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ToLillu & Chikki

Der Weg ist das Ziel
(The path is the destination /the destination is not

important, but the path that leads there)

(Knowledge cannot be stolen by thieves,
It cannot be forcibly snatched by kings,
It cannot be devided among brothers,
It does not cause a load on shoulders,
If spent or shared, it indeed always keeps on growing.
The wealth of knowledge... is the most superior wealth of all!)





Abstra
tThis thesis 
onstitutes a 
omputational study of 
harge and ion drag for
e on mi
ron-sized dust parti
les immersed in rf dis
harges. Knowledge of dust parameters like dust
harge, �oating potential, shielding and ion drag for
e is very 
ru
ial for explaining
omplex laboratory dusty plasma phenomena, su
h as void formation in mi
rograv-ity experiments and wake�eld formation in the sheaths. Existing theoreti
al modelsassume standard distribution fun
tions for plasma spe
ies and are appli
able over alimited range of �ow velo
ities and 
ollisionality. Kineti
 simulations are suitable toolsfor studying dust 
harging and drag for
e 
omputation. The main aim of this the-sis is to perform three dimensional simulations using a Parti
le-Parti
le-Parti
le-Mesh(P 3M) model to understand how the dust parameters vary for di�erent positions ofdust in rf dis
harges and how these parameters on a dust evolve in the presen
e ofneighboring dust parti
les.At �rst, rf dis
harges in argon have been modelled using a three-dimensional PIC-MCC 
ode for the dis
harge 
onditions relevant to the dusty plasma experiments. Allne
essary elasti
 and inelasti
 
ollisions have been 
onsidered. The plasma ba
kgroundis found 
ollisional, 
harge-ex
hange 
ollisions between ions and neutrals being dom-inant. Ele
tron and ion distributions are non-Maxwellian. The dominant heatingme
hanism is Ohmi
.Then, simulations have been done to 
ompute the dust parameters for various sizesof dust lo
ated at di�erent positions in the rf dis
harges. Dust 
harge and �oatingpotential in the presheath are slightly larger than the values in the bulk due to thehigher ele
tron �ux to the dust parti
le in the presheath. From presheath to the sheaththe 
harge and �oating potential values de
rease due to the de
rease of the ele
tron
urrent to the dust. A linear dependen
e of dust potential on dust size has been found,whi
h results in a nonlinear dependen
e of the dust 
harge with the dust size when theparti
le is assumed to be a spheri
al 
apa
itor. This has been veri�ed by independently
ounting the 
harges 
olle
ted by the dust. The 
omputed dust parameters are also
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t
ompared with theoreti
al models. Simulated dust �oating potentials are 
omparableto values obtained from Allen-Boyd-Reynolds (ABR) [1℄ and Khrapak [2℄ models, butmu
h smaller than the values obtained from Orbit Motion Limited (OML) [3℄ model.The dust potential distribution behaves Debye-Hü
kel-like. The shielding lengths arein between ion and ele
tron Debye lengths. Further, the orbital drag for
e is typi
allylarger than the 
olle
tion drag for
e. The total drag for
e for the 
ollisional 
ase islarger than for the 
ollisionless 
ase and it s
ales nonlinearly with the dust size. The
olle
tion drag values and size-s
aling agrees with Zobnin's model [4℄.The 
harging and drag for
e 
omputation is then extended to two and multiplestati
 dust parti
les in the rf dis
harge to study the in�uen
e of neighboring dustparti
les on the dust parameters. Initially, the dust parameters on two dust parti
lesare 
omputed for various interparti
le separation distan
es and for dust parti
les pla
edat di�erent lo
ations in the rf dis
harge. It is observed that for dust separations largerthan the shielding length the dust parameters for the two dust parti
les mat
h withthe single dust parti
le values. As the dust separation is equal to or less than theshielding length the ion drag for
e in
reases due to the buildup of a parallel dragfor
e 
omponent. However, the main dust properties like 
harge, potential, verti
al
omponent of ion drag are not a�e
ted 
onsiderably. This is attributed to the smaller
olle
tion impa
t parameter values 
ompared to the dust separation.Then the dust 
harges on multiple dust parti
les lo
ated at di�erent positions inthe dis
harge and arranged along the dis
harge axis are also 
omputed. It is found thatthe 
harges of the multiple dust parti
les in the bulk or presheath do not di�er mu
hfrom the single parti
le values at that lo
ation. But the dust 
harges of multiple dustparti
les lo
ated in the sheath drasti
ally di�er from the single dust parameter values.Due to ion fo
using from dust parti
les in the upper layers, the ion 
urrent in
reasesto dust parti
les in the lower layers resulting in smaller 
harge values. This is as wellthe 
ase where dust parti
les are verti
ally aligned as in the standard experiments ofdusty plasmas.In 
on
lusion, this work used a fully kineti
 (PIC and MD or P 3M) model to studythe physi
s of dust 
harging in rf plasmas. Our simulations revealed that the dustparameters vary 
onsiderably from the bulk to the sheath. The CX 
ollisions in
rease�ux to the dust thereby a�e
ting the dust parameters and their s
aling with dustsize. Also, a dust parti
le a�e
ts the 
harging dynami
s of its neighbor only when theirseparation is within the shielding length. In the plasma sheath, ion fo
ussing 
an 
ausegreat redu
tion in dust 
harges.
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Chapter 1
Introdu
tion
Plasma physi
s is an expanding and interesting �eld of physi
al s
ien
es. "Plasma" isa state of matter and 
an be de�ned as partially or fully ionized matter whi
h 
ontainspositive and negative parti
les and is on a ma
ros
opi
 s
ale ele
tri
ally neutral. Morere
ently there is an arising interest in the study of dusty plasmas, a very fast growingbran
h of physi
s. As the name reveals, dusty plasmas are plasmas whi
h also 
ontainnanometer to millimeter-sized parti
les [5℄. The �eld of dusty plasmas mainly dealswith the study of dust 
harging, plasma-dust and dust-dust intera
tion, their 
olle
tivee�e
ts as well as the formation of dust 
rystals. Dusty plasmas are en
ountered in manyareas of physi
al s
ien
es [6, 7℄. They are found on a vast variety of s
ale lengths innature, e.g. in astrophysi
al obje
ts like interstellar 
louds, rings of planets, 
omettails [8�11℄. Dusty plasmas are also en
ountered in laboratory, e.g. in fusion devi
es[12℄, and also in industrial plasmas (et
hing, deposition, ...) [13�21℄. Thus, the studyof dusty plasmas has relevan
e to many areas of s
ien
e.The study of 
harging me
hanisms and for
es on dust 
onstitutes a fundamentaland important part of dusty plasma physi
s. The dust parti
les are 
harged due tothe in�ow of the plasma spe
ies by various me
hanisms [6, 7, 22℄, e.g. absorption ofele
trons, ions and se
ondary ele
tron emission, et
. The 
harge and the �oating po-tential of the dust are very 
ru
ial parameters that govern many important observedphenomena in dusty plasmas. The formation of dust stru
tures [23�26℄, wake-�eld for-mation around dust in rf sheaths [27, 28℄ and the dust void formation in mi
rogravitydusty plasma experiments [29�31℄ are examples of su
h phenomena. The ion drag for
e- the for
e exerted on dust grains by traversing ions around the dust due to 
olle
tionand s
attering- plays a 
ru
ial role in the above phenomena. Hen
e, to fully under-
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tionstand and explain these phenomena, one has to have quantitative knowledge of the iondrag for
e and how dust parti
les intera
t with other dust parti
les. As the ions arede�e
ted by the ele
tri
 �eld of the dust, the ion drag for
e on the dust depends onthe dust potential, dust 
harge and potential distribution around the dust. These dustparameters themselves depend on dust-plasma intera
tion [6℄ and plasma 
hara
teris-ti
s. Plasma spe
ies distribution, 
ollisions among various plasma spe
ies govern theamounts of plasma parti
les �ow to the dust thereby determining the dust 
harging andother important dust parameters. This means that the plasma ba
kground governs allthese pro
esses. A rf dis
harge plasma is 
ommonly used as ba
kground plasma envi-ronment for dusty plasma experiments in the laboratory [32℄. Sin
e in rf dis
harges theplasma bulk and sheath have di�erent properties (e.g. ion velo
ities), the dust 
hargeand potential 
an vary for dust grains lo
ated at di�erent positions in the rf dis
harge.Laboratory dusty plasma experiments are 
ondu
ted with rf dis
harges at pressures upto a few hundred Pa and rf voltages up to a few hundred volts. For these 
onditionsthe ba
kground plasma is 
ollisional and ele
trons are non-Maxwellian. Quanti�
ationof dust 
harge, �oating potential, dust potential distribution, ion drag for
e on dustand study of dust-dust intera
tion over the entire range of 
ollisionality and for all �owvelo
ities is at the heart of the dusty plasma resear
h.Many analyti
al models are existing to 
ompute dust 
harge and �oating potentials[2, 3, 33�38℄ for a 
ollisionless or very low 
ollisionality plasma ba
kground, but theydo not a

ount for streaming plasma 
onditions. Re
ently, some analyti
al or 
om-putational works have been available [4, 39�44℄ whi
h 
ompute dust parameters overthe entire range of 
ollisionality and also a

ount for the ion �ow. But, these worksassume ele
trons with a Maxwellian distribution, whereas the ele
trons and ions areshown to be non-Maxwellian in rf dis
harges [45, 46℄. The problems are similar for theion drag quanti�
ation [2, 40�43, 47�49℄. Also, it is widely 
onsidered that the dustpotential distribution is Debye-Hü
kel-like [6, 7℄ and that in the plasma bulk the dustpotential is mainly shielded by ions and in the sheath region by ele
trons [6℄. But, it isnot yet 
lear how the �owing plasma and/or 
ollisions a�e
t the potential distributionand shielding lengths, though there was some fo
us on this issue re
ently [50℄, butonly for the highly 
ollisional limit. Hen
e, the limitation of the analyti
al models isthe in
omplete treatment of 
ollisions and non-Maxwellian distributions. That is why,quanti�
ation of dust 
harge, �oating potential, dust potential distribution, shieldinglengths for realisti
 ba
kground plasma dis
harge 
onditions is still open.It is believed that with the presen
e of many dust parti
les ele
tron depletion takes



3pla
e and the 
harge on the dust de
reases [6, 22℄. However, the me
hanism of how twodust parti
les intera
t or how 
harging dynami
s of a dust parti
le get a�e
ted in thepresen
e of other dust parti
les is yet to be studied at the kineti
 level. It is usuallybelieved that there is a 
ertain separation between given dust parti
les ("intera
tiondistan
e") within whi
h the intera
tion of two neighboring dust parti
les must betaken into a

ount. It is not 
lear whether this separation distan
e is the ele
tronDebye length or the shielding length. Even without the issue of separation distan
e,the me
hanism of how dust parameters evolve with the presen
e of neighboring dustparti
les is still open for further investigation.In this thesis, some of the above issues are addressed using self-
onsistent three-dimensional kineti
 simulations with a Parti
le-parti
le-parti
le-mesh (P 3M) 
ode.With this 
omputational tool, it is possible to resolve sheath regions around ele
-trodes in rf dis
harges and to obtain realisti
 energy distributions of plasma spe
ies.The 
ode also resolves 
lose-range intera
tions of dust with the plasma. Hen
e, themain motivation of this thesis is to address the following issues:
• What is the e�e
t of 
ollisions among plasma spe
ies on dis
harge 
hara
teristi
sand thereby on 
harging dynami
s and ion drag for
e?
• How do parameters like 
harge, �oating potential, shielding length, and the iondrag for
e on dust vary for di�erent positions of dust in rf dis
harges?
• How do values from various analyti
al models of dust 
harge and ion drag for
e
ompare with 
omputational results for realisti
 dis
harge 
onditions?
• How do the dust 
harge, �oating potential and ion drag for
e on the dust evolvein the presen
e of neighboring dust parti
les?The thesis starts with an introdu
tion to dusty plasmas and rf dis
harges. Charg-ing me
hanisms, theoreti
al and 
omputational works on dust 
harging are dis
ussed.Various for
es a
ting on a dust parti
le suspended in rf dis
harges are presented. Theanalyti
al and 
omputational models for quanti�
ation of the ion drag for
e on dust arealso dis
ussed. Experiments to 
on�ne and form various dust stru
tures in laboratoryand under mi
rogravity are briefed.The 
omputational tool used is des
ribed in detail in 
hapter 3. Here, a generalintrodu
tion to kineti
 (Parti
le-in-Cell) simulations is provided. Then, the limitationof the 
onventional PIC method is des
ribed in resolving parti
le intera
tion 
loser



4 Introdu
tionthan the grid spa
ing. It is also explained how this problem 
an be over
ome with theParti
le-Parti
le-Parti
le-Mesh (P 3M) 
ode.Before attempting to study dust 
harging, the 
hara
teristi
s of rf dis
harges haveto be studied 
arefully, as the behavior of plasma spe
ies in the dis
harge govern the
harging pro
esses. Hen
e, the 
hara
teristi
s of rf dis
harges, sheath dynami
s andspe
ies distributions have been 
omputed for typi
al laboratory 
onditions and arepresented in 
hapter 4.After the ba
kground plasma dis
harge 
hara
teristi
s are understood, dust parti-
les of various sizes are introdu
ed into the dis
harge at di�erent positions and the dust
harge, �oating potential, shielding lengths are 
omputed. These 
omputed results arepresented in 
hapter 5. The s
aling of dust 
harge and �oating potential with dust sizeis derived. The 
omputed dust parameters are also 
ompared to those 
al
ulated fromtheoreti
al models.In 
hapter 6, 
omputational results for the ion drag for
e a
ting on dust parti
lesimmersed in a rf dis
harge are presented. E�e
t of 
ollisions on the ion drag for
e isdis
ussed in detail along with the s
aling with dust size.This study of 
harging is extended to two and multiple dust parti
les. In 
hapter 7,
omputational results for 
harge and drag for
e on multiple stati
 dust parti
les im-mersed in the rf dis
harge are presented. The 
ase of two dust parti
les is treated indetail.



Chapter 2Dusty plasmas: Basi
sThe ba
kground plasma properties govern the 
harging pro
esses thereby determiningthe dust 
harge, dust �oating potential, dust potential distribution and ion drag for
eon the dust. Hen
e, in this 
hapter basi
 properties of the plasmas, rf dis
harges andthe theory of dusty plasmas are reviewed.2.1 Plasma propertiesA plasma is de�ned as quasineutral, partially or fully ionized gas that exhibits 
olle
tivebehavior [51℄. It is 
onsidered to be the fourth state of matter and is the most prevalentstate in the universe. The fundamental work in the �eld was done by, among others,S
hottky, Child, Chen, and Langmuir [51�57℄. Plasmas are typi
ally 
hara
terized by anumber of parameters. "Plasma density" usually refers to the "ele
tron density"(ne),that is, the number of free ele
trons per unit volume. The degree of ionization (α)of a plasma is the proportion of atoms whi
h have lost (or gained) ele
trons. α =

ni/(ni + nn) where ni is the number density of ions and nn is the number density ofneutral atoms. The ele
tron density is obtained from the average 
harge state < Z >of the ions through ne = < Z > ni.Plasma temperature is a measure of the thermal kineti
 energy per parti
le. Ifthe ele
trons are 
lose enough to thermal equilibrium and their distribution fun
tion is
lose to a Maxwellian, their temperature is well-de�ned. However, it 
ould deviate froma Maxwellian distribution due to various reasons, e.g. by the presen
e of strong ele
tri
�elds or inelasti
 
ollisions. In the 
ase of spe
ies with non-Maxwellian distributionfun
tion, the mean kineti
 energy of the parti
les is equated to "kT" to derive the
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sapproximate temperature of the spe
ies. Be
ause of the large di�eren
e in mass, theele
trons 
ome to thermodynami
 equilibrium amongst themselves mu
h faster thanthey equilibrate with the ions or neutral atoms. For this reason the "ion temperature"(Ti) may be very di�erent from (usually lower than) the "ele
tron temperature"(Te). This is espe
ially 
ommon in weakly ionized te
hnologi
al plasmas, where the ionsare often near the ambient temperature. "Thermal plasmas" have ele
trons and theheavy parti
les at the same temperature i.e. they are in thermal equilibrium with ea
hother. "Non-thermal plasmas" have the ions and neutrals at a mu
h lower temperature(normally room temperature), but ele
trons are mu
h "hotter".In a neutral plasma, if one displa
es by a tiny amount all of the ele
trons with re-spe
t to the ions, the Coulomb for
e pulls ba
k, a
ting as a restoring for
e. Be
ause ofthe 
ombined e�e
t of inertia and the restoring for
e, the ele
trons os
illate around theirmean position. These os
illations are 
alled "ele
tron plasma os
illations" and the os
il-lation frequen
y is the "ele
tron plasma frequen
y" given by ωpe =
√

nee2/meǫ0 [sec−1],where me and ne are ele
tron mass and density. Similarly the "ion plasma frequen
y"is given by ωpi =
√

nie2/miǫ0 [sec−1], where mi and ni are ion mass and density. Sin
e
me ≪ mi, ωpi ≪ ωpe always holds.2.2 RF dis
hargesCapa
itively 
oupled radio-frequen
y dis
harges are normally used for dusty plasmaexperiments. Hen
e, before dis
ussing dusty plasmas and dust 
harging, one should�rst understand the 
hara
teristi
s of rf dis
harges.A s
hemati
 illustration of an rf dis
harge is shown in Fig. 2.1. One ele
trode ispowered with an alternating voltage of 13.56 MHz via a blo
king 
apa
itor and theother one is grounded. The blo
king 
apa
itor prevents from dire
t 
urrents betweenthe ele
trode and the rf-generator. Plasma 
reated between the ele
trodes will shieldthe ele
tri
 �eld of the ele
trodes. Ele
trons are mobile and will respond to the instan-taneous ele
tri
 �eld. Ions will only respond to average �elds, sin
e ωpi ≪ ωRF ≪ ωpeholds, where ωRF is the applied rf sour
e frequen
y. Due to their larger mobility ele
-trons bombard the ele
trodes initially resulting in a negative net 
harge on them. Theseele
trodes begin to repel ele
trons and attra
t ions until the ion and ele
tron �uxesbalan
e. The plasma must then have positive potential with respe
t to the wall. Thispotential 
annot be distributed over the entire plasma, sin
e Debye shielding will 
on-
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RF

Plasma

Discharge Chamber

sheath
Electrode

Electrode

Figure 2.1: S
hemati
 sket
h of an rf dis
harge.�ne the potential variation to a layer of the order of several Debye lengths in thi
kness.In this region around the ele
trodes, the quasineutrality 
ondition is broken, where thenet ion density is greater than the ele
tron density, i.e., ni ≫ ne. This spa
e 
hargeregion between the quasineutral plasma and the ele
trode is 
alled "plasma sheath".In this region, strong ele
tri
 �elds develop. This leads to a 
onstant ion �ow to theele
trodes. But, as the ele
trons respond to instantaneous �eld, they 
an not �ow toele
trodes all the times. In rf dis
harges as the applied �eld at the Ele
trodes varieswith time, the sheath voltage also os
illates. At 
ertain times, the sheath voltagedrops or even ele
trodes be
ome positive. At these times, ele
trons �ow to ele
trodesin pulses.Bohm [58℄ showed that in order to form this sheath, positive ions must possess a
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s
ertain minimum energy (Bohm 
riterion), where the ion speed should satisfy vion ≥
CBohm =

√

kTe/mi where CBohm is 
alled the Bohm speed (sound speed of the ions). Ithas further been shown [1℄ that there exists a transition region (
alled also "presheath")where potentials on the order of the Bohm potential (φBohm = kTe/2e) exist. In thisregion the ions are a

elerated from thermal speeds to Bohm speed. Hen
e, the plasmasheath ranges from the boundary to the sheath entran
e, where the ion speed be
omessubsoni
. The presheath 
onne
ts the sheath boundary to the bulk (see Fig. 2.2). In
ollisional plasmas, the Bohm 
riterion is not met and subsoni
 ion �ows exist [59�64℄.This subje
t will be dis
ussed later on.
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Figure 2.2: S
hemati
 showing the regions present near a boundary of a 
ollisionless plasma.The me
hanism of ele
tron heating is responsible for plasma sustenan
e. Ohmi
heating, in whi
h the ele
trons are a

elerated in the strong ele
tri
 �eld betweensu

essive elasti
 
ollisions with neutrals, 
an dominate at high pressures. In a lowpressure regime (less than 10 Pa) ele
tron-neutral 
ollisions are rare, and the Ohmi
heating 
eases to be an e�e
tive me
hanism of energy deposition into the plasma. Inthis 
ase, the ele
tron heating by time-varying �elds 
an dominate. It o

urs due toele
tron os
illatory motion in spatially inhomogeneous rf �elds, even in the absen
e of
ollisions, leading to 
ollisionless or sto
hasti
 heating. Generally, ele
trons are heated
ollisionlessly by repeated 
ollisions with sheath edge, i.e. with �elds that are lo
alizedwithin a sheath. For further reading on heating me
hanism and rf dis
harges, one 
an



2.3 Dusty plasma 9refer to [32, 65℄.2.3 Dusty plasmaA dusty plasma is an ionized gas 
ontaining a suspension of solid parti
les. Theseparti
les are usually nanometer or mi
ron-sized, and they are often 
alled dust. Dustyplasmas are also 
alled 
olloidal, or �ne parti
le plasmas, and an alternatively usedterm is 
omplex plasmas in analogy to 
omplex �uids, whi
h emphasizes many fun-damental properties of this medium that distinguishes it from ordinary gas plasmas.Dust and dusty plasmas are ubiquitous in spa
e. They are found in the ring systemsof the giant planets, in 
omet tails, in the interplanetary medium, and in interstellar
louds as well as in mesospheri
 no
tilu
ent 
louds [10, 66, 67℄. Dusty plasmas arefound nearby arti�
ial satellites and spa
e
rafts [67, 68℄, and in fusion devi
es withmagneti
 
on�nement [69, 70℄. Additionally, dusty plasmas are being investigated veryintensively in laboratories. Dust 
an be intentionally added to a plasma or it 
an bespontaneously generated as a result of various 
hemi
al pro
esses leading to the growthof parti
les. From the industrial point of view dusty plasmas 
an have �good� and �bad�impa
ts on te
hnology. The �bad� impa
t is due to dust 
ontamination problems [71℄.And a �good� impa
t is 
onne
ted to the formation of new materials [72℄. An inter-esting appli
ation of dusty plasmas was found in solar 
ell te
hnology [73℄, where theformation of nanoparti
les inside a solar 
ell has bene�
ial e�e
t in lifetime and e�-
ien
y of the 
ell. Widespread o

urren
e of dusty plasma systems and a number ofunique properties make dusty plasmas an extremely attra
ting and interesting obje
tfor investigations.2.4 Dust 
hargingA dust parti
le in a plasma a
quires a large ele
tri
 
harge by 
olle
ting ele
trons andions from the plasma [10, 66℄. Complex plasmas with nanometer-sized parti
les, tosome extent, behave like negative ion-
ontaining plasmas, where a part of the negativeele
tron 
harge is bound to heavier parti
les. This a�e
ts the mobility and the 
ontri-bution to shielding by negative 
harges. However, the properties of dusty plasmas aremu
h ri
her than the properties of a usual multi-
omponent plasma of ele
trons andvarious kinds of ions. Dust parti
les are the re
ombination 
enters for plasma ele
trons
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sand ions. Sometimes they 
an also serve as the sour
es of ele
trons via thermo-, photo-,and se
ondary ele
tron emission pro
esses. Thereby, a dust 
omponent 
an make anessential impa
t upon the ionization equilibrium. Unlike negative plasma ions, the dustmi
roparti
le 
harge is not �xed, but it be
omes a dynami
 variable, whi
h is governedby the surrounding plasma, and 
an 
hange both spatially and temporally. Moreover,the dust 
harge �u
tuates even for 
onstant plasma parameters due to the sto
hasti
nature of 
harging [26, 74, 75℄.The parti
le 
harge is the most fundamental parameter in a dusty plasma be
auseit determines the intera
tion for
es between individual dust parti
les. Some of theimportant theoreti
al, 
omputational and experimental works to obtain dust 
hargeare des
ribed below.2.4.1 Analyti
al and 
omputational models of dust 
hargingThe problem of parti
le 
harging is 
losely related to probe theory, founded in 1920s byMott-Smith and Langmuir [33℄. Probe theories 
al
ulate the 
urrent to an ele
trostati
probe as a fun
tion of probe potential and probe shape. The �oating potential is derivedas the point where ion and ele
tron 
urrents balan
e. Later, probe theory has beenapplied to dust 
harging, where given the plasma densities the dust �oating potentialis derived.OML TheoryFirst probe theories based on orbital motion, Orbit Motion Limited (OML) theory,was put forth by Mott-Smith and Langmuir [3, 33, 74℄. Here, the angular momentumof the ions imposes a limit on the maximum ion 
urrent. A quasi-neutral, 
ollisionlessplasma with Maxwellian distributions of ele
trons and ions is assumed. The OMLtheory is often used as a "standard" model for the 
al
ulation of a parti
le 
harge.In this theory, a single parti
le is 
onsidered as an isolated, �oating spheri
al probeand plasma parameters are assumed to be known. In this 
ase, the ion 
urrent to theparti
le with the radius rd is given by (at the parti
le potential φp < 0)
Ii = πr2

dnievth,i

(

1 − eφp

kTi

)

, (2.1)



