
Kineti Simulations of Dusty PlasmasI n a u g u r a l d i s s e r t a t i o nzurErlangung des akademishen Gradesdotor rerum naturalium (Dr. rer. nat.)an der Mathematish-Naturwissenshaftlihen FakultätderErnst-Moritz-Arndt-Universität Greifswald

vorgelegt vonVenkata Ramana Ikkurthigeboren am 01.08.1976in Chilakaluripet, Indien
Greifswald, Otober 2009





Dekan: Prof. Dr. Klaus Fesser..............................................1. Gutahter : Prof. Dr. André Melzer.................................................2. Gutahter: Dr. David Tskhakaya.............................................Tag der Promotion: 14 - 12 - 2009............................





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!)





AbstratThis thesis onstitutes a omputational study of harge and ion drag fore on miron-sized dust partiles immersed in rf disharges. Knowledge of dust parameters like dustharge, �oating potential, shielding and ion drag fore is very ruial for explainingomplex laboratory dusty plasma phenomena, suh as void formation in mirograv-ity experiments and wake�eld formation in the sheaths. Existing theoretial modelsassume standard distribution funtions for plasma speies and are appliable over alimited range of �ow veloities and ollisionality. Kineti simulations are suitable toolsfor studying dust harging and drag fore omputation. The main aim of this the-sis is to perform three dimensional simulations using a Partile-Partile-Partile-Mesh(P 3M) model to understand how the dust parameters vary for di�erent positions ofdust in rf disharges and how these parameters on a dust evolve in the presene ofneighboring dust partiles.At �rst, rf disharges in argon have been modelled using a three-dimensional PIC-MCC ode for the disharge onditions relevant to the dusty plasma experiments. Allneessary elasti and inelasti ollisions have been onsidered. The plasma bakgroundis found ollisional, harge-exhange ollisions between ions and neutrals being dom-inant. Eletron and ion distributions are non-Maxwellian. The dominant heatingmehanism is Ohmi.Then, simulations have been done to ompute the dust parameters for various sizesof dust loated at di�erent positions in the rf disharges. Dust harge and �oatingpotential in the presheath are slightly larger than the values in the bulk due to thehigher eletron �ux to the dust partile in the presheath. From presheath to the sheaththe harge and �oating potential values derease due to the derease of the eletronurrent to the dust. A linear dependene of dust potential on dust size has been found,whih results in a nonlinear dependene of the dust harge with the dust size when thepartile is assumed to be a spherial apaitor. This has been veri�ed by independentlyounting the harges olleted by the dust. The omputed dust parameters are also



ii Abstratompared with theoretial models. Simulated dust �oating potentials are omparableto values obtained from Allen-Boyd-Reynolds (ABR) [1℄ and Khrapak [2℄ models, butmuh smaller than the values obtained from Orbit Motion Limited (OML) [3℄ model.The dust potential distribution behaves Debye-Hükel-like. The shielding lengths arein between ion and eletron Debye lengths. Further, the orbital drag fore is typiallylarger than the olletion drag fore. The total drag fore for the ollisional ase islarger than for the ollisionless ase and it sales nonlinearly with the dust size. Theolletion drag values and size-saling agrees with Zobnin's model [4℄.The harging and drag fore omputation is then extended to two and multiplestati dust partiles in the rf disharge to study the in�uene of neighboring dustpartiles on the dust parameters. Initially, the dust parameters on two dust partilesare omputed for various interpartile separation distanes and for dust partiles plaedat di�erent loations in the rf disharge. It is observed that for dust separations largerthan the shielding length the dust parameters for the two dust partiles math withthe single dust partile values. As the dust separation is equal to or less than theshielding length the ion drag fore inreases due to the buildup of a parallel dragfore omponent. However, the main dust properties like harge, potential, vertialomponent of ion drag are not a�eted onsiderably. This is attributed to the smallerolletion impat parameter values ompared to the dust separation.Then the dust harges on multiple dust partiles loated at di�erent positions inthe disharge and arranged along the disharge axis are also omputed. It is found thatthe harges of the multiple dust partiles in the bulk or presheath do not di�er muhfrom the single partile values at that loation. But the dust harges of multiple dustpartiles loated in the sheath drastially di�er from the single dust parameter values.Due to ion fousing from dust partiles in the upper layers, the ion urrent inreasesto dust partiles in the lower layers resulting in smaller harge values. This is as wellthe ase where dust partiles are vertially aligned as in the standard experiments ofdusty plasmas.In onlusion, this work used a fully kineti (PIC and MD or P 3M) model to studythe physis of dust harging in rf plasmas. Our simulations revealed that the dustparameters vary onsiderably from the bulk to the sheath. The CX ollisions inrease�ux to the dust thereby a�eting the dust parameters and their saling with dustsize. Also, a dust partile a�ets the harging dynamis of its neighbor only when theirseparation is within the shielding length. In the plasma sheath, ion foussing an ausegreat redution in dust harges.
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Chapter 1
Introdution
Plasma physis is an expanding and interesting �eld of physial sienes. "Plasma" isa state of matter and an be de�ned as partially or fully ionized matter whih ontainspositive and negative partiles and is on a marosopi sale eletrially neutral. Morereently there is an arising interest in the study of dusty plasmas, a very fast growingbranh of physis. As the name reveals, dusty plasmas are plasmas whih also ontainnanometer to millimeter-sized partiles [5℄. The �eld of dusty plasmas mainly dealswith the study of dust harging, plasma-dust and dust-dust interation, their olletivee�ets as well as the formation of dust rystals. Dusty plasmas are enountered in manyareas of physial sienes [6, 7℄. They are found on a vast variety of sale lengths innature, e.g. in astrophysial objets like interstellar louds, rings of planets, omettails [8�11℄. Dusty plasmas are also enountered in laboratory, e.g. in fusion devies[12℄, and also in industrial plasmas (ething, deposition, ...) [13�21℄. Thus, the studyof dusty plasmas has relevane to many areas of siene.The study of harging mehanisms and fores on dust onstitutes a fundamentaland important part of dusty plasma physis. The dust partiles are harged due tothe in�ow of the plasma speies by various mehanisms [6, 7, 22℄, e.g. absorption ofeletrons, ions and seondary eletron emission, et. The harge and the �oating po-tential of the dust are very ruial parameters that govern many important observedphenomena in dusty plasmas. The formation of dust strutures [23�26℄, wake-�eld for-mation around dust in rf sheaths [27, 28℄ and the dust void formation in mirogravitydusty plasma experiments [29�31℄ are examples of suh phenomena. The ion drag fore- the fore exerted on dust grains by traversing ions around the dust due to olletionand sattering- plays a ruial role in the above phenomena. Hene, to fully under-



2 Introdutionstand and explain these phenomena, one has to have quantitative knowledge of the iondrag fore and how dust partiles interat with other dust partiles. As the ions arede�eted by the eletri �eld of the dust, the ion drag fore on the dust depends onthe dust potential, dust harge and potential distribution around the dust. These dustparameters themselves depend on dust-plasma interation [6℄ and plasma harateris-tis. Plasma speies distribution, ollisions among various plasma speies govern theamounts of plasma partiles �ow to the dust thereby determining the dust harging andother important dust parameters. This means that the plasma bakground governs allthese proesses. A rf disharge plasma is ommonly used as bakground plasma envi-ronment for dusty plasma experiments in the laboratory [32℄. Sine in rf disharges theplasma bulk and sheath have di�erent properties (e.g. ion veloities), the dust hargeand potential an vary for dust grains loated at di�erent positions in the rf disharge.Laboratory dusty plasma experiments are onduted with rf disharges at pressures upto a few hundred Pa and rf voltages up to a few hundred volts. For these onditionsthe bakground plasma is ollisional and eletrons are non-Maxwellian. Quanti�ationof dust harge, �oating potential, dust potential distribution, ion drag fore on dustand study of dust-dust interation over the entire range of ollisionality and for all �owveloities is at the heart of the dusty plasma researh.Many analytial models are existing to ompute dust harge and �oating potentials[2, 3, 33�38℄ for a ollisionless or very low ollisionality plasma bakground, but theydo not aount for streaming plasma onditions. Reently, some analytial or om-putational works have been available [4, 39�44℄ whih ompute dust parameters overthe entire range of ollisionality and also aount for the ion �ow. But, these worksassume eletrons with a Maxwellian distribution, whereas the eletrons and ions areshown to be non-Maxwellian in rf disharges [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-Hükel-like [6, 7℄ and that in the plasma bulk the dustpotential is mainly shielded by ions and in the sheath region by eletrons [6℄. But, it isnot yet lear how the �owing plasma and/or ollisions a�et the potential distributionand shielding lengths, though there was some fous on this issue reently [50℄, butonly for the highly ollisional limit. Hene, the limitation of the analytial models isthe inomplete treatment of ollisions and non-Maxwellian distributions. That is why,quanti�ation of dust harge, �oating potential, dust potential distribution, shieldinglengths for realisti bakground plasma disharge onditions is still open.It is believed that with the presene of many dust partiles eletron depletion takes



3plae and the harge on the dust dereases [6, 22℄. However, the mehanism of how twodust partiles interat or how harging dynamis of a dust partile get a�eted in thepresene of other dust partiles is yet to be studied at the kineti level. It is usuallybelieved that there is a ertain separation between given dust partiles ("interationdistane") within whih the interation of two neighboring dust partiles must betaken into aount. It is not lear whether this separation distane is the eletronDebye length or the shielding length. Even without the issue of separation distane,the mehanism of how dust parameters evolve with the presene of neighboring dustpartiles 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 Partile-partile-partile-mesh (P 3M) ode.With this omputational tool, it is possible to resolve sheath regions around ele-trodes in rf disharges and to obtain realisti energy distributions of plasma speies.The ode also resolves lose-range interations of dust with the plasma. Hene, themain motivation of this thesis is to address the following issues:
• What is the e�et of ollisions among plasma speies on disharge harateristisand thereby on harging dynamis and ion drag fore?
• How do parameters like harge, �oating potential, shielding length, and the iondrag fore on dust vary for di�erent positions of dust in rf disharges?
• How do values from various analytial models of dust harge and ion drag foreompare with omputational results for realisti disharge onditions?
• How do the dust harge, �oating potential and ion drag fore on the dust evolvein the presene of neighboring dust partiles?The thesis starts with an introdution to dusty plasmas and rf disharges. Charg-ing mehanisms, theoretial and omputational works on dust harging are disussed.Various fores ating on a dust partile suspended in rf disharges are presented. Theanalytial and omputational models for quanti�ation of the ion drag fore on dust arealso disussed. Experiments to on�ne and form various dust strutures in laboratoryand under mirogravity are briefed.The omputational tool used is desribed in detail in hapter 3. Here, a generalintrodution to kineti (Partile-in-Cell) simulations is provided. Then, the limitationof the onventional PIC method is desribed in resolving partile interation loser



4 Introdutionthan the grid spaing. It is also explained how this problem an be overome with thePartile-Partile-Partile-Mesh (P 3M) ode.Before attempting to study dust harging, the harateristis of rf disharges haveto be studied arefully, as the behavior of plasma speies in the disharge govern theharging proesses. Hene, the harateristis of rf disharges, sheath dynamis andspeies distributions have been omputed for typial laboratory onditions and arepresented in hapter 4.After the bakground plasma disharge harateristis are understood, dust parti-les of various sizes are introdued into the disharge at di�erent positions and the dustharge, �oating potential, shielding lengths are omputed. These omputed results arepresented in hapter 5. The saling of dust harge and �oating potential with dust sizeis derived. The omputed dust parameters are also ompared to those alulated fromtheoretial models.In hapter 6, omputational results for the ion drag fore ating on dust partilesimmersed in a rf disharge are presented. E�et of ollisions on the ion drag fore isdisussed in detail along with the saling with dust size.This study of harging is extended to two and multiple dust partiles. In hapter 7,omputational results for harge and drag fore on multiple stati dust partiles im-mersed in the rf disharge are presented. The ase of two dust partiles is treated indetail.



Chapter 2Dusty plasmas: BasisThe bakground plasma properties govern the harging proesses thereby determiningthe dust harge, dust �oating potential, dust potential distribution and ion drag foreon the dust. Hene, in this hapter basi properties of the plasmas, rf disharges andthe theory of dusty plasmas are reviewed.2.1 Plasma propertiesA plasma is de�ned as quasineutral, partially or fully ionized gas that exhibits olletivebehavior [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,Shottky, Child, Chen, and Langmuir [51�57℄. Plasmas are typially haraterized by anumber of parameters. "Plasma density" usually refers to the "eletron density"(ne),that is, the number of free eletrons per unit volume. The degree of ionization (α)of a plasma is the proportion of atoms whih have lost (or gained) eletrons. α =

ni/(ni + nn) where ni is the number density of ions and nn is the number density ofneutral atoms. The eletron 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 partile. Ifthe eletrons are lose enough to thermal equilibrium and their distribution funtion islose to a Maxwellian, their temperature is well-de�ned. However, it ould deviate froma Maxwellian distribution due to various reasons, e.g. by the presene of strong eletri�elds or inelasti ollisions. In the ase of speies with non-Maxwellian distributionfuntion, the mean kineti energy of the partiles is equated to "kT" to derive the



6 Dusty plasmas: Basisapproximate temperature of the speies. Beause of the large di�erene in mass, theeletrons ome to thermodynami equilibrium amongst themselves muh 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 "eletron temperature"(Te). This is espeially ommon in weakly ionized tehnologial plasmas, where the ionsare often near the ambient temperature. "Thermal plasmas" have eletrons and theheavy partiles at the same temperature i.e. they are in thermal equilibrium with eahother. "Non-thermal plasmas" have the ions and neutrals at a muh lower temperature(normally room temperature), but eletrons are muh "hotter".In a neutral plasma, if one displaes by a tiny amount all of the eletrons with re-spet to the ions, the Coulomb fore pulls bak, ating as a restoring fore. Beause ofthe ombined e�et of inertia and the restoring fore, the eletrons osillate around theirmean position. These osillations are alled "eletron plasma osillations" and the osil-lation frequeny is the "eletron plasma frequeny" given by ωpe =
√

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

nie2/miǫ0 [sec−1], where mi and ni are ion mass and density. Sine
me ≪ mi, ωpi ≪ ωpe always holds.2.2 RF dishargesCapaitively oupled radio-frequeny disharges are normally used for dusty plasmaexperiments. Hene, before disussing dusty plasmas and dust harging, one should�rst understand the harateristis of rf disharges.A shemati illustration of an rf disharge is shown in Fig. 2.1. One eletrode ispowered with an alternating voltage of 13.56 MHz via a bloking apaitor and theother one is grounded. The bloking apaitor prevents from diret urrents betweenthe eletrode and the rf-generator. Plasma reated between the eletrodes will shieldthe eletri �eld of the eletrodes. Eletrons are mobile and will respond to the instan-taneous eletri �eld. Ions will only respond to average �elds, sine ωpi ≪ ωRF ≪ ωpeholds, where ωRF is the applied rf soure frequeny. Due to their larger mobility ele-trons bombard the eletrodes initially resulting in a negative net harge on them. Theseeletrodes begin to repel eletrons and attrat ions until the ion and eletron �uxesbalane. The plasma must then have positive potential with respet to the wall. Thispotential annot be distributed over the entire plasma, sine Debye shielding will on-



2.2 RF disharges 7

RF

Plasma

Discharge Chamber

sheath
Electrode

Electrode

Figure 2.1: Shemati sketh of an rf disharge.�ne the potential variation to a layer of the order of several Debye lengths in thikness.In this region around the eletrodes, the quasineutrality ondition is broken, where thenet ion density is greater than the eletron density, i.e., ni ≫ ne. This spae hargeregion between the quasineutral plasma and the eletrode is alled "plasma sheath".In this region, strong eletri �elds develop. This leads to a onstant ion �ow to theeletrodes. But, as the eletrons respond to instantaneous �eld, they an not �ow toeletrodes all the times. In rf disharges as the applied �eld at the Eletrodes varieswith time, the sheath voltage also osillates. At ertain times, the sheath voltagedrops or even eletrodes beome positive. At these times, eletrons �ow to eletrodesin pulses.Bohm [58℄ showed that in order to form this sheath, positive ions must possess a



8 Dusty plasmas: Basisertain 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 aelerated from thermal speeds to Bohm speed. Hene, the plasmasheath ranges from the boundary to the sheath entrane, where the ion speed beomessubsoni. The presheath onnets the sheath boundary to the bulk (see Fig. 2.2). Inollisional plasmas, the Bohm riterion is not met and subsoni ion �ows exist [59�64℄.This subjet will be disussed later on.
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Figure 2.2: Shemati showing the regions present near a boundary of a ollisionless plasma.The mehanism of eletron heating is responsible for plasma sustenane. Ohmiheating, in whih the eletrons are aelerated in the strong eletri �eld betweensuessive elasti ollisions with neutrals, an dominate at high pressures. In a lowpressure regime (less than 10 Pa) eletron-neutral ollisions are rare, and the Ohmiheating eases to be an e�etive mehanism of energy deposition into the plasma. Inthis ase, the eletron heating by time-varying �elds an dominate. It ours due toeletron osillatory motion in spatially inhomogeneous rf �elds, even in the absene ofollisions, leading to ollisionless or stohasti heating. Generally, eletrons are heatedollisionlessly by repeated ollisions with sheath edge, i.e. with �elds that are loalizedwithin a sheath. For further reading on heating mehanism and rf disharges, 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 partiles. Thesepartiles are usually nanometer or miron-sized, and they are often alled dust. Dustyplasmas are also alled olloidal, or �ne partile plasmas, and an alternatively usedterm is omplex plasmas in analogy to omplex �uids, whih emphasizes many fun-damental properties of this medium that distinguishes it from ordinary gas plasmas.Dust and dusty plasmas are ubiquitous in spae. They are found in the ring systemsof the giant planets, in omet tails, in the interplanetary medium, and in interstellarlouds as well as in mesospheri notiluent louds [10, 66, 67℄. Dusty plasmas arefound nearby arti�ial satellites and spaerafts [67, 68℄, and in fusion devies 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 hemial proesses leading to the growthof partiles. From the industrial point of view dusty plasmas an have �good� and �bad�impats on tehnology. The �bad� impat is due to dust ontamination problems [71℄.And a �good� impat is onneted to the formation of new materials [72℄. An inter-esting appliation of dusty plasmas was found in solar ell tehnology [73℄, where theformation of nanopartiles inside a solar ell has bene�ial e�et in lifetime and e�-ieny of the ell. Widespread ourrene of dusty plasma systems and a number ofunique properties make dusty plasmas an extremely attrating and interesting objetfor investigations.2.4 Dust hargingA dust partile in a plasma aquires a large eletri harge by olleting eletrons andions from the plasma [10, 66℄. Complex plasmas with nanometer-sized partiles, tosome extent, behave like negative ion-ontaining plasmas, where a part of the negativeeletron harge is bound to heavier partiles. This a�ets the mobility and the ontri-bution to shielding by negative harges. However, the properties of dusty plasmas aremuh riher than the properties of a usual multi-omponent plasma of eletrons andvarious kinds of ions. Dust partiles are the reombination enters for plasma eletrons



