum transfer cross
section on the coupling parameter for dust particles of
different sizes. The momentum transfer cross section
is the sum of scattering and collection cross sections.
The figure shows that up to p <= 10, the weak inter-
action, i.e., the energy of the colliding particle (ion) is
high enough to overcome the potential barrier of the
dust particle. In this case, there is mostly scattering of
the ion in the field of the dust particle compared to the
absorption of the ion by the dust particle. Thus, this
leads to a decrease of the total transport cross section
as well as the scattering cross section. At strong inter-
action when 8 > 10 the absorption process begins to
dominate, thus increasing the total transport cross
section.

Ion drag force

The total ion drag force consists of the collection
force FS°! from ions impacting the dust particle and
the orbital force FJ"” from deflected ions

Fq = Fg™ + Fg°!, (6)
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The orbital component of the ion drag force at
drift velocity u is calculated using an integral over the
shifted Maxwell distribution [19]:

LR =

o()v3exp (— (1;2;;)2) ((1 —

0
2 2, 2
e (-2) -1 -ew () Jav - )

)1/2

21/2nimi
nl/2yTu

where, v = (kgT;/m;)"” represents the ion thermal ve-
locity. The collection component of the ion drag force
is obtained from the following equation [20]:

coll _ 2
Fg™" = njysmv;mpg (®)

2
where, v = (vlz + 8KgT; / (nmi)) is the ion

thermal speed.
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Figure 4 — The dependence of collection cross sec-
tion on the coupling parameter for dust particles of
different sizes

The dependence of ion drag force on the velocity for
dust particles of different sizes is shown in figure 6.
In figure the total ion drag force (6) (solid line), or-
bital part (7) (dash dot line) and collection part (8)
(dash line) of the ion drag force are presented for dif-
ferent values of dust particle radius. The results pre-
sented in figure 6 were obtained using the cross-sec-
tions calculated for the potential (1). As can be seen
from the figure, taking into account the particle size
leads to a reduction of the orbital part of the ion drag
force, while the collection part of the ion drag force
conversely grows.

For Argon plasma with the density of electrons
and ions 5x107"* m™3, the temperature of electrons
(ions) T. = 3 eV (T; = 0.03 eV), and the dust particle
radius @ = 3.62 (a/2 = 0.2), a = 7.25 (a/2 = 0.4) cor-
responds to the charge Z; = 5735 (Z; = 11484).
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Figure 5 — The dependence of momentum transfer
cross section on the coupling parameter
for dust particles of different sizes

Conclusions

The collision processes of charged particles have
been investigated on the basis of the modified Yu-
kawa potential considering the dust particle radius.
The scattering as well as the capturing of ion in the
field of charged dust particle with different radius are
considered. The orbital and collection parts of ion
drag force are obtained on the basis of the cross sec-
tions for different dust particle radius in a wide range
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Figure 6 — The dependence of ion drag force on the
velocity for dust particles of different sizes.
The dash line corresponds to the collection

component of the ion drag force

momentum transfer cross section and the ion drag
force. As it is found out, taking into account the size
of dust particles leads to a reduction of the force due
to scattering ions and on the reverse increases the
force due to absorbing ions.
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