2.4 Dust 
harging 11where the term nievth,i is the ion �ux to the parti
le at the mean thermal velo
ity ofions
vth,i =

√

8kTi

πmi

. (2.2)and the term
σc = πb2

c = πr2
d

(

1 − eφp

kTi

) (2.3)is the e�e
tive 
ollision 
ross-se
tion of the parti
le with the ions, whi
h have the typi
alion energy of Ei = kTi. This 
ross-se
tion is larger than the geometri
al 
ross-se
tionof the parti
le due to the attra
tive parti
le potential. Correspondingly, the ele
tron
urrent to the parti
le is given by
Ie = −πr2

dneevth,e exp

(

eφp

kTe

)

, (2.4)where
vth,e =

√

8kTe

πme

(2.5)is the ele
tron thermal velo
ity. The exponential fa
tor in Eq. (2.4) is the Boltzmannfa
tor for ele
trons leading to the de
rease of the ele
tron density at the negativeparti
le potential. Steady state is rea
hed if ele
tron and ion 
urrents balan
e ea
hother and the total 
urrent to the parti
le vanishes. For the equilibrium potential φpof a dust parti
le with a 
harge Q holds
dQ

dt
= Ii(φp) + Ie(φp) = 0. (2.6)This so-
alled �oating potential is typi
ally negative relative to the ambient plasma,due to the mu
h higher mobility of ele
trons 
ompared to ions. Substituting Eq. (2.1)and Eq. (2.4) in Eq. (2.6) one obtains

1 − eφp

kTi
=

√

miTe

meTi

ne

ni
exp

(

eφp

kTe

)

. (2.7)
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sThe numeri
al solution of this equation gives φp as a fun
tion of the given plasmaparameters. Then, the dust 
harge 
an be derived from the �oating potential assumingthe parti
le as a spheri
al 
apa
itor, using
Q = 4πǫ0rd

(

1 +
rd

λD

)

φp (2.8)The term in parenthesis is due to the plasma shielding e�e
t and is dis
ussed later.Limitations: There have been many re�nements to the OML theory. Limitationsand appli
ability of these theories have been dealt previously by e.g. [1, 3, 34�38, 58,76�78℄. Here, we mention a few limitations. The OML model assumes 
ollisionless iontraje
tories. This 
ondition is often violated in plasma dis
harges. It has been shown[34℄ that due to 
ollisions near the probe, some of the 
harged plasma parti
les 
anbe trapped in the potential well and this 
an play a very important role, e.g. a�e
tshielding lengths. OML does not in
lude the existen
e of an absorption radius aroundthe dust and predi
ts a dust potential independent of dust size [34, 35, 76℄. The otherlimitation is important for big parti
les (rd ≥ λD) and 
onne
ted with the existen
e ofan angular moment barrier.OM TheoryMore general Orbital Motion (OM) theory [34, 35℄ involves solving simultaneously forthe surfa
e potential, the potential distribution around the probe, and the distributionof ion traje
tories. Here, the angular momentum of the plasma parti
le around theprobe is treated as an e�e
tive radial potential energy [79℄ and is added to the probe'sele
tri
al potential and the traje
tories of plasma parti
les are solved in the total radialpotential as a fun
tion of parti
le's angular momentum. In the OM theory, the proberadius be
omes an important fa
tor in determining whether a parti
le of a given energyand angular momentum will 
ontribute to the 
urrent towards the probe, i.e., the
urrent is no longer a fun
tion of probe 
ross se
tion as in OML theory. For zeroangular momentum, i.e., for purely radial motion, all parti
les will eventually strikethe probe, irrespe
tive of the parti
le's initial energy and the probe radius. It also showsthe existen
e of an absorption radius when the angular momentum is less than some
riti
al value. All parti
les that pass the absorption radius will eventually rea
h theprobe, i.e., the absorption radius determines the probe 
hara
teristi
s, not the proberadius. The main limitation of the OM theory is that the 
ollisional e�e
ts between
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harged plasma spe
ies and the ba
kground gas have not been 
onsidered.ABR TheoryRadial Motion theory proposed by Allen, Boyd and Reynolds (ABR)[1, 36℄ in
ludesa pre-sheath transition region where quasi-neutrality is satis�ed but potentials on theorder of the Bohm potential [58℄ are allowed to exist. ABR theory is the limiting 
aseof the OML for the limit of vanishing impa
t parameter (b → 0) and the limiting
ase of the general OM theory for the limit of vanishing angular momentum (J → 0).This work results in �oating surfa
e potentials as a fun
tion of probe radius as shownin Fig. 2.3. This is used to 
ompare with the simulation results of the dust surfa
epotential shown in 
hapter 5 of the thesis. A limitation of the ABR model is that itpredi
ts a single value for the dust potential for a given dust size and Debye length ratio,irrespe
tive of 
ollisionality. The 
ollisional e�e
ts between 
harged plasma spe
ies andthe ba
kground gas have not been 
onsidered.Lampe et. al. [37, 38℄, Ratynskaia et. al. [80℄ and Khrapak et. al. [2℄ 
onsidered
harge-ex
hange 
ollisions between ions and neutrals, as these 
ollisions are parti
ularlye�e
tive in 
reating trapped ions. These models are reviewed below.
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Figure 2.3: Probe �oating potential Φ = −eφp/kTe as a fun
tion of probe radius ρ=rd/λD from theABR model (extra
ted from [36℄).



14 Dusty plasmas: Basi
sLampe TheoryLampe et. al. [37, 38℄ 
onsidered 
harge-ex
hange (CX) 
ollisions between ions andneutrals to 
ompute the 
orre
tions to OML ion �ux due to these 
ollisions. Due to CX
ollisions, high energy ions are repla
ed by low energy ions, whi
h might be absorbedby the dust grain or 
an be trapped. Trapped ions experien
ing further 
ollisions willfall onto the grain. Lampe's model 
onsiders these issues and 
omputes the trappedion density near the grain and then 
omputes the 
ollisional 
ontribution to the ion
urrent to the probe. This work delivers �oating potentials as a fun
tion of 
ollisionalityindex νλD/vth, for the 
ases of 
ollisionless plasmas and weak 
ollisionality as shownin Fig. 2.4 (extra
ted from [38℄). Here ν is the mean free path for CX 
ollisions, λD isDebye length and vth is ion thermal velo
ity.The Lampe model assumes Maxwellian distributions for all plasma spe
ies in theambient plasma and the dust grains are assumed to be small 
ompared to the linearizedDebye length (λ). Here λ−2 = λ−2

De +λ−2

Di where λDe and λDi are ele
tron and ion Debyelengths respe
tively. The model is appli
able for weakly 
ollisional ba
kground. Themodel also assumes non�owing plasma.
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tion of 
ollisionality index νλD/vthfrom the model of Lampe (extra
ted from [38℄).



2.4 Dust 
harging 15Khrapak TheoryKhrapak et. al. [2℄ also 
onsidered 
harge-ex
hange 
ollisions between ions and neu-trals, in
luding 
ollisions o

urring in the sheath around the dust grain, to 
omputethe additional 
ollisional ion 
urrent to grain. It is a simpli�ed form of the Lampe'sequation and is given by
Ii =

√
8π r2

d ni vT i Φ τ

[

1 + 0.1 Φ τ

(

λ

li

)] (2.9)where li is the mean-free-path of CX 
ollision, τ = Te/Ti is ele
tron-to-ion temperatureratio. The Khrapak model is appli
able for weakly 
ollisional and non�owing plasmas.Zobnin TheoryBoth Lampe and Khrapak models provide approximations to ion 
urrents to the grainat zero or small 
ollisionality. For highly 
ollisional 
ases, a 
ontinuum �uid approa
his valid. However, the above models do not provide 
ollisional ion 
urrent 
ontributionsat intermediate 
ollisionality. Zobnin's work �lls this gap.The kineti
 equation with a Bhatnagar-Gross-Krook 
ollision term [4, 39℄ was solvedto obtain the ion �ux on a small attra
tive spheri
al dust and the ele
tri
 potentialdistribution around the dust. It is shown that the ion 
urrent nonmonotoni
ally de-pends on the ion-neutral 
ollision frequen
y and exhibits a maximum when the meanfree path length of ions is 
omparable to the e�e
tive absorption radius of the probe.An analyti
al �t was proposed to 
al
ulate the ion 
urrent for intermediate 
ollision-ality over a restri
ted range of probe sizes and probe potentials [4℄ where neither a
ollisionless theory nor a 
ontinuum �uid approa
h is valid. This approximation 
analso be used for the 
al
ulation of the �oating potential and 
harge of the dust in anuniform plasma with known ele
tron distribution fun
tion.The above mentioned analyti
al �t is used in this thesis to 
ompare with the re-sults from our simulations. The Zobnin theory does not a

ount for non-Maxwellianele
trons and for �owing plasmas.Hut
hinson's workHut
hinson et. al. [40�42, 44℄ performed kineti
 simulations using the SCEPTIC PIC
ode to 
ompute ion 
urrents to a probe. Here, only ion traje
tories are followed whileele
trons are treated as ba
kground with Boltzmann distribution. They 
omputed
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sinitially [40�42℄ ion 
urrents to a probe for both stationary and �owing 
ollisionlessplasmas over a wide range of λD/rd ratio and ion temperatures. From the 
omputedion 
urrents and known ele
tron density, the potential distribution around the grainwas derived. The results show that for large values of λDe/rd, OML expression witha proper drifting ion distribution provides reasonable measure of the total ion �ux toa �oating sphere. The asymmetry in ion �ux to the sphere surfa
e was studied indetail for a wide range of Debye-lengths and found a reversal of the asymmetry ofthe 
olle
tion �ux at values of the Debye length of the same order of magnitude asthe probe radius. The enhan
ement of 
olle
tion on the downstream side was due tofo
using of the ions by the shielded potential surrounding the probe.Later, they extended their study by in
luding CX ion-neutral 
ollisions [44℄. Thework 
omputes the ion �ux to the dust grain over the full range of 
ollisionality fromzero to the 
ontinuum limit. It was shown that a low level of ion-neutral 
ollisionsenhan
es the ion 
olle
tion to a sphere in a plasma with shielding length larger than itsradius. The ion �ux mat
hes with OML values for 
ollisionless 
ase and with 
ontinuum�uid theories for highly 
ollisional (
ontinuum) 
ase. Maximum �ux enhan
ementobserved was roughly equal to values predi
ted by ABR theory. All these 
omputationsassume Boltzmann ele
trons.Kineti
 simulationsThe above analyti
al theories generally do not a

ount for streaming ions leading todi�
ulties in determining the 
harge of dust lo
ated in the sheath. In the 
ase of OML[3℄, streaming e�e
ts 
an be in
luded in ion �ux 
al
ulations. Maxwellian distributionsfor the ele
trons are assumed in nearly all 
ases, and a variety of distributions frommonoenergeti
 to Maxwellian are typi
ally assumed for the ion distributions [81�84℄.However, for rf plasmas, ele
trons usually have non-Maxwellian and sometimes bi-Maxwellian energy distributions [45, 46℄. Ions are also far from Maxwellian, as theybe
ome a

elerated in sheaths a
quiring a high streaming velo
ity.Kineti
 simulations are promising tools for 
omputations of dust 
harge, potentialand potential distribution around dust for realisti
 experimental 
onditions. The rea-son is that these models in
lude nearly all types of possible 
ollisions, they tra
k thetraje
tories of the plasma spe
ies and also a

ount for non-Maxwellian distributions ofthe plasma spe
ies.



2.4 Dust 
harging 172.4.2 Experiments for dust 
harge measurementHere, we brie�y mention main experimental te
hniques employed to derive the dust
harge. These in
lude
• os
illations in the sheath [26, 75, 85�88℄: In this method, dust is driven andmade to os
illate in the sheath either by indu
ing a time varying potential a
rossthe sheath or by using a laser. The dust parti
le traje
tories are re
orded andanalysed. Harmoni
 resonan
e equations exploiting the for
e balan
e of ele
tri
�eld for
e and gravity are then solved to determine the 
harge.
• 
ollisions of dust parti
le pairs [29, 89�91℄: Here, 
ollisions between dustparti
le pairs are employed to dedu
e the intera
tion potential of the 
ollisionand from this potential the dust 
harge is derived.
• waves [92, 93℄: In this method, waves are ex
ited in a dust system by theradiation pressure of a laser beam and the dispersion relation is measured. Themeasured dispersion relation is 
ompared with that of a dust latti
e wave toobtain the dust 
harge and shielding length.
• dire
t measurement with Faraday-
up [94, 95℄: Here, dust is dropped intothe plasma by a dropper at the top and the 
harge is measured by a Faraday 
upbelow the plasma.The experimentally determined 
harges are normally of the same order expe
tedfrom the models. The experimental results support the existen
e of a harmoni
 sheathpotential. The 
harge numbers obtained from experiments agree somewhat better withABR theory. The experiments also deliver 
oupling parameters (see below) and shield-ing strengths. However, the following fa
tors are some of the sour
es of ina

ura
ies inthe 
harge numbers obtained from experiments. Assumptions about sheath potential,un
ertainties in lo
ating sheath boundary, ina

ura
ies involved in mapping of dustpositions from re
orded images.2.4.3 Dust potential distributionIn plasmas, ele
trons and ions s
reen out ele
tri
 �elds so that the interparti
le intera
-tion potential de
reases more rapidly with the distan
e than a Coulomb potential. Thise�e
t is taken into a

ount through the so-
alled Debye-Hü
kel or Yukawa potentialwith the s
reening length λD. The shielded potential is expressed by
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s
φ(r) =

Q

4πǫ0 r
exp

(

− r

λD

)

. (2.10)Considering the shielding e�e
t the parti
le 
harge 
an be written as
Q = 4πǫ0rd

(

1 +
rd

λD

)

φp (2.11)whi
h in the typi
al 
ase of rd ≪ λD redu
es to the va
uum value 4πǫ0rdφp.2.4.4 Temporal evolution of the parti
le 
hargeIn the previous dis
ussions, the parti
le 
harge has been 
onsidered as stati
. How-ever, the temporal evolution of the parti
le 
harge 
an have a strong in�uen
e on thedynami
al properties of dusty plasmas [74, 96℄. The time s
ale of ion 
harging 
an bewritten as [97℄
τi = 4πǫ0rd

kTi

e

1

πr2
denivth,i

, (2.12)whi
h 
an be understood as the 
harging time τ = RC of an RC system with theparti
le 
apa
itan
e C = 4πǫ0rd and the resistan
e R = U/I. U = kTi/e is the usualele
tri
 potential of the parti
le and I = πr2
denivth,i is the typi
al OML ion 
urrent tothe parti
le. The expression for the ele
tron 
harging time is similar to Eq. (2.12). Thedi�eren
e is only that the ion quantities are repla
ed by those of ele
trons:

τe = 4πǫ0rd
kTe

e

1

πr2
denevth,e

. (2.13)Usually, τe ≪ τi be
ause the parti
le en
ounters with ele
trons are more frequent thanwith ions so that the 
harging time is dominated by the slower ions.The typi
al parti
le 
harging time is of the order of mi
ro-se
onds. This is mu
hless than the typi
al dynami
al time s
ale of the parti
les, whi
h is of the order of tensof millise
onds. It means that the parti
le 
harge should always be in equilibrium withthe parti
le motion. However, as it was observed by Nunomura et. al [91℄, the �nite
harging time of parti
les 
an lead to a delay in 
harge variation with the lo
al plasma
onditions when parti
les move.Another evolution me
hanism of the 
harge of dust parti
les is due to the dis
rete-ness of the 
harge 
arries and their 
harges [96℄. At �oating potential the probabilities



2.4 Dust 
harging 19of 
olle
ting a single ion or ele
tron by the parti
le are equal, hen
e the parti
le 
harge�u
tuates sto
hasti
ally around its equilibrium position. The amplitude of this �u
tu-ations are δZrms = 0.5
√

Zeq, where Zeq is the mean parti
le 
harge.2.4.5 Charging with high dust densities
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log10PFigure 2.5: Parti
le �oating potential as a fun
tion of the Havnes parameter P, for Te/Ti=100 inHelium [98℄.So far, it was assumed that the dust does not have an essential in�uen
e on anambient plasma. At higher 
harge density, the dust 
harge density 
ontribution ndZdemodi�es the quasineutrality 
ondition by
ne = nie − ndZde = nie − nd 4πǫ0rd φp. (2.14)Thus, high enough dust densities nd lead to ele
tron depletion in the plasma. Then,there are not enough free ele
trons available to 
harge the dust parti
le to the undis-turbed potential value. The in�uen
e of the dust is des
ribed through the so-
alledHavnes-parameter [98℄, whi
h is the dust 
harge density in units of the ele
tron density

P = 695Te,eV aµm
nd

ne

, (2.15)
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swhere Te,eV is the ele
tron temperature in ele
tron volts and aµm is the parti
le radiusin mi
rons.In the single parti
le limit P → 0 the �oating potential φp 
orresponds to theundisturbed �oating potential and approa
hes φp → 0 as P → ∞ as shown in Fig. 2.5.2.5 For
es a
ting on dust parti
lesGenerally, the trapping and transport of dust parti
les in a plasma is governed bythe for
es a
ting on them [47℄. The for
es a
ting on the dust in
lude gravity, ele
tri
for
es, ion drag for
e [48, 49, 99�102℄, thermophoresis due to temperature gradients[103℄, polarization for
es due to ele
tri
 �eld gradients [104�106℄, and the neutral dragdue to gas mole
ules 
ollisions with dust parti
les when the parti
le is moving [107℄. Ina plasma under laboratory 
onditions, the ele
tri
 �eld for
e, gravity, the neutral dragand thermophoresis are found to be the most important [75, 101, 102, 108, 109℄. Inthe Fig. 2.6 a 
on
eptual sket
h is shown whi
h represents how these for
es a
t. Here,a short des
ription of these for
es will be given.

∆
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S
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h

Electric Force (Q  E)d

Gravity (m  g)dIon drag

Thermophoresis
(−    T)Figure 2.6: A sket
h showing various for
es a
ting on dust parti
le in rf dis
harges.



2.5 For
es a
ting on dust parti
les 21GravityA dust parti
le in a plasma has a huge mass 
ompared to other plasma spe
ies. Thismakes the gravitational for
e to be one of the dominant for
es in dusty plasmas. Thegravitational for
e is proportional to the parti
le mass, i.e. to the dust parti
le volumeand its mass density ρ:
~Fg = md~g =

4

3
πr3

dρd~g, (2.16)where rd and ρd is the dust parti
le radius and density, 
orrespondingly. This makesthe gravitational for
e to be proportional to the 
ube of the dust parti
le radius.Ele
tri
 for
eDue to its 
harge, a dust parti
le is a�e
ted by ele
tri
al �elds that are present in theplasma. The large inertia of a dust prevents the parti
le from following the os
illatingrf �eld. Hen
e, the mi
roparti
les are only a�e
ted by time-averaged ele
tri
al �elds.In rf-plasmas, the time-averaged plasma potential rea
hes its maximum value in the
enter of the dis
harge and de
reases towards the plasma rea
tor walls and ele
trodes[32℄. Thus, an ele
tri
 for
e pushes the negative dust parti
le towards the dis
harge
enter.An ele
trostati
 for
e a
ting on the dust parti
le in a plasma in the presen
e of anexternal ele
tri
 �eld ~E is well approximated by the va
uum for
e [104℄
~Fel = Q~E (2.17)when the dust parti
le radius a is smaller than the linearized Debye length λD.It is important to note that, although the sheath around a dust parti
le shieldsit from the surrounding plasma, it does not s
reen the parti
le from an externallyapplied ele
tri
 �eld. It was pointed out in [105℄ that the Debye sphere around thedust parti
le is not atta
hed to the parti
le and represents only a lo
al perturbation ofthe ba
kground plasma.In the spa
e 
harge sheath, a spatially dependent ele
tri
 �eld prevails. Due tothe drop of plasma potential towards the ele
trode the ele
tri
 for
e in
reases in thisdire
tion. As a result, there will be in many 
ases a unique verti
al position where thisfor
e a
ting on the negatively 
harged dust parti
le balan
es gravity. At this positionthe dust parti
le is trapped and a horizontally extended plasma 
rystal 
an be formed.
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sSu
h 
rystals 
ontain typi
ally one to several thousands 
harged dust parti
les [24, 26�28, 110�116℄. In the plasma bulk, the ele
tri
 for
e is mu
h weaker 
ompared to thesheath situation.Neutral dragDust parti
les moving in a plasma environment experien
e a fri
tion for
e due to mo-mentum transfer with the residual gas [117℄. There are two regimes of this for
e whi
hdepend on the Knudsen number Kn. The Knudsen number is the ratio of the meanfree path of a neutral gas mole
ule and the radius of the dust parti
le, Kn = λm/rd.For small Kn values the neutral drag for
e is obtained from Stokes' law. However, inthe regime typi
al for rf dis
harges of dusty plasma experiments, the mean free path ofthe gas mole
ules is mu
h larger than a few hundred mi
rometers. This is mu
h largerthan the typi
al dust parti
le radius rd, whi
h is of the order of several mi
rometers.It makes the Knudsen parameter to be mu
h larger than one. Su
h a regime is 
alled'kineti
' or 'long mean free path'.For low relative speeds between mi
rosphere and neutral gas the neutral drag inthe kineti
 regime 
an be well approximated by the Epstein relation [107℄
~FNd = −δ

4

3
πr2

dmgasngasvth,gas~ud. (2.18)
mgas is the mass of the gas mole
ule, vth,gas is the thermal velo
ity of gas mole
ules, ~udis the mean velo
ity of dust parti
les relative to the gas. Thus, the neutral fri
tion isproportional to r2

d.The Millikan 
oe�
ient δ denotes the type of re�e
tion. Eq. (2.18) with δ = 1is the expression for spe
ular re�e
tions of gas mole
ules from the parti
le. Here themole
ules 
olliding with the dust parti
le with their velo
ity 
omponents perpendi
-ular to the dust parti
le surfa
e are reversed after 
ollision. δ=1 + 4/9 expresses theregime of perfe
t di�use re�e
tions, when the mole
ules are absorbed and re-emittedby the surfa
e of the dust parti
le. They are emitted with a semi-isotropi
 Maxwelliandistribution at the dust parti
le temperature. The δ value depends on the mass ratioof gas mole
ules and surfa
e mole
ules, on the gas and surfa
e temperature and onthe adsorption energy [100, 118, 119℄. At the pressure of 50-110 Pa the δ values wereexperimentally found to be 1.28±0.01 , whi
h is in agreement with other measurements[117, 120℄ and 
orresponds to the regime with di�use re�e
tions.



2.5 For
es a
ting on dust parti
les 23In the 
ase of ideal gas ngas = p/(kTn) Eq. (2.18) 
an be written as
~FNd = −mdβE~ud (2.19)with the Epstein 
oe�
ient

βE = δ
8

π

p

ρdrdvth,gas
, (2.20)where p is the gas pressure, and md = (4/3)πr3

dρd is the mass of the dust parti
le.Thermophoreti
 for
eThe thermophoreti
 for
e is of 
ru
ial importan
e for the formation of Yukawa balls.This for
e arises due to the gradient of the neutral gas temperature. In this 
ase, themomentum ex
hange rate during 
ollisions between gas mole
ules and the dust parti
leis larger for the hotter side of the parti
le. Thus, there is a net moment transfer fromthe ambient gas to the parti
le. The absolute value of the thermophoreti
 for
e isproportional to the temperature gradient. The for
e is dire
ted from the region ofhigher temperature to the region of lower temperature (opposite to the temperaturegradient). An analyti
al expression for the thermophoreti
 for
e [121℄ is given by
~Fth = −32

15

r2
d

vth,gas

[

1 +
5π

32
(1 − α)

]

kT∇Tgas, (2.21)where kT is the translational thermal 
ondu
tivity of the gas and Tgas is the gas tem-perature. Thus, the thermophoreti
 for
e is proportional to r2
d like the neutral dragfor
e.A reasonable approximation for the a

ommodation 
oe�
ient is α ≈ 1 [121℄ if thegas and the dust parti
le surfa
e temperatures is less than 500K. If the pressure is highenough this expression does not depend on the gas pressure. Both these 
onditions aremet in typi
al experiments.Ion dragAn ion drag for
e arises due to momentum ex
hange between the streaming positiveions and the dust parti
le. The streaming motion arises due to ambipolar di�usionor in strong ele
tri
 �elds in the sheath. This for
e has a signi�
ant in�uen
e on theparti
le in laboratory plasmas in regions where the ion �ux is large. It 
an play asigni�
ant role if the dis
harge power is large enough [42, 48, 122�125℄.
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sThe total ion drag for
e (Fid) on a grain is the sum of two 
ontributions: the
olle
tion (or absorption or dire
t) for
e, Fcoll and the orbital (Coulomb or indire
t)for
e, Forb. The 
olle
tion for
e is 
ontributed by those ions whi
h 
ollide with thedust grain and transfer their momentum (see Fig. 2.7). The orbital for
e is due to ionswhi
h exert a momentum on the dust through Coulomb 
ollisions, i.e. the de�e
tionof ion traje
tories in the �eld of the dust.The dis
ussion 
on
erning a quantitative des
ription of the orbital for
e was dealtwith by many resear
hers [47�49, 84, 99, 100, 119, 123℄, but still a 
omplete theoryor model for 
omputation of orbital for
e over the full range of 
ollisionality is notexisting. The most widely used are the approa
h of Barnes et. al [47℄ and a re
entmodel of Khrapak et. al [48℄. Some of the models are des
ribed brie�y hereunder.Re
ently, there is mu
h attention given to quantify this for
e [126, 127℄. In the presentwork, we also try to 
ompute the ion drag for
e for a 
ollisional plasma ba
kgroundexisting in rf dis
harges.2.6 Analyti
al models and Experiments for ion drag
Collisional (or) Direct Force

Orbital (or) Indirect Force
bmax

cb

Figure 2.7: Di�erent 
ontributions for the ion drag for
e.The problem of Coulomb 
ollisions was �rst dealt with by Chandrasekhar [128℄ tostudy stellar 
ollisions. Here, a point-like 
entral obje
t was 
onsidered taking not intoa

ount the �nite size of the 
entral obje
t (dust parti
le) and hen
e not a

ounts forthe 
olle
tion ion drag 
ontribution. This model was modi�ed for the dusty plasma
ase [2, 40�43, 47�49℄.