10 Dusty plasmas: Basisand ions. Sometimes they an also serve as the soures of eletrons via thermo-, photo-,and seondary eletron emission proesses. Thereby, a dust omponent an make anessential impat upon the ionization equilibrium. Unlike negative plasma ions, the dustmiropartile harge is not �xed, but it beomes a dynami variable, whih is governedby the surrounding plasma, and an hange both spatially and temporally. Moreover,the dust harge �utuates even for onstant plasma parameters due to the stohastinature of harging [26, 74, 75℄.The partile harge is the most fundamental parameter in a dusty plasma beauseit determines the interation fores between individual dust partiles. Some of theimportant theoretial, omputational and experimental works to obtain dust hargeare desribed below.2.4.1 Analytial and omputational models of dust hargingThe problem of partile harging is losely related to probe theory, founded in 1920s byMott-Smith and Langmuir [33℄. Probe theories alulate the urrent to an eletrostatiprobe as a funtion of probe potential and probe shape. The �oating potential is derivedas the point where ion and eletron urrents balane. 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 eletrons and ions is assumed. The OMLtheory is often used as a "standard" model for the alulation of a partile harge.In this theory, a single partile is onsidered as an isolated, �oating spherial probeand plasma parameters are assumed to be known. In this ase, the ion urrent to thepartile with the radius rd is given by (at the partile 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 partile at the mean thermal veloity ofions
vth,i =

√

8kTi

πmi

. (2.2)and the term
σc = πb2

c = πr2
d

(

1 − eφp

kTi

) (2.3)is the e�etive ollision ross-setion of the partile with the ions, whih have the typialion energy of Ei = kTi. This ross-setion is larger than the geometrial ross-setionof the partile due to the attrative partile potential. Correspondingly, the eletronurrent to the partile is given by
Ie = −πr2

dneevth,e exp

(

eφp

kTe

)

, (2.4)where
vth,e =

√

8kTe

πme

(2.5)is the eletron thermal veloity. The exponential fator in Eq. (2.4) is the Boltzmannfator for eletrons leading to the derease of the eletron density at the negativepartile potential. Steady state is reahed if eletron and ion urrents balane eahother and the total urrent to the partile vanishes. For the equilibrium potential φpof a dust partile with a harge Q holds
dQ

dt
= Ii(φp) + Ie(φp) = 0. (2.6)This so-alled �oating potential is typially negative relative to the ambient plasma,due to the muh higher mobility of eletrons 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)



12 Dusty plasmas: BasisThe numerial solution of this equation gives φp as a funtion of the given plasmaparameters. Then, the dust harge an be derived from the �oating potential assumingthe partile as a spherial apaitor, using
Q = 4πǫ0rd

(

1 +
rd

λD

)

φp (2.8)The term in parenthesis is due to the plasma shielding e�et and is disussed later.Limitations: There have been many re�nements to the OML theory. Limitationsand appliability 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 iontrajetories. This ondition is often violated in plasma disharges. It has been shown[34℄ that due to ollisions near the probe, some of the harged plasma partiles anbe trapped in the potential well and this an play a very important role, e.g. a�etshielding lengths. OML does not inlude the existene of an absorption radius aroundthe dust and predits a dust potential independent of dust size [34, 35, 76℄. The otherlimitation is important for big partiles (rd ≥ λD) and onneted with the existene ofan angular moment barrier.OM TheoryMore general Orbital Motion (OM) theory [34, 35℄ involves solving simultaneously forthe surfae potential, the potential distribution around the probe, and the distributionof ion trajetories. Here, the angular momentum of the plasma partile around theprobe is treated as an e�etive radial potential energy [79℄ and is added to the probe'seletrial potential and the trajetories of plasma partiles are solved in the total radialpotential as a funtion of partile's angular momentum. In the OM theory, the proberadius beomes an important fator in determining whether a partile of a given energyand angular momentum will ontribute to the urrent towards the probe, i.e., theurrent is no longer a funtion of probe ross setion as in OML theory. For zeroangular momentum, i.e., for purely radial motion, all partiles will eventually strikethe probe, irrespetive of the partile's initial energy and the probe radius. It also showsthe existene of an absorption radius when the angular momentum is less than someritial value. All partiles that pass the absorption radius will eventually reah theprobe, i.e., the absorption radius determines the probe harateristis, not the proberadius. The main limitation of the OM theory is that the ollisional e�ets between



2.4 Dust harging 13harged plasma speies and the bakground gas have not been onsidered.ABR TheoryRadial Motion theory proposed by Allen, Boyd and Reynolds (ABR)[1, 36℄ inludesa 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 impat parameter (b → 0) and the limitingase of the general OM theory for the limit of vanishing angular momentum (J → 0).This work results in �oating surfae potentials as a funtion of probe radius as shownin Fig. 2.3. This is used to ompare with the simulation results of the dust surfaepotential shown in hapter 5 of the thesis. A limitation of the ABR model is that itpredits a single value for the dust potential for a given dust size and Debye length ratio,irrespetive of ollisionality. The ollisional e�ets between harged plasma speies andthe bakground gas have not been onsidered.Lampe et. al. [37, 38℄, Ratynskaia et. al. [80℄ and Khrapak et. al. [2℄ onsideredharge-exhange ollisions between ions and neutrals, as these ollisions are partiularlye�etive in reating trapped ions. These models are reviewed below.
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Figure 2.3: Probe �oating potential Φ = −eφp/kTe as a funtion of probe radius ρ=rd/λD from theABR model (extrated from [36℄).



14 Dusty plasmas: BasisLampe TheoryLampe et. al. [37, 38℄ onsidered harge-exhange (CX) ollisions between ions andneutrals to ompute the orretions to OML ion �ux due to these ollisions. Due to CXollisions, high energy ions are replaed by low energy ions, whih might be absorbedby the dust grain or an be trapped. Trapped ions experiening 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 ionurrent to the probe. This work delivers �oating potentials as a funtion of ollisionalityindex νλD/vth, for the ases of ollisionless plasmas and weak ollisionality as shownin Fig. 2.4 (extrated from [38℄). Here ν is the mean free path for CX ollisions, λD isDebye length and vth is ion thermal veloity.The Lampe model assumes Maxwellian distributions for all plasma speies 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 eletron and ion Debyelengths respetively. The model is appliable for weakly ollisional bakground. Themodel also assumes non�owing plasma.
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2.4 Dust harging 15Khrapak TheoryKhrapak et. al. [2℄ also onsidered harge-exhange ollisions between ions and neu-trals, inluding ollisions ourring 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 eletron-to-ion temperatureratio. The Khrapak model is appliable 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 approahis 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 attrative spherial dust and the eletri potentialdistribution around the dust. It is shown that the ion urrent nonmonotonially de-pends on the ion-neutral ollision frequeny and exhibits a maximum when the meanfree path length of ions is omparable to the e�etive absorption radius of the probe.An analytial �t was proposed to alulate the ion urrent for intermediate ollision-ality over a restrited range of probe sizes and probe potentials [4℄ where neither aollisionless theory nor a ontinuum �uid approah is valid. This approximation analso be used for the alulation of the �oating potential and harge of the dust in anuniform plasma with known eletron distribution funtion.The above mentioned analytial �t is used in this thesis to ompare with the re-sults from our simulations. The Zobnin theory does not aount for non-Maxwellianeletrons and for �owing plasmas.Huthinson's workHuthinson et. al. [40�42, 44℄ performed kineti simulations using the SCEPTIC PICode to ompute ion urrents to a probe. Here, only ion trajetories are followed whileeletrons are treated as bakground with Boltzmann distribution. They omputed



16 Dusty plasmas: Basisinitially [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 eletron 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 surfae was studied indetail for a wide range of Debye-lengths and found a reversal of the asymmetry ofthe olletion �ux at values of the Debye length of the same order of magnitude asthe probe radius. The enhanement of olletion on the downstream side was due tofousing of the ions by the shielded potential surrounding the probe.Later, they extended their study by inluding 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 ollisionsenhanes the ion olletion to a sphere in a plasma with shielding length larger than itsradius. The ion �ux mathes with OML values for ollisionless ase and with ontinuum�uid theories for highly ollisional (ontinuum) ase. Maximum �ux enhanementobserved was roughly equal to values predited by ABR theory. All these omputationsassume Boltzmann eletrons.Kineti simulationsThe above analytial theories generally do not aount for streaming ions leading todi�ulties in determining the harge of dust loated in the sheath. In the ase of OML[3℄, streaming e�ets an be inluded in ion �ux alulations. Maxwellian distributionsfor the eletrons are assumed in nearly all ases, and a variety of distributions frommonoenergeti to Maxwellian are typially assumed for the ion distributions [81�84℄.However, for rf plasmas, eletrons usually have non-Maxwellian and sometimes bi-Maxwellian energy distributions [45, 46℄. Ions are also far from Maxwellian, as theybeome aelerated in sheaths aquiring a high streaming veloity.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 inlude nearly all types of possible ollisions, they trak thetrajetories of the plasma speies and also aount for non-Maxwellian distributions ofthe plasma speies.



2.4 Dust harging 172.4.2 Experiments for dust harge measurementHere, we brie�y mention main experimental tehniques employed to derive the dustharge. These inlude
• osillations in the sheath [26, 75, 85�88℄: In this method, dust is driven andmade to osillate in the sheath either by induing a time varying potential arossthe sheath or by using a laser. The dust partile trajetories are reorded andanalysed. Harmoni resonane equations exploiting the fore balane of eletri�eld fore and gravity are then solved to determine the harge.
• ollisions of dust partile pairs [29, 89�91℄: Here, ollisions between dustpartile pairs are employed to dedue the interation potential of the ollisionand from this potential the dust harge is derived.
• waves [92, 93℄: In this method, waves are exited 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 lattie wave toobtain the dust harge and shielding length.
• diret 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 expetedfrom the models. The experimental results support the existene 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 fators are some of the soures of inauraies inthe harge numbers obtained from experiments. Assumptions about sheath potential,unertainties in loating sheath boundary, inauraies involved in mapping of dustpositions from reorded images.2.4.3 Dust potential distributionIn plasmas, eletrons and ions sreen out eletri �elds so that the interpartile intera-tion potential dereases more rapidly with the distane than a Coulomb potential. Thise�et is taken into aount through the so-alled Debye-Hükel or Yukawa potentialwith the sreening length λD. The shielded potential is expressed by



18 Dusty plasmas: Basis
φ(r) =

Q

4πǫ0 r
exp

(

− r

λD

)

. (2.10)Considering the shielding e�et the partile harge an be written as
Q = 4πǫ0rd

(

1 +
rd

λD

)

φp (2.11)whih in the typial ase of rd ≪ λD redues to the vauum value 4πǫ0rdφp.2.4.4 Temporal evolution of the partile hargeIn the previous disussions, the partile harge has been onsidered as stati. How-ever, the temporal evolution of the partile harge an have a strong in�uene on thedynamial properties of dusty plasmas [74, 96℄. The time sale of ion harging an bewritten as [97℄
τi = 4πǫ0rd

kTi

e

1

πr2
denivth,i

, (2.12)whih an be understood as the harging time τ = RC of an RC system with thepartile apaitane C = 4πǫ0rd and the resistane R = U/I. U = kTi/e is the usualeletri potential of the partile and I = πr2
denivth,i is the typial OML ion urrent tothe partile. The expression for the eletron harging time is similar to Eq. (2.12). Thedi�erene is only that the ion quantities are replaed by those of eletrons:

τe = 4πǫ0rd
kTe

e

1

πr2
denevth,e

. (2.13)Usually, τe ≪ τi beause the partile enounters with eletrons are more frequent thanwith ions so that the harging time is dominated by the slower ions.The typial partile harging time is of the order of miro-seonds. This is muhless than the typial dynamial time sale of the partiles, whih is of the order of tensof milliseonds. It means that the partile harge should always be in equilibrium withthe partile motion. However, as it was observed by Nunomura et. al [91℄, the �niteharging time of partiles an lead to a delay in harge variation with the loal plasmaonditions when partiles move.Another evolution mehanism of the harge of dust partiles is due to the disrete-ness of the harge arries and their harges [96℄. At �oating potential the probabilities



2.4 Dust harging 19of olleting a single ion or eletron by the partile are equal, hene the partile harge�utuates stohastially around its equilibrium position. The amplitude of this �utu-ations are δZrms = 0.5
√

Zeq, where Zeq is the mean partile harge.2.4.5 Charging with high dust densities
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log10PFigure 2.5: Partile �oating potential as a funtion 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�uene 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 eletron depletion in the plasma. Then,there are not enough free eletrons available to harge the dust partile to the undis-turbed potential value. The in�uene of the dust is desribed through the so-alledHavnes-parameter [98℄, whih is the dust harge density in units of the eletron density

P = 695Te,eV aµm
nd

ne

, (2.15)



20 Dusty plasmas: Basiswhere Te,eV is the eletron temperature in eletron volts and aµm is the partile radiusin mirons.In the single partile limit P → 0 the �oating potential φp orresponds to theundisturbed �oating potential and approahes φp → 0 as P → ∞ as shown in Fig. 2.5.2.5 Fores ating on dust partilesGenerally, the trapping and transport of dust partiles in a plasma is governed bythe fores ating on them [47℄. The fores ating on the dust inlude gravity, eletrifores, ion drag fore [48, 49, 99�102℄, thermophoresis due to temperature gradients[103℄, polarization fores due to eletri �eld gradients [104�106℄, and the neutral dragdue to gas moleules ollisions with dust partiles when the partile is moving [107℄. Ina plasma under laboratory onditions, the eletri �eld fore, gravity, the neutral dragand thermophoresis are found to be the most important [75, 101, 102, 108, 109℄. Inthe Fig. 2.6 a oneptual sketh is shown whih represents how these fores at. Here,a short desription of these fores will be given.

∆

Lower Electrode

Plasma

S
he

at
h

Electric Force (Q  E)d

Gravity (m  g)dIon drag

Thermophoresis
(−    T)Figure 2.6: A sketh showing various fores ating on dust partile in rf disharges.



2.5 Fores ating on dust partiles 21GravityA dust partile in a plasma has a huge mass ompared to other plasma speies. Thismakes the gravitational fore to be one of the dominant fores in dusty plasmas. Thegravitational fore is proportional to the partile mass, i.e. to the dust partile volumeand its mass density ρ:
~Fg = md~g =

4

3
πr3

dρd~g, (2.16)where rd and ρd is the dust partile radius and density, orrespondingly. This makesthe gravitational fore to be proportional to the ube of the dust partile radius.Eletri foreDue to its harge, a dust partile is a�eted by eletrial �elds that are present in theplasma. The large inertia of a dust prevents the partile from following the osillatingrf �eld. Hene, the miropartiles are only a�eted by time-averaged eletrial �elds.In rf-plasmas, the time-averaged plasma potential reahes its maximum value in theenter of the disharge and dereases towards the plasma reator walls and eletrodes[32℄. Thus, an eletri fore pushes the negative dust partile towards the dishargeenter.An eletrostati fore ating on the dust partile in a plasma in the presene of anexternal eletri �eld ~E is well approximated by the vauum fore [104℄
~Fel = Q~E (2.17)when the dust partile radius a is smaller than the linearized Debye length λD.It is important to note that, although the sheath around a dust partile shieldsit from the surrounding plasma, it does not sreen the partile from an externallyapplied eletri �eld. It was pointed out in [105℄ that the Debye sphere around thedust partile is not attahed to the partile and represents only a loal perturbation ofthe bakground plasma.In the spae harge sheath, a spatially dependent eletri �eld prevails. Due tothe drop of plasma potential towards the eletrode the eletri fore inreases in thisdiretion. As a result, there will be in many ases a unique vertial position where thisfore ating on the negatively harged dust partile balanes gravity. At this positionthe dust partile is trapped and a horizontally extended plasma rystal an be formed.



22 Dusty plasmas: BasisSuh rystals ontain typially one to several thousands harged dust partiles [24, 26�28, 110�116℄. In the plasma bulk, the eletri fore is muh weaker ompared to thesheath situation.Neutral dragDust partiles moving in a plasma environment experiene a frition fore due to mo-mentum transfer with the residual gas [117℄. There are two regimes of this fore whihdepend on the Knudsen number Kn. The Knudsen number is the ratio of the meanfree path of a neutral gas moleule and the radius of the dust partile, Kn = λm/rd.For small Kn values the neutral drag fore is obtained from Stokes' law. However, inthe regime typial for rf disharges of dusty plasma experiments, the mean free path ofthe gas moleules is muh larger than a few hundred mirometers. This is muh largerthan the typial dust partile radius rd, whih is of the order of several mirometers.It makes the Knudsen parameter to be muh larger than one. Suh a regime is alled'kineti' or 'long mean free path'.For low relative speeds between mirosphere 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 moleule, vth,gas is the thermal veloity of gas moleules, ~udis the mean veloity of dust partiles relative to the gas. Thus, the neutral frition isproportional to r2

d.The Millikan oe�ient δ denotes the type of re�etion. Eq. (2.18) with δ = 1is the expression for speular re�etions of gas moleules from the partile. Here themoleules olliding with the dust partile with their veloity omponents perpendi-ular to the dust partile surfae are reversed after ollision. δ=1 + 4/9 expresses theregime of perfet di�use re�etions, when the moleules are absorbed and re-emittedby the surfae of the dust partile. They are emitted with a semi-isotropi Maxwelliandistribution at the dust partile temperature. The δ value depends on the mass ratioof gas moleules and surfae moleules, on the gas and surfae 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 , whih is in agreement with other measurements[117, 120℄ and orresponds to the regime with di�use re�etions.



2.5 Fores ating on dust partiles 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 partile.Thermophoreti foreThe thermophoreti fore is of ruial importane for the formation of Yukawa balls.This fore arises due to the gradient of the neutral gas temperature. In this ase, themomentum exhange rate during ollisions between gas moleules and the dust partileis larger for the hotter side of the partile. Thus, there is a net moment transfer fromthe ambient gas to the partile. The absolute value of the thermophoreti fore isproportional to the temperature gradient. The fore is direted from the region ofhigher temperature to the region of lower temperature (opposite to the temperaturegradient). An analytial expression for the thermophoreti fore [121℄ is given by
~Fth = −32
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r2
d

vth,gas

[

1 +
5π

32
(1 − α)

]

kT∇Tgas, (2.21)where kT is the translational thermal ondutivity of the gas and Tgas is the gas tem-perature. Thus, the thermophoreti fore is proportional to r2
d like the neutral dragfore.A reasonable approximation for the aommodation oe�ient is α ≈ 1 [121℄ if thegas and the dust partile surfae temperatures is less than 500K. If the pressure is highenough this expression does not depend on the gas pressure. Both these onditions aremet in typial experiments.Ion dragAn ion drag fore arises due to momentum exhange between the streaming positiveions and the dust partile. The streaming motion arises due to ambipolar di�usionor in strong eletri �elds in the sheath. This fore has a signi�ant in�uene on thepartile in laboratory plasmas in regions where the ion �ux is large. It an play asigni�ant role if the disharge power is large enough [42, 48, 122�125℄.