2.6 Analyti
al models and Experiments for ion drag 25The orbital drag for
e for a point-like obje
t 
an be 
al
ulated due to those ionswhi
h are de�e
ted in the ele
tri
 �eld of the dust.
Forb = momentum transfer × flux × orbital cross section (2.22)In reality, the range of Coulomb �eld is in�nite whi
h will result in in�nite orbital (orCoulomb) 
ollision 
ross se
tion. But, to obtain a �nite orbital 
ollision 
ross se
tion,the integration is trun
ated at some value of the impa
t parameter, the so-
alled "
ut-o�" distan
e, beyond whi
h the 
ollisions are 
onsidered to be of negligible 
ontribution.Usually, this trun
ation length is the Debye length λD. Then, the orbital 
ross se
tionis given by

σorb = 4πb2
π/2 ln

bmax

bπ/2

= 4πb2
π/2 ln

λD

bπ/2

(2.23)where bπ/2 = e2/(4πǫ0miv
2
i ) is the impa
t fa
tor for 90o de�e
tion. Then the orbitalion drag 
ontribution is given by

Forb = mivsnivfσorb = mivsnivf4πb2
π/2 ln

λD

bπ/2

(2.24)Here vs = (v2
f + v2

ti)
1/2 is the mean velo
ity. ni is the unperturbed ion density, vti isthe ion thermal velo
ity, vf is the ion �ow velo
ity.Barnes ModelBarnes et al. [47℄ derived an expression for the ion drag for
e in
luding the �nite size ofthe dust parti
le and hen
e also the 
olle
tion 
ontribution. The 
olle
tion 
ontributionis given by the ions whi
h are responsible for the 
harging, given by (using the OMLion 
urrent to the grain)

Fcoll = momentum transfer × flux × collection cross section (2.25)
= mivsnivfπb2

c = mivsnivfπr2
d

(

1 − 2eφp

miv2
s

) (2.26)where φp is the �oating dust potential and bc is the 
olle
tion impa
t parameter. Allthe ions within bc 
ollide the 
entral obje
t (see OML 
harging).Barnes also 
orre
ted the above Coulomb 
ross se
tion for �nite-size dust, whereit was proposed that the minimum 
ollision impa
t parameter should be taken as



26 Dusty plasmas: Basi
s
olle
tion impa
t parameter (bc). So, here the Coulomb 
ollision 
ross se
tion wasintegrated between bc and λD, resulting in the orbital drag for
e:
Forb = mivsnivf4πb2

π/2 ln

(

λ2
D + b2

π/2

b2
c + b2

π/2

)1/2 (2.27)Hen
e, in this model only Coulomb 
ollisions within one Debye length λD are 
onsid-ered. Also, it is not 
lear whi
h Debye length has to be used, the ele
tron or the ionDebye length. Usually the ele
tron Debye length is used, but this is subje
t to a largenumber of dis
ussions.Khrapak WorkKhrapak and 
oworkers [2, 48, 49℄ have provided improved expressions for the Coulomblogarithm for �nite size dust grains with a Yukawa potential (shielding) and 
onsid-ering 
ollisions outside the Debye sphere. Here, the Coulomb 
ollision 
ross se
tionis obtained by using for the upper impa
t parameter 
ut-o�, the orbit whose 
losestapproa
h to the dust is equal to the Debye length (in order to in
lude 
ollisions outsidethe Debye sphere). Here, the orbital drag for
e is given by
Forb = mivsnivf4πb2

π/2 ln

(

λD(v) + bπ/2

rd + bπ/2

) (2.28)Hut
hinson WorkHut
hinson, et.al. [40�43℄ performed extensive 
omputational studies using the SCEP-TIC PIC 
ode to 
ompute 
urrents to the dust grain and the ion drag on grains for thefull range of dust sizes and Debye lengths for 
ollisionless plasma ba
kgrounds. Onlyion traje
tories are followed while ele
trons are treated as ba
kground with Boltz-mann density. From the 
omputed ion 
urrents and the potential distribution aroundthe grain, the 
olle
tion and orbital ion drag for
es have been 
omputed on a virtualspheri
al region around the dust. This work delivered ion drag for
es as a fun
tion ofion drift velo
ities.Further, they proposed analyti
al �ts to their numeri
al results, whi
h are basedon OML 
urrents 
onsidering into ion drift. There, the 
olle
tion 
ontribution to the
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e is given by
Fcoll = nir

2
dmiv

2
ti

√
π

2
(2.29)

[

u
(

2u2 + 1 + 2χ
)

e−u2

+
[

4u4 + 4u2 − 1 − 2
(

1 − 2u2
)

χ
]

√
π

2
erf(u)

]

/u2where u = vf/vti is the normalized �ow velo
ity and χ = −Zeφp/Ti is the normalized�oating dust potential. The terms in the parenthesis a

ount for the ion drift. Theorbital drag for
e is given by
Forb = ni

q2
i φ

2
p

miv
2
ti

r2
d 8π G(u) ln Λ (2.30)with the Chandrasekhar fun
tion G(u), whi
h in
ludes the e�e
t of �nite �ow velo
ities,given by

G(u) =

[

erf(u) − 2ue−u2

/
√

π
]

2u2
(2.31)and Coulomb logarithm ln Λ given by

ln Λ = ln

[

b90 + λs

b90 + rd

] (2.32)and impa
t fa
tor for 90o de�e
tion is given by
b90 =

rdZeφp

miv
2
eff

(2.33)and the adopted form of e�e
tive shielding length and e�e
tive velo
ities are given by
λ2

s =
λ2

De

1 + 2ZTe

miv2

eff

+ r2
d (2.34)and

miv
2
eff = 2Ti + miv

2
f



1 +





vf/
√

ZTe/mi

0.6 + 0.05 ln(mi/Z) + (λDe/5rd)
(

√

Ti/ZTe − 0.1
)





3

(2.35)Ti is the ion temperature, Te is the ele
tron temperature and qi(=Ze) is the ion 
harge.
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sExperimental methods to derive ion dragExperimental te
hniques to derive the ion drag for
e are only relatively few. The worksin
lude laboratory experiments [123�125, 129�131℄ and experiments under mi
rogravity[31, 132℄.
• The dust parti
le traje
tories are analyzed to derive the ion drag for
e from thefor
e balan
e equation [31, 123, 129, 131, 132℄.In experiments under mi
rogravity [31, 123, 129℄, a fo
used laser beam is movedin a 
ontrolled way to drive parti
les in the extended dust 
loud and at the voidboundary. From the observed parti
le motion together with Langmuir probemeasurements, the for
es on the parti
les in the dust 
loud and at the voidboundary are derived. Then from the for
e balan
e equation between the inwardele
tri
 �eld for
e and the outward ion drag, the ion drag is derived. The derivedion drag is 
ompared with Barnes, Khrapak and Hut
hinson's models and somedeviations are found with Barnes model.In [131℄, hollow glass mi
rospheres are dropped into the plasma and allowed tofall due to gravity. The ion drag for
e was derived from the parti
le traje
toryde�e
tion from the verti
al dire
tion.
• In Yaroshenko et al. work [124, 125℄, the ion drag for
e is derived from twoexperimentally determined quantities: the parti
le drift velo
ity and the ele
tri
�eld. This method does not require a priory knowledge of the parti
le 
harge,but uses the 
harge gradient determined from the same experiment.Dis
ussion of the ion drag modelsThe above theoreti
al and 
omputational works mainly deal with a 
ollisionless plasmaba
kground, where the mean free path (mfp) of 
ollisions is very large 
ompared to theDebye length. Very re
ently, Hut
hinson and 
oworkers [44, 127℄ as well as Khrapakand 
oworkers [126, 133�137℄ have further extended their investigations to 
ompute theion �ux and drag on the grain in 
ollisional environments.Khrapak et al. showed analyti
ally that the for
e a
ting on a small absorbing grainin a 
ollision-dominated plasma with slowly drifting ions 
an de
rease substantially in
omparison with the for
e a
ting on a nonabsorbing body. In addition, their work [137℄
onstitutes investigation of the e�e
t of plasma produ
tion and losses on the ion drag
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tures 29for
e. The results show that for a nonabsorbing grain the ion drag for
e is positive, i.e.,it a
ts along the dire
tion of the ion drift independently of the loss me
hanisms; Themagnitude of the ion drag for
e is una�e
ted by plasma produ
tion for weak ionizationrate and redu
es strongly for high ionization rates. For an absorbing grain, the ion dragfor
e is negative for low ionization rate and reverses its dire
tion for high ionizationrate. However, these drag 
omputations are for a highly 
ollisional (hydrodynami
)ba
kground.Hut
hinson et al. 
omputed the ion drag for
e on a spheri
al dust over the entirerange of 
harge-ex
hange 
ollisionality. It has been shown that the ion drag for
e showsa lo
al maximum where the CX 
ollision mean free path is smaller than the e�e
tiveshielding length (λmfp ≤ λs) and rea
hes a limiting value at high 
ollisionality.A general agreement between experiment and 
al
ulations has been obtained, butdire
t quantitative 
omparisons are la
king, also be
ause pre
ise measurements for adetailed 
omparison are not available so far. Additionally it is known that in low-temperature laboratory rf plasmas, the distributions are non-Maxwellian [45, 46℄. Fur-ther, the dust potential is asymmetri
 in the sheath region due to streaming ions.Hen
e, to quantify the ion drag for
e under experimental 
onditions, it is importantto self-
onsistently quantify the plasma ba
kground, the ele
tron distribution fun
tions,the dust 
harge, the dust potential and the potential distribution around the dustgrain. Kineti
 parti
le simulations are suitable tools for su
h studies, as they are ableto resolve the traje
tories of all plasma spe
ies in the dust �eld.2.7 Dust stru
turesDepending on the strength of intera
tion between 
harged parti
les, plasmas 
an bedivided into ideal or weakly-
oupled and non-ideal or strongly-
oupled plasmas. Thestrength of intera
tion is represented by the 
oupling parameter Γ, whi
h is the ratiobetween the mean potential energy (Epot) of Coulomb intera
tion between two 
harges
Q1 and Q2 and the thermal energy Ekin,

Γ =
Epot

Ekin
=

1

4πǫ0

Q1Q2

r12

· 1

kT
, (2.36)where r12 is the mean distan
e between the parti
les. For ideal or weakly 
oupledplasmas Γ ≪ 1, and plasma 
omponents 
an be treated as an ideal gas. Most ofthe ordinary plasmas in spa
e and laboratory are weakly 
oupled. The system of
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s
harged parti
les is said to be strongly 
oupled when the ele
trostati
 intera
tion energybetween the parti
les ex
eeds their thermal energy (Γ & 1). Due to the large 
hargesof dust parti
les the interparti
le intera
tion energy is also large. Thus, even the
rystallization (at Γ ≫ 1) in the dust parti
le system be
omes possible. The parti
lesin su
h systems are trapped by an external harmoni
 potential. Su
h ordered �nitesystems are 
alled dust 
lusters in 
ontrast to ordered expanded dust systems, whi
hare 
alled dust 
rystals.Experimentally, two-dimensional ordered systems of dust parti
les were �rst dis
ov-ered in 1994 in a 
athode sheath of a radio-frequen
y dis
harge, where strong upwardsheath ele
tri
 �elds 
ompensate gravity, and the parti
le levitation is possible [23�26℄.Be
ause of this for
e balan
e the parti
les arrange in a horizontally extended 2D stru
-ture. Under an additional horizontal 
on�nement the parti
les arrange in 2D �nite
lusters (see Fig. 2.8). Later, dust 
rystals were found in a thermal plasma at normalpressure [138℄, in a positive glow gap of a d
 dis
harge, and in nu
learly ex
ited dustyplasmas [139℄.

(a)

(b)Figure 2.8: (a) S
hemati
 pi
ture of a two-dimensional dust 
rystal experiment [26℄, and (b) Atypi
al 2D dust 
rystal.Three-dimensional dust 
lusters and 
rystals are mu
h more di�
ult to realize inthe lab due to the huge gravity for
e a
ting on dust parti
les. Due to this reason3D dust 
rystal experiments had to be made under mi
rogravity 
onditions on boardof a spa
e station [140℄ or during the plane paraboli
 �ights [141℄.
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tures 31In 2004 the spheri
ally 3D dust 
lusters, so-
alled Yukawa balls, were �rst ex-perimentally observed in dusty plasmas under laboratory 
onditions [108, 109℄. The
on�nement of Yukawa balls is obtained from a superposition of various for
es a
tingon dust parti
les. There, a glass box is pla
ed on the powered rf ele
trode (see Fig. 2.9).The lateral Yukawa ball 
on�nement is attributed to the horizontal 
omponent of theplasma-indu
ed ele
tri
 for
e. This for
e a
ts on the negatively 
harged parti
les to-wards the 
enter of the glass box and thus 
on�nes negatively 
harged dust parti
lesin the glass box 
enter. The verti
al Yukawa ball 
on�nement is due to the 
ompensa-tion of gravity. An upward thermophoreti
 for
e was applied by heating the poweredele
trode. The ion drag for
e was shown to be negligible [108, 109℄. The upward ther-mophoresis pushes the dust parti
les into the plasma bulk. The thermophoreti
 for
eis supported by additional ele
tri
 for
es, whi
h result from surfa
e 
harges on theglass walls. Thus, superposition of gravity, the plasma indu
ed ele
tri
 for
e, and thethermophoreti
 for
es models the Yukawa ball trap whi
h was found to be harmoni
in 3D [109℄.
(a)

(b)

Figure 2.9: (a) S
hemati
 pi
ture of three-dimensional Yukawa ball formation and for
e balan
e[109℄ and (b) A typi
al Yukawa ballThe paraboli
 �ight experiments or experiments on the International Spa
e Stationshow [141℄, however, that under mi
rogravity other for
es like the ion drag be
omeimportant, that lead to the formation of large dust-free areas in the 
enter of theplasma dis
harge as shown in Fig. 2.10.Hen
e, it 
an be seen that dust parameters like dust 
harge, �oating potential anddust potential distribution are very important for dust stru
ture formation. Hen
e,
omputing these parameters for a
tual dis
harge 
onditions is ne
essary to 
hara
terizethe system, whi
h is the goal of this thesis.
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Figure 2.10: Typi
al appearan
e of a dust-free void in mi
rogravity experiments [141℄.The basi
 elements of dusty plasmas, 
harging of dust, for
es a
ting on the dustin a plasma have been introdu
ed. Before dis
ussing the 
omputational results, the
omputational tool used for this thesis will be introdu
ed in the next 
hapter.



Chapter 3
P 3M 
ode
In this 
hapter, the 
omputational tool used for the simulation of multi
omponent re-a
tive rf dis
harges and for dust 
harging pro
ess is des
ribed. As already mentionedin the previous 
hapter, these are low temperature plasmas with low ionization. The�uid approximation [142℄ or �uid 
odes 
annot be used to study su
h plasmas, as the�uid des
ription is valid only when plasma parti
les have a Maxwellian velo
ity distri-bution, and plasma parameters are not 
hanging mu
h on the mean free path length.But in the 
ase of low temperature plasmas, due to the strong potential drop in thesheath, distribution fun
tions of both ions and ele
trons are non-Maxwellian [61, 143℄.Hen
e, a kineti
 approa
h with the parti
le-in-
ell (PIC) method [144, 145℄ is suitablefor the study of su
h plasmas. One-dimensional Parti
le-in-Cell (1D PIC) simulationswere performed for multi
omponent rea
tive plasmas in order to study the e�e
t of anion extra
tor system on ion energy distributions (IEDs) [see appendix A℄. A three-dimensional Parti
le-Parti
le-Parti
le-Mesh (3D P 3M) 
ode was applied for studyingthe dust 
harging and the ion drag for
e on single and multiple stati
 and dynami
 dustgrains immersed in rf dis
harges. These 
odes have been obtained from K. Matyashand modi�
ations have been done for dust parameter diagnosti
s. For a detailed de-s
ription of the 
ode, one 
an refer to [46, 146, 147℄. Here a brief des
ription of thePIC method, its limitations in estimating 
harging dynami
s and the P 3M method isprovided. The modi�
ations and additions done to the 
odes will be presented later.
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ode3.1 PIC methodIn the PIC method, one follows the kineti
s of 'Super Parti
les' (ea
h of them rep-resenting many real parti
les), moving in self-
onsistent �elds (ele
tri
 and magneti
)
al
ulated on the grid a

ording to the Maxwell equations. In this work, only ele
tro-stati
 
al
ulations are done and therefore only the Poisson equation is solved. 'Superparti
les' are simulated be
ause the number of 
harged real parti
les in systems of in-terest is usually very large (1012) and not possible to simulate even on the fastest 
om-puters. The parti
le 
ollisions are handled by Monte-Carlo 
ollision (MCC) routines,whi
h randomly 
hange parti
le velo
ities a

ording to the a
tual 
ollision dynami
s.Hen
e, these 
odes are also 
alled PIC-MCC 
odes.

Figure 3.1: Computational algorithm in a typi
al PIC-MCC 
ode.The 
omputational algorithm of the PIC s
heme is presented in the Fig. 3.1. Mainsteps involved in the 
omputation are the following:(i) Compute the approximate plasma 
hara
teristi
s of the system.
• λDe =

√

ǫ0kBTe/nee2, similarly λDi, mean free paths.
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• ωpe =

√

nee2/ǫ0me(ii) Prepare a 
omputation grid in the physi
al system with grid width ∆x ≤ λDe.Usually ∆x = 0.5λDe is used.(iii) Initiate the plasma spe
ies (ele
trons, ions, neutrals) in the grid.(iv) From the parti
le positions in the neighboring 
ells of a grid point, 
harge and
urrent densities are 
omputed at the grid point, using extrapolation te
hniques.Usual extrapolation methods used are Nearest Grid Point (NGP) method, Cloud-in-Cell (CIC) method, et
. [144℄. NGP weighting s
heme is relatively noisy andintrodu
es arti�
ial for
es (self-for
es) to the solution [147℄. In our simulationsthe CIC weighting method is used, in whi
h 
harged parti
les are treated as rigid'
louds' of uniform density with dimensions equal to grid width in all dire
tionsand 
an freely move through ea
h other.(v) In ele
trostati
 problems, the Poisson equation is solved on the grid to update�elds at the grid lo
ations from the 
harge densities. ∇2φ = −ρ/ǫ0For three-dimensional simulations, the Poisson equation is dis
retized on thegrid using a 7-point �nite-di�eren
e s
heme [148℄. The resulting sparse systemof linear equations is solved using the LU-de
omposition method [149℄. For thispurpose the SuperLU software library [150℄ is used. Then, the 
omponents of theele
tri
 �eld on the grid are 
al
ulated with a 
entered di�eren
e s
heme:
(Ex)k,m,n = (φk−1,m,n − φk+1,m,n)/2∆x

(Ey)k,m,n = (φk,m−1,n − φk,m+1,n)/2∆y

(Ez)k,m,n = (φk,m,n−1 − φk,m,n+1)/2∆z(vi) Grid �eld values are used to 
ompute �eld values at the parti
le positions usingthe same weighting te
hniques. The same weighting s
heme is used to ensuremomentum 
onservation.(vii) With these �eld values, parti
les are moved a

ording to the equations of motion.
mi,e

dvi,e

dt
= qi,eEi,e (3.1)

dri,e

dt
= vi,e; r = x, y, z (3.2)
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ode(viii) Boundary 
onditions are implemented. For absorbing boundaries parti
les areabsorbed or lost and for periodi
 boundaries parti
les leaving from one side areintrodu
ed from the opposite side.(ix) Collisions are implemented and the resultant plasma spe
ies (ele
trons, ions,neutrals) are updated.Collisions play a very important role in the formation and the sustaining of rfdis
harges. Details of how 
ollisions have been implemented in the 
ode are de-s
ribed in [148℄. In the present 
ode, following 
ollisions have been implemented.
• ele
tron-ele
tron Coulomb 
ollisions
• ele
tron-ion Coulomb 
ollisions
• ion-ion Coulomb 
ollisions
• ele
tron-neutral elasti
 
ollisions
• ion-neutral elasti
 
ollisions
• ele
tron-neutral ionization 
ollisions
• ele
tron-neutral, ele
tron-ion disso
iation 
ollisions
• disso
iation with ionization 
ollisions
• disso
iation with ele
tron-re
ombination 
ollisions
• 
harge-ex
hange 
ollisions
• ex
itation 
ollisionsCoulomb 
ollisions between 
harged parti
les are important for transport pro-
esses in plasmas. The ele
tron-ele
tron Coulomb 
ollisions play a key role inpopulating the high-energy tails of ele
tron distributions, pushing the distri-bution fun
tion towards Maxwellian. The high energy ele
trons, despite theirrelatively small number, strongly in�uen
e the properties of the whole system,be
ause only ele
trons from the high energy tail of the distribution 
an parti
i-pate in ele
tron-impa
t ionization 
ollisions with neutrals. In bounded plasmasthe �ux of very high energy ele
trons to the wall is responsible for 
ompensationof ion 
urrent and formation of a sheath potential stru
ture. Ion-neutral 
olli-sions in the bulk or the sheath determine the ion energy distributions (IEDs) andion angular distributions (IADs). In the 
odes used, a binary Coulomb 
ollisionmodel des
ribed in [146, 151℄ has been implemented.
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les 
an be updated or 
an be treated as a �xed ba
kground with
onstant density and temperature, as its density is mu
h higher than the densitiesof 
harged spe
ies.(xi) Steps (iii)-(ix) are repeated over pres
ribed timestep (∆t). Usually for a

ura
yof the di�eren
ing s
heme [144℄, we use ∆t = 0.2/ωpe. Due to higher masses ionequations are integrated over a bigger timestep than ∆t, usually a few tens biggertimestep.3.2 Limitations of PIC
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Figure 3.2: Intera
tion for
e from grid �eld between two 
harged parti
les in PIC model 
omparedto the "right" Coulomb �eld [152℄.The 
onventional PIC-MCC 
ode 
an des
ribe the details of rf plasmas in
ludingthe sheath in front of the ele
trodes. This 
ode has previously been extensively usedfor studying the formation of dust stru
tures in low temperature laboratory plasmas,where originally a 
onstant dust 
harge was pres
ribed [146℄. But, the PIC-MCC 
annot handle the 
harging dynami
s of a mi
ron-size dust. It is be
ause of the draw-
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odeba
k in a 
onventional PIC method that the spatial resolution is limited by the size ofthe grid whi
h is typi
ally of the order of the Debye length, whi
h is a fra
tion of amillimeter for rf plasmas. Whereas the size of the dust grains used in the laboratoryexperiments is mu
h smaller than this, i.e. in mi
rometer-nanometer range. As men-tioned in the previous se
tion, due to the CIC weighting method, the parti
les in the
onventional PIC algorithm whi
h are represented by 
harged 
louds of the grid size,
an penetrate ea
h other [146, 147, 152℄. This leads to high ina

ura
y for interparti
leintera
tion when the distan
e be
omes smaller than the 
ell size [152℄. Fig. 3.2 showsthe dependen
e of the interparti
le intera
tion for
e on the distan
e, where the distan
eis normalized to the 
ell size, as 
al
ulated with the PIC model. The intera
tion for
efrom the grid �eld strongly deviates from the Coulomb for
e for small distan
es andtends to go to zero as the inter-parti
le distan
e de
reases. Therefore, the PIC model,being able to resolve long-range intera
tion between the parti
les (of the order of theDebye length), misses the 
lose-range part for distan
es 
omparable with the radius ofthe dust grains.One approa
h to over
ome this is to use a PIC-MC parti
le 
ollision operator [153℄for des
ribing plasma spe
ies absorption at the dust with the 
ollision 
ross-se
tionobtained from analyti
 OML [3℄ theory. This model is su�
iently fast, but 
an failwhen plasma is strongly nonunifrom and/or non-Maxwellian. Another approa
h isto resolve or follow in an MD algorithm ion traje
tories around dust until they areabsorbed or s
attered [41, 42, 152, 154℄. The present simulations are based on thelatter approa
h.3.3 P 3M 
odeIn order to a

urately resolve 
lose-range intera
tions between dust grains and plasmaparti
les, the PIC model was 
ombined with a mole
ular dynami
 (MD) algorithm. Inthe resulting Parti
le-Parti
le Parti
le-Mesh (P 3M) model, the long-range intera
tionof the dust grains with 
harged parti
les of the ba
kground plasma is treated a

ordingto the PIC formalism. For parti
les whi
h are 
loser to the dust grain than a Debyelength their intera
tion for
e is 
omputed a

ording to a dire
t parti
le-parti
le MDs
heme using the exa
t ele
trostati
 potential. This is implemented in the followingway: in the 
omputational domain, the 
ell in whi
h the dust grain is lo
ated togetherwith the neighboring 
ells form the "MD" region as shown in Fig. 3.3. All parti
les
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ode 39outside the MD region are treated a

ording to the 
onventional PIC s
heme. Forplasma parti
les (ele
trons and ions) inside the MD region the ele
tri
 �eld is 
al
ulatedas: E = Egrid + Edust. For the 
al
ulation of the grid �eld Egrid, the 
harge densityas in the PIC part is used from whi
h the dust grain 
ontribution is subtra
ted. Thedust 
ontribution is a

ounted for by the exa
t Coulomb ele
tri
 �eld Edust 
al
ulatedpairwise between the dust and the plasma parti
les. In order to resolve the parti
lemotion on s
ales of the order of the dust grain size, parti
les in the MD region aremoved with a smaller time step (tMD). Usually tMD = ∆t(rd/∆x). Typi
al PIC timestep (∆t) is about 1.1×10−10 se
 and ∆x =200 µm. Hen
e for a 1 µm dust parti
le,
tMD is about 6× 10−13 se
. Plasma parti
les whi
h 
ross the 
omputational dust grainboundary are assumed to be absorbed. The dust grain 
harge is updated ea
h MD timestep. This approa
h allows to follow the 
harged parti
les traje
tories in the vi
inity ofthe dust grain and by this to in
lude �nite-size e�e
ts for dust grains, self-
onsistentlyresolving the dust grain 
harging due to the absorption of plasma ele
trons and ions.The P 3M 
ode is parallelized using the MPICH library. The 
omputational algorithmin the P 3M 
ode is shown in Fig. 3.4, where shaded boxes show the modi�
ations forstudying the dust 
harging with additional MD region.