24 Dusty plasmas: BasisThe total ion drag fore (Fid) on a grain is the sum of two ontributions: theolletion (or absorption or diret) fore, Fcoll and the orbital (Coulomb or indiret)fore, Forb. The olletion fore is ontributed by those ions whih ollide with thedust grain and transfer their momentum (see Fig. 2.7). The orbital fore is due to ionswhih exert a momentum on the dust through Coulomb ollisions, i.e. the de�etionof ion trajetories in the �eld of the dust.The disussion onerning a quantitative desription of the orbital fore was dealtwith by many researhers [47�49, 84, 99, 100, 119, 123℄, but still a omplete theoryor model for omputation of orbital fore over the full range of ollisionality is notexisting. The most widely used are the approah of Barnes et. al [47℄ and a reentmodel of Khrapak et. al [48℄. Some of the models are desribed brie�y hereunder.Reently, there is muh attention given to quantify this fore [126, 127℄. In the presentwork, we also try to ompute the ion drag fore for a ollisional plasma bakgroundexisting in rf disharges.2.6 Analytial 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 fore.The problem of Coulomb ollisions was �rst dealt with by Chandrasekhar [128℄ tostudy stellar ollisions. Here, a point-like entral objet was onsidered taking not intoaount the �nite size of the entral objet (dust partile) and hene not aounts forthe olletion ion drag ontribution. This model was modi�ed for the dusty plasmaase [2, 40�43, 47�49℄.



2.6 Analytial models and Experiments for ion drag 25The orbital drag fore for a point-like objet an be alulated due to those ionswhih are de�eted in the eletri �eld of the dust.
Forb = momentum transfer × flux × orbital cross section (2.22)In reality, the range of Coulomb �eld is in�nite whih will result in in�nite orbital (orCoulomb) ollision ross setion. But, to obtain a �nite orbital ollision ross setion,the integration is trunated at some value of the impat parameter, the so-alled "ut-o�" distane, beyond whih the ollisions are onsidered to be of negligible ontribution.Usually, this trunation length is the Debye length λD. Then, the orbital ross setionis 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 impat fator for 90o de�etion. 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 veloity. ni is the unperturbed ion density, vti isthe ion thermal veloity, vf is the ion �ow veloity.Barnes ModelBarnes et al. [47℄ derived an expression for the ion drag fore inluding the �nite size ofthe dust partile and hene also the olletion ontribution. The olletion ontributionis given by the ions whih 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 olletion impat parameter. Allthe ions within bc ollide the entral objet (see OML harging).Barnes also orreted the above Coulomb ross setion for �nite-size dust, whereit was proposed that the minimum ollision impat parameter should be taken as



26 Dusty plasmas: Basisolletion impat parameter (bc). So, here the Coulomb ollision ross setion wasintegrated between bc and λD, resulting in the orbital drag fore:
Forb = mivsnivf4πb2

π/2 ln

(

λ2
D + b2

π/2

b2
c + b2

π/2

)1/2 (2.27)Hene, in this model only Coulomb ollisions within one Debye length λD are onsid-ered. Also, it is not lear whih Debye length has to be used, the eletron or the ionDebye length. Usually the eletron Debye length is used, but this is subjet to a largenumber of disussions.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 setionis obtained by using for the upper impat parameter ut-o�, the orbit whose losestapproah to the dust is equal to the Debye length (in order to inlude ollisions outsidethe Debye sphere). Here, the orbital drag fore is given by
Forb = mivsnivf4πb2

π/2 ln

(

λD(v) + bπ/2

rd + bπ/2

) (2.28)Huthinson WorkHuthinson, 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 bakgrounds. Onlyion trajetories are followed while eletrons are treated as bakground with Boltz-mann density. From the omputed ion urrents and the potential distribution aroundthe grain, the olletion and orbital ion drag fores have been omputed on a virtualspherial region around the dust. This work delivered ion drag fores as a funtion ofion drift veloities.Further, they proposed analytial �ts to their numerial results, whih are basedon OML urrents onsidering into ion drift. There, the olletion ontribution to the



2.6 Analytial models and Experiments for ion drag 27drag fore is given by
Fcoll = nir
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/u2where u = vf/vti is the normalized �ow veloity and χ = −Zeφp/Ti is the normalized�oating dust potential. The terms in the parenthesis aount for the ion drift. Theorbital drag fore is given by
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d 8π G(u) ln Λ (2.30)with the Chandrasekhar funtion G(u), whih inludes the e�et of �nite �ow veloities,given by
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(2.31)and Coulomb logarithm ln Λ given by
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] (2.32)and impat fator for 90o de�etion is given by
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(2.33)and the adopted form of e�etive shielding length and e�etive veloities 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 eletron temperature and qi(=Ze) is the ion harge.



28 Dusty plasmas: BasisExperimental methods to derive ion dragExperimental tehniques to derive the ion drag fore are only relatively few. The worksinlude laboratory experiments [123�125, 129�131℄ and experiments under mirogravity[31, 132℄.
• The dust partile trajetories are analyzed to derive the ion drag fore from thefore balane equation [31, 123, 129, 131, 132℄.In experiments under mirogravity [31, 123, 129℄, a foused laser beam is movedin a ontrolled way to drive partiles in the extended dust loud and at the voidboundary. From the observed partile motion together with Langmuir probemeasurements, the fores on the partiles in the dust loud and at the voidboundary are derived. Then from the fore balane equation between the inwardeletri �eld fore and the outward ion drag, the ion drag is derived. The derivedion drag is ompared with Barnes, Khrapak and Huthinson's models and somedeviations are found with Barnes model.In [131℄, hollow glass mirospheres are dropped into the plasma and allowed tofall due to gravity. The ion drag fore was derived from the partile trajetoryde�etion from the vertial diretion.
• In Yaroshenko et al. work [124, 125℄, the ion drag fore is derived from twoexperimentally determined quantities: the partile drift veloity and the eletri�eld. This method does not require a priory knowledge of the partile harge,but uses the harge gradient determined from the same experiment.Disussion of the ion drag modelsThe above theoretial and omputational works mainly deal with a ollisionless plasmabakground, where the mean free path (mfp) of ollisions is very large ompared to theDebye length. Very reently, Huthinson 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 analytially that the fore ating on a small absorbing grainin a ollision-dominated plasma with slowly drifting ions an derease substantially inomparison with the fore ating on a nonabsorbing body. In addition, their work [137℄onstitutes investigation of the e�et of plasma prodution and losses on the ion drag



2.7 Dust strutures 29fore. The results show that for a nonabsorbing grain the ion drag fore is positive, i.e.,it ats along the diretion of the ion drift independently of the loss mehanisms; Themagnitude of the ion drag fore is una�eted by plasma prodution for weak ionizationrate and redues strongly for high ionization rates. For an absorbing grain, the ion dragfore is negative for low ionization rate and reverses its diretion for high ionizationrate. However, these drag omputations are for a highly ollisional (hydrodynami)bakground.Huthinson et al. omputed the ion drag fore on a spherial dust over the entirerange of harge-exhange ollisionality. It has been shown that the ion drag fore showsa loal maximum where the CX ollision mean free path is smaller than the e�etiveshielding length (λmfp ≤ λs) and reahes a limiting value at high ollisionality.A general agreement between experiment and alulations has been obtained, butdiret quantitative omparisons are laking, also beause preise 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.Hene, to quantify the ion drag fore under experimental onditions, it is importantto self-onsistently quantify the plasma bakground, the eletron distribution funtions,the dust harge, the dust potential and the potential distribution around the dustgrain. Kineti partile simulations are suitable tools for suh studies, as they are ableto resolve the trajetories of all plasma speies in the dust �eld.2.7 Dust struturesDepending on the strength of interation between harged partiles, plasmas an bedivided into ideal or weakly-oupled and non-ideal or strongly-oupled plasmas. Thestrength of interation is represented by the oupling parameter Γ, whih is the ratiobetween the mean potential energy (Epot) of Coulomb interation 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 distane between the partiles. For ideal or weakly oupledplasmas Γ ≪ 1, and plasma omponents an be treated as an ideal gas. Most ofthe ordinary plasmas in spae and laboratory are weakly oupled. The system of



30 Dusty plasmas: Basisharged partiles is said to be strongly oupled when the eletrostati interation energybetween the partiles exeeds their thermal energy (Γ & 1). Due to the large hargesof dust partiles the interpartile interation energy is also large. Thus, even therystallization (at Γ ≫ 1) in the dust partile system beomes possible. The partilesin suh systems are trapped by an external harmoni potential. Suh ordered �nitesystems are alled dust lusters in ontrast to ordered expanded dust systems, whihare alled dust rystals.Experimentally, two-dimensional ordered systems of dust partiles were �rst disov-ered in 1994 in a athode sheath of a radio-frequeny disharge, where strong upwardsheath eletri �elds ompensate gravity, and the partile levitation is possible [23�26℄.Beause of this fore balane the partiles arrange in a horizontally extended 2D stru-ture. Under an additional horizontal on�nement the partiles arrange in 2D �nitelusters (see Fig. 2.8). Later, dust rystals were found in a thermal plasma at normalpressure [138℄, in a positive glow gap of a d disharge, and in nulearly exited dustyplasmas [139℄.

(a)

(b)Figure 2.8: (a) Shemati piture of a two-dimensional dust rystal experiment [26℄, and (b) Atypial 2D dust rystal.Three-dimensional dust lusters and rystals are muh more di�ult to realize inthe lab due to the huge gravity fore ating on dust partiles. Due to this reason3D dust rystal experiments had to be made under mirogravity onditions on boardof a spae station [140℄ or during the plane paraboli �ights [141℄.



2.7 Dust strutures 31In 2004 the spherially 3D dust lusters, so-alled Yukawa balls, were �rst ex-perimentally observed in dusty plasmas under laboratory onditions [108, 109℄. Theon�nement of Yukawa balls is obtained from a superposition of various fores atingon dust partiles. There, a glass box is plaed on the powered rf eletrode (see Fig. 2.9).The lateral Yukawa ball on�nement is attributed to the horizontal omponent of theplasma-indued eletri fore. This fore ats on the negatively harged partiles to-wards the enter of the glass box and thus on�nes negatively harged dust partilesin the glass box enter. The vertial Yukawa ball on�nement is due to the ompensa-tion of gravity. An upward thermophoreti fore was applied by heating the poweredeletrode. The ion drag fore was shown to be negligible [108, 109℄. The upward ther-mophoresis pushes the dust partiles into the plasma bulk. The thermophoreti foreis supported by additional eletri fores, whih result from surfae harges on theglass walls. Thus, superposition of gravity, the plasma indued eletri fore, and thethermophoreti fores models the Yukawa ball trap whih was found to be harmoniin 3D [109℄.
(a)

(b)

Figure 2.9: (a) Shemati piture of three-dimensional Yukawa ball formation and fore balane[109℄ and (b) A typial Yukawa ballThe paraboli �ight experiments or experiments on the International Spae Stationshow [141℄, however, that under mirogravity other fores like the ion drag beomeimportant, that lead to the formation of large dust-free areas in the enter of theplasma disharge as shown in Fig. 2.10.Hene, it an be seen that dust parameters like dust harge, �oating potential anddust potential distribution are very important for dust struture formation. Hene,omputing these parameters for atual disharge onditions is neessary to haraterizethe system, whih is the goal of this thesis.



32 Dusty plasmas: Basis

Figure 2.10: Typial appearane of a dust-free void in mirogravity experiments [141℄.The basi elements of dusty plasmas, harging of dust, fores ating on the dustin a plasma have been introdued. Before disussing the omputational results, theomputational tool used for this thesis will be introdued in the next hapter.



Chapter 3
P 3M ode
In this hapter, the omputational tool used for the simulation of multiomponent re-ative rf disharges and for dust harging proess is desribed. 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 suh plasmas, as the�uid desription is valid only when plasma partiles have a Maxwellian veloity distri-bution, and plasma parameters are not hanging muh on the mean free path length.But in the ase of low temperature plasmas, due to the strong potential drop in thesheath, distribution funtions of both ions and eletrons are non-Maxwellian [61, 143℄.Hene, a kineti approah with the partile-in-ell (PIC) method [144, 145℄ is suitablefor the study of suh plasmas. One-dimensional Partile-in-Cell (1D PIC) simulationswere performed for multiomponent reative plasmas in order to study the e�et of anion extrator system on ion energy distributions (IEDs) [see appendix A℄. A three-dimensional Partile-Partile-Partile-Mesh (3D P 3M) ode was applied for studyingthe dust harging and the ion drag fore on single and multiple stati and dynami dustgrains immersed in rf disharges. These odes have been obtained from K. Matyashand modi�ations have been done for dust parameter diagnostis. For a detailed de-sription of the ode, one an refer to [46, 146, 147℄. Here a brief desription of thePIC method, its limitations in estimating harging dynamis and the P 3M method isprovided. The modi�ations and additions done to the odes will be presented later.



34 P 3M ode3.1 PIC methodIn the PIC method, one follows the kinetis of 'Super Partiles' (eah of them rep-resenting many real partiles), moving in self-onsistent �elds (eletri and magneti)alulated on the grid aording to the Maxwell equations. In this work, only eletro-stati alulations are done and therefore only the Poisson equation is solved. 'Superpartiles' are simulated beause the number of harged real partiles in systems of in-terest is usually very large (1012) and not possible to simulate even on the fastest om-puters. The partile ollisions are handled by Monte-Carlo ollision (MCC) routines,whih randomly hange partile veloities aording to the atual ollision dynamis.Hene, these odes are also alled PIC-MCC odes.

Figure 3.1: Computational algorithm in a typial PIC-MCC ode.The omputational algorithm of the PIC sheme is presented in the Fig. 3.1. Mainsteps involved in the omputation are the following:(i) Compute the approximate plasma harateristis 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 physial system with grid width ∆x ≤ λDe.Usually ∆x = 0.5λDe is used.(iii) Initiate the plasma speies (eletrons, ions, neutrals) in the grid.(iv) From the partile positions in the neighboring ells of a grid point, harge andurrent densities are omputed at the grid point, using extrapolation tehniques.Usual extrapolation methods used are Nearest Grid Point (NGP) method, Cloud-in-Cell (CIC) method, et. [144℄. NGP weighting sheme is relatively noisy andintrodues arti�ial fores (self-fores) to the solution [147℄. In our simulationsthe CIC weighting method is used, in whih harged partiles are treated as rigid'louds' of uniform density with dimensions equal to grid width in all diretionsand an freely move through eah other.(v) In eletrostati problems, the Poisson equation is solved on the grid to update�elds at the grid loations from the harge densities. ∇2φ = −ρ/ǫ0For three-dimensional simulations, the Poisson equation is disretized on thegrid using a 7-point �nite-di�erene sheme [148℄. The resulting sparse systemof linear equations is solved using the LU-deomposition method [149℄. For thispurpose the SuperLU software library [150℄ is used. Then, the omponents of theeletri �eld on the grid are alulated with a entered di�erene sheme:
(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 partile positions usingthe same weighting tehniques. The same weighting sheme is used to ensuremomentum onservation.(vii) With these �eld values, partiles are moved aording 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)



36 P 3M ode(viii) Boundary onditions are implemented. For absorbing boundaries partiles areabsorbed or lost and for periodi boundaries partiles leaving from one side areintrodued from the opposite side.(ix) Collisions are implemented and the resultant plasma speies (eletrons, ions,neutrals) are updated.Collisions play a very important role in the formation and the sustaining of rfdisharges. Details of how ollisions have been implemented in the ode are de-sribed in [148℄. In the present ode, following ollisions have been implemented.
• eletron-eletron Coulomb ollisions
• eletron-ion Coulomb ollisions
• ion-ion Coulomb ollisions
• eletron-neutral elasti ollisions
• ion-neutral elasti ollisions
• eletron-neutral ionization ollisions
• eletron-neutral, eletron-ion dissoiation ollisions
• dissoiation with ionization ollisions
• dissoiation with eletron-reombination ollisions
• harge-exhange ollisions
• exitation ollisionsCoulomb ollisions between harged partiles are important for transport pro-esses in plasmas. The eletron-eletron Coulomb ollisions play a key role inpopulating the high-energy tails of eletron distributions, pushing the distri-bution funtion towards Maxwellian. The high energy eletrons, despite theirrelatively small number, strongly in�uene the properties of the whole system,beause only eletrons from the high energy tail of the distribution an partii-pate in eletron-impat ionization ollisions with neutrals. In bounded plasmasthe �ux of very high energy eletrons to the wall is responsible for ompensationof ion urrent and formation of a sheath potential struture. 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 desribed in [146, 151℄ has been implemented.



3.2 Limitations of PIC 37(x) Neutral partiles an be updated or an be treated as a �xed bakground withonstant density and temperature, as its density is muh higher than the densitiesof harged speies.(xi) Steps (iii)-(ix) are repeated over presribed timestep (∆t). Usually for aurayof the di�erening sheme [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: Interation fore from grid �eld between two harged partiles in PIC model omparedto the "right" Coulomb �eld [152℄.The onventional PIC-MCC ode an desribe the details of rf plasmas inludingthe sheath in front of the eletrodes. This ode has previously been extensively usedfor studying the formation of dust strutures in low temperature laboratory plasmas,where originally a onstant dust harge was presribed [146℄. But, the PIC-MCC annot handle the harging dynamis of a miron-size dust. It is beause of the draw-



38 P 3M odebak in a onventional PIC method that the spatial resolution is limited by the size ofthe grid whih is typially of the order of the Debye length, whih is a fration of amillimeter for rf plasmas. Whereas the size of the dust grains used in the laboratoryexperiments is muh smaller than this, i.e. in mirometer-nanometer range. As men-tioned in the previous setion, due to the CIC weighting method, the partiles in theonventional PIC algorithm whih are represented by harged louds of the grid size,an penetrate eah other [146, 147, 152℄. This leads to high inauray for interpartileinteration when the distane beomes smaller than the ell size [152℄. Fig. 3.2 showsthe dependene of the interpartile interation fore on the distane, where the distaneis normalized to the ell size, as alulated with the PIC model. The interation forefrom the grid �eld strongly deviates from the Coulomb fore for small distanes andtends to go to zero as the inter-partile distane dereases. Therefore, the PIC model,being able to resolve long-range interation between the partiles (of the order of theDebye length), misses the lose-range part for distanes omparable with the radius ofthe dust grains.One approah to overome this is to use a PIC-MC partile ollision operator [153℄for desribing plasma speies absorption at the dust with the ollision ross-setionobtained from analyti OML [3℄ theory. This model is su�iently fast, but an failwhen plasma is strongly nonunifrom and/or non-Maxwellian. Another approah isto resolve or follow in an MD algorithm ion trajetories around dust until they areabsorbed or sattered [41, 42, 152, 154℄. The present simulations are based on thelatter approah.3.3 P 3M odeIn order to aurately resolve lose-range interations between dust grains and plasmapartiles, the PIC model was ombined with a moleular dynami (MD) algorithm. Inthe resulting Partile-Partile Partile-Mesh (P 3M) model, the long-range interationof the dust grains with harged partiles of the bakground plasma is treated aordingto the PIC formalism. For partiles whih are loser to the dust grain than a Debyelength their interation fore is omputed aording to a diret partile-partile MDsheme using the exat eletrostati potential. This is implemented in the followingway: in the omputational domain, the ell in whih the dust grain is loated togetherwith the neighboring ells form the "MD" region as shown in Fig. 3.3. All partiles



3.3 P 3M ode 39outside the MD region are treated aording to the onventional PIC sheme. Forplasma partiles (eletrons and ions) inside the MD region the eletri �eld is alulatedas: E = Egrid + Edust. For the alulation of the grid �eld Egrid, the harge densityas in the PIC part is used from whih the dust grain ontribution is subtrated. Thedust ontribution is aounted for by the exat Coulomb eletri �eld Edust alulatedpairwise between the dust and the plasma partiles. In order to resolve the partilemotion on sales of the order of the dust grain size, partiles in the MD region aremoved with a smaller time step (tMD). Usually tMD = ∆t(rd/∆x). Typial PIC timestep (∆t) is about 1.1×10−10 se and ∆x =200 µm. Hene for a 1 µm dust partile,
tMD is about 6× 10−13 se. Plasma partiles whih ross the omputational dust grainboundary are assumed to be absorbed. The dust grain harge is updated eah MD timestep. This approah allows to follow the harged partiles trajetories in the viinity ofthe dust grain and by this to inlude �nite-size e�ets for dust grains, self-onsistentlyresolving the dust grain harging due to the absorption of plasma eletrons 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.
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Figure 3.3: Shemati diagram showing MD region around the dust grain.The additional omputation in P 3M ode inludes the following:
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Figure 3.4: Computational algorithm in a typial P 3M ode.
• Cheking for the existene of the dust partiles. If partiles exist, determine theMD region boundaries around the dust.
• Determine the MD subyling timestep depending on the ratio of dust size togrid width.
• Determine the dust density at grid loations from the dust partile positions.
• Compute the grid �eld due to dust (Edust).
• For eah MD subyle push the plasma speies (eletrons and ions) and hekfor their absorption at dust or rossing the MD boundary. If plasma speiesare olliding with the numerial dust boundary ount them and update the dustharge (see hapter 5).
• Compute the olletion ion drag fore from ions olliding with the dust and orbitaldrag fore from all other ions in the MD region (see hapter 6 for details).
• Output the dust parameters: dust harge, ion drag fore, eletri �eld aroundthe dust to derive the dust �oating potential and potential distribution.
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• Any other diagnostis, suh as test ion trajetories.Till now, the basi elements in dusty plasmas and the P 3M ode have been intro-dued. In later hapters, the omputational results for harge and ion drag on singleand multiple dust partiles loated in rf disharges are presented. Before studying thedust harging, �rst the harateristis of the rf disharge whih govern dust hargingare studied and these properties are presented in the next hapter.
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Chapter 4Plasma disharge harateristisDisharge properties, suh as plasma speies densities and veloity distributions, governthe harging proess of the dust grain. The dust harge itself determines the dustpotential and �eld around the dust, whih again in�uenes the shielding and ion dragfore. Therefore, the presene of dust will modify the loal disharge harateristis.Hene, it is neessary to study the disharge harateristis to gain an insight into theharging proesses. The harateristis of rf disharges have been experimentally andtheoretially studied by many researhers [32, 45, 46, 84, 148, 155℄. Here, we presentthe omputed rf disharge harateristis and reapitulate the physis 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 disharge plasma in argon, after equilibration of whih the dust grainsare immersed to study harging and drag fores. The parameters of the simulationwere hosen to represent the onditions of the experiments with Yukawa balls (see Ref.[109℄). As bakground gas, argon with pressure p = 50 Pa and neutral gas temperatureT = 300 K was used.The omputational domain representing the rf disharges is shown in Fig. 4.1. Thedisharge 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 seletion riteriafor ell-widths and time-step). The eletrodes are aligned in the XZ-plane and theeletrode separation is 2.4 m. The lower eletrode at Y = 0 m is grounded and theupper eletrode at Y = 2.4 m is powered with a sinusoidal voltage at frequeny frf =
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Figure 4.1: Shemati of 3D omputational grid for simulation of rf disharges.
13.56 MHz and amplitude Urf = 30 V or 50 V. At the eletrodes absorbing wall bound-ary onditions for the partiles are applied. At boundaries in the X and Z diretionsperiodi boundary onditions are used, both for partiles and potential. The neutralargon was treated as a �xed bakground with onstant density and temperature, as itsdensity is muh higher than the densities of harged speies. Only the harged partiledynamis was followed. In the simulation, the plasma was sustained self-onsistentlydue to eletron impat ionization of the neutral gas by the eletrons aelerated in theapplied rf voltage.In the present P 3M ode, a binary Coulomb ollision model desribed in [146, 151℄has been implemented. Coulomb ollisions between harged speies, eletron-impationization, e�ient exitation, eletron-argon elasti ollisions and momentum transferharge-exhange ollisions were taken into aount in the simulation. The ollisionsimplemented for urrent study are listed in Table 4.1.



4.2 Results 45Table 4.1: List of ollisions inluded in the urrent simulationsCollision Referenee-e, e-ion, ion-ion Coulomb [156℄e-Ar Elasti Collision [157℄Ar+ - Ar Elasti Collisions [157℄Ionization : e + Ar → Ar+ + 2e [157℄Charge-exhange : Ar + Ar+ → Ar+ + Ar [157℄Exitation : e + Ar → Ar∗ + e [157℄4.2 ResultsHere, we present the harateristis of the rf disharges after equilibration.Potential and Density
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Figure 4.2: Time-averaged density and potential pro�les. Vertial lines represent the y-oordinatesof the dust.



46 Plasma disharge harateristisFigure 4.2 shows the omputed eletron and ion densities in a rf disharge betweenthe eletrodes on the entral axis, for a pressure of p = 50 Pa. The ion density equalsthe eletron density in the bulk satisfying quasi-neutrality and exeeds the eletrondensity in the sheaths. After equilibration, the bulk plasma parameters are ne=1.22
× 109 m−3 and Te = 5.5 eV respetively, yielding an e�etive eletron Debye-length
λd=550 µm. Similarly, the e�etive ion Debye-length is ≈ 37 µm (Ti/Te

∼= 0.0045),whih is one order smaller than the eletron Debye-length. Fig. 4.2 also shows the time-averaged plasma potential between eletrodes. A steep potential drop ours near theeletrodes within osillating positive spae-harge layers (in rf sheaths). The eletri�eld in the bulk plasma is negligible in omparison with the �eld in the sheaths. Thisstrong eletri �eld in the rf sheath regions is direted toward the eletrodes, preventingeletrons from leaving the plasma for most of the rf yle. The eletrons are able toesape to eletrodes 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 frequeny is smaller than the rf frequeny (due to highmass), ions are not able to reat to the fast hanging rf eletri �eld. Thus ions respondonly to the averaged eletri �eld. Thus, the �ux of energeti ions, aelerated in thesheath eletri �eld to energies of about average sheath potential drop, onstantly �owsto the eletrodes. The eletrons respond to the instantaneous eletri �eld and osillatebetween the eletrodes in the stati bakground of the positive spae harge of the ions.In the sheath regions the positive spae harge of the ions during most of the rf periodremains unompensated beause the eletrons reah the eletrode only for a short time,during the ollapse of the sheath potential, to balane the ion urrent on the wall. Thehange of the net spae harge near the eletrode during the rf yle, resulting fromthe di�erent response of ions and eletrons to the applied rf voltage, is responsible forthe dynamis of the rf sheath eletri �eld.Eletron distributionsThe time-averaged eletron energy probability funtion [32℄ at the enter of the dis-harge is shown in Fig. 4.3. It an be seen that the eletron distribution is non-Maxwellian, and rather Druyvesteyn-like [45, 46, 146℄ where a strong drop of high-energy eletrons is observed. Similar eletron distributions were experimentally foundin low-pressure apaitive rf disharges [45℄. Suh eletron distribution in the dishargeindiates the Ohmi heating [45, 146℄ in a Ramsauer gas like argon. The mean free
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Figure 4.4: Time-averaged ion veloity distribution funtion along the disharge axis Y.mean energy of random motion is lose to the thermal energy of the bakground gas.In the sheath regions low-energy ions from the bulk plasma are sharply aelerated inthe strong eletri �eld toward the eletrodes.Figure 4.5 shows the time-averaged ion veloity (normalized to loal sound speed)between the eletrodes. It an be seen that ions are subsoni even in the sheath, exeptvery lose to the eletrode. The approximate value of vi/cs near the sheath edge is0.12. Ions are not aelerated to Bohm veloity near the plasma-sheath edge. This isdue to the ollisions in the system. The mean free path of ion-neutral harge-exhangeollisions (λmfp) is only about 85 miron, whih is less than the sheath width. Thus,this is a highly ollisional sheath.Now to summarize, the plasma disharge harateristis and various length salesare listed in the Table 4.2.Plasma speies distributions at low pressuresThe rf disharge harateristis at very low pressures (a few Pa) di�er very muhfrom the above disussed. We have done simulations to study ion energy distributions
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• Predominant heating mehanism is the Stohasti heating. In the EVDF,there exist two groups of eletrons: Cold eletrons in the enter of the disharge,and the tail of high-energy eletrons osillating between the eletrodes. The ele-trons from the low energy group are not energeti enough to overome the am-bipolar potential barrier and penetrate the sheath region. Thus they are lokedin the enter of the disharge. The energy of these eletrons is far below theenergy threshold for the majority of inelasti ollision proesses, thus they arenot partiipating in ollisions with neutrals, exept for elasti sattering. Even-tually, due to elasti ollisions, these eletrons di�use to the sheath region. Thisgroup of eletrons is most likely populated by the low-energy seondary eletrons,produed in eletron- neutral ionization ollisions. Unlike the eletrons from the



50 Plasma disharge harateristisTable 4.2: rf disharge harateristis and various length sales for p=50 Pa, Urf=50 V.Bulk eletron density 1.22 × 109 m−3Bulk eletron temperature 5.5 eVBulk ion temperature 0.025 eVEletron Debye length 550 µmIon Debye length 37 µmSystem length along disharge 2.4 mSheath width 0.5 mmfp of CX ollision 85 µmmfp of eletron-neutral elasti ollision 0.08 mlow-temperature group, the eletrons from the high-energy tail an easily over-ome the ambipolar potential barrier and penetrate into the region of strongeletri �eld in the sheath. These eletrons osillate between the rf sheaths, get-ting re�eted from them by the strong retarding eletri �eld. Although duringsingle re�etion from the sheath, an eletron an both gain and loose energy, de-pending on the phase of the rf �eld, but on average, eletrons are aelerated dueto stohastization of their motion, similar to the Fermi aeleration mehanism[32℄.
• The eletron 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 eletrons in the bulk region, whereas the high- tem-perature omponent is ontributed by the energeti eletrons, osillating 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 aelerated upto average sheathpotential drop.4.3 Summaryrf disharges have been simulated using a three-dimensional PIC-MCC ode for thedisharge onditions relevant to the dusty plasma experiments. After equilibration



4.3 Summary 51of the rf disharges, its harateristis, inluding speies density, potential, speiesdistribution funtions have been studied. From the mean free path analysis, the systemis ollisional, harge-exhange ollisions between ions and neutrals being dominant.Eletron and ion distributions are non-Maxwellian, eletrons behave Druyvesteyn-likeand ions are subsoni even in the sheath due to harge exhange ollisions.After fully understanding the harateristis of the rf disharges, now the dust par-tiles are loated at various positions in the disharge to address the issues of hargingmentioned. The results will be presented in the next hapters.
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Chapter 5Charging of single dust partiles
5.1 IntrodutionThe dust grain attains a harge (positive or negative) due to various harging meh-anisms [6℄, suh as absorption of eletrons, ions, seondary eletron emission, et.Charging of a dust grain is determined by the bakground plasma properties, whereollisions between various plasma speies play an important role. The dust hargegoverns the eletrostati potential around the dust and interdust grain interation andhene the formation of dust strutures. Also the ion drag fore - the fore exerted ondust grain by traversing ions around the dust due to oulomb interation - whih playsa ruial role in phenomena suh as wake-�eld formation in rf sheaths [28℄ and dustvoid formation in mirogravity dusty plasma experiments [31℄, depends on the dustpotential and dust harge. So, in order to quantify these various properties for realistidisharge onditions in rf disharges, dust harge and potential have to be determinedaurately. Sine in rf disharges the plasma bulk and sheath have di�erent proper-ties (e.g. streaming of ions), the dust harge and potential might vary for dust grainsloated at di�erent positions in rf disharge.The analytial theories of harging desribed in hapter 2 do not aount for stream-ing ions leading to di�ulties in determining the harge of dust loated in the sheath.Also, they assume Maxwellian distributions for the plasma speies, whih 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�etson the dust harging and shielding in rf disharges. In this work, we present the dust



54 Charging of single dust partilesparameters omputed for a single stati spherial dust grain loated at di�erent po-sitions in an rf disharge. We ompare the simulation results with existing hargingmodels. The dust potential distribution is ompared with the Debye-Hükel 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 proess in aapaitive rf disharge in argon. The parameters of the simulation were hosen torepresent the onditions of the experiments with Yukawa balls (see Ref. [109℄). Asbakground gas, argon with pressure p = 50 Pa and neutral gas temperature T = 300K was used.
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Figure 5.1: Shemati of 3D omputational grid for simulation of dust in rf disharges. The MDregion (ube) of the entral dust partile is projeted onto the left wall.The omputational domain representing the rf disharges and dust loations isshown in Fig. 5.1. The omputational domain and boundary onditions are similar to



5.3 Results 55the ones desribed in the previous hapter. Dust partiles with radii Rd = 2.5, 5.0, 7.5and 10.0 µm were introdued into the disharge with zero starting harge. The positionof the dust partiles was �xed at three di�erent positions of y = 0.12, 0.49 and 1.08m, whih orrespond to loations in sheath, presheath and bulk regions respetively(in x,z the partiles are entered in the simulation domain). The ell in whih the dustgrain is loated together with the neighboring ells form the "MD" region, as shownin Fig. 5.1.Plasma partiles whih ross the omputational dust grain boundary are assumed tobe absorbed. The absorbed plasma speies are ounted to obtain the dust harge. Otherharging proesses, suh as seondary eletron emission, or surfae photo emission, havenot been onsidered. In our model, the dust potential is omputed independent of thedust harge. It is derived from the omputed eletri �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 spherial dust grains loated at the threepositions in the rf disharge. The results will also be ompared with theoretial models.5.3.1 Dust potentialAfter the bakground plasma of equilibrated rf disharges has been haraterized, wehave omputed the �oating potential on the dust partiles of di�erent radii, loated atdi�erent positions in the rf disharge plasma. Figure 5.2 shows the dust potential alongthe horizontal/vertial (X/Y) axes for dust partiles in the plasma bulk. It an be seenthat the �oating potential on the dust grain is about -2.98 V and radially symmetriaround the dust.Figure 5.3 shows the dust potential along the horizontal/vertial axes for dust par-tiles in the plasma sheath. In determining the dust potential pro�le in the sheath, onehas to aount 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-diretion (whih is along the eletrode separation). This asymmetryis introdued due to the streaming ions in the sheath. The dust potential pro�le willbe analyzed in more detail below.
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Figure 5.2: Spatial dust potential distribution for a 5 miron dust grain loated in the plasma bulk
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5.3 Results 575.3.2 Dust Potential vs. Dust size & loation
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Figure 5.4: Dust potential as a funtion 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 sales 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 expets that the dust potentialis independent of dust size. But for this ollision-dominated plasma, the ion urrent(Ii) to the dust grain inreases (the issue of ion urrent will be dealt with in detailin the hapter 6), resulting in a size-dependene other than R2
d in OML [4, 39℄. Thisollisional ion urrent ontribution results in a dust-size dependene of the dust surfaepotential. These results qualitatively agree with the simulation results of Zobnin et.al.[4, 39℄, where a dependene 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 aountingfor harge-exhange ion-neutral ollisions. Zobnin et.al. derived ion urrent, surfaepotential, et., for intermediate ollisionality. For partiles with rd/λs ≥ Ti/Te theabsolute value of the surfae potential inreases with the partile size linearly. In



58 Charging of single dust partilesour ase, for a 5 µm partile rd/λs ≈ 0.03, Ti/Te ≈ 0.0045 this ondition is ful�lled.Zobnin et.al. [4℄ also proposed analytial approximations for the ion urrents. Theseanalytial formulae show that the ion urrent is a omplex funtion of ollisionalityand partile size, resulting in a size-dependene of the surfae potential. In Fig. 5.5,dust surfae potential for various dust sizes obtained in the present simulations havebeen ompared with the values obtained from the analytial formulae given in [4℄,for the shielding lengths obtained in our simulations (see below). Both results showthe same tendeny, but shifted by about 1 volt. This deviation an be attributed tothe use of a Maxwellian distribution for eletrons in [4℄, whereas here the distributionis Druyvesteyn-like. The Maxwellian distribution ontains more high energy eletronpopulation (high energy tail) whih ontributes additional eletron �ux to the dustresulting in a more negative dust potential. Hene, dust potential values from Zobnin�t are smaller than the values obtained in our simulations.
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Figure 5.5: Dust size dependene of �oating potential (in plasma bulk) determined in our simulations,ompared to the analytial �t given by Zobin et.al. [4℄



5.3 Results 595.3.3 ShieldingWe now disuss the dust potential distribution around the dust. The potential arounda harge or probe in a plasma is sreened or shielded by the plasma partiles. It isusually assumed that dust potential sreening is a Debye-Hükel (or Yukawa) type.Here, the potential at a distane 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, whihgoverns the partile interations. 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-diretion.
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Figure 5.6: Computed dust potential in the sheath ompared to the Debye-Hükel potential (dashedline) for various sizes of dust. The resulting sreening lengths are also listed.In Fig. 5.6, the simulated dust potential distributions for various sizes of dust grainsloated in the sheath are ompared to the analytial Debye-Hükel potential. Thus, thedust potential from the P 3M ode behaves like a Debye-Hükel potential in a region



60 Charging of single dust partileslose to the dust partile up to a distane R = λs to R = 1.5λs. Due to �nite MD regionsize, disussion 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 eletron and the ion Debye lengths. Hene, it an be onludedthat the e�etive shielding is done both by eletrons and ions. Deviations of shieldinglengths from ion Debye length have already been disussed in [4, 38, 161℄.
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Figure 5.7: Computed dust potential distributions for three dust loations in the disharge omparedto the Debye-Hükel potential (dashed line). The resulting sreening lengths are also listed.Figure 5.7 shows the simulated dust potential distributions for 5 µm dust grainsloated at the three positions in the disharge. In the bulk and the presheath, we �nda similar behavior: the potential is Debye-Hükel-like with sreening lengths 200 and220 µm respetively. The sreening lengths in the presheath and the sheath are largerthan the ell size and are reliable. The sreening length in the bulk is omparable tothe ell size. However, these values are in agreement with the values of the shieldinglength whih are found to �t the harge and potential alulations in Se. 5.3.4 verywell. From the bulk to the sheath the ion veloities inrease and ion shielding beomesinreasingly ine�etive. Hene, the shielding length slightly inreases from the bulk tothe sheath.