λDe0

RMD

DUST

Figure 3.3: S
hemati
 diagram showing MD region around the dust grain.The additional 
omputation in P 3M 
ode in
ludes the following:
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Figure 3.4: Computational algorithm in a typi
al P 3M 
ode.
• Che
king for the existen
e of the dust parti
les. If parti
les exist, determine theMD region boundaries around the dust.
• Determine the MD sub
y
ling timestep depending on the ratio of dust size togrid width.
• Determine the dust density at grid lo
ations from the dust parti
le positions.
• Compute the grid �eld due to dust (Edust).
• For ea
h MD sub
y
le push the plasma spe
ies (ele
trons and ions) and 
he
kfor their absorption at dust or 
rossing the MD boundary. If plasma spe
iesare 
olliding with the numeri
al dust boundary 
ount them and update the dust
harge (see 
hapter 5).
• Compute the 
olle
tion ion drag for
e from ions 
olliding with the dust and orbitaldrag for
e from all other ions in the MD region (see 
hapter 6 for details).
• Output the dust parameters: dust 
harge, ion drag for
e, ele
tri
 �eld aroundthe dust to derive the dust �oating potential and potential distribution.
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• Any other diagnosti
s, su
h as test ion traje
tories.Till now, the basi
 elements in dusty plasmas and the P 3M 
ode have been intro-du
ed. In later 
hapters, the 
omputational results for 
harge and ion drag on singleand multiple dust parti
les lo
ated in rf dis
harges are presented. Before studying thedust 
harging, �rst the 
hara
teristi
s of the rf dis
harge whi
h govern dust 
hargingare studied and these properties are presented in the next 
hapter.
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Chapter 4Plasma dis
harge 
hara
teristi
sDis
harge properties, su
h as plasma spe
ies densities and velo
ity distributions, governthe 
harging pro
ess of the dust grain. The dust 
harge itself determines the dustpotential and �eld around the dust, whi
h again in�uen
es the shielding and ion dragfor
e. Therefore, the presen
e of dust will modify the lo
al dis
harge 
hara
teristi
s.Hen
e, it is ne
essary to study the dis
harge 
hara
teristi
s to gain an insight into the
harging pro
esses. The 
hara
teristi
s of rf dis
harges have been experimentally andtheoreti
ally studied by many resear
hers [32, 45, 46, 84, 148, 155℄. Here, we presentthe 
omputed rf dis
harge 
hara
teristi
s and re
apitulate the physi
s of them.4.1 Method of 
omputationWe have applied the P 3M model (only PIC-MCC modules are employed and su�
ient)to build-up the rf dis
harge plasma in argon, after equilibration of whi
h the dust grainsare immersed to study 
harging and drag for
es. The parameters of the simulationwere 
hosen to represent the 
onditions of the experiments with Yukawa balls (see Ref.[109℄). As ba
kground gas, argon with pressure p = 50 Pa and neutral gas temperatureT = 300 K was used.The 
omputational domain representing the rf dis
harges is shown in Fig. 4.1. Thedis
harge system dimensions are taken as 0.15 
m×2.4 
m×0.15 
m. The plasma vol-ume is divided into 8×128×8 
omputational 
ells (see Ref. [152℄ for sele
tion 
riteriafor 
ell-widths and time-step). The ele
trodes are aligned in the XZ-plane and theele
trode separation is 2.4 
m. The lower ele
trode at Y = 0 
m is grounded and theupper ele
trode at Y = 2.4 
m is powered with a sinusoidal voltage at frequen
y frf =
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Figure 4.1: S
hemati
 of 3D 
omputational grid for simulation of rf dis
harges.
13.56 MHz and amplitude Urf = 30 V or 50 V. At the ele
trodes absorbing wall bound-ary 
onditions for the parti
les are applied. At boundaries in the X and Z dire
tionsperiodi
 boundary 
onditions are used, both for parti
les and potential. The neutralargon was treated as a �xed ba
kground with 
onstant density and temperature, as itsdensity is mu
h higher than the densities of 
harged spe
ies. Only the 
harged parti
ledynami
s was followed. In the simulation, the plasma was sustained self-
onsistentlydue to ele
tron impa
t ionization of the neutral gas by the ele
trons a

elerated in theapplied rf voltage.In the present P 3M 
ode, a binary Coulomb 
ollision model des
ribed in [146, 151℄has been implemented. Coulomb 
ollisions between 
harged spe
ies, ele
tron-impa
tionization, e�
ient ex
itation, ele
tron-argon elasti
 
ollisions and momentum transfer
harge-ex
hange 
ollisions were taken into a

ount in the simulation. The 
ollisionsimplemented for 
urrent study are listed in Table 4.1.



4.2 Results 45Table 4.1: List of 
ollisions in
luded in the 
urrent simulationsCollision Referen
ee-e, e-ion, ion-ion Coulomb [156℄e-Ar Elasti
 Collision [157℄Ar+ - Ar Elasti
 Collisions [157℄Ionization : e + Ar → Ar+ + 2e [157℄Charge-ex
hange : Ar + Ar+ → Ar+ + Ar [157℄Ex
itation : e + Ar → Ar∗ + e [157℄4.2 ResultsHere, we present the 
hara
teristi
s of the rf dis
harges after equilibration.Potential and Density
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46 Plasma dis
harge 
hara
teristi
sFigure 4.2 shows the 
omputed ele
tron and ion densities in a rf dis
harge betweenthe ele
trodes on the 
entral axis, for a pressure of p = 50 Pa. The ion density equalsthe ele
tron density in the bulk satisfying quasi-neutrality and ex
eeds the ele
trondensity in the sheaths. After equilibration, the bulk plasma parameters are ne=1.22
× 109 
m−3 and Te = 5.5 eV respe
tively, yielding an e�e
tive ele
tron Debye-length
λd=550 µm. Similarly, the e�e
tive ion Debye-length is ≈ 37 µm (Ti/Te

∼= 0.0045),whi
h is one order smaller than the ele
tron Debye-length. Fig. 4.2 also shows the time-averaged plasma potential between ele
trodes. A steep potential drop o

urs near theele
trodes within os
illating positive spa
e-
harge layers (in rf sheaths). The ele
tri
�eld in the bulk plasma is negligible in 
omparison with the �eld in the sheaths. Thisstrong ele
tri
 �eld in the rf sheath regions is dire
ted toward the ele
trodes, preventingele
trons from leaving the plasma for most of the rf 
y
le. The ele
trons are able toes
ape to ele
trodes only during a short time, when the rf sheath 
ollapses. From thedeviation from quasineutrality, the sheath width 
an approximately be derived to beabout 0.5 
m. As ion plasma frequen
y is smaller than the rf frequen
y (due to highmass), ions are not able to rea
t to the fast 
hanging rf ele
tri
 �eld. Thus ions respondonly to the averaged ele
tri
 �eld. Thus, the �ux of energeti
 ions, a

elerated in thesheath ele
tri
 �eld to energies of about average sheath potential drop, 
onstantly �owsto the ele
trodes. The ele
trons respond to the instantaneous ele
tri
 �eld and os
illatebetween the ele
trodes in the stati
 ba
kground of the positive spa
e 
harge of the ions.In the sheath regions the positive spa
e 
harge of the ions during most of the rf periodremains un
ompensated be
ause the ele
trons rea
h the ele
trode only for a short time,during the 
ollapse of the sheath potential, to balan
e the ion 
urrent on the wall. The
hange of the net spa
e 
harge near the ele
trode during the rf 
y
le, resulting fromthe di�erent response of ions and ele
trons to the applied rf voltage, is responsible forthe dynami
s of the rf sheath ele
tri
 �eld.Ele
tron distributionsThe time-averaged ele
tron energy probability fun
tion [32℄ at the 
enter of the dis-
harge is shown in Fig. 4.3. It 
an be seen that the ele
tron distribution is non-Maxwellian, and rather Druyvesteyn-like [45, 46, 146℄ where a strong drop of high-energy ele
trons is observed. Similar ele
tron distributions were experimentally foundin low-pressure 
apa
itive rf dis
harges [45℄. Su
h ele
tron distribution in the dis
hargeindi
ates the Ohmi
 heating [45, 146℄ in a Ramsauer gas like argon. The mean free
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tionpath of ele
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ollisions is ∼ 0.08 
m, whi
h is mu
h smaller than thesystem length 2.4 
m and also smaller then the sheath width 0.5 
m. Thus, the Ohmi
heating in the sheath region, when the ele
trons are a

elerated in the strong ele
tri
�eld between su

essive elasti
 
ollisions with neutrals, is the me
hanism of ele
tronheating.The deviation of ele
tron distribution from the Maxwell distribution 
ould haveimportant 
onsequen
es on dust 
harging. Due to the absen
e of high energy ele
-trons 
ompared to Maxwellian distribution, the ele
tron �ux to the dust is small when
ompared to the Maxwellian distribution 
ase, whi
h 
an result in smaller dust 
hargenumbers and smaller �oating dust potentials. This issue will be addressed in detail in
hapter 5, where we 
ompare the 
omputed dust 
harges with the theoreti
al modelswhi
h use Maxwellian distribution for ele
trons.Ion distributionsFigure 4.4 shows the time-averaged Ion Velo
ity Distribution Fun
tion (IVDF) betweenthe ele
trodes at the 
enter of the dis
harge. In the bulk, the ions stay 
old where their
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Figure 4.4: Time-averaged ion velo
ity distribution fun
tion along the dis
harge axis Y.mean energy of random motion is 
lose to the thermal energy of the ba
kground gas.In the sheath regions low-energy ions from the bulk plasma are sharply a

elerated inthe strong ele
tri
 �eld toward the ele
trodes.Figure 4.5 shows the time-averaged ion velo
ity (normalized to lo
al sound speed)between the ele
trodes. It 
an be seen that ions are subsoni
 even in the sheath, ex
eptvery 
lose to the ele
trode. The approximate value of vi/cs near the sheath edge is0.12. Ions are not a

elerated to Bohm velo
ity near the plasma-sheath edge. This isdue to the 
ollisions in the system. The mean free path of ion-neutral 
harge-ex
hange
ollisions (λmfp) is only about 85 mi
ron, whi
h is less than the sheath width. Thus,this is a highly 
ollisional sheath.Now to summarize, the plasma dis
harge 
hara
teristi
s and various length s
alesare listed in the Table 4.2.Plasma spe
ies distributions at low pressuresThe rf dis
harge 
hara
teristi
s at very low pressures (a few Pa) di�er very mu
hfrom the above dis
ussed. We have done simulations to study ion energy distributions
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h number (vi/cs) along the dis
harge axis Y. Verti
al linesrepresent the y-
oordinates of the dust.(IEDs) at ele
trodes at pressures of 2-5 Pa in Ar/CH4 gaseous mixture (please referto the appendix for details). We also studied the e�e
t of ion extra
tion system onIEDs. Hen
e, for the sake of 
omparison we list the di�eren
es in the 
hara
teristi
sof rf dis
harges at high and low pressures.At low pressures of a few Pa,
• Predominant heating me
hanism is the Sto
hasti
 heating. In the EVDF,there exist two groups of ele
trons: Cold ele
trons in the 
enter of the dis
harge,and the tail of high-energy ele
trons os
illating between the ele
trodes. The ele
-trons from the low energy group are not energeti
 enough to over
ome the am-bipolar potential barrier and penetrate the sheath region. Thus they are lo
kedin the 
enter of the dis
harge. The energy of these ele
trons is far below theenergy threshold for the majority of inelasti
 
ollision pro
esses, thus they arenot parti
ipating in 
ollisions with neutrals, ex
ept for elasti
 s
attering. Even-tually, due to elasti
 
ollisions, these ele
trons di�use to the sheath region. Thisgroup of ele
trons is most likely populated by the low-energy se
ondary ele
trons,produ
ed in ele
tron- neutral ionization 
ollisions. Unlike the ele
trons from the



50 Plasma dis
harge 
hara
teristi
sTable 4.2: rf dis
harge 
hara
teristi
s and various length s
ales for p=50 Pa, Urf=50 V.Bulk ele
tron density 1.22 × 109 
m−3Bulk ele
tron temperature 5.5 eVBulk ion temperature 0.025 eVEle
tron Debye length 550 µmIon Debye length 37 µmSystem length along dis
harge 2.4 
mSheath width 0.5 
mmfp of CX 
ollision 85 µmmfp of ele
tron-neutral elasti
 
ollision 0.08 
mlow-temperature group, the ele
trons from the high-energy tail 
an easily over-
ome the ambipolar potential barrier and penetrate into the region of strongele
tri
 �eld in the sheath. These ele
trons os
illate between the rf sheaths, get-ting re�e
ted from them by the strong retarding ele
tri
 �eld. Although duringsingle re�e
tion from the sheath, an ele
tron 
an both gain and loose energy, de-pending on the phase of the rf �eld, but on average, ele
trons are a

elerated dueto sto
hastization of their motion, similar to the Fermi a

eleration me
hanism[32℄.
• The ele
tron distribution is biMaxwellian, i.e., it is a sum of two Maxwelliandistributions with di�erent temperatures. The low temperature part 
orrespondsto the stati
 group of 
old ele
trons in the bulk region, whereas the high- tem-perature 
omponent is 
ontributed by the energeti
 ele
trons, os
illating betweensheaths. [45, 158, 159℄.
• Ion energy distributions resemble the high pressure 
ase, i.e., in the bulk theions stay 
old and into the sheaths the ions are a

elerated upto average sheathpotential drop.4.3 Summaryrf dis
harges have been simulated using a three-dimensional PIC-MCC 
ode for thedis
harge 
onditions relevant to the dusty plasma experiments. After equilibration



4.3 Summary 51of the rf dis
harges, its 
hara
teristi
s, in
luding spe
ies density, potential, spe
iesdistribution fun
tions have been studied. From the mean free path analysis, the systemis 
ollisional, 
harge-ex
hange 
ollisions between ions and neutrals being dominant.Ele
tron and ion distributions are non-Maxwellian, ele
trons behave Druyvesteyn-likeand ions are subsoni
 even in the sheath due to 
harge ex
hange 
ollisions.After fully understanding the 
hara
teristi
s of the rf dis
harges, now the dust par-ti
les are lo
ated at various positions in the dis
harge to address the issues of 
hargingmentioned. The results will be presented in the next 
hapters.
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Chapter 5Charging of single dust parti
les
5.1 Introdu
tionThe dust grain attains a 
harge (positive or negative) due to various 
harging me
h-anisms [6℄, su
h as absorption of ele
trons, ions, se
ondary ele
tron emission, et
.Charging of a dust grain is determined by the ba
kground plasma properties, where
ollisions between various plasma spe
ies play an important role. The dust 
hargegoverns the ele
trostati
 potential around the dust and interdust grain intera
tion andhen
e the formation of dust stru
tures. Also the ion drag for
e - the for
e exerted ondust grain by traversing ions around the dust due to 
oulomb intera
tion - whi
h playsa 
ru
ial role in phenomena su
h as wake-�eld formation in rf sheaths [28℄ and dustvoid formation in mi
rogravity dusty plasma experiments [31℄, depends on the dustpotential and dust 
harge. So, in order to quantify these various properties for realisti
dis
harge 
onditions in rf dis
harges, dust 
harge and potential have to be determineda

urately. Sin
e in rf dis
harges the plasma bulk and sheath have di�erent proper-ties (e.g. streaming of ions), the dust 
harge and potential might vary for dust grainslo
ated at di�erent positions in rf dis
harge.The analyti
al theories of 
harging des
ribed in 
hapter 2 do not a

ount for stream-ing ions leading to di�
ulties in determining the 
harge of dust lo
ated in the sheath.Also, they assume Maxwellian distributions for the plasma spe
ies, whi
h is not shownto be true in the 
hapter 4 and also in [45, 46℄. Kineti
 simulations are suitable toolsfor 
harging studies for realisti
 experimental 
onditions. The present work is an ex-tension of work by K. Matyash [152, 160℄ to obtain more insight into 
ollisional e�e
tson the dust 
harging and shielding in rf dis
harges. In this work, we present the dust
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lesparameters 
omputed for a single stati
 spheri
al dust grain lo
ated at di�erent po-sitions in an rf dis
harge. We 
ompare the simulation results with existing 
hargingmodels. The dust potential distribution is 
ompared with the Debye-Hü
kel potential,as it is widely used in the dusty plasma 
ommunity.5.2 Method of 
omputationWe have applied the P 3M model to investigate the dust grain 
harging pro
ess in a
apa
itive rf dis
harge in argon. The parameters of the simulation were 
hosen torepresent the 
onditions of the experiments with Yukawa balls (see Ref. [109℄). Asba
kground gas, argon with pressure p = 50 Pa and neutral gas temperature T = 300K was used.
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Figure 5.1: S
hemati
 of 3D 
omputational grid for simulation of dust in rf dis
harges. The MDregion (
ube) of the 
entral dust parti
le is proje
ted onto the left wall.The 
omputational domain representing the rf dis
harges and dust lo
ations isshown in Fig. 5.1. The 
omputational domain and boundary 
onditions are similar to



5.3 Results 55the ones des
ribed in the previous 
hapter. Dust parti
les with radii Rd = 2.5, 5.0, 7.5and 10.0 µm were introdu
ed into the dis
harge with zero starting 
harge. The positionof the dust parti
les was �xed at three di�erent positions of y = 0.12, 0.49 and 1.08
m, whi
h 
orrespond to lo
ations in sheath, presheath and bulk regions respe
tively(in x,z the parti
les are 
entered in the simulation domain). The 
ell in whi
h the dustgrain is lo
ated together with the neighboring 
ells form the "MD" region, as shownin Fig. 5.1.Plasma parti
les whi
h 
ross the 
omputational dust grain boundary are assumed tobe absorbed. The absorbed plasma spe
ies are 
ounted to obtain the dust 
harge. Other
harging pro
esses, su
h as se
ondary ele
tron emission, or surfa
e photo emission, havenot been 
onsidered. In our model, the dust potential is 
omputed independent of thedust 
harge. It is derived from the 
omputed ele
tri
 �eld around the dust. From this�eld, the potential is derived by integration.5.3 ResultsHere, we present the simulation results for dust parameters (dust 
harge, potential andpotential distribution) 
omputed for stati
 spheri
al dust grains lo
ated at the threepositions in the rf dis
harge. The results will also be 
ompared with theoreti
al models.5.3.1 Dust potentialAfter the ba
kground plasma of equilibrated rf dis
harges has been 
hara
terized, wehave 
omputed the �oating potential on the dust parti
les of di�erent radii, lo
ated atdi�erent positions in the rf dis
harge plasma. Figure 5.2 shows the dust potential alongthe horizontal/verti
al (X/Y) axes for dust parti
les in the plasma bulk. It 
an be seenthat the �oating potential on the dust grain is about -2.98 V and radially symmetri
around the dust.Figure 5.3 shows the dust potential along the horizontal/verti
al axes for dust par-ti
les in the plasma sheath. In determining the dust potential pro�le in the sheath, onehas to a

ount for the strong 
hange of the plasma potential in the sheath. The poten-tial pro�le observed in the sheath along X is symmetri
, but is asymmetri
 around thedust along the Y-dire
tion (whi
h is along the ele
trode separation). This asymmetryis introdu
ed due to the streaming ions in the sheath. The dust potential pro�le willbe analyzed in more detail below.
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5.3 Results 575.3.2 Dust Potential vs. Dust size & lo
ation

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 4

 4.5

 0  2  4  6  8  10

-P
ot

en
tia

l (
V

ol
t)

Dust Size (µm)

Bulk

Presheath

Sheath

Figure 5.4: Dust potential as a fun
tion of dust sizeNow the dust potential is analyzed for dust of di�erent sizes (see Fig. 5.4). It 
anbe seen that the dust potential s
ales nearly linearly with dust size (Rd). As alreadymentioned, the dust potential is 
omputed by the integration of the dust �eld aroundit. From the 
ollisionless models like OML[3℄, one expe
ts that the dust potentialis independent of dust size. But for this 
ollision-dominated plasma, the ion 
urrent(Ii) to the dust grain in
reases (the issue of ion 
urrent will be dealt with in detailin the 
hapter 6), resulting in a size-dependen
e other than R2
d in OML [4, 39℄. This
ollisional ion 
urrent 
ontribution results in a dust-size dependen
e of the dust surfa
epotential. These results qualitatively agree with the simulation results of Zobnin et.al.[4, 39℄, where a dependen
e of dust potential on dust size has been demonstrated.There, an additional 
ollisional 
ontribution to the ion 
urrent onto the dust grainin a stationary plasma has been obtained by solving the kineti
 equation a

ountingfor 
harge-ex
hange ion-neutral 
ollisions. Zobnin et.al. derived ion 
urrent, surfa
epotential, et
., for intermediate 
ollisionality. For parti
les with rd/λs ≥ Ti/Te theabsolute value of the surfa
e potential in
reases with the parti
le size linearly. In
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lesour 
ase, for a 5 µm parti
le rd/λs ≈ 0.03, Ti/Te ≈ 0.0045 this 
ondition is ful�lled.Zobnin et.al. [4℄ also proposed analyti
al approximations for the ion 
urrents. Theseanalyti
al formulae show that the ion 
urrent is a 
omplex fun
tion of 
ollisionalityand parti
le size, resulting in a size-dependen
e of the surfa
e potential. In Fig. 5.5,dust surfa
e potential for various dust sizes obtained in the present simulations havebeen 
ompared with the values obtained from the analyti
al formulae given in [4℄,for the shielding lengths obtained in our simulations (see below). Both results showthe same tenden
y, but shifted by about 1 volt. This deviation 
an be attributed tothe use of a Maxwellian distribution for ele
trons in [4℄, whereas here the distributionis Druyvesteyn-like. The Maxwellian distribution 
ontains more high energy ele
tronpopulation (high energy tail) whi
h 
ontributes additional ele
tron �ux to the dustresulting in a more negative dust potential. Hen
e, dust potential values from Zobnin�t are smaller than the values obtained in our simulations.
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Figure 5.5: Dust size dependen
e of �oating potential (in plasma bulk) determined in our simulations,
ompared to the analyti
al �t given by Zobin et.al. [4℄



5.3 Results 595.3.3 ShieldingWe now dis
uss the dust potential distribution around the dust. The potential arounda 
harge or probe in a plasma is s
reened or shielded by the plasma parti
les. It isusually assumed that dust potential s
reening is a Debye-Hü
kel (or Yukawa) type.Here, the potential at a distan
e R from dust is therefore 
ompared to
φd(R) = Ud

rd

R
exp

(

−R − rd

λs

) (5.1)where Ud is the �oating potential on the dust. This is an important parameter, whi
hgoverns the parti
le intera
tions. The dust potential around the dust is plotted inunits of log (Udrd/R) versus (X − rd), as in these units the Yukawa potential is linear.From our kineti
 simulations thus the shielding length λs is retrieved. Here, only thehorizontal X-
oordinate is used for this study due to streaming of ions in Y-dire
tion.

 1

-1 -0.5  0  0.5  1

|U
|*

R
/R

d 
(V

ol
t)

(R-Rd)/λs

1

2

3

Sheath

1: 10 µm, λs=320 µm

2: 7.5 µm, λs=310 µm
3: 5 µm, λs=330 µm

Figure 5.6: Computed dust potential in the sheath 
ompared to the Debye-Hü
kel potential (dashedline) for various sizes of dust. The resulting s
reening lengths are also listed.In Fig. 5.6, the simulated dust potential distributions for various sizes of dust grainslo
ated in the sheath are 
ompared to the analyti
al Debye-Hü
kel potential. Thus, thedust potential from the P 3M 
ode behaves like a Debye-Hü
kel potential in a region
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lose to the dust parti
le up to a distan
e R = λs to R = 1.5λs. Due to �nite MD regionsize, dis
ussion of the long range behavior of the shielding is not possible. Shieldinglengths derived for all the 
ases are about 320 µm. Moreover, the shielding length isfound between the ele
tron and the ion Debye lengths. Hen
e, it 
an be 
on
ludedthat the e�e
tive shielding is done both by ele
trons and ions. Deviations of shieldinglengths from ion Debye length have already been dis
ussed in [4, 38, 161℄.
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Figure 5.7: Computed dust potential distributions for three dust lo
ations in the dis
harge 
omparedto the Debye-Hü
kel potential (dashed line). The resulting s
reening lengths are also listed.Figure 5.7 shows the simulated dust potential distributions for 5 µm dust grainslo
ated at the three positions in the dis
harge. In the bulk and the presheath, we �nda similar behavior: the potential is Debye-Hü
kel-like with s
reening lengths 200 and220 µm respe
tively. The s
reening lengths in the presheath and the sheath are largerthan the 
ell size and are reliable. The s
reening length in the bulk is 
omparable tothe 
ell size. However, these values are in agreement with the values of the shieldinglength whi
h are found to �t the 
harge and potential 
al
ulations in Se
. 5.3.4 verywell. From the bulk to the sheath the ion velo
ities in
rease and ion shielding be
omesin
reasingly ine�e
tive. Hen
e, the shielding length slightly in
reases from the bulk tothe sheath.