5.3 Results 61Physially, the deviation of shielding length in the bulk from the ion Debye lengthan be attributed to the ion-neutral ollisions in the viinity of absorbing dust grain[50℄. The work of Khrapak et al. [50℄ shows the e�et of ion-neutral ollisions onthe potential distribution. It has been shown that the e�et of ollisional �ux is toextend the potential distribution beyond the ion Debye length indiating an inreasedshielding length.5.3.4 Charge evolution on dustWe have also omputed the harge on dust partiles of di�erent radii, loated at thethree positions in the rf disharge plasma by ounting the plasma partiles arriving atthe numerial partile boundary.
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62 Charging of single dust partilesto stohasti �utuations due to the disrete nature of harge arriers. Stohasti�utuations have been studied by Cui et. al. [96℄, and it has been shown that theamplitude of the stohasti �utuations is approximately equal to 0.5√Zd, where Zd isthe equilibrium number of the harges. For the 5.0 µm dust partile ase presented here,
Qd=-10482e and so the amplitude of the �utuations should approximately be equal to51e. In the simulations, the amplitude of the stohasti �utuations is approximatelyequal to 825e. This deviation is due to the fat that in the simulation one omputationalpartile represents 89 real eletrons or ions.Dust Charge vs. Dust size & loation
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Figure 5.9: Temporal dust harge evolution of a 5 miron partile for di�erent loationsFigure 5.9 shows the harge evolution for a 5.0 miron dust partile loated at thethree di�erent positions in the disharge. It an be seen that the harge is redued 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 eletron and ion urrents to the dust grain. The eletron or ion urrent is



5.3 Results 63proportional to the density (n), veloity (v) and olletion area (σd) of a dust grain.
Ie,i ∝ ne,i ve,i σde,i (5.2)
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64 Charging of single dust partilesbulk to presheath and falls drastially thereafter in the sheath. The ion �ux inreasesalmost linearly from bulk to presheath and stays onstant beyond the presheath. It isdue to the absene of soures and sinks, like reombination, et. Near the eletrodes,the eletron and ion �uxes balane eah other, as shown by neve/nivi=1 in the eletronto ion �ux-ratio pro�le. Hene, in ase of dust grains loated in the presheath andthe sheath, ion urrents at both loations are almost equal, but the eletron urrentis smaller in the sheath, resulting in a redued harge in the sheath. The hargingtime inreases when dust is moved from the bulk towards the sheath, due to the samereason. In the presheath, the eletron density is omparable to the bulk value, butthe e�etive eletron �ux has a maximum there. From the �ux-ratio pro�le, neve/nivivalue at the presheath is greater than the value at the bulk. Hene, the harge numberin the presheath is equal to or slightly larger than the bulk value.

 0

 0.5

 1

 1.5

 2

 2.5

 3

 3.5

 0  2  4  6  8  10

-C
ha

rg
e 

(x
 1

04 e)

Dust Size (µm)

Bulk

Presheath

Sheath

Figure 5.11: Dust harge as a funtion of size for the di�erent loations of the dust grainNow the dust harge as a funtion of size for di�erent positions in the plasma isstudied (Fig. 5.11). The harge number on the dust inreases nonlinearly with the dustradius. This an be understood from the apaitor model, where the harge is givenby Eq. 2.11. As rd ≪ λs for the present ase, Qd ∝ rd φd. In the previous setion, it



5.3 Results 65has been shown that the dust potential (φd) sales almost linearly with the dust size,resulting in a nonlinear dependene 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 partiles of 1.7 µm radiusa harge of about 2000 is found [109℄, whereas the simulations yield 2800 harges for apartile of 2.5 µm. From melting experiments [162℄, a harge of about 9000 is measuredfor a 4.7 µm radius partile. Here, the simulations suggest a value of about 10400 for5.0 µm size partile. Shielding lengths an also be derived by �tting the above fun-tion with inlusion 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 respetively for dust grains loated 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 apaitor model the term ontaining the shielding length would also play a moredominant role and the size-dependene of dust harge would be even stronger thanthat already obtained.
5.3.5 Comparison with theoretial modelsNow we disuss the e�et of ion-neutral harge-exhange ollisions, whih are domi-nant in rf disharges in Argon. In order to do this, simulations have been performedswithing-o� harge-exhange and exitation ollisions. Also, the simulation results areompared with theoretial harging models of OML[3℄, ABR[1℄, Lampe et. al. [38℄ andKhrapak et. al. [2℄.Figure 5.12 shows the disharge parameters at the three dust loations in the rfdisharge obtained in simulations with and without ion-neutral ollisions. It an beseen that the main e�et of ollisions is to redue the net �ow veloity. The �owveloity even in the sheath is subsoni, if ollisions are onsidered as disussed above.If ollisions are not inluded, the �ow veloity is supersoni, as an be expeted by theBohm riterion.
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Figure 5.13: Comparison of dust �oating potential with theoretial models for a 5 µm partile inase ion-neutral ollisions are not onsidered



5.3 Results 67Figure 5.13 shows the dust �oating potential values obtained without ion-neutralharge exhange ollisions and exitation ollisions. Also, the dust quantities omputedfrom theoretial models (OML, ABR, Lampe, Khrapak) are presented. ABR modelpredits a single value for the dust potential for a given dust size and Debye-lengthratio, irrespetive of ollisionality. Lampe and Khrapak models do not aount forstreaming onditions and are given for the bulk only here. The dust potential preditedby these models has been used to obtain the dust harge from the apaitane model.In ase when ollisions are not onsidered, the dust quantities obtained in simulationsare omparable to OML, exept 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�etive,the ions retain their orbital trajetories and hene the OML is a good approximation.
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Figure 5.14: Comparison of dust �oating potential with theoretial models for a 5 µm partile inase ion-neutral ollisions are onsideredFigure 5.14 shows the dust �oating potential values obtained with ion-neutral hargeexhange ollisions and exitation ollisions. In ase when ollisions are e�etive, theomputed dust quantities are onsiderably lower than the alulated 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 veloity ions. These low



68 Charging of single dust partilesveloity ions get attrated by the dust strongly obtaining radial motion with respetto the dust enter. Hene, numerous ollisions destroy the orbital motion of the ions.The dust harge obtained from simulations is slightly higher than ABR value, beauseof non-Maxwellian distribution.Lampe [38℄ and Khrapak [2℄ models alulate the dust parameters as a funtion ofollisionality index [38℄, whih is equal to λs/λmfp, where λs is the shielding length and
λmfp is the mfp for ion-neutral harge-exhange ollisions. For our disharge 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�etive sreening length from both theeletrons and ions, (λ−2

De + λ−2

Di

)

−1/2(whih is again equal to the ion Debye length forour parameters), as the shielding length. But, our simulation results presented in theprevious setion show that in the plasma bulk the shielding length is in between ele-tron and ion Debye lengths. As the Lampe model predits the dust quantities onlyup to a ollisionality index 0.5, we only onsider the ion Debye length for alulations.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 Partile-Partile-Partile-Mesh ode to ompute the dust harge and potential on a dust partile loated atvarious positions in an Argon rf disharge. These simulations are very �rst of their kind,whih aount for realisti plasma bakground existing in experimental rf disharges.Dust harge and the potential on the dust loated in the presheath are slightly largerthan the harge and potential values in the bulk due to the higher eletron �ux in thepresheath. From the presheath to the sheath, the dust parameter values derease dueto the derease in the �uxes. It has been found that in plasma bulk and presheathregions the shielding lengths are in between ion and eletron Debye lengths, indiatingshielding by both ions and eletrons. A linear dependene of dust potential on dustsize has been found, whih results in nonlinear dependene of the dust harge with thedust size. This is in agreement with the independent diagnostis of the dust harge



5.4 Summary 69by harge arrier olletion. 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 muh smaller than the values obtained from the OML model.
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Chapter 6
Ion Drag on single dust partiles
6.1 IntrodutionThe ion drag fore is the fore exerted on a dust grain immersed in a plasma, due tothe interation between the dust grain and streaming plasma ions. It is one of thedominant fores ating on a dust grain [6℄ in laboratory rf disharges. Reently, thefore has reeived great attention for its ruial role in phenomena suh as the voidformation in mirogravity dusty plasma experiments [29�31℄. The ion-dust interationis also of importane for the formation of wake-�elds in rf sheaths [27℄. In this hapter,simulations have been performed to quantitatively determine the ion drag fore underrealisti disharge onditions.
6.2 Method of omputationThe parameters of the simulation, disharge onditions and omputational sheme issimilar to the one explained in previous hapters. Ion drag is omputed in the followingway for dust partiles with radii Rd = 2.5, 5.0, 7.5 and 10.0 µm introdued at di�erentloations into the disharge. The olletion part of the ion drag fore (Fcoll) is omputedby summation of momenta transferred by all ions whih ross the omputational dustgrain boundary during the averaging time tav as,

Fcoll =

∑

ions mivi

tav

, (6.1)



72 Ion Drag on single dust partileswhere mi is the mass of the Ar+ ion and vi is its veloity at the time of ollision withthe dust grain. Fcoll is also orreted to aount for the drag ontribution due to iontrajetories prior to absorption. The orbital ion drag fore (Forb) is omputed as thesum of the momenta transferred by all other ions in MD region, whih are satteredin 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 eletri �eld at the ion loation and ∆tMD isthe subyle time step inside the MD region. Ei is omputed as Ei = Qd/4πǫ0R

2, asin the MD region partile-partile sheme of interation between the dust and plasmaspeies is employed. R is the distane between the ion and the dust grain. The typialaveraging times (tav) are about 500-1000 rf yles. This division of fores is similar tothat in the analytial models [47℄.6.3 ResultsHere, we present the simulation results for the ion drag fore omputed on a statispherial dust grain loated at various positions in the rf disharge. The results willalso be ompared to analytial �ts or theoretial models from the literature.6.3.1 E�et of ollisions on ion trajetories and ion �uxTo understand the various ontributions (olletion or orbital) to the drag fore it isneessary to study the e�et of the dust eletri �eld on the ions. In order to illustratethe e�et of ollisions on ion trajetories in our simulations, some ions are randomlypiked, marked and followed after the dust harge has reahed its equilibrium value.The trajetories of these ions have been followed inluding ollisions of these ions withother plasma speies. 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 trajetories around 5 µm dust grainsloated in the plasma bulk and the presheath respetively. It an be seen that thereare three lasses of ions: 1) diret ions, whih are aelerated in the dust eletri �eldand diretly hit the dust grain; 2) sattered ions, whih are de�eted in the dust �eld;and 3) trapped ions, whih are on�ned to the dust potential and permanently orbit
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74 Ion Drag on single dust partilestowards the walls. In our simulation, the diret ions would ontribute to the olletiondrag fore. The sattered and the trapped ions would ontribute to the orbital dragfore (although on average the ontribution of the trapped ions would vanish).
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Figure 6.2: Ion trajetories around the dust loated in the bulk and the presheath with ollisions.Note that the three-dimensional trajetories have been projeted onto the XY-plane. Dashed linesrepresent the arti�ial ollisionless ion trajetories and the solid lines show the realisti ollisional iontrajetories.Now, we onsider realisti ion trajetories with ollisions. Fig. 6.2 shows examples ofion trajetories around the dust grains loated at the three loations in bulk, presheathand sheath. Ion-neutral harge-exhange ollisions are the dominant ollisions a�etingthe ion trajetories. It an be seen that there is more than one suh ollision (i.e., morethan one abrupt hange in the diretion of motion) for some ions investigated indiatingthe strong ollisionality regime. The e�et of these ollisions is to result in ions withlower veloity whih either fall onto the dust grain or beome 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 trajetories to the dust grain in thebulk. Due to subsequent ollisions, all sorts of ions (diret, sattered and trapped)fall onto the grain. In the presheath and the sheath also ollisions result low energyions whih fall onto the dust grain (see Fig. 6.2()-(d)). Hene, the main e�et of



6.3 Results 75ollisions is to inrease the ion �ux to the dust grain (see also [4, 39, 44℄). This resultan 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 inreasesfrom OML value to a maximum value as the ollisionality parameter inreases from0.0 to about 0.1, and then dereases (to hydrodynami limit) with a further inreasein the ollisionality parameter. For our rf disharge, the values of this parameter atthe three loations of the dust are 0.0022, 0.0062 and 0.017 respetively. Hene, thisorresponds to a regime of �ux enhanement with ollisionality.

Figure 6.3: Ion olletion �ux to a �oating sphere in Ar+ plasma as a funtion of harge-exhangeollision frequeny (extrated from [44℄).6.3.2 Drag evolutionFigure 6.4 shows the temporal evolution of the ion drag fore on a dust grain with aradius of 5.0 µm loated in the presheath together with the dust harge evolution. The
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6.3 Results 77partiles introdued and frequeny of insertion) and the Coulomb ollision frequenyhas been tuned until plasma harateristis very lose to those used in [43℄ have beenobtained. Fig. 6.5 shows the eletron energy probability funtion (EEPF) and ionveloity distribution funtion (IVDF) obtained at a loation far from soure and sheathboundary where the dust has been loated. It an be seen that the plasma speiesfollows a quite niely a Maxwell distribution over many orders of magnitude as requiredfor a quantitative omparison with [43℄. The ion drag fore omputed for two di�erent�ow veloities from suh a simulation is presented in Table 6.1 in omparison with theresults obtained from the analytial �t from [43℄.
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78 Ion Drag on single dust partilesTable 6.1: Benhmarking our ollisionless simulation with analytial formulae of a ollisionless model[43℄
Vflow Fcoll (×104eV/m) Forb (×104eV/m)Simulation Analytial Simulation Analytial0.4Cs 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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6.3 Results 79lengths (λs) around the dust are between the eletron and the ion Debye lengths [163℄(see hapter 5). Hene, we have performed simulations by varying the MD region sizefrom the smallest possible size (RMD=0.55 λDe) to sizes larger than one eletron Debyelength. From the omputational point of view, a trade-o� between most aurate forealulations with large MD sizes and the omputational osts favoring small MD sizeshas to be obtained.Fig. 6.6 shows only the orbital drag fore as a funtion of MD size. The olletiondrag fore is not a�eted by the MD size and hene is not presented here. The simu-lation results suggest that MD regions equal to about half the eletron Debye length(about 275 µm) are su�ient to obtain the drag fore 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 eletron Debye length are neessary for the typeof distribution funtions exhibited by plasma speies in the present rf disharges. Thisvalue is deisively larger than the omputed dust shielding length (about 220 µm) inthe bulk. This is sine there the ions have subthermal �ow speeds and are stronglya�eted 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 veloities around the dust at the di�erent loations. Fig. 6.7 shows theion density and veloity vetors around the dust grains loated in the bulk, presheathand sheath respetively. In these plots, the distanes are expressed in terms of theomputed shielding lengths [163℄ at the respetive loations. In the plasma bulk, ionsat distanes larger than the shielding length are being attrated by the dust grainsupporting the above reported value in the bulk. Also, one an see that due to the lowveloity of the ions, the ions have preferably a radial motion.For dust grains loated in the presheath ions at distanes larger than the respetiveshielding length get only slightly sattered 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 distanes less than abouthalf the shielding length are sattered in the dust �eld (Fig. 6.7()). Also, from theion density plots around dust grains in the presheath and the sheath, one an see afousing e�et of �owing ions downstream under the dust grains, indiating wake�eldformation.It should be noted that the MD region size in our simulations represents the upperut-o� in the analytial theories [47, 128℄. For �nite sized dust partiles, ions withimpat (or ollision) parameter (b) less than olletion impat parameter (bc) are on-
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6.3 Results 81�ow-orreted eletron Debye length for a streaming plasma. This is supported by ouralulations.Ion urrents to dust

 0

 4

 8

 12

 16

 0  2  4  6  8  10

C
ur

re
nt

 (
x 

10
-9

 A
)

Dust Size (µm)

 1  5  9

 0.1

 0.2

 0.3
Sheath

Figure 6.8: Ion urrent to di�erent sizes of dust grains loated at the three positions in the rfdisharge. 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 loated atthe three di�erent loations in the rf disharge. The ion urrent dereases from thebulk to the sheath. These trends an qualitatively be explained using the �ux (nivi)and olletion ross setion values at the dust loations. Fig. 6.9 shows the nivi pro�lebetween the eletrodes in the enter of the disharge 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 impat parameter for ion olletion bc(= rd (1 − 2eφp/miv
2
i )

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

c)redues from bulk to sheath. It is due to two fators: the dust potential redues from



82 Ion Drag on single dust partilesbulk to the sheath; and the ion veloity inreases from bulk to the sheath. Similarly
b90 also redues from bulk to sheath for the same reasons. The Coulomb logarithm(lnΛ) in Eq. (2.32), slightly inreases from the bulk to the sheath due to inrease in theshielding length from the bulk to the sheath. In e�et, the orbital momentum rosssetion (σorb) redues from the bulk to the sheath.
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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 produt niviσc. The �ux at presheath islarger than the value at bulk, but the impat parameter bc value is smaller. E�etively



6.3 Results 83the urrent to the partile at the bulk loation is larger than at the presheath. The �uxvalues at the presheath and the sheath loations are equal, but the impat parameter bcvalue is even smaller at the sheath when ompared to the presheath value, resulting ineven smaller urrents to the dust loated in the sheath than to the dust loated in thepresheath. The size-dependene of the ion urrent is non-linear, as expeted beausethe �ux to the grain should be proportional to the surfae area of the grain.Drag vs. dust positionThe di�erene of the present problem from the ollisionless model is due to two fators:non-Maxwellian distributions of the plasma speies and the ion-neutral harge-exhangeollisions. We now ompare the omputed results for the drag fore with the ollisionlessmodels [43℄ and study the e�et of ollisions on the drag fore.
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84 Ion Drag on single dust partilesa funtion of dust position, in terms of �uxes and olletion ross setions. Hene, it isqualitatively reasonable to explain the drag fore in terms of viIc. The e�et of ollisionsis to replae the high energy ion with a low energy ion at nearly neutral temperatures.As our plasma bakground is highly ollisional, most of the ions olleted by dust grainwill have low and almost equal momenta for all loations of the dust. Hene, in theabove produt, Ic only governs the variation of the drag fore. As already disussed
Ic dereases from bulk to the sheath, the olletion drag fore behaves similarly. Theorbital drag fore also redues from bulk to the sheath. The reason an again beattributed to the redution in orbital urrent: Though the ion �ux inreases from bulkto presheath and stays onstant in the sheath, the orbital momentum ross setion(σorb) redues by a few orders of magnitude from bulk to the sheath, resulting insmaller orbital urrent.In Fig. 6.10, the olletion and orbital drag fores obtained from the analytial �tsin [43℄ are also shown. The (total) ollisional drag fore an be larger or smaller thanthe ollisionless drag fore, as it is the result of an interplay between two ounteratingfators [44℄. Collisions inrease the ion �ux to and towards the dust grain, the fatorwhih inreases the drag fore. The inreased ion �ux redues the harge (and potential)on the dust, whih ontributes to a redution in the drag fore. Hene, the normalizedpartile potential χ in eq. (2.29), inreases or dereases depending on the relativevariations in the ion momentum and dust potential due to ollisions. As a resultolletion and orbital momentum ross setions enhane or derease. The analytialvalues for the drag fore 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 fore is larger than theolletion drag fore for both the ases. The simulated drag fores, in general, arelarger than the values from analytial formulae for a ollisionless ase. This is thee�et of inreased �ux towards the dust grain due to ollisional plasma bakground. Inthe sheath the omputed orbital drag fore is smaller than the analytial value due tohigher momentum of ions in the ollisionless ase. The total drag fore is larger thanthe total drag fore for ollisionless ase in the bulk and the presheath.6.3.4 Drag vs. dust size & positionNow, we disuss the e�et of dust grain size and its loation in the rf disharge on thedrag fores.
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Figure 6.12: E�et of dust size and loation on Orbital drag fore.than the bulk value beause of the redution in the orbital momentum transfer rosssetion (σorb) by several orders of magnitude. The orbital drag fore sales nonlinearlywith the dust size. Khrapak et al. [126, 135�137℄ omputed drag fores for a highlyollisional (hydrodynami) bakground and Huthinson et al. [127℄ reported drag foresfor a spei� ion drift veloity. Hene, a omparison for the omputed orbital drag foresis not feasible, though the tests of MD size su�ieny disussed above validates theresults for the omputed orbital drag fore.6.3.5 Drag vs. disharge pressureAs the neutral gas pressure is varied the ollision frequeny hanges and hene thebakground plasma harateristis (speies density, veloities, et.) vary. This anresult in a variation of the ion drag fore around the dust grain. We studied the depen-dene of the olletion and orbital drag fores for senarios de�ned by the experiment,namely a pressure between 50 to 100 Pa.Figure 6.13 shows the results for 5 µm dust grains loated at three di�erent lo-ations. All variations of drag fores are small and within the statistial error bars.These results agree with the results of [127℄, where it has been shown that the two drag
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Chapter 7Charging of multiple dust partiles
7.1 IntrodutionIn the previous hapters, we have used a P 3M ode to ompute dust harge, �oatingpotential and ion drag fore on a single stati spherial dust grain immersed in rf dis-harges. In reality however, the laboratory experiments (e.g. Yukawa ball experiments)involve multiple dust partiles. The presene of neighboring dust partiles might in-�uene the harging dynamis and ion drag fore on the dust grains. There an beompetition for harges and a redued harge number on the grains. Espeially, in the�owing plasmas (sheaths), the ion fousing and wake-�elds aused by one dust grainan in�uene the harging of neighboring dust grains. Hene, it is very interestingand important to extend the harging and drag fore studies to two and multiple dustpartiles immersed in the rf disharges. We again use the stati dust grains for thepresent study.7.2 Method of omputationThe method of omputation is similar to the one desribed for single partile studies.Argon with pressure p = 50 Pa and temperature T = 300 K is used as bakgroundgas. The sheme of the plaement of two dust partiles is shown in Fig. 7.1. Dustpartiles with radius Rd = 5.0 µm and with separation distane b along X (normalto disharge axis, Y) are introdued into the disharge. As before the position of thedust partiles was �xed at three di�erent positions of Y = 0.12, 0.49 and 1.08 m,whih orresponds to loations in sheath, presheath and bulk regions respetively (in Z



90 Charging of multiple dust partilesdiretion, the partiles are entered in the simulation domain). A big MD region aroundthe two dust partiles, whih ontains ells with dust partiles and neighboring ells,is onsidered for resolving plasma speies trajetories around the dust partiles. Theseparation distane b is varied from bmax=1000 µm to bmin= 45 µm. Here, bmax roughlyorresponds to several shielding lengths (λs=200, 220, 320 µm in bulk, presheath andsheath) or nearly two eletron Debye lengths. bmin roughly orresponds to one ionDebye length. The dust separation is varied and the harge, potential and ion dragfores on the two dust partiles have been omputed following the methods explainedin the previous hapters.
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Figure 7.1: Sheme of the two dust partile system
In the ase of study with multiple dust partiles, we have arried out simulationswith nine 5 µm stati spherial dust partiles arranged in a 3x3 grid as shown inFig. 7.2, where the entral dust partile position mathes the loation of the dustpartile in the single dust study. In Z diretion, the partiles are entered in thesimulation domain. Suh set of nine dust partiles is plaed at various loations in thedisharge (bulk, presheath and sheath) with dust separation distanes b = 186 and 372

µm. Consequently, the harging dynamis have been studied. A big MD region aroundall the dust partiles similar to two dust partile ase is onsidered.
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XFigure 7.2: Shemati representation of nine dust partile loations in the XY-plane of the disharge.Note on the e�et of periodi boundary: Periodi boundary onditions areused at boundaries in the X and Z diretions. Hene, even for the single partile asethere exists mirror dust partiles. If the partile is very lose to the boundary andtherefore to the mirror partile, the presene of the mirror partiles will a�et theomputational results. Hene, in all the ases (single or multiple dust partiles), thedust partiles are plaed so that the distane between the real and mirror partiles isa few eletron Debye lengths. At these larger separations the periodi boundary (thepresene of a mirror partile) should not a�et the harging of the real partile. e.g. inase of the two dust partile system, the distane between the left partile and its ghostpartile (same is the ase with the right partile) is about 7 eletron Debye lengths.7.3 Results: Two dust partilesHere, we present the simulation results for the harge, potential and ion drag foreomputed on two stati spherial dust grains loated at various positions in the rfdisharge. The results will also be ompared to the single partile dust parametersobtained in previous hapters.Figure 7.3 shows the omputed dust harges on the two dust partiles when they



92 Charging of multiple dust partilesare loated 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 respetiveloations (200 µm for the bulk and 320 µm for the presheath). At larger separationdistanes of nearly four shielding lengths the harge on the two dust partiles is equalto the harge value obtained from single dust partile studies in the previous hapters.That means the two dust partiles do not interat and behave as two single dustpartiles. This validates the funtionality of our extended omputational algorithm formultiple partiles. As the separation distane is dereased the omputed dust hargeson the two dust partiles at any loation do not vary muh, even if the dust grains areonly separated by a distane as small as 45 µm.

-1.3

-1.2

-1.1

-1

-0.9

-0.8

-0.7

-0.6

-0.5

 0  0.5  1  1.5  2  2.5  3  3.5  4  4.5

C
ha

rg
e 

(x
 1

04 e)

Dust Separation b (λs)

Bulk (λs=200 µ)

Sheath (λs=320 µ)

Figure 7.3: Computed dust harge on two dust partiles loated in the bulk and in the sheath(red/green). The blue dashed line orresponds to the single partile ase.In the Fig. 7.4, we present the omputed �oating potential values for the two dustpartiles loated 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 separationdistanes is equal to the omputed value in the single dust grain studies and as theseparation distane is dereased the �oating dust potential does not vary muh. Thisan be explained as follows: The plasma bakground is highly ollisional, as shown



7.3 Results: Two dust partiles 93in the previous hapters. The ollisions destroy the orbital motion of the plasmaspeies and they fall radially on the grains. Due to ollisions the �ux onto the grainsinreases (as already disussed in hapter 6 based on the arguments of ion trajetories,the ion urrent and omparison with Huthinson's work) and due to this there arealways enough plasma speies to harge the two dust grains equal to the single dustvalue for any separation distane. To qualitatively support this further, the olletionimpat parameter values (bc) from ollisionless theories an be used, though the presentplasma bakground is ollisional. The values of (bc) at the dust loations in the sheath,the presheath and the bulk are 17.9, 66.1 and 192 µm respetively (see Table 6.2 inhapter 6). The impat parameters at various loations are either smaller or omparableto the smallest dust separation distane. Hene, for all dust separations, there is enoughsupply of plasma speies so that the two dust partiles harge up to nearly the singlepartile value.In the presheath also, a similar harging behavior of the two partiles is observed.
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Figure 7.4: Computed dust �oating potential on two dust partiles loated in the bulk and in thesheath. Red and green lines indiate the potential on the two dust partiles, the blue dashed lineindiates the single partile ase.Figure 7.5 shows the orbital ion drag fore obtained from our omputations of



94 Charging of multiple dust partilesthe two dust partiles loated in the bulk and in the presheath as a funtion of dustseparation distane. At larger separation distanes of nearly four shielding lengths theion drag fore on the two dust partiles is equal to the value obtained from single dustpartile studies in previous hapters. This means the two dust partiles behave likenoninterating dust partiles at suh separation distanes. As the separation distaneis dereased the orbital ion drag fore remains equal to the single partile value. Forlower dust separation distanes (below one λs in the presheath and 1.5λs in the bulk)the drag fore inreases rapidly with redued separation distane. Hene, for dustpartiles in the sheath, presheath and bulk, the interation starts when the separationis below about one shielding length.
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7.3 Results: Two dust partiles 95the inrease of the ion drag fore an be explained as follows:
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Figure 7.6: Variation of di�erent orbital ion drag fore omponents on the two dust partiles(red/green) loated in the presheath with the dust separation. The blue dashed line indiates thesingle partile ase.Figure 7.6 shows the variation of X-, & Y- omponents (along dust separationdiretion and along disharge diretion respetively) of orbital ion drag fore on thetwo dust partiles plaed in the presheath as a funtion of dust separation distane.The �gure also shows the total ion orbital drag fore variation with the dust separation.In the ase of a single dust partile, the results presented in the previous hapter showthat the X-omponent of the drag fore is zero, as the fore exerted by the ions left andright to the dust ompensate. Hene, the total drag fore is equal to the Y-omponentof the drag fore for single partile ase. In the present ase of a two dust partilesystem, the omponent along the disharge diretion is equal to the single partilevalue 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 partiles behave astwo single dust partiles at these distanes. Hene, the total drag fore is equal tothe single partile value for larger separations. The X-omponent of the drag inreasesrapidly when the dust separation is redued below one shielding length. This drag



96 Charging of multiple dust partilesfore diretion is towards positive X diretion for the left partile and towards negativeX diretion for the right partile, i.e. the dust partiles experiene an attrative fore.This is due to the derease of the X-omponent of veloity for ions in the region betweenthe two dust partiles. This e�et is analyzed in more detail in the following.
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Figure 7.7: Ion density (olor-oded) and veloities along xy-plane around the dust grains loatedin the presheath (b=372 µm)The inrease in the parallel drag omponent an be further explained using theion density and veloity vetor plots shown in Figs. 7.7 and 7.8. These orrespondto the dust partiles loated in the presheath with separations b = 372 and 186 µmrespetively. The situation an be shematially depited 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 partilesbehave as two single partiles. 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 partiles 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 attrated by both dustpartiles distorting their original trajetories to more vertial ones. Hene, the parallel
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Figure 7.8: Ion density (olor-oded) and veloities along xy-plane around the dust grains loatedin the presheath (b=186 µm)

veloity omponent of these ions dereases. But, in regions 1 and 3 the ions' parallelomponent does not hange, resulting in a net fore in the positive X-diretion forthe left dust partile and in the negative X-diretion for the right dust partile. Thisdegradation in the parallel omponent of the veloity an indeed be seen in the olorplot of this veloity omponent in Fig. 7.10. Here, the parallel veloity omponent isplotted for two dust separations for the dust partiles loated in the sheath.
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Figure 7.9: Shemati piture showing ion trajetories around two dust partiles for (a) a very largeseparation and (b) a small separation.
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Figure 7.10: Plot showing the parallel (X) veloity omponent of ions around two dust partiles inthe sheath for (a) b =560 µm (b) b =47 µm.Hene, due to the distortion of trajetories of the ions between the two dust parti-les for smaller separations within the shielding length, the asymmetry in the parallelveloity omponent raises whih results in an inrease in the parallel omponent of thedrag fore. Therefore, the total orbital ion drag fore inreases when the separationdistane is of the order of or within one shielding length.The olletion drag fore, whih is due to ions olliding with the dust partiles,



7.3 Results: Two dust partiles 99behaves in the same way. Fig. 7.11 shows the variation of olletion ion drag foreomponents on the dust partiles along the disharge and along the dust separationdiretions with the dust separation b. Here, we illustrate the ase of dust partilesloated in the presheath. For larger dust separations, the omponent along the dis-harge diretion (Y) is equal to the single partile drag value and does not vary muhwith the dust separation. The olletion drag omponent along the dust separation(X) is equal to zero for larger separations, resulting in the total olletion drag fore atlarger separations being equal to the single partile ase. For dust separations of theorder of one shielding length the parallel omponent inreases due to the same reasonsexplained above. This results in an inrease in the total olletion drag fore at suhseparations.
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Figure 7.11: Variation of di�erent olletion ion drag fore omponents on the two dust partiles(red/green) loated in the presheath with the dust separation. The blue dashed line indiates singlepartile ase.Hene, the dust harges and potentials on the two dust partiles math with singlepartile values and do not vary for all dust separations. But, for separation distanesbelow one shielding length the ion drag fore inreases due to the building up of asym-metry along the dust separation axes aused by a derease in the parallel veloity



100 Charging of multiple dust partilesomponent for ions between the dust partiles.7.4 Results: Multiple dust partilesNow, it is interesting to extend this study to multiple partile systems where we havean extension of the dust system along the disharge diretion Y. We have arried outsimulations with nine 5 µm dust partiles arranged in 3x3 grid as shown in the Fig. 7.2.

Figure 7.12: Computed dust harges for nine dust partiles loated in the plasma bulk (b=186 µm)Figures 7.12 and 7.13 show the omputed dust harge values of the nine dust par-tiles loated in the bulk and in the presheath. At either loation, the dust hargeon all nine partiles is almost the same and is approximately equal to the single dustpartile ase, whih is about 10500e in the bulk and about 11100e in the presheath. Itmeans that the plasma speies density is enough to harge all the partiles to the single



7.4 Results: Multiple dust partiles 101partile value. We probably have still enough plasma supplied from the Z-diretion andthe neighborhood of the dust.

Figure 7.13: Computed dust harges for nine dust partiles loated in the presheath (b=186 µm)In Fig. 7.14, the dust harge values omputed for nine dust partiles loated in thesheath are presented. Here, the dust separation distane in either diretion is 186 µm.It an be seen that the dust harges on the three dust partiles in a single Y-layeris approximately equal. But the dust harge redues drastially in the layers towardsthe eletrodes. The dust harge on the three dust partiles in the uppermost Y-layer(Y=7.5 ∆x) is slightly larger than the dust harge value in the single partile ase in thesheath whih is about 6400e. This slight inrease is due to the higher Y-position of thedust partile than in the single partile ase, whih is Y = 6.5∆x. In the entral layer,where Y=6.5 ∆x, the harge redues almost to half of the single partile value and inthe lower layer the harge redues even further. The ause of this harge redution will



102 Charging of multiple dust partilesbe disussed in detail later.

Figure 7.14: Computed dust harges for nine dust partiles loated in the sheath for a dust separationof b =186 µm
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Figure 7.15: Computed dust harges for nine dust partiles loated in the sheath for a dust separationof b =372 µmThe dust separation of 186 µm is smaller than the typial dust separation distanesin the Yukawa balls [28℄, whih is around 300 µm. Hene, we have studied the hargingdynamis of multiple partiles for the dust separation of 372 µm. The results for thisase 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 partiles in theuppermost Y-layer is slightly larger than the single partile ase value and the hargeredues drastially for the layers towards the eletrodes. This harge redution an beexplained as follows: Figure 7.16 shows the omputed ion and eletron density pro�lesfor the ases of single dust partile and multiple dust partiles in the sheath. It anbe seen that the eletron density in both the ases is the same, but the ion densityis di�erent. The ion density between the eletrode and the uppermost Y-layer of thedust partiles is higher than that of the single dust partile ase. Also, the ion densityinreases from the uppermost Y-layer towards the eletrode. This enhanement in theion density is due to the fousing of ions lose to dust partiles in eah Y-layer. Theion trajetories around the dust are de�eted by the dust �eld and foussed below



104 Charging of multiple dust partilesthe dust. Due to this ion fousing, the ion urrent to the dust partile in the middleand the lower Y-layers inreases resulting in a smaller harge number on these dustpartiles, ompared to the single partile ase.
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Figure 7.16: Computed eletron and ion density pro�les for single and multiple dust partile ases.Red/green lines indiate eletron and ion densities in the single partile ase and blue/pink linesindiate these densities for the nine dust partile ase.To Further support this, we have shown in Fig. 7.17, the ion density and velo-ity vetors in the XY-plane. It an be seen from the veloity vetors that the ionsare de�eted around the dust grains and are foussed below them. This results in en-hanement of the ion density in a narrow stripe below the dust grains. This ion densityinrease an indeed be observed in the density olour plot. This foussing e�et resultsin an inrease of the ion �ux to the lower grains, dereasing harge number on thesegrains. Suh foussing e�et is already seen in Fig. 6.7.To ompare this situation with the dust system in the presheath, similar analysis isdone for the dust partile system in the presheath. Fig. 7.18 shows the ion density andveloity vetors in the XY-plane for the dust system in the presheath. Here, one ansee that there is no strong foussing e�et similar to the one observed in the sheath.This is beause the ion veloity in the presheath is only about 0.12s. Due to the lowerkineti energy of the ions in the presheath, the ion trajetories are strongly de�etedin 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 veloities along xy-plane around the dust grains loatedin the sheath (b=186 µm & λs = 320µm)from the fat that the ions very far from the dust partiles are also being attratedtowards the dust partiles. This results in equal harge numbers on all the nine dustpartiles plaed in the presheath.7.5 SummaryDust harge, potential and ion drag fore on two dust partiles are omputed andompared with the single dust partile values. These dust parameters are omputedfor various interpartile separation distanes and for dust partiles plaed at di�erentloations in the rf disharge. It is found that for dust separations larger than theshielding lengths dust parameters for the two dust partiles math with the single dustpartile values. As the dust separation is equal to or less than the shielding length,the ion drag fores inrease due to buildup of parallel drag fore omponent. But,
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Figure 7.18: Ion density (olor-oded) and veloities along xy-plane around the dust grains loatedin the presheath (b=186 µm & λs = 320µm)other dust parameters are not found to be a�eted onsiderably. Dust harge andpotential on multiple dust partiles loated at di�erent positions in the disharge andarranged along the disharge diretion are also omputed. It is found that the dustharge and potential do not di�er muh from the single partile values for the bulk andthe presheath. But the dust harges of multiple dust partiles loated in the sheathdi�er from the single dust parameter values. Due to ion fousing of dust partiles inthe upper layers, the ion urrent inreases towards the dusts in lower layers resultingin smaller harge values.