5.3 Results 61Physi
ally, the deviation of shielding length in the bulk from the ion Debye length
an be attributed to the ion-neutral 
ollisions in the vi
inity of absorbing dust grain[50℄. The work of Khrapak et al. [50℄ shows the e�e
t of ion-neutral 
ollisions onthe potential distribution. It has been shown that the e�e
t of 
ollisional �ux is toextend the potential distribution beyond the ion Debye length indi
ating an in
reasedshielding length.5.3.4 Charge evolution on dustWe have also 
omputed the 
harge on dust parti
les of di�erent radii, lo
ated at thethree positions in the rf dis
harge plasma by 
ounting the plasma parti
les arriving atthe numeri
al parti
le boundary.
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Time (µs)Figure 5.8: Temporal evolution of the dust 
harge for a 5 mi
ron parti
le in the bulk. The inletshows a magni�
ation of the �rst 1.5 µs of 
harging.In Fig. 5.8, we present the evolution of the ele
tri
 
harge of a dust grain witha radius of 5.0 µm lo
ated in the plasma bulk. A fast initial 
harging takes pla
edue to the 
olle
tion of ele
trons, while equilibration takes pla
e on the ion time s
ale(of the order of 0.5 µs in our 
ase)[146, 152℄. The equilibrium dust 
harge is subje
t
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lesto sto
hasti
 �u
tuations due to the dis
rete nature of 
harge 
arriers. Sto
hasti
�u
tuations have been studied by Cui et. al. [96℄, and it has been shown that theamplitude of the sto
hasti
 �u
tuations is approximately equal to 0.5√Zd, where Zd isthe equilibrium number of the 
harges. For the 5.0 µm dust parti
le 
ase presented here,
Qd=-10482e and so the amplitude of the �u
tuations should approximately be equal to51e. In the simulations, the amplitude of the sto
hasti
 �u
tuations is approximatelyequal to 825e. This deviation is due to the fa
t that in the simulation one 
omputationalparti
le represents 89 real ele
trons or ions.Dust Charge vs. Dust size & lo
ation
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Figure 5.9: Temporal dust 
harge evolution of a 5 mi
ron parti
le for di�erent lo
ationsFigure 5.9 shows the 
harge evolution for a 5.0 mi
ron dust parti
le lo
ated at thethree di�erent positions in the dis
harge. It 
an be seen that the 
harge is redu
ed inthe sheath 
ompared to the bulk or presheath value. The 
harge in the presheath isequal or slightly larger than the bulk value. This 
an be explained as follows: Chargingis due to ele
tron and ion 
urrents to the dust grain. The ele
tron or ion 
urrent is



5.3 Results 63proportional to the density (n), velo
ity (v) and 
olle
tion area (σd) of a dust grain.
Ie,i ∝ ne,i ve,i σde,i (5.2)
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Figure 5.10: Dis
harge parameters (ve, vi, neve, nivi, ele
tron to ion �ux ratio, potential) betweenele
trodes. All the parameters are s
aled to �t into the s
ale of �ux ratio.The variation of the dust 
harge for lo
ations from the bulk to the sheath in adis
harge 
an be explained by analyzing the ele
tron to ion �ux-ratio, individual spe
ies�ux pro�les and other dis
harge parameters along the dis
harge axis (see Fig. 5.10).The ele
tron (and ion) density de
reases from the bulk to the sheath (as shown inFig. 4.2), whereas the velo
ities in
rease. As the ions, due to high inertia, respondto the average ele
tri
 �eld, the ion velo
ity pro�le (vi) resembles the time-averagedpotential pro�le, i.e., the ion velo
ity monotoni
ally in
reases from the bulk to thesheath. Ele
trons respond to the instantaneous ele
tri
 �elds, but due to the strongele
tri
 �eld in the sheath dire
ted towards the ele
trodes prevents ele
trons fromleaving the plasma for most of the rf 
y
le. The ele
trons es
ape to ele
trodes during ashort time, when the rf sheath 
ollapses. Hen
e, the ele
tron velo
ity pro�le does notfollow the average potential drop. The ele
tron �ux (neve) in
reases nonlinearly from
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lesbulk to presheath and falls drasti
ally thereafter in the sheath. The ion �ux in
reasesalmost linearly from bulk to presheath and stays 
onstant beyond the presheath. It isdue to the absen
e of sour
es and sinks, like re
ombination, et
. Near the ele
trodes,the ele
tron and ion �uxes balan
e ea
h other, as shown by neve/nivi=1 in the ele
tronto ion �ux-ratio pro�le. Hen
e, in 
ase of dust grains lo
ated in the presheath andthe sheath, ion 
urrents at both lo
ations are almost equal, but the ele
tron 
urrentis smaller in the sheath, resulting in a redu
ed 
harge in the sheath. The 
hargingtime in
reases when dust is moved from the bulk towards the sheath, due to the samereason. In the presheath, the ele
tron density is 
omparable to the bulk value, butthe e�e
tive ele
tron �ux has a maximum there. From the �ux-ratio pro�le, neve/nivivalue at the presheath is greater than the value at the bulk. Hen
e, the 
harge numberin the presheath is equal to or slightly larger than the bulk value.
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Figure 5.11: Dust 
harge as a fun
tion of size for the di�erent lo
ations of the dust grainNow the dust 
harge as a fun
tion of size for di�erent positions in the plasma isstudied (Fig. 5.11). The 
harge number on the dust in
reases nonlinearly with the dustradius. This 
an be understood from the 
apa
itor model, where the 
harge is givenby Eq. 2.11. As rd ≪ λs for the present 
ase, Qd ∝ rd φd. In the previous se
tion, it



5.3 Results 65has been shown that the dust potential (φd) s
ales almost linearly with the dust size,resulting in a nonlinear dependen
e of 
harge on dust size.The dust 
harge from the simulations is in general reasonable agreement with ex-periments [109, 162℄. In experiments on Yukawa balls with parti
les of 1.7 µm radiusa 
harge of about 2000 is found [109℄, whereas the simulations yield 2800 
harges for aparti
le of 2.5 µm. From melting experiments [162℄, a 
harge of about 9000 is measuredfor a 4.7 µm radius parti
le. Here, the simulations suggest a value of about 10400 for5.0 µm size parti
le. Shielding lengths 
an also be derived by �tting the above fun
-tion with in
lusion of the shielding term (Eq. 2.11) to the Qd, φd data obtained in thesimulations. The shielding lengths derived from this method are about 192 µm, 200
µm, 310 µm respe
tively for dust grains lo
ated in bulk, presheath and sheath. Thesevalues are 
onsistent with the values obtained from potential distribution 
urves inSe
. 5.3.3. If the shielding length in the bulk were smaller than the 
omputed value, inthe 
apa
itor model the term 
ontaining the shielding length would also play a moredominant role and the size-dependen
e of dust 
harge would be even stronger thanthat already obtained.
5.3.5 Comparison with theoreti
al modelsNow we dis
uss the e�e
t of ion-neutral 
harge-ex
hange 
ollisions, whi
h are domi-nant in rf dis
harges in Argon. In order to do this, simulations have been performedswit
hing-o� 
harge-ex
hange and ex
itation 
ollisions. Also, the simulation results are
ompared with theoreti
al 
harging models of OML[3℄, ABR[1℄, Lampe et. al. [38℄ andKhrapak et. al. [2℄.Figure 5.12 shows the dis
harge parameters at the three dust lo
ations in the rfdis
harge obtained in simulations with and without ion-neutral 
ollisions. It 
an beseen that the main e�e
t of 
ollisions is to redu
e the net �ow velo
ity. The �owvelo
ity even in the sheath is subsoni
, if 
ollisions are 
onsidered as dis
ussed above.If 
ollisions are not in
luded, the �ow velo
ity is supersoni
, as 
an be expe
ted by theBohm 
riterion.
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5.3 Results 67Figure 5.13 shows the dust �oating potential values obtained without ion-neutral
harge ex
hange 
ollisions and ex
itation 
ollisions. Also, the dust quantities 
omputedfrom theoreti
al models (OML, ABR, Lampe, Khrapak) are presented. ABR modelpredi
ts a single value for the dust potential for a given dust size and Debye-lengthratio, irrespe
tive of 
ollisionality. Lampe and Khrapak models do not a

ount forstreaming 
onditions and are given for the bulk only here. The dust potential predi
tedby these models has been used to obtain the dust 
harge from the 
apa
itan
e model.In 
ase when 
ollisions are not 
onsidered, the dust quantities obtained in simulationsare 
omparable to OML, ex
ept in the presheath region. The dust quantities fromsimulations are larger than ABR and slightly lower than the values obtained fromLampe and Khrapak models. This means that when the 
ollisions are not e�e
tive,the ions retain their orbital traje
tories and hen
e the OML is a good approximation.
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Figure 5.14: Comparison of dust �oating potential with theoreti
al models for a 5 µm parti
le in
ase ion-neutral 
ollisions are 
onsideredFigure 5.14 shows the dust �oating potential values obtained with ion-neutral 
hargeex
hange 
ollisions and ex
itation 
ollisions. In 
ase when 
ollisions are e�e
tive, the
omputed dust quantities are 
onsiderably lower than the 
al
ulated values from theOML model, but 
omparable to values obtained from the ABR model. The reasonis the following: the role of 
ollisions is to result in lower velo
ity ions. These low
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lesvelo
ity ions get attra
ted by the dust strongly obtaining radial motion with respe
tto the dust 
enter. Hen
e, numerous 
ollisions destroy the orbital motion of the ions.The dust 
harge obtained from simulations is slightly higher than ABR value, be
auseof non-Maxwellian distribution.Lampe [38℄ and Khrapak [2℄ models 
al
ulate the dust parameters as a fun
tion of
ollisionality index [38℄, whi
h is equal to λs/λmfp, where λs is the shielding length and
λmfp is the mfp for ion-neutral 
harge-ex
hange 
ollisions. For our dis
harge param-eters, λDe/λmfp ≈ 6.5 and λDi/λmfp ≈ 0.43. Khrapak [2℄ used the ion Debye lengthas the shielding length. Lampe [38℄ used the e�e
tive s
reening length from both theele
trons and ions, (λ−2

De + λ−2

Di

)

−1/2(whi
h is again equal to the ion Debye length forour parameters), as the shielding length. But, our simulation results presented in theprevious se
tion show that in the plasma bulk the shielding length is in between ele
-tron and ion Debye lengths. As the Lampe model predi
ts the dust quantities onlyup to a 
ollisionality index 0.5, we only 
onsider the ion Debye length for 
al
ulations.From Fig. 5.14, it 
an be seen that the dust quantities obtained from the Lampe modelare larger than the values obtained in simulations. We 
ompute also the dust quan-tities for the Khrapak model, 
onsidering only the shielding length obtained in oursimulations. Dust parameters obtained from the Khrapak model are slightly smallerthan the simulation results.5.4 SummaryThree-dimensional simulations have been 
arried out using a Parti
le-Parti
le-Parti
le-Mesh 
ode to 
ompute the dust 
harge and potential on a dust parti
le lo
ated atvarious positions in an Argon rf dis
harge. These simulations are very �rst of their kind,whi
h a

ount for realisti
 plasma ba
kground existing in experimental rf dis
harges.Dust 
harge and the potential on the dust lo
ated in the presheath are slightly largerthan the 
harge and potential values in the bulk due to the higher ele
tron �ux in thepresheath. From the presheath to the sheath, the dust parameter values de
rease dueto the de
rease in the �uxes. It has been found that in plasma bulk and presheathregions the shielding lengths are in between ion and ele
tron Debye lengths, indi
atingshielding by both ions and ele
trons. A linear dependen
e of dust potential on dustsize has been found, whi
h results in nonlinear dependen
e of the dust 
harge with thedust size. This is in agreement with the independent diagnosti
s of the dust 
harge



5.4 Summary 69by 
harge 
arrier 
olle
tion. The 
omputed dust potentials have been 
ompared to theOML and ABR models as well as models of Lampe and Khrapak. The simulated dust�oating potentials are 
omparable to values obtained from ABR and Khrapak models,but mu
h smaller than the values obtained from the OML model.
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Chapter 6
Ion Drag on single dust parti
les
6.1 Introdu
tionThe ion drag for
e is the for
e exerted on a dust grain immersed in a plasma, due tothe intera
tion between the dust grain and streaming plasma ions. It is one of thedominant for
es a
ting on a dust grain [6℄ in laboratory rf dis
harges. Re
ently, thefor
e has re
eived great attention for its 
ru
ial role in phenomena su
h as the voidformation in mi
rogravity dusty plasma experiments [29�31℄. The ion-dust intera
tionis also of importan
e for the formation of wake-�elds in rf sheaths [27℄. In this 
hapter,simulations have been performed to quantitatively determine the ion drag for
e underrealisti
 dis
harge 
onditions.
6.2 Method of 
omputationThe parameters of the simulation, dis
harge 
onditions and 
omputational s
heme issimilar to the one explained in previous 
hapters. Ion drag is 
omputed in the followingway for dust parti
les with radii Rd = 2.5, 5.0, 7.5 and 10.0 µm introdu
ed at di�erentlo
ations into the dis
harge. The 
olle
tion part of the ion drag for
e (Fcoll) is 
omputedby summation of momenta transferred by all ions whi
h 
ross the 
omputational dustgrain boundary during the averaging time tav as,

Fcoll =

∑

ions mivi

tav

, (6.1)



72 Ion Drag on single dust parti
leswhere mi is the mass of the Ar+ ion and vi is its velo
ity at the time of 
ollision withthe dust grain. Fcoll is also 
orre
ted to a

ount for the drag 
ontribution due to iontraje
tories prior to absorption. The orbital ion drag for
e (Forb) is 
omputed as thesum of the momenta transferred by all other ions in MD region, whi
h are s
atteredin the dust �eld and do not 
ross the 
omputational dust grain boundary, during theaveraging time from:
Forb = −qi

∑

ions Ei

tav/∆tMD
, (6.2)where qi is the ion 
harge, Ei is the dust ele
tri
 �eld at the ion lo
ation and ∆tMD isthe sub
y
le time step inside the MD region. Ei is 
omputed as Ei = Qd/4πǫ0R

2, asin the MD region parti
le-parti
le s
heme of intera
tion between the dust and plasmaspe
ies is employed. R is the distan
e between the ion and the dust grain. The typi
alaveraging times (tav) are about 500-1000 rf 
y
les. This division of for
es is similar tothat in the analyti
al models [47℄.6.3 ResultsHere, we present the simulation results for the ion drag for
e 
omputed on a stati
spheri
al dust grain lo
ated at various positions in the rf dis
harge. The results willalso be 
ompared to analyti
al �ts or theoreti
al models from the literature.6.3.1 E�e
t of 
ollisions on ion traje
tories and ion �uxTo understand the various 
ontributions (
olle
tion or orbital) to the drag for
e it isne
essary to study the e�e
t of the dust ele
tri
 �eld on the ions. In order to illustratethe e�e
t of 
ollisions on ion traje
tories in our simulations, some ions are randomlypi
ked, marked and followed after the dust 
harge has rea
hed its equilibrium value.The traje
tories of these ions have been followed in
luding 
ollisions of these ions withother plasma spe
ies. For 
omparison, the same ions have been followed from theirstarting point in the dust potential arti�
ially assuming no further 
ollisions.Figure 6.1 shows the arti�
ially 
ollisionless ion traje
tories around 5 µm dust grainslo
ated in the plasma bulk and the presheath respe
tively. It 
an be seen that thereare three 
lasses of ions: 1) dire
t ions, whi
h are a

elerated in the dust ele
tri
 �eldand dire
tly hit the dust grain; 2) s
attered ions, whi
h are de�e
ted in the dust �eld;and 3) trapped ions, whi
h are 
on�ned to the dust potential and permanently orbit
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CenterFigure 6.1: Arti�
ial 
ollisionless ion traje
tories around the dust for dust lo
ations in (a) the bulk(b) the presheath.around the dust. Trapped ions have been found only around dust parti
les in the bulk,but not for dust parti
les in the presheath or sheath. It is due to the a

eleration ofthe ions in the (pre)sheath ele
tri
 �eld. If any ion gets s
attered by more than 90o(e.g., traje
tory marked # in Fig. 6.1(b)), before these ions 
ompletely en
ir
le thedust grain, the strong ele
tri
 �eld distort these ion traje
tories and a

elerate them
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lestowards the walls. In our simulation, the dire
t ions would 
ontribute to the 
olle
tiondrag for
e. The s
attered and the trapped ions would 
ontribute to the orbital dragfor
e (although on average the 
ontribution of the trapped ions would vanish).
Bulk Bulk

Presheath Sheath

(a) (b)

(c) (d)

X

Y

Figure 6.2: Ion traje
tories around the dust lo
ated in the bulk and the presheath with 
ollisions.Note that the three-dimensional traje
tories have been proje
ted onto the XY-plane. Dashed linesrepresent the arti�
ial 
ollisionless ion traje
tories and the solid lines show the realisti
 
ollisional iontraje
tories.Now, we 
onsider realisti
 ion traje
tories with 
ollisions. Fig. 6.2 shows examples ofion traje
tories around the dust grains lo
ated at the three lo
ations in bulk, presheathand sheath. Ion-neutral 
harge-ex
hange 
ollisions are the dominant 
ollisions a�e
tingthe ion traje
tories. It 
an be seen that there is more than one su
h 
ollision (i.e., morethan one abrupt 
hange in the dire
tion of motion) for some ions investigated indi
atingthe strong 
ollisionality regime. The e�e
t of these 
ollisions is to result in ions withlower velo
ity whi
h either fall onto the dust grain or be
ome trapped and orbit thedust grain. After subsequent 
ollisions, even these trapped ions fall onto the dust grain.Fig. 6.2(a)-(b) show the 
ollisionless and 
ollisional traje
tories to the dust grain in thebulk. Due to subsequent 
ollisions, all sorts of ions (dire
t, s
attered and trapped)fall onto the grain. In the presheath and the sheath also 
ollisions result low energyions whi
h fall onto the dust grain (see Fig. 6.2(
)-(d)). Hen
e, the main e�e
t of
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ollisions is to in
rease the ion �ux to the dust grain (see also [4, 39, 44℄). This result
an further be supported by using the values of dimensionless 
ollisionality parameter(νrd/cs) used in [44℄, where ν is the mean free path of CX 
ollisions and cs is the soundspeed. There, it has been shown (see Fig. 6.3) that the ion �ux to the dust in
reasesfrom OML value to a maximum value as the 
ollisionality parameter in
reases from0.0 to about 0.1, and then de
reases (to hydrodynami
 limit) with a further in
reasein the 
ollisionality parameter. For our rf dis
harge, the values of this parameter atthe three lo
ations of the dust are 0.0022, 0.0062 and 0.017 respe
tively. Hen
e, this
orresponds to a regime of �ux enhan
ement with 
ollisionality.

Figure 6.3: Ion 
olle
tion �ux to a �oating sphere in Ar+ plasma as a fun
tion of 
harge-ex
hange
ollision frequen
y (extra
ted from [44℄).6.3.2 Drag evolutionFigure 6.4 shows the temporal evolution of the ion drag for
e on a dust grain with aradius of 5.0 µm lo
ated in the presheath together with the dust 
harge evolution. The
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Figure 6.4: Temporal evolution of 
harge and drag for
es on a 5µ dust lo
ated in the presheath.drag evolution generally follows the 
harge evolution. As the ele
tron and ion �uxesequilibrate, the 
harge on the dust rea
hes an equilibrium value and the dust potentialalso equilibrates to �oating potential. Then, the drag for
e (
olle
tion and orbital)also equilibrates. The sto
hasti
 �u
tuations in the drag for
e is due to the sto
hasti
nature of the 
ollision pro
esses.6.3.3 Ben
hmarking with 
ollisionless modelsIn order to validate the ion drag 
omputing module in the P 3M 
ode, the 
omputedion drag for
e has been 
ompared to the ion drag values obtained from 
ollisionlessmodels [43℄. The reason for this 
hoi
e is that for the 
ollisionless 
ase, sophisti
atedquantitative results and 
orresponding �t formulae are available to exa
tly 
omparewith our simulations.In order to mimi
 a situation 
lose to that in [43℄, we have performed simulations in amodi�ed s
enario. The dis
harge voltage has been turned o�, only Coulomb 
ollisionsbetween the plasma spe
ies and ele
tron-ion elasti
 
ollisions have been 
onsidered,i.e. all inelasti
 
ollisions have been turned o�. Ionization is provided by insertingplasma spe
ies in the 
enter of the dis
harge. The sour
e (i.e., number of plasma
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les introdu
ed and frequen
y of insertion) and the Coulomb 
ollision frequen
yhas been tuned until plasma 
hara
teristi
s very 
lose to those used in [43℄ have beenobtained. Fig. 6.5 shows the ele
tron energy probability fun
tion (EEPF) and ionvelo
ity distribution fun
tion (IVDF) obtained at a lo
ation far from sour
e and sheathboundary where the dust has been lo
ated. It 
an be seen that the plasma spe
iesfollows a quite ni
ely a Maxwell distribution over many orders of magnitude as requiredfor a quantitative 
omparison with [43℄. The ion drag for
e 
omputed for two di�erent�ow velo
ities from su
h a simulation is presented in Table 6.1 in 
omparison with theresults obtained from the analyti
al �t from [43℄.
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ation in a rf dis
harge with sour
e at the 
enter of thedis
harge.The values of ni, vti, vf , Ti, Te, whi
h are ne
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e from theanalyti
al model are used from the 
omputational 
ell upstream just outside the MDregion. The dust �oating potential (φp) obtained from the simulations has been used.The 
omputed results agree very well with the values obtained from the analyti
alformulae. Within the errors of our simulation (statisti
al noise) there is nearly perfe
tagreement. This validates our ion drag 
omputing module.
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lesTable 6.1: Ben
hmarking our 
ollisionless simulation with analyti
al formulae of a 
ollisionless model[43℄
Vflow Fcoll (×104eV/
m) Forb (×104eV/
m)Simulation Analyti
al Simulation Analyti
al0.4Cs 0.2782 ± 0.082 0.292 3.982 ± 0.32 4.122.0Cs 1.5844 ± 0.494 1.326 3.116 ± 0.18 3.09MD region size & Upper integral 
ut-o�
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Figure 6.6: Orbital ion drag for
e as a fun
tion of the MD region size.Here, we show that the size of the MD region in our simulations is suitable for theion drag for
e 
omputations. The MD region used should be large enough to a

ountfor the majority of small angle 
ollisions whi
h might o

ur even very far from thedust. Also, for the 
ollisional plasma ba
kground, 
ollisions o

urring very far fromthe dust (even larger than the shielding length) may also 
ontribute to the drag for
e.Using kineti
 simulations with di�erent MD region sizes, the optimal size for drag for
e
omputations 
an be derived. For our 
ollisional plasma ba
kground, the shielding



6.3 Results 79lengths (λs) around the dust are between the ele
tron and the ion Debye lengths [163℄(see 
hapter 5). Hen
e, we have performed simulations by varying the MD region sizefrom the smallest possible size (RMD=0.55 λDe) to sizes larger than one ele
tron Debyelength. From the 
omputational point of view, a trade-o� between most a

urate for
e
al
ulations with large MD sizes and the 
omputational 
osts favoring small MD sizeshas to be obtained.Fig. 6.6 shows only the orbital drag for
e as a fun
tion of MD size. The 
olle
tiondrag for
e is not a�e
ted by the MD size and hen
e is not presented here. The simu-lation results suggest that MD regions equal to about half the ele
tron Debye length(about 275 µm) are su�
ient to obtain the drag for
e in the presheath and the sheath.This value of the MD size is of the order of the dust shielding length (λs). For theplasma bulk, MD regions of about one ele
tron Debye length are ne
essary for the typeof distribution fun
tions exhibited by plasma spe
ies in the present rf dis
harges. Thisvalue is de
isively larger than the 
omputed dust shielding length (about 220 µm) inthe bulk. This is sin
e there the ions have subthermal �ow speeds and are stronglya�e
ted by the dust potential even outside the dust shielding length.The above 
omputed MD region sizes 
an be qualitatively supported by looking atthe averaged ion velo
ities around the dust at the di�erent lo
ations. Fig. 6.7 shows theion density and velo
ity ve
tors around the dust grains lo
ated in the bulk, presheathand sheath respe
tively. In these plots, the distan
es are expressed in terms of the
omputed shielding lengths [163℄ at the respe
tive lo
ations. In the plasma bulk, ionsat distan
es larger than the shielding length are being attra
ted by the dust grainsupporting the above reported value in the bulk. Also, one 
an see that due to the lowvelo
ity of the ions, the ions have preferably a radial motion.For dust grains lo
ated in the presheath ions at distan
es larger than the respe
tiveshielding length get only slightly s
attered in the Coulomb �eld of the dust grain(Fig. 6.7(b)). This supports the derived MD region size reported above. For dustgrains in the sheath, only ions very 
lose to the grain at distan
es less than abouthalf the shielding length are s
attered in the dust �eld (Fig. 6.7(
)). Also, from theion density plots around dust grains in the presheath and the sheath, one 
an see afo
using e�e
t of �owing ions downstream under the dust grains, indi
ating wake�eldformation.It should be noted that the MD region size in our simulations represents the upper
ut-o� in the analyti
al theories [47, 128℄. For �nite sized dust parti
les, ions withimpa
t (or 
ollision) parameter (b) less than 
olle
tion impa
t parameter (bc) are 
on-
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Figure 6.7: Ion density (
olor-
oded) and velo
ities along xy-plane around the dust grain lo
ated inthe (a) bulk (b) presheath and (
) sheath.sidered to be absorbed by the grain and 
ontribute to 
olle
tion drag for
e. Ions withimpa
t parameter b > bc are s
attered and 
ontribute to the orbital drag for
e. Foranalyti
ally 
omputing the orbital drag for
e with the long-range ele
trostati
 poten-tial of a dust grain, an upper limit is imposed upto whi
h 
ollisions are 
onsidered,whi
h is 
alled upper 
ut-o� (bu). How to determine bu has been a point of dis
ussion,even for 
ollisionless plasmas for some time. In early investigations [99℄, the ele
tronDebye length has been proposed as the upper 
ut-o�. Now, it is generally proposed[43, 47�49℄ to use a linearized shielding length for a non-�owing plasma and to use



6.3 Results 81�ow-
orre
ted ele
tron Debye length for a streaming plasma. This is supported by our
al
ulations.Ion 
urrents to dust
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Figure 6.8: Ion 
urrent to di�erent sizes of dust grains lo
ated at the three positions in the rfdis
harge. The inset shows the magni�ed ion 
urrents to the dust in the sheath.Figure 6.8 shows the total ion 
urrents to dust grains of di�erent size lo
ated atthe three di�erent lo
ations in the rf dis
harge. The ion 
urrent de
reases from thebulk to the sheath. These trends 
an qualitatively be explained using the �ux (nivi)and 
olle
tion 
ross se
tion values at the dust lo
ations. Fig. 6.9 shows the nivi pro�lebetween the ele
trodes in the 
enter of the dis
harge for 50 Pa and 100 Pa gas pressures.The �ux pro�le also approximately represents the �ux through the Debye sphere aroundthe grain, as the MD region size is of the order of a Debye length. Table 6.2 liststhe impa
t parameter for ion 
olle
tion bc(= rd (1 − 2eφp/miv
2
i )

1/2), the 90o Coulomb
ollision parameter b90, the Coulomb logarithm lnΛ and the orbital 
ross se
tion σorb (=4πb2
90lnΛ) using the equations (2.29)- (2.35). The ion 
olle
tion 
ross se
tion (σc = πb2

c)redu
es from bulk to sheath. It is due to two fa
tors: the dust potential redu
es from
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lesbulk to the sheath; and the ion velo
ity in
reases from bulk to the sheath. Similarly
b90 also redu
es from bulk to sheath for the same reasons. The Coulomb logarithm(lnΛ) in Eq. (2.32), slightly in
reases from the bulk to the sheath due to in
rease in theshielding length from the bulk to the sheath. In e�e
t, the orbital momentum 
rossse
tion (σorb) redu
es from the bulk to the sheath.
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Figure 6.9: nivi pro�le between ele
trodes for gas pressures 50Pa & 100PaTable 6.2: Computed impa
t parameter and 
ross se
tion values at the three lo
ations for a 5 µmparti
le. Variable Sheath Presheath Bulk
bc(µm) 17.9 66.1 192.
b90(µm) 29.8 123. 315.
lnΛ 1.88 0.98 0.68
σorb/4π(×103µm2) 1.67 14.8 67.4The ion 
urrent is proportional to the produ
t niviσc. The �ux at presheath islarger than the value at bulk, but the impa
t parameter bc value is smaller. E�e
tively



6.3 Results 83the 
urrent to the parti
le at the bulk lo
ation is larger than at the presheath. The �uxvalues at the presheath and the sheath lo
ations are equal, but the impa
t parameter bcvalue is even smaller at the sheath when 
ompared to the presheath value, resulting ineven smaller 
urrents to the dust lo
ated in the sheath than to the dust lo
ated in thepresheath. The size-dependen
e of the ion 
urrent is non-linear, as expe
ted be
ausethe �ux to the grain should be proportional to the surfa
e area of the grain.Drag vs. dust positionThe di�eren
e of the present problem from the 
ollisionless model is due to two fa
tors:non-Maxwellian distributions of the plasma spe
ies and the ion-neutral 
harge-ex
hange
ollisions. We now 
ompare the 
omputed results for the drag for
e with the 
ollisionlessmodels [43℄ and study the e�e
t of 
ollisions on the drag for
e.
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Figure 6.10: Comparison of 
omputed ion drag for
e with analyti
al �ts.Figure 6.10 shows the 
omputed 
olle
tion and orbital drag for
es for di�erentlo
ations of dust in the rf dis
harge with ion-neutral 
ollisions. The 
olle
tion drag for
eredu
es from the bulk to the sheath. This 
an be explained as follows: The 
olle
tionfor
e is proportional to the produ
t of ion 
olle
tion 
urrent and average momentum.In the previous se
tion, we already have dis
ussed the variation of 
olle
tion 
urrent as
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lesa fun
tion of dust position, in terms of �uxes and 
olle
tion 
ross se
tions. Hen
e, it isqualitatively reasonable to explain the drag for
e in terms of viIc. The e�e
t of 
ollisionsis to repla
e the high energy ion with a low energy ion at nearly neutral temperatures.As our plasma ba
kground is highly 
ollisional, most of the ions 
olle
ted by dust grainwill have low and almost equal momenta for all lo
ations of the dust. Hen
e, in theabove produ
t, Ic only governs the variation of the drag for
e. As already dis
ussed
Ic de
reases from bulk to the sheath, the 
olle
tion drag for
e behaves similarly. Theorbital drag for
e also redu
es from bulk to the sheath. The reason 
an again beattributed to the redu
tion in orbital 
urrent: Though the ion �ux in
reases from bulkto presheath and stays 
onstant in the sheath, the orbital momentum 
ross se
tion(σorb) redu
es by a few orders of magnitude from bulk to the sheath, resulting insmaller orbital 
urrent.In Fig. 6.10, the 
olle
tion and orbital drag for
es obtained from the analyti
al �tsin [43℄ are also shown. The (total) 
ollisional drag for
e 
an be larger or smaller thanthe 
ollisionless drag for
e, as it is the result of an interplay between two 
ountera
tingfa
tors [44℄. Collisions in
rease the ion �ux to and towards the dust grain, the fa
torwhi
h in
reases the drag for
e. The in
reased ion �ux redu
es the 
harge (and potential)on the dust, whi
h 
ontributes to a redu
tion in the drag for
e. Hen
e, the normalizedparti
le potential χ in eq. (2.29), in
reases or de
reases depending on the relativevariations in the ion momentum and dust potential due to 
ollisions. As a result
olle
tion and orbital momentum 
ross se
tions enhan
e or de
rease. The analyti
alvalues for the drag for
e in Fig. 6.10 have been obtained from Eqs.(2.29-2.35) usingthe plasma variables just outside the MD region, but with �oating dust potentialsobtained from simulations with 
ollisions. The orbital drag for
e is larger than the
olle
tion drag for
e for both the 
ases. The simulated drag for
es, in general, arelarger than the values from analyti
al formulae for a 
ollisionless 
ase. This is thee�e
t of in
reased �ux towards the dust grain due to 
ollisional plasma ba
kground. Inthe sheath the 
omputed orbital drag for
e is smaller than the analyti
al value due tohigher momentum of ions in the 
ollisionless 
ase. The total drag for
e is larger thanthe total drag for
e for 
ollisionless 
ase in the bulk and the presheath.6.3.4 Drag vs. dust size & positionNow, we dis
uss the e�e
t of dust grain size and its lo
ation in the rf dis
harge on thedrag for
es.
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Figure 6.11: E�e
t of dust size and lo
ation on the 
olle
tion drag for
e. Open 
ir
les are 
al
ulatedusing Zobnin's 
harging model.Figure 6.11 shows the 
omputed 
olle
tion drag for
e for di�erent sizes of dustlo
ated at the three positions in the rf dis
harge. The size-dependen
e of the dragfor
e is non-linear. Also, it 
an be seen that the size-dependen
e of the 
olle
tion dragfor
e almost resembles the size-dependen
e of the ion 
urrent to the dust grains at therespe
tive lo
ations as shown in Fig. 6.8. It is due to the fa
t that the 
olle
tion 
urrentis the dominating fa
tor for the drag for
e as dis
ussed above. In the previous 
hapter,we have shown that the size dependen
e of the dust �oating potential agrees reasonablywith the model proposed by Zobnin et al. [4℄. This model 
omputes the ion 
urrentto the dust grain with additional 
ollisional ion 
urrent along with the orbital motionlimited (OML) 
urrent. Hen
e, we used this model to 
al
ulate analyti
ally the size-dependen
e of the drag for
e. Here, the drag for
e is obtained by multiplying the ion
urrent from Zobnin's model with the 
orresponding momentum from the simulation.In Fig. 6.11 the so obtained for
e values are also shown. The so 
omputed ion dragfor
e agrees well with the simulation.Figure 6.12 shows the dust size dependen
e of the orbital drag for
e for dust grainslo
ated at the three di�erent lo
ations in the dis
harge. The dust lo
ation dependen
eof the orbital for
e is already dis
ussed. The orbital drag for
e in the sheath is smaller
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Figure 6.12: E�e
t of dust size and lo
ation on Orbital drag for
e.than the bulk value be
ause of the redu
tion in the orbital momentum transfer 
rossse
tion (σorb) by several orders of magnitude. The orbital drag for
e s
ales nonlinearlywith the dust size. Khrapak et al. [126, 135�137℄ 
omputed drag for
es for a highly
ollisional (hydrodynami
) ba
kground and Hut
hinson et al. [127℄ reported drag for
esfor a spe
i�
 ion drift velo
ity. Hen
e, a 
omparison for the 
omputed orbital drag for
esis not feasible, though the tests of MD size su�
ien
y dis
ussed above validates theresults for the 
omputed orbital drag for
e.6.3.5 Drag vs. dis
harge pressureAs the neutral gas pressure is varied the 
ollision frequen
y 
hanges and hen
e theba
kground plasma 
hara
teristi
s (spe
ies density, velo
ities, et
.) vary. This 
anresult in a variation of the ion drag for
e around the dust grain. We studied the depen-den
e of the 
olle
tion and orbital drag for
es for s
enarios de�ned by the experiment,namely a pressure between 50 to 100 Pa.Figure 6.13 shows the results for 5 µm dust grains lo
ated at three di�erent lo-
ations. All variations of drag for
es are small and within the statisti
al error bars.These results agree with the results of [127℄, where it has been shown that the two drag
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Figure 6.13: E�e
t of dis
harge pressure on 
olle
tion and orbital part of the drag for
e for a 5 µmdust grain
ontributions are very slowly varying fun
tions of the 
ollisionality parameter for ourexperimental 
onditions.6.4 SummaryThree-dimensional simulations have been 
arried out using a Parti
le-Parti
le-Parti
le-Mesh 
ode to 
ompute the ion drag for
e on dust parti
les lo
ated at various positionsin an argon rf dis
harge. All the other existing models of ion drag for
e are in
ompletein treating exa
t plasma ba
kground. Here, for the �rst time for
es for the realisti
experimental 
onditions have been 
al
ulated. The ion drag for
e results have beenben
hmarked with previously published 
ollisionless drag for
e 
al
ulations. The or-bital drag for
e is typi
ally larger than the 
olle
tion drag for
e. The total drag for
efor the 
ollisional 
ase is larger than the 
ollisionless 
ase due to in
rease in the ion�ux to the grain and the drag s
ales nonlinearly with the dust size.Now, the above 
harging study is extended for multiple dust parti
le system andthe results will be presented in the next 
hapter.
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Chapter 7Charging of multiple dust parti
les
7.1 Introdu
tionIn the previous 
hapters, we have used a P 3M 
ode to 
ompute dust 
harge, �oatingpotential and ion drag for
e on a single stati
 spheri
al dust grain immersed in rf dis-
harges. In reality however, the laboratory experiments (e.g. Yukawa ball experiments)involve multiple dust parti
les. The presen
e of neighboring dust parti
les might in-�uen
e the 
harging dynami
s and ion drag for
e on the dust grains. There 
an be
ompetition for 
harges and a redu
ed 
harge number on the grains. Espe
ially, in the�owing plasmas (sheaths), the ion fo
using and wake-�elds 
aused by one dust grain
an in�uen
e the 
harging of neighboring dust grains. Hen
e, it is very interestingand important to extend the 
harging and drag for
e studies to two and multiple dustparti
les immersed in the rf dis
harges. We again use the stati
 dust grains for thepresent study.7.2 Method of 
omputationThe method of 
omputation is similar to the one des
ribed for single parti
le studies.Argon with pressure p = 50 Pa and temperature T = 300 K is used as ba
kgroundgas. The s
heme of the pla
ement of two dust parti
les is shown in Fig. 7.1. Dustparti
les with radius Rd = 5.0 µm and with separation distan
e b along X (normalto dis
harge axis, Y) are introdu
ed into the dis
harge. As before the position of thedust parti
les was �xed at three di�erent positions of Y = 0.12, 0.49 and 1.08 
m,whi
h 
orresponds to lo
ations in sheath, presheath and bulk regions respe
tively (in Z



90 Charging of multiple dust parti
lesdire
tion, the parti
les are 
entered in the simulation domain). A big MD region aroundthe two dust parti
les, whi
h 
ontains 
ells with dust parti
les and neighboring 
ells,is 
onsidered for resolving plasma spe
ies traje
tories around the dust parti
les. Theseparation distan
e b is varied from bmax=1000 µm to bmin= 45 µm. Here, bmax roughly
orresponds to several shielding lengths (λs=200, 220, 320 µm in bulk, presheath andsheath) or nearly two ele
tron Debye lengths. bmin roughly 
orresponds to one ionDebye length. The dust separation is varied and the 
harge, potential and ion dragfor
es on the two dust parti
les have been 
omputed following the methods explainedin the previous 
hapters.
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Figure 7.1: S
heme of the two dust parti
le system
In the 
ase of study with multiple dust parti
les, we have 
arried out simulationswith nine 5 µm stati
 spheri
al dust parti
les arranged in a 3x3 grid as shown inFig. 7.2, where the 
entral dust parti
le position mat
hes the lo
ation of the dustparti
le in the single dust study. In Z dire
tion, the parti
les are 
entered in thesimulation domain. Su
h set of nine dust parti
les is pla
ed at various lo
ations in thedis
harge (bulk, presheath and sheath) with dust separation distan
es b = 186 and 372

µm. Consequently, the 
harging dynami
s have been studied. A big MD region aroundall the dust parti
les similar to two dust parti
le 
ase is 
onsidered.
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XFigure 7.2: S
hemati
 representation of nine dust parti
le lo
ations in the XY-plane of the dis
harge.Note on the e�e
t of periodi
 boundary: Periodi
 boundary 
onditions areused at boundaries in the X and Z dire
tions. Hen
e, even for the single parti
le 
asethere exists mirror dust parti
les. If the parti
le is very 
lose to the boundary andtherefore to the mirror parti
le, the presen
e of the mirror parti
les will a�e
t the
omputational results. Hen
e, in all the 
ases (single or multiple dust parti
les), thedust parti
les are pla
ed so that the distan
e between the real and mirror parti
les isa few ele
tron Debye lengths. At these larger separations the periodi
 boundary (thepresen
e of a mirror parti
le) should not a�e
t the 
harging of the real parti
le. e.g. in
ase of the two dust parti
le system, the distan
e between the left parti
le and its ghostparti
le (same is the 
ase with the right parti
le) is about 7 ele
tron Debye lengths.7.3 Results: Two dust parti
lesHere, we present the simulation results for the 
harge, potential and ion drag for
e
omputed on two stati
 spheri
al dust grains lo
ated at various positions in the rfdis
harge. The results will also be 
ompared to the single parti
le dust parametersobtained in previous 
hapters.Figure 7.3 shows the 
omputed dust 
harges on the two dust parti
les when they
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lesare lo
ated in the bulk and in the sheath, for di�erent dust separations (b). The dustseparation b is expressed in normalized units of shielding lengths at the respe
tivelo
ations (200 µm for the bulk and 320 µm for the presheath). At larger separationdistan
es of nearly four shielding lengths the 
harge on the two dust parti
les is equalto the 
harge value obtained from single dust parti
le studies in the previous 
hapters.That means the two dust parti
les do not intera
t and behave as two single dustparti
les. This validates the fun
tionality of our extended 
omputational algorithm formultiple parti
les. As the separation distan
e is de
reased the 
omputed dust 
hargeson the two dust parti
les at any lo
ation do not vary mu
h, even if the dust grains areonly separated by a distan
e as small as 45 µm.
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Figure 7.3: Computed dust 
harge on two dust parti
les lo
ated in the bulk and in the sheath(red/green). The blue dashed line 
orresponds to the single parti
le 
ase.In the Fig. 7.4, we present the 
omputed �oating potential values for the two dustparti
les lo
ated in the bulk and also in the sheath. The �oating potential also behavesin a similar way to that of the dust 
harge, i.e., the �oating potential at larger separationdistan
es is equal to the 
omputed value in the single dust grain studies and as theseparation distan
e is de
reased the �oating dust potential does not vary mu
h. This
an be explained as follows: The plasma ba
kground is highly 
ollisional, as shown
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les 93in the previous 
hapters. The 
ollisions destroy the orbital motion of the plasmaspe
ies and they fall radially on the grains. Due to 
ollisions the �ux onto the grainsin
reases (as already dis
ussed in 
hapter 6 based on the arguments of ion traje
tories,the ion 
urrent and 
omparison with Hut
hinson's work) and due to this there arealways enough plasma spe
ies to 
harge the two dust grains equal to the single dustvalue for any separation distan
e. To qualitatively support this further, the 
olle
tionimpa
t parameter values (bc) from 
ollisionless theories 
an be used, though the presentplasma ba
kground is 
ollisional. The values of (bc) at the dust lo
ations in the sheath,the presheath and the bulk are 17.9, 66.1 and 192 µm respe
tively (see Table 6.2 in
hapter 6). The impa
t parameters at various lo
ations are either smaller or 
omparableto the smallest dust separation distan
e. Hen
e, for all dust separations, there is enoughsupply of plasma spe
ies so that the two dust parti
les 
harge up to nearly the singleparti
le value.In the presheath also, a similar 
harging behavior of the two parti
les is observed.
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Figure 7.4: Computed dust �oating potential on two dust parti
les lo
ated in the bulk and in thesheath. Red and green lines indi
ate the potential on the two dust parti
les, the blue dashed lineindi
ates the single parti
le 
ase.Figure 7.5 shows the orbital ion drag for
e obtained from our 
omputations of
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lesthe two dust parti
les lo
ated in the bulk and in the presheath as a fun
tion of dustseparation distan
e. At larger separation distan
es of nearly four shielding lengths theion drag for
e on the two dust parti
les is equal to the value obtained from single dustparti
le studies in previous 
hapters. This means the two dust parti
les behave likenonintera
ting dust parti
les at su
h separation distan
es. As the separation distan
eis de
reased the orbital ion drag for
e remains equal to the single parti
le value. Forlower dust separation distan
es (below one λs in the presheath and 1.5λs in the bulk)the drag for
e in
reases rapidly with redu
ed separation distan
e. Hen
e, for dustparti
les in the sheath, presheath and bulk, the intera
tion starts when the separationis below about one shielding length.
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Figure 7.5: Orbital ion drag for
e on two dust parti
les (red/green lines) lo
ated in the bulk and inthe presheath (drag values in presheath are s
aled by a fa
tor or 1/2 to appear on this s
ale). Theblue dashed line indi
ates the single parti
le 
ase.Hen
e, for dust parti
les lo
ated in the bulk, the dust parti
les' intera
tion dynami
sstart when the separation distan
e is little higher than the shielding length at the
orresponding lo
ation. For the dust parti
les lo
ated in the presheath and the sheath,the intera
tion between the dust parti
les starts for separation distan
es on the orderof the shielding length at the respe
tive lo
ation. The me
hanism of intera
tion, i.e.,



7.3 Results: Two dust parti
les 95the in
rease of the ion drag for
e 
an be explained as follows:

-20

-15

-10

-5

 0

 5

 10

 15

 20

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

O
rb

. D
ra

g 
(x

 1
0-1

3 N
)

Dust Separation b (λs)

Presheath (λs=220 µ)

along discharge (Y)

along separation (X)

Total

Figure 7.6: Variation of di�erent orbital ion drag for
e 
omponents on the two dust parti
les(red/green) lo
ated in the presheath with the dust separation. The blue dashed line indi
ates thesingle parti
le 
ase.Figure 7.6 shows the variation of X-, & Y- 
omponents (along dust separationdire
tion and along dis
harge dire
tion respe
tively) of orbital ion drag for
e on thetwo dust parti
les pla
ed in the presheath as a fun
tion of dust separation distan
e.The �gure also shows the total ion orbital drag for
e variation with the dust separation.In the 
ase of a single dust parti
le, the results presented in the previous 
hapter showthat the X-
omponent of the drag for
e is zero, as the for
e exerted by the ions left andright to the dust 
ompensate. Hen
e, the total drag for
e is equal to the Y-
omponentof the drag for
e for single parti
le 
ase. In the present 
ase of a two dust parti
lesystem, the 
omponent along the dis
harge dire
tion is equal to the single parti
levalue for all dust separations. But, the drag 
omponent along the dust separation (X)is zero for very large dust separations, implying that the two dust parti
les behave astwo single dust parti
les at these distan
es. Hen
e, the total drag for
e is equal tothe single parti
le value for larger separations. The X-
omponent of the drag in
reasesrapidly when the dust separation is redu
ed below one shielding length. This drag
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lesfor
e dire
tion is towards positive X dire
tion for the left parti
le and towards negativeX dire
tion for the right parti
le, i.e. the dust parti
les experien
e an attra
tive for
e.This is due to the de
rease of the X-
omponent of velo
ity for ions in the region betweenthe two dust parti
les. This e�e
t is analyzed in more detail in the following.
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Figure 7.7: Ion density (
olor-
oded) and velo
ities along xy-plane around the dust grains lo
atedin the presheath (b=372 µm)The in
rease in the parallel drag 
omponent 
an be further explained using theion density and velo
ity ve
tor plots shown in Figs. 7.7 and 7.8. These 
orrespondto the dust parti
les lo
ated in the presheath with separations b = 372 and 186 µmrespe
tively. The situation 
an be s
hemati
ally depi
ted as in Fig. 7.9. Let us dividethe MD region into three regions as shown in the �gure. For large separations greaterthan the shielding length, e.g. b = 372 µm the 
ase in Fig. 7.7, the dust parti
lesbehave as two single parti
les. The parallel drag 
ontributions to the left dust fromregions 1 and 2 (and to the right dust from regions 2 and 3) are the same resulting ina zero parallel drag 
omponent for larger separations. This symmetry is broken whenthe separation between the two parti
les is within the shielding length, e.g. b = 186
µm the 
ase in Fig. 7.8. In this 
ase, ions in the region 2 are attra
ted by both dustparti
les distorting their original traje
tories to more verti
al ones. Hen
e, the parallel
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Figure 7.8: Ion density (
olor-
oded) and velo
ities along xy-plane around the dust grains lo
atedin the presheath (b=186 µm)

velo
ity 
omponent of these ions de
reases. But, in regions 1 and 3 the ions' parallel
omponent does not 
hange, resulting in a net for
e in the positive X-dire
tion forthe left dust parti
le and in the negative X-dire
tion for the right dust parti
le. Thisdegradation in the parallel 
omponent of the velo
ity 
an indeed be seen in the 
olorplot of this velo
ity 
omponent in Fig. 7.10. Here, the parallel velo
ity 
omponent isplotted for two dust separations for the dust parti
les lo
ated in the sheath.
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les
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Figure 7.9: S
hemati
 pi
ture showing ion traje
tories around two dust parti
les for (a) a very largeseparation and (b) a small separation.
1 2 3 1 2 3 (b)(a)
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Figure 7.10: Plot showing the parallel (X) velo
ity 
omponent of ions around two dust parti
les inthe sheath for (a) b =560 µm (b) b =47 µm.Hen
e, due to the distortion of traje
tories of the ions between the two dust parti-
les for smaller separations within the shielding length, the asymmetry in the parallelvelo
ity 
omponent raises whi
h results in an in
rease in the parallel 
omponent of thedrag for
e. Therefore, the total orbital ion drag for
e in
reases when the separationdistan
e is of the order of or within one shielding length.The 
olle
tion drag for
e, whi
h is due to ions 
olliding with the dust parti
les,
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les 99behaves in the same way. Fig. 7.11 shows the variation of 
olle
tion ion drag for
e
omponents on the dust parti
les along the dis
harge and along the dust separationdire
tions with the dust separation b. Here, we illustrate the 
ase of dust parti
leslo
ated in the presheath. For larger dust separations, the 
omponent along the dis-
harge dire
tion (Y) is equal to the single parti
le drag value and does not vary mu
hwith the dust separation. The 
olle
tion drag 
omponent along the dust separation(X) is equal to zero for larger separations, resulting in the total 
olle
tion drag for
e atlarger separations being equal to the single parti
le 
ase. For dust separations of theorder of one shielding length the parallel 
omponent in
reases due to the same reasonsexplained above. This results in an in
rease in the total 
olle
tion drag for
e at su
hseparations.
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Figure 7.11: Variation of di�erent 
olle
tion ion drag for
e 
omponents on the two dust parti
les(red/green) lo
ated in the presheath with the dust separation. The blue dashed line indi
ates singleparti
le 
ase.Hen
e, the dust 
harges and potentials on the two dust parti
les mat
h with singleparti
le values and do not vary for all dust separations. But, for separation distan
esbelow one shielding length the ion drag for
e in
reases due to the building up of asym-metry along the dust separation axes 
aused by a de
rease in the parallel velo
ity
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les
omponent for ions between the dust parti
les.7.4 Results: Multiple dust parti
lesNow, it is interesting to extend this study to multiple parti
le systems where we havean extension of the dust system along the dis
harge dire
tion Y. We have 
arried outsimulations with nine 5 µm dust parti
les arranged in 3x3 grid as shown in the Fig. 7.2.