Chapter 8Summary and OutlookKnowledge of dust harge, �oating potential, shielding and ion drag fore is very ruialfor explaining omplex laboratory dusty plasma phenomena, suh as void formation inmirogravity experiments and wake�eld formation in the sheaths. Existing theoretialmodels assume standard distribution funtions for plasma speies and are appliableover a limited range of �ow veloities and ollisionality for quantifying dust parameters.Kineti simulations are suitable tools for studying dust harging, drag fore omputa-tion and the mehanism of interation of di�erent dust grains. The main aim of thisthesis is to address the following issues, by three dimensional simulations using P 3Mode:
• What is the e�et of ollisions among plasma speies on disharge harateristisand thereby on harging dynamis and ion drag fore?
• How do parameters like harge, �oating potential, shielding length, and the iondrag fore on dust vary for di�erent positions of dust in rf disharges?
• How do values from various analytial models of dust harge and ion drag foreompare with omputational results for realisti disharge onditions?
• How do the dust harge, �oating potential and ion drag fore on the dust evolvein the presene of neighboring dust partiles?At �rst, rf disharges in argon have been modelled using the three-dimensionalPIC-MCC ode for the disharge onditions relevant to the dusty plasma experiments.All neessary elasti and inelasti ollisions have been onsidered. The plasma bak-ground is found ollisional, harge-exhange ollisions between ions and neutrals be-ing dominant. Eletron and ion distributions are non-Maxwellian: eletrons behave



108 Summary and OutlookDruyvesteyn-like and ions are subsoni even in the sheath due to CX ollisions. Thedominant heating mehanism for eletrons is Ohmi heating.Then, simulations have been done to address the �rst three issues above. Dust par-tiles of di�erent sizes are plaed in the rf disharge simulation and the relevant dustparameters (dust harge, �oating potential, ion drag fore, shielding lengths) have beenomputed, for the �rst time, aounting for the plasma bakground 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 eletron �ux to the dust partile inthe presheath. From presheath to the sheath the harge and �oating potential valuesderease due to the derease of the eletron urrent to the dust. A linear dependene ofthe dust potential on dust size has been found, whih results in a nonlinear dependeneof the dust harge with the dust size when the partile is assumed to be a spherialapaitor. This has been veri�ed by independently ounting the harges olleted bythe dust, where indeed it has been noted that the dust harge sales nonlinearly withthe dust size. Simulated dust �oating potentials are omparable to values obtainedfrom ABR and Khrapak models, but muh 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 eletrons inDruyvesteyn-like distributions ompared to Maxwell's distribution. The dust potentialdistribution behaves Debye-Hükel-like. The shielding lengths are in between ion andeletron Debye lengths, indiating shielding by both ions and eletrons.Further olletion and orbital drag fores have been omputed for various sizes ofdust loated in rf disharges for di�erent disharge pressures. For the ollisionless ase,the omputed drag fore agrees with the drag values obtained from Huthinson's work.The orbital drag fore is typially larger than the olletion drag fore. The totaldrag fore for the ollisional ase is larger than for the ollisionless ase and it salesnonlinearly with the dust size. The olletion drag values and size-saling agrees withthe Zobnin's model. With an inrease in pressure from 50 Pa to 100 Pa, the drag foredoes not vary onsiderably, the variation being within the numerial error bar.The harging and drag fore omputation is then extended to two and multiple statidust partiles in the rf disharge to address the last issue above. The dust parameterson the two dust partiles are omputed for various interpartile separation distanesand for dust partiles plaed at di�erent loations in the rf disharge. It is observedthat for dust separations larger than the shielding lengths the dust parameters for thetwo dust partiles math with the single dust partile values. As the dust separation is



109equal to or less than the shielding length at that loation the ion drag fore inreases dueto the buildup of a parallel drag fore omponent. However, the main dust propertieslike harge, potential, vertial omponent of ion drag are not a�eted onsiderably.This is beause the olletion impat parameter values in the sheath and the presheathare smaller than the smallest dust separation and in ase of the dust in the bulk, theolletion impat parameter is omparable with the dust separation.The dust harges on multiple dust partiles loated at di�erent positions in thedisharge and arranged along the disharge axis are also omputed. We believe theseomputations are �rst of their kind, where harging of multiple dust partiles is studiedfor realisti plasma bakground onditions. It is found that the harges on the multipledust partiles in the bulk or presheath do not di�er muh from the single partilevalues at that loation. But the dust harges of dust partiles loated in the sheathdrastially di�er from the single dust parameter values. Due to ion fousing from dustpartiles in the upper layers, the ion urrent inreases to dust partiles in the lowerlayers resulting in smaller harge values. This is as well the ase where dust partilesare vertially aligned as in the standard experiments of dusty plasmas.Kineti simulations are powerful tools for studying many basi phenomena whihan be omplementary to analytial models or experiments. In future P 3M/PIC modelsan 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 partiles. The study an also be extended to understand the dust harg-ing and drag fore of the dust in magneti/eletromagneti �elds. Dust harging ordeharging under UV radiation an be studied. Wake-�eld formation and interationof other dust partiles with the wake �elds an be studied. Furthermore dust hargingdue to seondary emission by eletrodes an also be studied. Multisale simulations in-volving ombined simulations with P 3M and �uid odes an be performed to study realexperiments like mirogravity experiments. Moreover, transport oe�ients from P 3Mode an serve as input to �uid odes whih an be used to study these experimentson marosales.
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Appendix AIEDs in Ar-CH4 disharges
A.1 IntrodutionCapaitively oupled radio-frequeny (rf) disharges are frequently used for depositionand ething of thin �lms on a substrate attahed to one of the eletrodes [32℄. Theommonly used frequeny in suh experiments is 13.56 MHz and voltages are up toa few kV with typial eletrode separations of 1-10 m. These disharges are usuallyoperated at pressures in the range between 2 and 150 Pa. Low pressures are usedfor ething, higher pressures for deposition [164℄. For ething purposes, the substrateis mostly attahed to the powered eletrode; for deposition to the grounded or pow-ered eletrode. Disharges in an Argon-Methane gas mixture are espeially used forhydroarbon �lm or diamond-like arbon (DLC) �lm deposition [165℄. In suh pro-essing plasmas, the ion energy distributions (IEDs) at the target substrate are ruialin determining the quality of the �lm, e.g., in terms of its anisotropy [166�168℄. Forthat reason, measurement and design of IEDs reeives great attention. A lot of teh-niques have been used to measure IEDs [169�175℄. Meihsner, et.al. [176℄ performedexperiments in whih IEDs of various ion speies in Ar/CH4 gas mixture have beenmeasured at the eletrodes using an ion extrator unit [177℄. This extrats the ionseletrostatially and transfers them with an ion optis system to an energy analyzer.Usually, just the bias-voltage applied aross the extrator system is subtrated fromobserved IEDs to derive IEDs at eletrode. But, the e�et of suh ion extrator systemon the IEDs obtained at an eletrode has not yet been studied in detail. Dependingon the magnitude of bias-voltage and size of extrator system, it might even entirelymodify the struture of IED pro�les at the eletrode. Also, the system's e�et might



112 IEDs in Ar-CH4 dishargesvary with mass of ion speies. Hene, it is neessary to study the e�et of the ionextrator system on IEDs obtained at an eletrode. A self-onsistent one-dimensionalPartile-in-Cell (PIC) ode has been used to give better insight into the priniple ofoperation of suh an ion extrator unit to measure IEDs at the powered eletrode. Thee�ets of the ion transfer optis and the modulation e�ets of the potential within theion extrator unit has been studied. In addition, the role of the ion optis behind thepowered eletrode is studied, espeially with respet to the in�uene of the ion extra-tion voltages in the ion optis on the measured ion distributions. The analysis will beperformed for di�erent ion speies to identify the role of moleule mass.In setion 2 the experiments are presented. The PIC ode used in the simulations isdesribed in setion 3 and a basi haraterization of the disharges is given in setion4. The simulation results are presented in setion 5, disussing the di�erent e�etsa�eting the ion extrator diagnostis. Setion 6 summarizes the results.A.2 Brief review of the experimentThe experiment that will be modeled here, has been performed in a disharge arrange-ment [177℄, whih onsists of a irular stainless steel eletrode with 9 m in diameterand the grounded wall of the hamber. The eletrode was powered by the rf-generatorat 13.56 MHz and a fully tuneable π-type mathing network. Due to the apaitiveoupling and the larger e�etive surfae of the grounded eletrode an asymmetri rfdisharge 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 sm and 8 sm 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 onneted withthe formation of negative self-bias voltages from 400 V up to about 500 V at the pow-ered disharge eletrode. The eletron and ion dynamis in the sheath of asymmetri,apaitively oupled rf disharges determines strongly the ion energy distribution atthe eletrode surfae [177, 178℄.The ion analysis of the inident positive ions on the rf eletrode is arried outusing a di�erentially pumped mass spetrometer system, sampling through a 100 µmaperture in the rf powered eletrode (see Fig. A.1). Using this spetrometer, 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 eletrode and the disharge vessel arenot shown.the powered eletrode. The mass spetrometer system onsists of ion optial elements,an eletron impat soure for post ionization of neutrals, an eletrostati setor �eldanalyzer (1000 eV, ∆E=0.7 eV), a triple quadrupole mass �lter (300 amu) and a gatedhanneltron eletron multiplier. An energy san is done at a onstant pass energythrough the energy analyzer by shifting the referene potential of the spetrometer,so that stable ions are aelerated or deelerated to equal pass energy [177℄. In thisway, energy dependent transmissions only a�et the front region of the system. Theaperture plate of the mass spetrometer is at the same voltage as the powered eletrode.Consequently, an eletri �eld is ating between the aperture plate and the �rst ionoptial element (extrator), whih modulates the energy distribution. Therefore, onedoes not measure the IEDs at the rf eletrode surfae 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 dishargesthe IED is a�eted by the residene time of the ion in the rf �eld in the gap betweenthe aperture and the extrator.Table A.1: List of ollisions inludedNo. Collision RefereneCoulomb Collisions:01 e-e Coulomb [156℄02 e-i oulomb for 9 ion speies [156℄03 i-i oulomb for 9 ion speies [156℄Eletron-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 RefereneInelasti 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℄Dissoiation 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℄Dissoiation with Ionization ollisions.:42 e + CH4 → CH+

3 + H + 2e [179℄43 e + CH4 → CH+
2 + 2H + 2e [179℄Continued on Next Page. . .



116 IEDs in Ar-CH4 dishargestable ontinued. . .No. Collision Referene44 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℄Dissoiation witheletron-reombination 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-exhange 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. . .



A.3 Method of omputation 117table ontinued. . .No. Collision RefereneExitation 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 partile-in-ell (1D PIC-MCC) ode, whih is desribed in detail in [145, 146℄. Here, kinetis of'super partiles', whih represent many real partiles, moving in self-onsistent �eldsdisretized on a grid are followed. The ollisions between partiles are modeled usinga binary Coulomb ollision model desribed in [146, 156℄. The PIC ode allows toself-onsistently resolve the whole plasma inluding the eletrostati sheath in front ofthe material wall, whih governs the ion aeleration and thereby governing the IEDsof speies. The ode delivers spatial and temporal variation of plasma parameters andveloity distributions of various speies whih an be used to alulate IEDs. Theollisions implemented for Ar/CH4 gas mixture inlude all relevant proesses and arelisted in the Table A.1. The standard PIC-MCC ode [146℄ has been modi�ed toinorporate additional ollisional proesses. Also, it has been modi�ed to inlude anadditional omputational grid to simulate the ion extrator system.This PIC ode was used to simulate rf disharges in Ar/CH4 gas with the param-eters listed in Table A.2. The parameters were hosen to math the experimentallyobserved bias voltages. The eletrode separation is taken as 4 m. The bakgroundgas temperature is taken as 300 K. The neutral densities were taken as onstant as



118 IEDs in Ar-CH4 dishargesTable A.2: Disharge parameters used in experiments and simulationsCase Total Ar CH4 rf Self VoltagePressure Flux �ux power bias in simulation(Pa) (sm) (sm) (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 speies are inluded 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 PICell size has been taken as half of a Debye length. The time-step is alulated basedon the eletron plasma frequeny [147℄.Properties of the dishargesIn this setion we present the omputational results obtained for the experimental aseslisted in Table A.2. The global disharge properties, suh as various speies densitiesand distributions, govern the reations and thereby the �ux to eletrodes or substrates.The simulations allow us to get a better insight into the basi physis in suh disharges.Figure A.2 shows the omputed time-averaged eletron and ion densities in theAr/CH4 disharges. The total ion density, as it should, satis�es quasi-neutrality inbulk and exeeds eletron density in sheaths. The CH+
4 density is dominating all otherion densities due to its higher neutral gas density. A seond dominating speies isunexpetedly ArH+. The formation of ArH+ is via ollisions of Ar+ ions with H2moleules, the reation (see Table A.1, hannel 73) whih has no threshold.Figure A.3 shows the time-averaged eletron energy probability funtion (EEPF)omputed for ases a and b. The distribution funtion deviates from a Maxwellian,but an be represented as a sum of two Maxwellian distributions, whih reveals theexistene of two groups of eletrons: old eletrons in the middle of the system, andthe tail of high-energy eletrons osillating between the eletrodes due to stohastiheating [146℄. Similar bi-Maxwellian eletron distributions were experimentally foundin low-pressure apaitive rf disharges [45℄. The e�et of the inrease in pressure onEEPF is relaxation and transition into an ohmi heating regime. The high energy



A.3 Method of omputation 119population dereases and the low energy population inreases [146, 183℄. This is wellre�eted in our simulated EEPFs.
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120 IEDs in Ar-CH4 dishargesIon transit timesThe ion transit time (tion) through the sheath is an important parameter whih gov-erns the energeti struture of IEDs. The number of the seondary branhes in IEDsorresponds 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 alulated [155℄ as tion = 3s (Mion/2eV )1/2, where
Mion is the mass of ion speies.
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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-yle averaged potential in the system for the threeases. 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 whih 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 seondarybranhes that an be expeted in IEDs of eah speies. Light ions (H+, H+
2 ) take lessthan two rf yles to traverse the sheath and hene only one or two seondary branhesan be expeted. Hydroarbon speies (CH+

3 , CH+
4 ) take about 4.5 rf yles to traversethe sheath and so 4 to 5 seondary branhes an be antiipated. 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
speies (Ar+), 6 to 7 number of seondary branhes are expeted. For ArH+ also thistransit time analysis predits 6 to 7 seondary branhes, if reation hannels that formnew ArH+ ions suh as harge-exhange reations are relevant. In our model, harge-exhange ollisions involving ArH+ are not inluded (see Table A.1), as the reationross setions are not available. As the ross setion of formation reation of ArH+(Reation #73) dereases exponentially with energy, this reation hannel also doesnot provide new ions in the sheath. Hene, the IED of ArH+ will ontain only thehigh energy saddle struture, in agreement with the experiments as shown in the nextsetion.
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 funtion annot be onsidered vigorously as the apparatusfuntion, i.e. the energy dependene of the sensitivity for ion detetion, is not knownfor this experimental setup. This onsequently leads to di�erenes in the simulatedand measured peak heights.



122 IEDs in Ar-CH4 dishargesTable 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 eletrode
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2 . In thesimulation the IEDs are taken from the ion �uxes to the powered eletrode.



A.4 Results 123The time averaged IEDs of various speies at the powered eletrode have been omputedfrom the ion �ux toward the powered eletrode. 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�uene theontinuous part of the IED and harge-exhange ollisions between ions and neutralsresult in seondary branhes in the alulated IEDs. It an be observed that the simula-tion and experimental results agree qualitatively in the number of seondary branhes.However, the loation of these seondary branhes deviate from eah other. In ase ofArH+ ions, the omputed IED (as an be seen in Fig. A.7) onsists of only high-energysaddle struture without any seondary branhes, whih mathes with the experimentalIED pro�le. It means that the elasti ollisions inluded have week e�et and reationhannels for formation of seondary branhes (harge-exhange and formation of ArH+ions in the sheath) are not dominant. There is also a large disrepany in the maximumion energies between simulations and experiments, espeially for H+
2 . To understandthese disrepanies, the modulation e�et within the ion-optis on the IEDs measuredat powered eletrode is onsidered in the following studies.E�et of the ion optis on IEDsThe aperture plate (the entrane ori�e of the ion energy analyzer) of the mass spe-trometer is driven by the voltage of the powered eletrode. Also, the extrator is biasedat -31 V with referene to ground. Consequently, an rf eletri �eld is existing betweenthe aperture plate and the extrator, whih further modulates the energy distributionoriginally reated at the rf eletrode surfae due to the plasma boundary sheath. Ionsemerging from the aperture experiene this rf �eld and the ion energy gets modulateddepending on the rf phase at whih it enters the aperture similarly as the ions enteringthe sheath from the plasma. This modulation depends on the residene time of the ionin the rf �eld between the aperture and the extrator. To simulate the e�et of theion optis on the IEDs, a three-dimensional model would be neessary for the ompletediagnostis system, whih is far beyond the sope of this study. Approximating thise�et in 1D, a harateristi drift length of the ion-optis system is introdued. It isthis length (and also the ion mass) whih determines the ion residene time in the rf�eld. Hene, it works like a harateristi ollisionless drift length of the ion. Withinthis length, the ions hitting the powered eletrode are followed further aording to the



124 IEDs in Ar-CH4 dishargeseletri �eld determined by the rf sheath modulation and the applied bias voltage atthe extrator. This distane 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 speies experiene the same harateristi drift length.
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Figure A.6: Simulated IED pro�les for CH+
4 , H+

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

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



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

2 ions.Figures A.7 and A.8 show the omputed IEDs at the eletrode and the extratorwith an extrator 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�et by theextrator is small. But, the loation of seondary branhes reasonably agree with those
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Figure A.8: Comparison of omputed IEDs at eletrode and extrator with experimental pro�le forCH+

4 , CH+

3 ions.in experimental IED pro�le. The modulation e�et an learly be seen in ArH+ IED,as it onsists of only saddle-struture. This saddle has been broadened and the widthof modulated pro�le nearly mathes with the width of experimental IED pro�le. Themodulation e�et is pronouned for H+
2 ions, where the IED gets broadened by 200 eV.For hydroarbon speies, the modulation in IEDs is also onsiderable and the simulatedhigh-energy peak struture resembles the experimental pro�le. The modulated IEDs atthe extrator show a better math with experimental observations introduing this driftlength e�et. The mehanism of the rf modulation in the extrator an be explained asfollows. It is similar to the modulation in sheaths of rf disharges, but for ollisionless



A.5 Summary 127transits in the extrator region. As the ion speies are heavy, they experiene 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 entrane into the sheath, the energy getsmodulated and saddle shape ours in IEDs around the average sheath potential dropas in ollisionless sheaths. Similarly, the modulation in the extrator region results in asplitting or broadening of eah peak from the IEDs at the eletrode. This broadeninge�et an be observed in all IEDs at the extrator shown in Figs. A.7 and A.8, mostpronouned in the ase of ArH+. The extent of broadening of a single peak of theIED at the eletrode into the IED at the extrator depends on the residene time(tres) of eah ion speies within the rf �eld existing in the extrator. 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�et is larger and forheavier ions it dereases as an be seen in the alulated IEDs at the extrator: forthe used extrator drift length of 2.5 m the modulation e�et is very pronouned forlight ions (H+
2 ), moderate for hydroarbon 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.Hydroarbon speies are reative speies and we suspet further reation proessestaking plae within the ion diagnostis, whih are learly not inluded in our simpli�eddesription. Further support of this is given by the experimental IEDs for hydroar-bons, whih do not show a sharp energy ut-o� at high energies but a very long wing(Fig. A.9). Therefore, measurements of reative speies with suh a diagnostis requireadditional parameter optimization in the experimental set-up to minimize suh e�ets.Nevertheless, the interpretation of IEDs measured with an ion optis system is never adiret measurement of the IED at the eletrode surfae, but needs interpretation andbak-mapping proedures for suh a purpose.A.5 SummaryThe eletrostati extration of ions through an aperture and extrator lens into the en-ergy resolved mass spetrometer allows to measure the ion energy distribution funtionsat the disharge eletrodes of apaitive rf plasma. A one-dimensional Partile-in-Cell
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136 BIBLIOGRAPHYV. E. Fortov. Experimental determination of dust-partile harge in a dishargeplasma at elevated pressures. Phys. Rev. Lett., 93(8):085001, 2004.[81℄ Y. L. Alpert, A. V. Gurevih, and L. P. Pitaevskii. Spae physis with arti�ialsatellites. New York: Plenum Press, 1965.[82℄ F.F. Chen. Numerial omputations for ion probe harateristis in a ollisionlessplasma. J. Nul. Energy C: Plasma Phys., 7:47�67, 1965.[83℄ R. N. Nowlin and R.N. Carlile. The eletrostati nature of ontaminative partilesin a semiondutor proessing plasma. J. Vauum Si. Tehnol. A, 9(5):2825�2833, 1991.[84℄ J. E. Daugherty, R. K. Porteous, M. D. Kilgore, and D. B. Graves. Sheathstruture around partiles in low-pressure disharges. J. Appl. Phys., 72(9):3934�3942, 1992.[85℄ U. Kortshagen and G. Mümken. The eletrial harging of miron-sized dustpartiles in a apaitively oupled rf plasma. Physis Letters, A, 217:126�132,1996.[86℄ A. Homann, A. Melzer, and A. Piel. Measuring the harge on single partiles bylaser-exited resonanes in plasma rystals. Phys. Rev. E, 59(4):R3835�R3838,1999.[87℄ E. B. Tomme, B. M. Annaratone, and J E Allen. Damped dust osillations as aplasma sheath diagnosti. Plasma Soures Si. Tehnol., 9:87�96, 2000.[88℄ E. B. Tomme, D. A. Law, B. M. Annaratone, and J E Allen. Paraboli plasmasheath potentials and their impliations for the harge on levitated dust partiles.Phys. Rev. Lett., 85(12):2518�2521, 2000.[89℄ U. Konopka, L. Ratke, and H. M. Thomas. Central ollisions of harged dustpartiles in a plasma. Phys. Rev. Lett., 79(7):1269�1272, 1997.[90℄ U. Konopka, G. E. Mor�ll, and L. Ratke. Measurement of the interation poten-tial of mirospheres in the sheath of a rf disharge. Phys. Rev. Lett., 84(5):891�894, 2000.