Figure 7.12: Computed dust 
harges for nine dust parti
les lo
ated in the plasma bulk (b=186 µm)Figures 7.12 and 7.13 show the 
omputed dust 
harge values of the nine dust par-ti
les lo
ated in the bulk and in the presheath. At either lo
ation, the dust 
hargeon all nine parti
les is almost the same and is approximately equal to the single dustparti
le 
ase, whi
h is about 10500e in the bulk and about 11100e in the presheath. Itmeans that the plasma spe
ies density is enough to 
harge all the parti
les to the single
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les 101parti
le value. We probably have still enough plasma supplied from the Z-dire
tion andthe neighborhood of the dust.

Figure 7.13: Computed dust 
harges for nine dust parti
les lo
ated in the presheath (b=186 µm)In Fig. 7.14, the dust 
harge values 
omputed for nine dust parti
les lo
ated in thesheath are presented. Here, the dust separation distan
e in either dire
tion is 186 µm.It 
an be seen that the dust 
harges on the three dust parti
les in a single Y-layeris approximately equal. But the dust 
harge redu
es drasti
ally in the layers towardsthe ele
trodes. The dust 
harge on the three dust parti
les in the uppermost Y-layer(Y=7.5 ∆x) is slightly larger than the dust 
harge value in the single parti
le 
ase in thesheath whi
h is about 6400e. This slight in
rease is due to the higher Y-position of thedust parti
le than in the single parti
le 
ase, whi
h is Y = 6.5∆x. In the 
entral layer,where Y=6.5 ∆x, the 
harge redu
es almost to half of the single parti
le value and inthe lower layer the 
harge redu
es even further. The 
ause of this 
harge redu
tion will
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lesbe dis
ussed in detail later.

Figure 7.14: Computed dust 
harges for nine dust parti
les lo
ated in the sheath for a dust separationof b =186 µm
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Figure 7.15: Computed dust 
harges for nine dust parti
les lo
ated in the sheath for a dust separationof b =372 µmThe dust separation of 186 µm is smaller than the typi
al dust separation distan
esin the Yukawa balls [28℄, whi
h is around 300 µm. Hen
e, we have studied the 
hargingdynami
s of multiple parti
les for the dust separation of 372 µm. The results for this
ase is shown in Fig. 7.15. The 
omputed 
harge values follow the same trends as inthe 
ase of dust separation of 186 µm, i.e., the dust 
harge on the dust parti
les in theuppermost Y-layer is slightly larger than the single parti
le 
ase value and the 
hargeredu
es drasti
ally for the layers towards the ele
trodes. This 
harge redu
tion 
an beexplained as follows: Figure 7.16 shows the 
omputed ion and ele
tron density pro�lesfor the 
ases of single dust parti
le and multiple dust parti
les in the sheath. It 
anbe seen that the ele
tron density in both the 
ases is the same, but the ion densityis di�erent. The ion density between the ele
trode and the uppermost Y-layer of thedust parti
les is higher than that of the single dust parti
le 
ase. Also, the ion densityin
reases from the uppermost Y-layer towards the ele
trode. This enhan
ement in theion density is due to the fo
using of ions 
lose to dust parti
les in ea
h Y-layer. Theion traje
tories around the dust are de�e
ted by the dust �eld and fo
ussed below
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lesthe dust. Due to this ion fo
using, the ion 
urrent to the dust parti
le in the middleand the lower Y-layers in
reases resulting in a smaller 
harge number on these dustparti
les, 
ompared to the single parti
le 
ase.
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Figure 7.16: Computed ele
tron and ion density pro�les for single and multiple dust parti
le 
ases.Red/green lines indi
ate ele
tron and ion densities in the single parti
le 
ase and blue/pink linesindi
ate these densities for the nine dust parti
le 
ase.To Further support this, we have shown in Fig. 7.17, the ion density and velo
-ity ve
tors in the XY-plane. It 
an be seen from the velo
ity ve
tors that the ionsare de�e
ted around the dust grains and are fo
ussed below them. This results in en-han
ement of the ion density in a narrow stripe below the dust grains. This ion densityin
rease 
an indeed be observed in the density 
olour plot. This fo
ussing e�e
t resultsin an in
rease of the ion �ux to the lower grains, de
reasing 
harge number on thesegrains. Su
h fo
ussing e�e
t is already seen in Fig. 6.7.To 
ompare this situation with the dust system in the presheath, similar analysis isdone for the dust parti
le system in the presheath. Fig. 7.18 shows the ion density andvelo
ity ve
tors in the XY-plane for the dust system in the presheath. Here, one 
ansee that there is no strong fo
ussing e�e
t similar to the one observed in the sheath.This is be
ause the ion velo
ity in the presheath is only about 0.12
s. Due to the lowerkineti
 energy of the ions in the presheath, the ion traje
tories are strongly de�e
tedin the dust �eld and the ions fall onto the dust grain getting absorbed. This is evident
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Figure 7.17: Ion density (
olor-
oded) and velo
ities along xy-plane around the dust grains lo
atedin the sheath (b=186 µm & λs = 320µm)from the fa
t that the ions very far from the dust parti
les are also being attra
tedtowards the dust parti
les. This results in equal 
harge numbers on all the nine dustparti
les pla
ed in the presheath.7.5 SummaryDust 
harge, potential and ion drag for
e on two dust parti
les are 
omputed and
ompared with the single dust parti
le values. These dust parameters are 
omputedfor various interparti
le separation distan
es and for dust parti
les pla
ed at di�erentlo
ations in the rf dis
harge. It is found that for dust separations larger than theshielding lengths dust parameters for the two dust parti
les mat
h with the single dustparti
le values. As the dust separation is equal to or less than the shielding length,the ion drag for
es in
rease due to buildup of parallel drag for
e 
omponent. But,
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les

Figure 7.18: Ion density (
olor-
oded) and velo
ities along xy-plane around the dust grains lo
atedin the presheath (b=186 µm & λs = 320µm)other dust parameters are not found to be a�e
ted 
onsiderably. Dust 
harge andpotential on multiple dust parti
les lo
ated at di�erent positions in the dis
harge andarranged along the dis
harge dire
tion are also 
omputed. It is found that the dust
harge and potential do not di�er mu
h from the single parti
le values for the bulk andthe presheath. But the dust 
harges of multiple dust parti
les lo
ated in the sheathdi�er from the single dust parameter values. Due to ion fo
using of dust parti
les inthe upper layers, the ion 
urrent in
reases towards the dusts in lower layers resultingin smaller 
harge values.



Chapter 8Summary and OutlookKnowledge of dust 
harge, �oating potential, shielding and ion drag for
e is very 
ru
ialfor explaining 
omplex laboratory dusty plasma phenomena, su
h as void formation inmi
rogravity experiments and wake�eld formation in the sheaths. Existing theoreti
almodels assume standard distribution fun
tions for plasma spe
ies and are appli
ableover a limited range of �ow velo
ities and 
ollisionality for quantifying dust parameters.Kineti
 simulations are suitable tools for studying dust 
harging, drag for
e 
omputa-tion and the me
hanism of intera
tion of di�erent dust grains. The main aim of thisthesis is to address the following issues, by three dimensional simulations using P 3M
ode:
• What is the e�e
t of 
ollisions among plasma spe
ies on dis
harge 
hara
teristi
sand thereby on 
harging dynami
s and ion drag for
e?
• How do parameters like 
harge, �oating potential, shielding length, and the iondrag for
e on dust vary for di�erent positions of dust in rf dis
harges?
• How do values from various analyti
al models of dust 
harge and ion drag for
e
ompare with 
omputational results for realisti
 dis
harge 
onditions?
• How do the dust 
harge, �oating potential and ion drag for
e on the dust evolvein the presen
e of neighboring dust parti
les?At �rst, rf dis
harges in argon have been modelled using the three-dimensionalPIC-MCC 
ode for the dis
harge 
onditions relevant to the dusty plasma experiments.All ne
essary elasti
 and inelasti
 
ollisions have been 
onsidered. The plasma ba
k-ground is found 
ollisional, 
harge-ex
hange 
ollisions between ions and neutrals be-ing dominant. Ele
tron and ion distributions are non-Maxwellian: ele
trons behave



108 Summary and OutlookDruyvesteyn-like and ions are subsoni
 even in the sheath due to CX 
ollisions. Thedominant heating me
hanism for ele
trons is Ohmi
 heating.Then, simulations have been done to address the �rst three issues above. Dust par-ti
les of di�erent sizes are pla
ed in the rf dis
harge simulation and the relevant dustparameters (dust 
harge, �oating potential, ion drag for
e, shielding lengths) have been
omputed, for the �rst time, a

ounting for the plasma ba
kground realisti
 to exper-imental 
onditions. Dust 
harge and �oating potential in the presheath are slightlylarger than the values in the bulk due to the higher ele
tron �ux to the dust parti
le inthe presheath. From presheath to the sheath the 
harge and �oating potential valuesde
rease due to the de
rease of the ele
tron 
urrent to the dust. A linear dependen
e ofthe dust potential on dust size has been found, whi
h results in a nonlinear dependen
eof the dust 
harge with the dust size when the parti
le is assumed to be a spheri
al
apa
itor. This has been veri�ed by independently 
ounting the 
harges 
olle
ted bythe dust, where indeed it has been noted that the dust 
harge s
ales nonlinearly withthe dust size. Simulated dust �oating potentials are 
omparable to values obtainedfrom ABR and Khrapak models, but mu
h smaller than the values obtained fromOML model. Simulated �oating potentials are 
omparable to values obtained fromZobnin's model but slightly smaller, due to the depletion of high energy ele
trons inDruyvesteyn-like distributions 
ompared to Maxwell's distribution. The dust potentialdistribution behaves Debye-Hü
kel-like. The shielding lengths are in between ion andele
tron Debye lengths, indi
ating shielding by both ions and ele
trons.Further 
olle
tion and orbital drag for
es have been 
omputed for various sizes ofdust lo
ated in rf dis
harges for di�erent dis
harge pressures. For the 
ollisionless 
ase,the 
omputed drag for
e agrees with the drag values obtained from Hut
hinson's work.The orbital drag for
e is typi
ally larger than the 
olle
tion drag for
e. The totaldrag for
e for the 
ollisional 
ase is larger than for the 
ollisionless 
ase and it s
alesnonlinearly with the dust size. The 
olle
tion drag values and size-s
aling agrees withthe Zobnin's model. With an in
rease in pressure from 50 Pa to 100 Pa, the drag for
edoes not vary 
onsiderably, the variation being within the numeri
al error bar.The 
harging and drag for
e 
omputation is then extended to two and multiple stati
dust parti
les in the rf dis
harge to address the last issue above. The dust parameterson the two dust parti
les are 
omputed for various interparti
le separation distan
esand for dust parti
les pla
ed at di�erent lo
ations in the rf dis
harge. It is observedthat for dust separations larger than the shielding lengths the dust parameters for thetwo dust parti
les mat
h with the single dust parti
le values. As the dust separation is



109equal to or less than the shielding length at that lo
ation the ion drag for
e in
reases dueto the buildup of a parallel drag for
e 
omponent. However, the main dust propertieslike 
harge, potential, verti
al 
omponent of ion drag are not a�e
ted 
onsiderably.This is be
ause the 
olle
tion impa
t parameter values in the sheath and the presheathare smaller than the smallest dust separation and in 
ase of the dust in the bulk, the
olle
tion impa
t parameter is 
omparable with the dust separation.The dust 
harges on multiple dust parti
les lo
ated at di�erent positions in thedis
harge and arranged along the dis
harge axis are also 
omputed. We believe these
omputations are �rst of their kind, where 
harging of multiple dust parti
les is studiedfor realisti
 plasma ba
kground 
onditions. It is found that the 
harges on the multipledust parti
les in the bulk or presheath do not di�er mu
h from the single parti
levalues at that lo
ation. But the dust 
harges of dust parti
les lo
ated in the sheathdrasti
ally di�er from the single dust parameter values. Due to ion fo
using from dustparti
les in the upper layers, the ion 
urrent in
reases to dust parti
les in the lowerlayers resulting in smaller 
harge values. This is as well the 
ase where dust parti
lesare verti
ally aligned as in the standard experiments of dusty plasmas.Kineti
 simulations are powerful tools for studying many basi
 phenomena whi
h
an be 
omplementary to analyti
al models or experiments. In future P 3M/PIC models
an be used to address other phenomena in dusty plasmas. Some of the possible studiesare the following.One obvious extension is to do the dynami
 simulation without �xing the positionsof the dust parti
les. The study 
an also be extended to understand the dust 
harg-ing and drag for
e of the dust in magneti
/ele
tromagneti
 �elds. Dust 
harging orde
harging under UV radiation 
an be studied. Wake-�eld formation and intera
tionof other dust parti
les with the wake �elds 
an be studied. Furthermore dust 
hargingdue to se
ondary emission by ele
trodes 
an also be studied. Multis
ale simulations in-volving 
ombined simulations with P 3M and �uid 
odes 
an be performed to study realexperiments like mi
rogravity experiments. Moreover, transport 
oe�
ients from P 3M
ode 
an serve as input to �uid 
odes whi
h 
an be used to study these experimentson ma
ros
ales.
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Appendix AIEDs in Ar-CH4 dis
harges
A.1 Introdu
tionCapa
itively 
oupled radio-frequen
y (rf) dis
harges are frequently used for depositionand et
hing of thin �lms on a substrate atta
hed to one of the ele
trodes [32℄. The
ommonly used frequen
y in su
h experiments is 13.56 MHz and voltages are up toa few kV with typi
al ele
trode separations of 1-10 
m. These dis
harges are usuallyoperated at pressures in the range between 2 and 150 Pa. Low pressures are usedfor et
hing, higher pressures for deposition [164℄. For et
hing purposes, the substrateis mostly atta
hed to the powered ele
trode; for deposition to the grounded or pow-ered ele
trode. Dis
harges in an Argon-Methane gas mixture are espe
ially used forhydro
arbon �lm or diamond-like 
arbon (DLC) �lm deposition [165℄. In su
h pro-
essing plasmas, the ion energy distributions (IEDs) at the target substrate are 
ru
ialin determining the quality of the �lm, e.g., in terms of its anisotropy [166�168℄. Forthat reason, measurement and design of IEDs re
eives great attention. A lot of te
h-niques have been used to measure IEDs [169�175℄. Mei
hsner, et.al. [176℄ performedexperiments in whi
h IEDs of various ion spe
ies in Ar/CH4 gas mixture have beenmeasured at the ele
trodes using an ion extra
tor unit [177℄. This extra
ts the ionsele
trostati
ally and transfers them with an ion opti
s system to an energy analyzer.Usually, just the bias-voltage applied a
ross the extra
tor system is subtra
ted fromobserved IEDs to derive IEDs at ele
trode. But, the e�e
t of su
h ion extra
tor systemon the IEDs obtained at an ele
trode has not yet been studied in detail. Dependingon the magnitude of bias-voltage and size of extra
tor system, it might even entirelymodify the stru
ture of IED pro�les at the ele
trode. Also, the system's e�e
t might
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hargesvary with mass of ion spe
ies. Hen
e, it is ne
essary to study the e�e
t of the ionextra
tor system on IEDs obtained at an ele
trode. A self-
onsistent one-dimensionalParti
le-in-Cell (PIC) 
ode has been used to give better insight into the prin
iple ofoperation of su
h an ion extra
tor unit to measure IEDs at the powered ele
trode. Thee�e
ts of the ion transfer opti
s and the modulation e�e
ts of the potential within theion extra
tor unit has been studied. In addition, the role of the ion opti
s behind thepowered ele
trode is studied, espe
ially with respe
t to the in�uen
e of the ion extra
-tion voltages in the ion opti
s on the measured ion distributions. The analysis will beperformed for di�erent ion spe
ies to identify the role of mole
ule mass.In se
tion 2 the experiments are presented. The PIC 
ode used in the simulations isdes
ribed in se
tion 3 and a basi
 
hara
terization of the dis
harges is given in se
tion4. The simulation results are presented in se
tion 5, dis
ussing the di�erent e�e
tsa�e
ting the ion extra
tor diagnosti
s. Se
tion 6 summarizes the results.A.2 Brief review of the experimentThe experiment that will be modeled here, has been performed in a dis
harge arrange-ment [177℄, whi
h 
onsists of a 
ir
ular stainless steel ele
trode with 9 
m in diameterand the grounded wall of the 
hamber. The ele
trode was powered by the rf-generatorat 13.56 MHz and a fully tuneable π-type mat
hing network. Due to the 
apa
itive
oupling and the larger e�e
tive surfa
e of the grounded ele
trode an asymmetri
 rfdis
harge was 
reated in an Ar/CH4 mixture. At total pressure of 3 Pa and 5 Paas well as a total gas �ow rate of 4 s

m and 8 s

m a mixture of Argon (Ar) andMethane (CH4) with a ratio of 1:3 was used by varying �uxes of the individual gases.The power input between 10 and 20 W in the applied pressure range is 
onne
ted withthe formation of negative self-bias voltages from 400 V up to about 500 V at the pow-ered dis
harge ele
trode. The ele
tron and ion dynami
s in the sheath of asymmetri
,
apa
itively 
oupled rf dis
harges determines strongly the ion energy distribution atthe ele
trode surfa
e [177, 178℄.The ion analysis of the in
ident positive ions on the rf ele
trode is 
arried outusing a di�erentially pumped mass spe
trometer system, sampling through a 100 µmaperture in the rf powered ele
trode (see Fig. A.1). Using this spe
trometer, mass andenergy resolved measurements of positive ions from Ar-Methane plasma were obtained.This experiment provides one of the very few examples where the IED is measured at
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Figure A.1: Experimental setup for ion analysis. The upper ele
trode and the dis
harge vessel arenot shown.the powered ele
trode. The mass spe
trometer system 
onsists of ion opti
al elements,an ele
tron impa
t sour
e for post ionization of neutrals, an ele
trostati
 se
tor �eldanalyzer (1000 eV, ∆E=0.7 eV), a triple quadrupole mass �lter (300 amu) and a gated
hanneltron ele
tron multiplier. An energy s
an is done at a 
onstant pass energythrough the energy analyzer by shifting the referen
e potential of the spe
trometer,so that stable ions are a

elerated or de
elerated to equal pass energy [177℄. In thisway, energy dependent transmissions only a�e
t the front region of the system. Theaperture plate of the mass spe
trometer is at the same voltage as the powered ele
trode.Consequently, an ele
tri
 �eld is a
ting between the aperture plate and the �rst ionopti
al element (extra
tor), whi
h modulates the energy distribution. Therefore, onedoes not measure the IEDs at the rf ele
trode surfa
e due to the plasma boundarysheath, but the IED modi�ed by this modulation. Here the question arises in how far



114 IEDs in Ar-CH4 dis
hargesthe IED is a�e
ted by the residen
e time of the ion in the rf �eld in the gap betweenthe aperture and the extra
tor.Table A.1: List of 
ollisions in
ludedNo. Collision Referen
eCoulomb Collisions:01 e-e Coulomb [156℄02 e-i 
oulomb for 9 ion spe
ies [156℄03 i-i 
oulomb for 9 ion spe
ies [156℄Ele
tron-NeutralElasti
 Collisions:04 e-Ar [157℄05 e-CH4 [157℄06 e-H2 [157℄07 e-H [157℄Ion-Neutral Elasti
 Collisions:08 Ar+ - Ar [157℄09 Ar+ - CH4 [157℄10 CH4
+ - Ar [157℄11 CH4
+ - CH4 [157℄12 CH3
+ - Ar [157℄13 CH3
+ - CH4 [157℄14 ArH+ - CH4 [157℄15 ArH+ - CH3 [157℄16 ArH+ - Ar [157℄17 H+ - CH4 [157℄18 H+ - Ar [157℄19 H2

+ - CH4 [157℄20 H2
+ - Ar [157℄Continued on Next Page. . .



A.2 Brief review of the experiment 115table 
ontinued. . .No. Collision Referen
eInelasti
 Collisions:Ionization Collisions:21 e + Ar → Ar+ + 2e [157℄22 e + CH4 → CH+
4 + 2e [179℄23 e + CH3 → CH+
3 + 2e [179℄24 e + CH2 → CH+
2 + 2e [179℄25 e + CH → CH+ + 2e [179℄26 e + C → C+ + 2e [179℄27 e + H2 → H+

2 + 2e [180℄28 e + H → H+ + 2e [180℄Disso
iation Collisions:29 e + CH4 → CH3 + H + e [179℄30 e + CH3 → CH2 + H + e [179℄31 e + CH2 → CH + H + e [179℄32 e + CH → C + H + e [179℄33 e + H2 → H + H + e [180℄34 e + CH+
4 → CH3 + H+ + e [179℄35 e + CH+
4 → CH+

3 + H + e [179℄36 e + CH+
3 → CH2 + H+ + e [179℄37 e + CH+
3 → CH+

2 + H + e [179℄38 e + CH+
2 → CH + H+ + e [179℄39 e + CH+
2 → CH+ + H + e [179℄40 e + CH+ → C + H+ + e [179℄41 e + CH+ → C+ + H + e [179℄Disso
iation with Ionization 
ollisions.:42 e + CH4 → CH+

3 + H + 2e [179℄43 e + CH4 → CH+
2 + 2H + 2e [179℄Continued on Next Page. . .
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hargestable 
ontinued. . .No. Collision Referen
e44 e + CH4 → CH+ + 3H + 2e [179℄45 e + CH3 → CH+
2 + H + 2e [179℄46 e + CH2 → CH+ + H + 2e [179℄47 e + CH → C+ + H + 2e [179℄48 e + CH → C + H+ + 2e [179℄Disso
iation withele
tron-re
ombination 
ollisions:49 e + CH+

4 → CH3 + H [179℄50 e + CH+
4 → CH2 + 2H [179℄51 e + CH+
3 → CH2 + H [179℄52 e + CH+
2 → CH + H [179℄53 e + CH+ → C + H [179℄Charge-ex
hange 
ollisions:54 H+ + CH4 → H + CH+

4 [179℄55 H+ + CH3 → H + CH+
3 [179℄56 H+ + CH2 → H + CH+
2 [179℄57 H+ + CH → H + CH+ [179℄58 H+ + C → H + C+ [179℄59 H+ + H → H + H+ [179℄60 H+ + H2 → H + H+

2 [179℄61 H+ + Ar → H + Ar+ [157℄62 H+
2 + CH4 → H2 + CH+

4 [179℄63 H+
2 + Ar → H2 + Ar+ [157℄64 H+
2 + H2 → H2 + H+

2 [181℄65 CH4+ + CH4 → CH4 + CH+
4 [157℄66 CH3+ + CH3 → CH3 + CH+
3 [157℄Continued on Next Page. . .
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omputation 117table 
ontinued. . .No. Collision Referen
eEx
itation 
ollisions:67 e + Ar → Ar∗ + e [157℄68 e + H2(ν=0) → e + H2(ν=1) [180℄69 e + H2(J=0) → e + H2(J=2) [180℄70 e + H2(J=1) → e + H2(J=3) [180℄71 e + H2(X1Σ+
g ) → e + H2(b3Σ+

u ) [180℄72 e + H2(X1Σ+
g ) → e + H2(B1Σ+

u ) [180℄Others:73 Ar+ + H2 → ArH+ + H [182℄
A.3 Method of 
omputationTo simulate the experimental 
onditions, we have used a one-dimensional parti
le-in-
ell (1D PIC-MCC) 
ode, whi
h is des
ribed in detail in [145, 146℄. Here, kineti
s of'super parti
les', whi
h represent many real parti
les, moving in self-
onsistent �eldsdis
retized on a grid are followed. The 
ollisions between parti
les are modeled usinga binary Coulomb 
ollision model des
ribed in [146, 156℄. The PIC 
ode allows toself-
onsistently resolve the whole plasma in
luding the ele
trostati
 sheath in front ofthe material wall, whi
h governs the ion a

eleration and thereby governing the IEDsof spe
ies. The 
ode delivers spatial and temporal variation of plasma parameters andvelo
ity distributions of various spe
ies whi
h 
an be used to 
al
ulate IEDs. The
ollisions implemented for Ar/CH4 gas mixture in
lude all relevant pro
esses and arelisted in the Table A.1. The standard PIC-MCC 
ode [146℄ has been modi�ed toin
orporate additional 
ollisional pro
esses. Also, it has been modi�ed to in
lude anadditional 
omputational grid to simulate the ion extra
tor system.This PIC 
ode was used to simulate rf dis
harges in Ar/CH4 gas with the param-eters listed in Table A.2. The parameters were 
hosen to mat
h the experimentallyobserved bias voltages. The ele
trode separation is taken as 4 
m. The ba
kgroundgas temperature is taken as 300 K. The neutral densities were taken as 
onstant as



118 IEDs in Ar-CH4 dis
hargesTable A.2: Dis
harge parameters used in experiments and simulationsCase Total Ar CH4 rf Self VoltagePressure Flux �ux power bias in simulation(Pa) (s

m) (s

m) (W) (Volt) (Volt)a 3 1 3 10 428 856b 5 2 6 10 415 830
 5 2 6 20 533 1066measured in the experiments. 18 spe
ies are in
luded in the model: e−, H+, H+
2 , C+,CH+, CH+

2 , CH+
3 , CH+

4 , Ar+, ArH+, H, H2, C, CH, CH2, CH3, CH4 and Ar. The PIC
ell size has been taken as half of a Debye length. The time-step is 
al
ulated basedon the ele
tron plasma frequen
y [147℄.Properties of the dis
hargesIn this se
tion we present the 
omputational results obtained for the experimental 
aseslisted in Table A.2. The global dis
harge properties, su
h as various spe
ies densitiesand distributions, govern the rea
tions and thereby the �ux to ele
trodes or substrates.The simulations allow us to get a better insight into the basi
 physi
s in su
h dis
harges.Figure A.2 shows the 
omputed time-averaged ele
tron and ion densities in theAr/CH4 dis
harges. The total ion density, as it should, satis�es quasi-neutrality inbulk and ex
eeds ele
tron density in sheaths. The CH+
4 density is dominating all otherion densities due to its higher neutral gas density. A se
ond dominating spe
ies isunexpe
tedly ArH+. The formation of ArH+ is via 
ollisions of Ar+ ions with H2mole
ules, the rea
tion (see Table A.1, 
hannel 73) whi
h has no threshold.Figure A.3 shows the time-averaged ele
tron energy probability fun
tion (EEPF)
omputed for 
ases a and b. The distribution fun
tion deviates from a Maxwellian,but 
an be represented as a sum of two Maxwellian distributions, whi
h reveals theexisten
e of two groups of ele
trons: 
old ele
trons in the middle of the system, andthe tail of high-energy ele
trons os
illating between the ele
trodes due to sto
hasti
heating [146℄. Similar bi-Maxwellian ele
tron distributions were experimentally foundin low-pressure 
apa
itive rf dis
harges [45℄. The e�e
t of the in
rease in pressure onEEPF is relaxation and transition into an ohmi
 heating regime. The high energy



A.3 Method of 
omputation 119population de
reases and the low energy population in
reases [146, 183℄. This is wellre�e
ted in our simulated EEPFs.
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120 IEDs in Ar-CH4 dis
hargesIon transit timesThe ion transit time (tion) through the sheath is an important parameter whi
h gov-erns the energeti
 stru
ture of IEDs. The number of the se
ondary bran
hes in IEDs
orresponds to the number of rf periods that an ion takes to 
ross the sheath [155℄.This number is equal to tion/trf . The ion transit time through a sheath of mean width
s and mean potential drop V 
an be 
al
ulated [155℄ as tion = 3s (Mion/2eV )1/2, where
Mion is the mass of ion spe
ies.
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Figure A.4: Computed time-averaged potential in the system for three 
ases in Table A.2.Figure A.4 shows the single rf-
y
le averaged potential in the system for the three
ases. The average potential drop in the sheath region and sheath width in these 
asesare listed in Table A.3.For the 
omputation of tion for all the 
ases, we take the single sheath width andpotential drop whi
h are equal to 7.5 mm and 400 V. Computed ion transit times 'tion'for various ions are listed in Table A.4 .These 
omputed tion/trf values provide information about the number of se
ondarybran
hes that 
an be expe
ted in IEDs of ea
h spe
ies. Light ions (H+, H+
2 ) take lessthan two rf 
y
les to traverse the sheath and hen
e only one or two se
ondary bran
hes
an be expe
ted. Hydro
arbon spe
ies (CH+

3 , CH+
4 ) take about 4.5 rf 
y
les to traversethe sheath and so 4 to 5 se
ondary bran
hes 
an be anti
ipated. Similarly, for heavy



A.4 Results 121Table A.3: Computed average sheath potential drops and sheath widths.
ase Average sheath sheathPotential drop width(volt) (mm)a 370 7.98b 360 6.52
 450 7.99
spe
ies (Ar+), 6 to 7 number of se
ondary bran
hes are expe
ted. For ArH+ also thistransit time analysis predi
ts 6 to 7 se
ondary bran
hes, if rea
tion 
hannels that formnew ArH+ ions su
h as 
harge-ex
hange rea
tions are relevant. In our model, 
harge-ex
hange 
ollisions involving ArH+ are not in
luded (see Table A.1), as the rea
tion
ross se
tions are not available. As the 
ross se
tion of formation rea
tion of ArH+(Rea
tion #73) de
reases exponentially with energy, this rea
tion 
hannel also doesnot provide new ions in the sheath. Hen
e, the IED of ArH+ will 
ontain only thehigh energy saddle stru
ture, in agreement with the experiments as shown in the nextse
tion.
A.4 ResultsWe now will 
ompare the simulated ion �uxes with the measured IEDs for the di�erentplasma 
onditions 
onsidered in the experiment. In the 
omparison of the experimentaland simulated IEDs, the main quantities to be 
ompared are the number of peaks in thedistribution and the maximum ion energy. The absolute and the relative intensity ofthe peaks in the distribution fun
tion 
annot be 
onsidered vigorously as the apparatusfun
tion, i.e. the energy dependen
e of the sensitivity for ion dete
tion, is not knownfor this experimental setup. This 
onsequently leads to di�eren
es in the simulatedand measured peak heights.



122 IEDs in Ar-CH4 dis
hargesTable A.4: Computed ion transit times through the sheath for various ions.Ion tion tion/trf(nse
)H+ 81.2 1.1H+
2 114.9 1.56CH+
3 314.9 4.27CH+
4 325.4 4.41Ar+ 487.9 6.62ArH+ 495.0 6.71Ion distributions at the powered ele
trode
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trode.



A.4 Results 123The time averaged IEDs of various spe
ies at the powered ele
trode have been 
omputedfrom the ion �ux toward the powered ele
trode. These simulated ion distributions arethen 
ompared to the experimental observations. Figure A.5 shows 
omparisons be-tween simulated and experimental IEDs of Ar+ and CH+
4 
orresponding to the 
ase cin Table A.2 and of H+

2 
orresponding to the 
ase b. Elasti
 
ollisions in�uen
e the
ontinuous part of the IED and 
harge-ex
hange 
ollisions between ions and neutralsresult in se
ondary bran
hes in the 
al
ulated IEDs. It 
an be observed that the simula-tion and experimental results agree qualitatively in the number of se
ondary bran
hes.However, the lo
ation of these se
ondary bran
hes deviate from ea
h other. In 
ase ofArH+ ions, the 
omputed IED (as 
an be seen in Fig. A.7) 
onsists of only high-energysaddle stru
ture without any se
ondary bran
hes, whi
h mat
hes with the experimentalIED pro�le. It means that the elasti
 
ollisions in
luded have week e�e
t and rea
tion
hannels for formation of se
ondary bran
hes (
harge-ex
hange and formation of ArH+ions in the sheath) are not dominant. There is also a large dis
repan
y in the maximumion energies between simulations and experiments, espe
ially for H+
2 . To understandthese dis
repan
ies, the modulation e�e
t within the ion-opti
s on the IEDs measuredat powered ele
trode is 
onsidered in the following studies.E�e
t of the ion opti
s on IEDsThe aperture plate (the entran
e ori�
e of the ion energy analyzer) of the mass spe
-trometer is driven by the voltage of the powered ele
trode. Also, the extra
tor is biasedat -31 V with referen
e to ground. Consequently, an rf ele
tri
 �eld is existing betweenthe aperture plate and the extra
tor, whi
h further modulates the energy distributionoriginally 
reated at the rf ele
trode surfa
e due to the plasma boundary sheath. Ionsemerging from the aperture experien
e this rf �eld and the ion energy gets modulateddepending on the rf phase at whi
h it enters the aperture similarly as the ions enteringthe sheath from the plasma. This modulation depends on the residen
e time of the ionin the rf �eld between the aperture and the extra
tor. To simulate the e�e
t of theion opti
s on the IEDs, a three-dimensional model would be ne
essary for the 
ompletediagnosti
s system, whi
h is far beyond the s
ope of this study. Approximating thise�e
t in 1D, a 
hara
teristi
 drift length of the ion-opti
s system is introdu
ed. It isthis length (and also the ion mass) whi
h determines the ion residen
e time in the rf�eld. Hen
e, it works like a 
hara
teristi
 
ollisionless drift length of the ion. Withinthis length, the ions hitting the powered ele
trode are followed further a

ording to the



124 IEDs in Ar-CH4 dis
hargesele
tri
 �eld determined by the rf sheath modulation and the applied bias voltage atthe extra
tor. This distan
e is varied in the model until the best qualitative agreementbetween 
omputed and experimental IEDs is found. We further made the assumptionthat all di�erent ion spe
ies experien
e the same 
hara
teristi
 drift length.
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Figure A.6: Simulated IED pro�les for CH+
4 , H+

2 at the extra
tor for di�erent extra
tor drift lengths.In order to in
lude the extra
tor system into the simulations, the PIC domain hasbeen extended to the extra
tor. The length of this additional zone has been variedbetween 0.25 
m to 10.0 
m and modulated IEDs have been obtained at the extra
tor.Figure A.6 shows the modulated IEDs for CH+
4 and H+

2 ions for extra
tor lengths 0.90
m, 2.5 
m and 3.32 
m. For extra
tor lengths less than 2.5 
m the observed additional



A.4 Results 125modi�
ation is very pronoun
ed and not in agreement with the experimental pro�les.For extra
tor lengths greater than 2.5 
m, there is a de
ent modi�
ation in 
omputedIEDs at the ele
trode and we observe a better qualitative agreement than before. Fromthat, we have 
hosen as the best �t a single 
hara
teristi
 drift length of 2.5 
m for allions for further 
omparisons.
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Figure A.7: Comparison of 
omputed IEDs at ele
trode and extra
tor with experimental pro�le forAr+, ArH+, H+

2 ions.Figures A.7 and A.8 show the 
omputed IEDs at the ele
trode and the extra
torwith an extra
tor length of 2.5 
m for Ar+, ArH+, H+
2 and CH+

4 , CH+
3 ions for the 
ases

a or b in Table A.2. In 
ase of Ar+ IED, the modi�
ation or modulation e�e
t by theextra
tor is small. But, the lo
ation of se
ondary bran
hes reasonably agree with those
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harges
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Figure A.8: Comparison of 
omputed IEDs at ele
trode and extra
tor with experimental pro�le forCH+

4 , CH+

3 ions.in experimental IED pro�le. The modulation e�e
t 
an 
learly be seen in ArH+ IED,as it 
onsists of only saddle-stru
ture. This saddle has been broadened and the widthof modulated pro�le nearly mat
hes with the width of experimental IED pro�le. Themodulation e�e
t is pronoun
ed for H+
2 ions, where the IED gets broadened by 200 eV.For hydro
arbon spe
ies, the modulation in IEDs is also 
onsiderable and the simulatedhigh-energy peak stru
ture resembles the experimental pro�le. The modulated IEDs atthe extra
tor show a better mat
h with experimental observations introdu
ing this driftlength e�e
t. The me
hanism of the rf modulation in the extra
tor 
an be explained asfollows. It is similar to the modulation in sheaths of rf dis
harges, but for 
ollisionless



A.5 Summary 127transits in the extra
tor region. As the ion spe
ies are heavy, they experien
e onlythe average rf �eld and should form a single peak in the IEDs. This peak shouldappear at the average sheath potential drop. But, depending on the phase of the rf-modulated sheath �eld relative to the ion entran
e into the sheath, the energy getsmodulated and saddle shape o

urs in IEDs around the average sheath potential dropas in 
ollisionless sheaths. Similarly, the modulation in the extra
tor region results in asplitting or broadening of ea
h peak from the IEDs at the ele
trode. This broadeninge�e
t 
an be observed in all IEDs at the extra
tor shown in Figs. A.7 and A.8, mostpronoun
ed in the 
ase of ArH+. The extent of broadening of a single peak of theIED at the ele
trode into the IED at the extra
tor depends on the residen
e time(tres) of ea
h ion spe
ies within the rf �eld existing in the extra
tor. The broadeningis proportional to the ratio trf/tres. As tres is proportional to the square root of theion mass, for a given trf the broadening is inversely proportional to the square root ofthe ion mass. That means that for lighter ions the broadening e�e
t is larger and forheavier ions it de
reases as 
an be seen in the 
al
ulated IEDs at the extra
tor: forthe used extra
tor drift length of 2.5 
m the modulation e�e
t is very pronoun
ed forlight ions (H+
2 ), moderate for hydro
arbon ions and small for heavy ions (Ar+, ArH+)in agreement with the simple estimate.The maximum energy obtained for all ions agree with the experimental values.Hydro
arbon spe
ies are rea
tive spe
ies and we suspe
t further rea
tion pro
essestaking pla
e within the ion diagnosti
s, whi
h are 
learly not in
luded in our simpli�eddes
ription. Further support of this is given by the experimental IEDs for hydro
ar-bons, whi
h do not show a sharp energy 
ut-o� at high energies but a very long wing(Fig. A.9). Therefore, measurements of rea
tive spe
ies with su
h a diagnosti
s requireadditional parameter optimization in the experimental set-up to minimize su
h e�e
ts.Nevertheless, the interpretation of IEDs measured with an ion opti
s system is never adire
t measurement of the IED at the ele
trode surfa
e, but needs interpretation andba
k-mapping pro
edures for su
h a purpose.A.5 SummaryThe ele
trostati
 extra
tion of ions through an aperture and extra
tor lens into the en-ergy resolved mass spe
trometer allows to measure the ion energy distribution fun
tionsat the dis
harge ele
trodes of 
apa
itive rf plasma. A one-dimensional Parti
le-in-Cell
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4 Ions. Hydro
arbons do not show energy
ut-o�.(PIC) 
ode has been used to give better insight into the prin
iple of operation of anion extra
tor unit to measure IEDs at the powered ele
trode. The e�e
ts of the iontransfer opti
s and the modulation e�e
ts of the potential within the ion extra
torhas been studied. A better mat
h between simulation and experiment is a
hieved byintrodu
ing an e�e
tive drift length for the ion opti
s. However, problems remain forrea
tive spe
ies like hydro
arbons indi
ating more 
omplex plasma rea
tions withinthe devi
e. Interpretation of IEDs measured with su
h an ion opti
s system is never adire
t measurement of the IED at the ele
trode surfa
e, but needs interpretation andba
k-mapping pro
edures for su
h purpose.
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hmer, H. Höfner, G. E. Mor�ll, O. F. Petrov, and V. E.Fortov. Parti
le 
harge in the bulk of gas dis
harges. Phys. Rev. E, 72:016406,2005.[3℄ J. E. Allen. Probe theory: The orbital motion approa
h. Physi
a S
ripta, 45:497�503, 1992.[4℄ A. V. Zobnin, A. D. Usa
hev, O. F. Petrov, and V. E. Fortov. Ion 
urrent ona small spheri
al attra
tive probe in a weakly ionized plasma with ion-neutral
ollisions (kineti
 approa
h). Phys. Plasmas, 15:043705, 2008.[5℄ A. Gars
adden. Parti
les in plasmas. Pro
eedings of the 20th International Con-feren
e on Phenomena in Ionized Gases, Pisa, Italy, pages 147�154, 2005.[6℄ P. K. Shukla and A. A. Mamun. Introdu
tion to dusty plasma physi
s. Instituteof Physi
s, Bristol, UK, ISBN 075030653X, 2002.[7℄ A. Piel and A. Melzer. Dynami
al pro
esses in 
omplex plasmas (review arti
le).Plasma Phys. Control. Fusion, 44:R1�R26, 2002.[8℄ J. A. M. M
Donnel ed. Cosmi
 dust. Wiley Inters
ien
e, New York, 1978.[9℄ U. deAngelis. The physi
s of dusty plasmas. Physi
a S
ripta, 45:465�474, 1992.[10℄ C. K. Goertz. Dusty plasmas in the solar system. Reviews of Geophysi
s, 27:271�292, 1989.



130 BIBLIOGRAPHY[11℄ G. E. Mor�ll, E. Grün, and T. B. Johnson. Dust in jupiter's magnetosphere:Physi
al pro
esses. Planetary and Spa
e S
ien
e, 28:1087�1100, 1980.[12℄ S. J. Piet, A. Costley, G. Federi
i, F. He
kendorn, and R. Little. Iter tokamakdust - limits, produ
tion, removal, surveying. 27th IEEE/NPSS Symposium onFusion Engineering, 1997.[13℄ F. Y. Huang, H. H. Hwang, and M. J. Kus
hner. A model for transport andagglomeration of parti
les in rea
tive ion et
hing plasma rea
tors. Journal ofVa
uum S
ien
e and Te
hnology A: Va
uum, Surfa
es, and Films, 14:562�566,1996.[14℄ G. S. Selwyn. Parti
ulate 
ontamination 
ontrol in plasma pro
essing: Building-in reliability for semi
ondu
tor fabri
ation. International Integrated ReliabilityWorkshop Final Report, Lake Tahoe, California, USA, pages 122�129, 1996.[15℄ E. Bertran, S. N. Sharma, G. Viera, J. Costa, P. St'ahel, and P. Ro
a i Cabarro-
as. E�e
t of the nanoparti
les on the stru
ture and 
rystallization of amorphoussili
on thin �lms produ
ed by rf glow dis
harge. Journal of Materials Resear
h,13(9):2476�2479, 1998.[16℄ E. Sto�els, W. W. Sto�els, G. M. W. Kroesen, and F. J. de Hoog. Dust inplasmas - �end or friend. Ele
tron Te
hnology, 31(2):255�274, 1998.[17℄ G. W. Kroesen. Synthesis report: Mi
ropowder pro
essing using low-pressureplasma te
hnology. Eindhoven (Netherlands) Te
hni
al University Report No.BE7328, 1998.[18℄ H. Kersten, G. M. W. Kroesen, and R. Hippler. On the energy in�ux to thesubstrate during sputter deposition of thin aluminium �lms. Thin Solid Films,332(1-2):282�289, 1998.[19℄ H. Kersten, P. S
hmetz, and G. M. W. Kroesen. Surfa
e modi�
ation of pow-der parti
les by plasma deposition of thin metalli
 �lms. Surfa
e and CoatingsTe
hnology, 109(1-3):507�512, 1998.[20℄ G. H. P. M. Swinkels, E. Sto�els, W. W. Sto�els, N. Simons, G. M. W. Kroesen,and F. J. de Hoog. Treatment of dust parti
les in an rf plasma monitored by



BIBLIOGRAPHY 131mie s
attering rotating 
ompensator ellipsometry. Pure and Applied Chemistry,70(6):1151�1156, 1998.[21℄ W. W. Sto�els, E. Sto�els, G. H. P. M. Swinkels, M. Boufni
hel, and G. M. W.Kroesen. Et
hing a single mi
rometer-size parti
le in a plasma. Phys. Rev. E,59(2B):2302�2304, 1999.[22℄ V. E. Fortov, A. V. Ivlev, S. A. Khrapak, A. G. Khrapak, and G. E. Mor�ll. Com-plex dusty plasmas: Current status, open issues, perspe
tives. Physi
s Reports,421:1�103, 2005.[23℄ J. H. Chu and L. I. Dire
t observation of 
oulomb 
rystals and liquids in strongly
oupled r.f. dusty plasmas. Phys. Rev. Lett., 72:4009�4012, 1994.[24℄ H. Thomas, G. E. Mor�ll, V. Demmel, J. Goree, B. Feuerba
her, andD. Mohlmann. Plasma 
rystal: Coulomb 
rystallization in a dusty plasma. Phys.Rev. Lett., 73:652�655, 1994.[25℄ Y. Hayashi and S. Ta
hibana. Observation of 
oulombâ��
rystal formation from
arbon parti
les grown in a methane plasma. Jpn. J. Appl. Phys., 33:L804�L806,1994.[26℄ A. Melzer, T. Trottenberg, and A. Piel. Experimental determination of the 
hargeon dust parti
les forming 
oulomb latti
es. Phys. Lett. A, 191:301�308, 1994.[27℄ A. Melzer, V. A. S
hweigert, and A. Piel. Transition from attra
tive to repulsivefor
es between dust mole
ules in a plasma sheath. Phys. Rev. Lett., 83:3194�3197,1999.[28℄ A. Melzer, V. A. S
hweigert, and A. Piel. Measurement of the wake�eld attra
tionfor 'dust plasma mole
ules'. Physi
a S
ripta, 61:494�501, 2000.[29℄ G. E. Mor�ll, H. M. Thomas, U. Konopka, and M. Zuzi
. The plasma 
on-densation: Liquid and 
rystalline plasmas. Physi
s of Plasmas, 6(5):1769�1780,1999.[30℄ J. Goree, G. E. Mor�ll, V. N. Tsytovi
h, and S. V. Vladimirov. Theory of dustvoids in plasmas. Phys. Rev. E, 59:7055�7067, 1999.



132 BIBLIOGRAPHY[31℄ M. Wolter, A. Melzer, O. Arp, M. Klindworth, M. Kroll, and A. Piel. Lasermanipulation of the void edge in dusty plasmas under mi
rogravity. IEEE Trans.on Plasma S
ien
e, 35(2):266�270, 2007.[32℄ M.A. Lieberman and A.J. Li
htenberg. Prin
iples of plasma dis
harges and ma-terials pro
essing. New York: Wiley, 1994.[33℄ H. Mott-Smith and I. Langmuir. The theory of 
olle
tors in gaseous dis
harges.Phys. Rev., 28:727�763, 1926.[34℄ I. B. Bernstein and I. Rabinowitz. Theory of ele
trostati
 probes in a low-densityplasma. Phys. Fluids, 2:112�121, 1959.[35℄ J. G. Laframboise. Theory of spheri
al and 
ylindri
al langmuir probes in a
ollisionless maxwellian plasma at rest. U.T.I.A.S. Report No. 100, 1996.[36℄ R. V. Kennedy and J. E. Allen. The �oating potential of spheri
al probes anddust grains. part i. radial motion theory. J. Plasma Physi
s, 67:243�250, 2002.[37℄ M. Lampe, V. Gavrish
haka, G. Ganguli, and G. Joy
e. E�e
t of trapped ions onshielding of a 
harged spheri
al obje
t in a plasma. Phys. Rev. Lett., 86(23):5278�5281, 2001.[38℄ M. Lampe, R. Goswami, Z. Sternovsky, S. Robertson, V. Gavrish
haka, G. Gan-guli, and G. Joy
e. Trapped ion e�e
t on shielding, 
urrent �ow, and 
hargingof a small obje
t in a plasma. Physi
s of Plasmas, 10(5):1500�1513, 2003.[39℄ A. V. Zobnin, A. P. Nefedov, V. A. Sinel'sh
hikov, and V. E. Fortov. On the
harge of dust parti
les in a low-pressure gas dis
harge plasma. JETP, 91 (3):483�487, 2000.[40℄ I.H.Hut
hinson. Ion 
olle
tion by a sphere in a �owing plasma: 1. quasineutral.Plasma Phys. Control. Fusion, 44:1953�1977, 2002.[41℄ I.H.Hut
hinson. Ion 
olle
tion by a sphere in a �owing plasma: 2. non-zero debyelength. Plasma Phys. Control. Fusion, 45:1477�1500, 2003.[42℄ I.H.Hut
hinson. Ion 
olle
tion by a sphere in a �owing plasma: 3. �oating po-tential and drag for
e. Plasma Phys. Control. Fusion, 47:71�87, 2005.



BIBLIOGRAPHY 133[43℄ I.H.Hut
hinson. Collisionless ion drag for
e on a spheri
al grain. Plasma Phys.Control. Fusion, 48:185�202, 2006.[44℄ I.H.Hut
hinson and L.Pata

hini. Computation of the e�e
t of neutral 
ollisionson ion 
urrent to a �oating sphere in a stationary plasma. Phys. of Plasmas,14:013505, 2007.[45℄ V.A. Godyak and R.B.Piejak. Abnormally low ele
tron energy and heating-modetransition in a low-pressure argon rf dis
harge at 13.56 mhz. Phys. Rev. Lett.,65:996�999, 1990.[46℄ K. Matyash and R. S
hneider. Pi
-m

 modeling of a 
apa
itive rf dis
harge.Contributions to Plasma Physi
s, 44(7-8):589�593, 2004.[47℄ M.S. Barnes, J. H. Keller, J. C. Forster, J. A. O'Neill, and D. K. Coultas. Trans-port of dust parti
les in glow-dis
harge plasmas. Phys. Rev. Lett., 68(3):313�316,1992.[48℄ S.A. Khrapak, A. V. Ivlev, G. E. Mor�ll, and H. M. Thomas. Ion drag for
e in
omplex plasmas. Phys. Rev. E, 66:046414, 2002.[49℄ S.A. Khrapak, A. V. Ivlev, G. E. Mor�ll, and S. K. Zhdanov. S
attering in theattra
tive yukawa potential in the limit of strong intera
tion. Phys. Rev. Lett.,90:225002, 2003.[50℄ S.A. Khrapak, B. A. Klumov, and G. E. Mor�ll. Ele
tri
 potential around anabsorbing body in plasmas: E�e
t of ion-neutral 
ollisions. Phys. Rev. Lett.,100:225003, 2008.[51℄ F. F. Chen. Introdu
tion to plasma physi
s and 
ontrolled fusion, volume 1:Plasma physi
s. Plenum Press, New York, 1984.[52℄ W. S
hottky. Di�usionstheorie der positiven säule. Physikalis
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