BIBLIOGRAPHY 137[91℄ S. Nunomura, T. Misawa, N. Ohno, and S. Takamura. Instability of dust partilesin a oulomb rystal due to delayed harging. Phys. Rev. Lett., 83(10):1970�1973,1999.[92℄ B. Liu, K. Avinash, and J. Goree. Charaterization of interpartile potential fromlattie struture. Phys. Rev. E, 69:036410, 2004.[93℄ A. Homann, A. Melzer, S. Peters, and A. Piel. Determination of the dust sreen-ing length by laser-exited lattie waves. Phys. Rev. E, 56:7138�7141, 1997.[94℄ B. Walh, M. Horanyi, and S. Robertson. Measurement of the harge on individ-ual dust grains in a plasma. IEEE Trans. Plasma Si., 22(2):97�102, 1994.[95℄ Z. Sternovsky, M. Horanyi, and S. Robertson. Charging of dust partiles onsurfaes. J. Vauum Si. Tehnol. A, 19:2533�2541, 2001.[96℄ C. Cui and J. Goree. Flutuations of the harge on a dust grain in a plasma.IEEE Trans. on Plasma Siene, 22:151�158, 1994.[97℄ F. Verheest. Waves in dusty spae plasmas. Kluver Aademi Publishers, Dor-dreht, 2000.[98℄ O. Havnes, C. K. Goertz, G. E. Mor�ll, E. Grün, and W. Ip. Dust harges, loudpotential, and instabilities in a dust loud embedded in a plasms. J. Geophys.Res., 92(A3):2281�2293, 1987.[99℄ M.D. Kilgore, J. E. Daugherty, R. K. Porteous, and D. B. Graves. Ion drag onan isolated partiulate in a low pressure disharge. J. Appl. Phys., 73:7195�7202,1993.[100℄ J. Perrin, P. Molinas-Mata, and P. Belenguer. Ion drag and plasma-induedthermophoresis on partiles in radiofrequeny glow disharges. J. Phys. D: Appl.Phys., 27:2499�2507, 1994.[101℄ G. M. Jellum, J. E. Daugherty, and D. B. Graves. Partile thermophoresis in lowpressure glow disharges. J. Appl. Phys., 69:6923�6934, 1991.[102℄ J. E. Daugherty and D. B. Graves. Sheath struture around partiles in low-pressure disharges. J. Appl. Phys., 78:2279�2287, 1995.



138 BIBLIOGRAPHY[103℄ H. Vestner and J. Halbritter. Torque on a small partile in a nonhomogeneousmonatomi gas. Z. Naturforsh., 36a (6):559�567, 1981.[104℄ J. E. Daugherty, R. K. Porteous, and D. B. Graves. Sheath struture aroundpartiles in low-pressure disharges. J. Appl. Phys., 73:1617�1620, 1993.[105℄ S. Hamaguhi and R. T. Farouki. Polarization fore on a harged partiulate ina nonuniform plasma. Phys. Rev. E, 49:4430�4441, 1994.[106℄ S. Hamaguhi and R. T. Farouki. Plasma-partiulate interation in nonuniformplasmas with �nite �ows. Phys. Plasmas, 1:2110�2118, 1994.[107℄ P. Epstein. On the resistane experiened by spheres in their motion throughgases. Phys. Rev., 23:710�733, 1924.[108℄ O. Arp, D. Blok, A. Piel, and A. Melzer. Dust oulomb balls: three-dimensionalplasma rystals. Phys. Rev. Lett., 93:165004, 2004.[109℄ O. Arp, D. Blok, M. Klindworth, and A. Piel. Con�nement of oulomb balls.Phys. Plasmas, 12:122102, 2005.[110℄ A. Melzer, S. Nunomura, D. Samsonov, and J. Goree. Laser-exited mah onesin a dusty plasma rystal. Phys. Rev. E, 62:4162�4176, 2000.[111℄ V. Nosenko, J. Goree, Z. W. Ma, and A. Piel. Observation of shear-wave mahones in a 2d dusty-plasma rystal. Phys. Rev. Lett., 88:135001, 2002.[112℄ V. Nosenko, J. Goree, Z. W. Ma, D. H. E. Dubin, and A. Piel. Compressional andshear wakes in a two-dimensional dusty plasma rystal. Phys. Rev. E, 68:056409,2003.[113℄ W.-T. Juan, Z.-H. Huang, J.-W. Hsu, Y.-J. Lai, and L. I. Observation of dustoulomb lusters in a plasma trap. Phys. Rev. E, 58:R6947�R6950, 1998.[114℄ R. A. Quinn, C. Cui, J. Goree, J. B. Pieper, H. Thomas, and G. E. Mor�ll.Strutural analysis of a oulomb lattie in a dusty plasma. Phys. Rev. E, 53:2049�2052, 1996.[115℄ D. Samsonov, J. Goree, H. M. Thomas, and G. E. Mor�ll. Mah one shoksin a twoâ��dimensional yukawa solid using a omplex plasma. Phys. Rev. E,61:5557�5572, 2000.



BIBLIOGRAPHY 139[116℄ M. Klindworth, A. Melzer, A. Piel, and V. A. Shweigert. Laser-exited intershellrotation of �nite oulomb lusters in a dusty plasma. Phys. Rev. B, 61:8404�8410,2000.[117℄ B. Liu, J. Goree, V. Nosenko, and L. Boufendi. Radiation pressure and gasdrag fores on a melamine-formaldehyde mirosphere in a dusty plasma. Phys.Plasmas, 10:9�20, 2003.[118℄ J. R. Burke and D. J. Hollenbah. The gas-grain interation in the interstellarmedium: Thermal aommodation and trapping. The Astrophysial Journal,265:223�234, 1983.[119℄ T. Nitter. Levitation of dust in rf and d glow disharges. Plasma SouresSienes and Tehnology, 5:93�111, 1996.[120℄ T. E. Sheridan. Center-of-mass and breathing osillations in small omplexplasma disks. Phys. Rev. E, 72:026405, 2005.[121℄ L. Talbot, R. K. Cheng, R. W. Shefer, and D. R. Willis. Thermophoresis ofpartiles in a heated boundary layer. J. Fluid Meh., 101:737�758, 1980.[122℄ C. Za�u, A. Melzer, and A. Piel. Ion drag and thermophoreti fores ating onfree falling harged partiles in an rf-driven omplex plasma. Phys. Plasmas,9:4794�4803, 2002.[123℄ C. Za�u, A. Melzer, and A. Piel. Measurement of the ion drag fore on fallingdust partiles and its relation to the void formation in omplex (dusty) plasmas.Phys. Plasmas, 10(5):1278�1282, 2003.[124℄ V. V. Yaroshenko, S. Ratynskaia, S. A. Khrapak, M. H. Thoma, M. Kretshmer,and G. E. Mor�ll. Measurements of the dust-ion momentum transfer frequenyand ion drag fore in omplex plasmas. Contrib. Plasma Phys., 45(3-4):223�228,2007.[125℄ V. V. Yaroshenko, S. Ratynskaia, S. A. Khrapak, M. H. Thoma, M. Kretshmer,H. Hofner, G. E. Mor�ll, A. Zobnin, A. Usahev, O. Petrov, and V. Fortov. De-termination of the ion-drag fore in a omplex plasma. Phys. Plasmas, 12:093503,2005.



140 BIBLIOGRAPHY[126℄ S.A. Khrapak, S. K. Zhdanov, A. V. Ivlev, and G. E. Mor�ll. Drag fore on anabsorbing body in highly ollisional plasmas. J. Appl. Phys., 101:033307, 2007.[127℄ L. Patahini and I. H. Huthinson. Fully self-onsistent ion-drag-fore alula-tions for dust in ollisional plasmas with an external eletri �eld. Phys. Rev.Lett., 101:025001, 2008.[128℄ S. Chandrasekhar. Dynamial frition, i. general onsiderations: the oe�ientof dynamial frition. Astrophys. Journal, 97:255�262, 1943.[129℄ M. Hirt, D. Blok, and A. Piel. Measurements of the ion drag fore on mirometersized partiles in the double plasma devie dodo. IEEE Trans. on Plasma Siene,32 (2):582 � 585, 2004.[130℄ H. Rothermel, T. Hagl, G. E. Mor�ll, M. H. Thoma, and H.M. Thomas. Gravityompensation in omplex plasmas by appliation of a temperature gradient. Phys.Rev. Lett., 89(17):175001, 2002.[131℄ V. Nosenko, R. Fisher, R. Merlino, S. Khrapak, G. E. Mor�ll, and K. Avinash.Measurement of the ion drag fore in a ollisionless plasma with strong ion-grainoupling. Phys. Plasmas, 14:103702, 2007.[132℄ M. Kretshmer, S. A. Khrapak, S. K. Zhdanov, H. M. Thomas, , G. E. Mor�ll,V. E. Fortov, A. M. Lipaev, V. I. Molotkov, A. I. Ivanov, and M. V. Turin. Fore�eld inside the void in omplex plasmas under mirogravity onditions. Phys.Rev. E, 71:056401, 2005.[133℄ A. V. Ivlev, S.A. Khrapak, S. K. Zhdanov, G. E. Mor�ll, and G. Joye. Fore on aharged test partile in a ollisional �owing plasma. Phys. Rev. Let.., 92:205007,2004.[134℄ A. V. Ivlev, S. K. Zhdanov, S.A. Khrapak, and G. E. Mor�ll. Kineti approahfor the ion drag fore in a ollisional plasma. Phys. Rev. E, 71:016405, 2005.[135℄ S.A. Khrapak, B. A. Klumov, and G. E. Mor�ll. Ion olletion by a sphere in a�owing highly ollisional plasma. Phys. of Plasmas, 14:034502, 2007.[136℄ S.A. Khrapak, G. E. Mor�ll, V. E. Fortov, L. G. D'yahkov, A. G. Khrapak,and O. F. Petrov. Attration of positively harged partiles in highly ollisionalplasmas. Phys. Rev. Lett., 99:055003, 2007.



BIBLIOGRAPHY 141[137℄ M. Chaudhuri, S. A. Khrapak, and G. E. Mor�ll. Ion drag fore on a small grainin highly ollisional weakly anisotropi plasma: E�et of plasma prodution andloss mehanisms. Phys. of Plasmas, 15:053703, 2005.[138℄ V. E. Fortov, A. P. Nefedov, V. M. Torhinskii, V. I. Molotkov, A. G. Khrapak,O. F. Petrov, and K. F. Volykhin. Crystallization of a dusty plasma in thepositive olumn of a glow disharge. JETP Lett., 64:92�98, 1996.[139℄ V. E. Fortov, A. P. Nefedov, V. I. Vladimirov, L. V. Deputatova, V. I. Molotkov,V. A. Rykov, and A. V. Khudyakov. Dust partiles in a nulear-indued plasma.Phys. Lett. A, 258:305�311, 1999.[140℄ A. P. Nefedov, G. E. Mor�ll, V. E. Fortov, H. M. Thomas, H. Rotherme, T. Hag,A. V. Ivlev, M. Zuzi, B. A. Klumov, A. M. Lipaev, V. I. Molotkov, O. F.Petrov, Y. P. Gidzenko, S. K. Krikalev, W. Shepherd, A. I. Ivanov, M. Roth,H. Binnenbruk, J. A. Goree, and Y. P. Semenov. Pke-nefedov: Plasma rystalexperiments on the international spae station. New J. Phys., 5:33.1�33.10, 2003.[141℄ M. Wolter, A. Melzer, O. Arp, M. Klindworth, and A. Piel. Fore measurementsin dusty plasmas under mirogravity by means of laser manipulation. Phys.Plasmas, 14:123707, 2007.[142℄ S. I. Braginskii. Transport proesses in a plasma. in reviews of plasma physis,volume 1, m. a. leontovih, editor. Consultants Bureau, New York, 1965.[143℄ R. Chodura. Partile simulation of the plasma-wall transition. Proeedings of the8th Europhysis Conferene on Computational Physis, Computing in PlasmaPhysis, Garmish, 1986.[144℄ C. K. Birdsall and A. B. Langdon. Plasma physis via omputer simulation.MGraw-Hill, New York, 1985.[145℄ R. Hokney and J. Eastwood. Computer simulation using partiles. MGraw-Hill,New York, 1981.[146℄ K. Matyash, R. Shneider, F. Taogna, A. Hatayama, S. Longo, M. Capitelli,D. Tskhakaya, and F. X. Bronold. Partile in ell simulation of low temperaturelaboratory plasmas. Contrib. Plasma Phys., 47(8-9):595�634, 2007.



142 BIBLIOGRAPHY[147℄ D. Tskhakaya, K. Matyash, R. Shneider, and F. Taogna. The partile in ellmethod. Contrib. Plasma Phys., 47(8-9):563�594, 2007.[148℄ K. Matyash. Kineti modeling of multi-omponent edge plasmas.Ph.D. submitted to Ernst-Moritz-Arndt-Universität Greifswald. Available at:http://www.ipp.mpg.de/�knm/, 2003.[149℄ W.H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling. Numerialreipes in : The art of sienti� omputing. Cambridge University Press, 2002.[150℄ J.W. Demmel, J. R. Gilbert, and X. S. Li. Superlu usersâ�� guide, tehni-al report lbnl-44289. Lawrene Berkley National Laboratory, September 1999.Software is available at: http://www.ners.gov/�xiaoye/SuperLU, 1999.[151℄ V. Vahedi and M. Surendra. A monte arlo ollision model for the partile-in-ell method: appliations to argon and oxygen disharges. Computer PhysisCommuniations, 87(1-2):179�198, 1995.[152℄ K. Matyash and R. Shneider. Finite size e�ets on harging in dusty plasmas.J. Plasma Phys., 72(6):809�812, 2006.[153℄ R. Smirnov, Y. Tomita, T. Takizuka, A. Takayama, and Yu. Chutov. Partilesimulation study of dust partile dynamis in sheaths. Contrib. Plasma Phys.,44(1-3):150�156, 2004.[154℄ R. Smirnov, Y. Tomita, D. Tskhakaya, and T. Takizuka. Two-dimensional simu-lation study on harging of dust partile on plasma-faing wall. Contrib. PlasmaPhys., 46(7-9):623�627, 2006.[155℄ E. Kawamura, V. Vahedi, M. A. Lieberman, and C. K. Birdsall. Ion energydistributions in rf sheaths: review, analysis and simulation. Plasma Soures Si.Tehnol., 8:R45�R64, 1999.[156℄ T. Takizuka and H. Abe. A binary ollision model for plasma simulation with apartile ode. J. Comp. Phys., 25:205�219, 1977.[157℄ A. V. Phelps. Jila data base. (unpublished), Available at:ftp://jila.olorado.edu/ollision_data/, 2008.



BIBLIOGRAPHY 143[158℄ M. M. Turner, R. A. Doyle, and M. B. Hopkins. Measured and simulated eletronenergy distribution funtions in a low-pressure radio frequeny disharge in argon.Appl. Phys. Lett., 62:3247�3249, 1993.[159℄ C. M. O. Mahony, J. MFarland, P. G. Steen, and W. G. Graham. Struture ob-served in measured eletron energy distribution funtions in apaitively oupledradio frequeny hydrogen plasmas. Appl. Phys. Lett., 75(3):331�333, 1999.[160℄ K. Matyash, R. Shneider, F. Taogna, and D. Tskhakaya. Finite size e�et ofdust harging in the magnetized edge plasma. J. Nulear Materials, 363-365:458�461, 2007.[161℄ M. Lampe, G. Joye, and G. Ganguli. Interations between dust grains in a dustyplasma. Phys. Plasmas, 7(10):3851�3861, 2000.[162℄ A. Melzer, A. Homann, and A. Piel. Experimental investigation of the meltingtransition of the plasma rystal. Phys. Rev. E, 53:2757�2766, 1996.[163℄ V. R. Ikkurthi, K. Matyash, A. Melzer, and R. Shneider. Computation fo dustharge and potential on a stati spherial dust grain immersed in rf disharges.Phys. of Plasmas, 15:123704, 2008.[164℄ W. J. Goedheer. Leture notes on radio-frequeny disharges, d potentials, ionand eletron energy distributions. Plasma Soures Si. Teh., 9:507�516, 2000.[165℄ J. Zhou, I. T. Martin, R. Ayers, E. Adams, D. Liu, and E. R. Fisher. Investigationof indutively oupled ar and h4/ar plasmas and the e�et of ion energy on dl�lm properties. Plasma Soures Si. Teh., 15:714�726, 2006.[166℄ C. Wild, J. Wagner, and P. Koidl. Proess monitoring of a-:h plasma deposition.J. Va. Si. Tehnol. A, 5:2227�2230, 1987.[167℄ C. W. Jurgensen. Sheath ollision proesses ontrolling the energy and dire-tionality of surfae bombardment in o2 reative ion ething. J. Appl. Phys.,64:590�597, 1988.[168℄ C. W. Jurgensen and A. Rammelsberg. Oxygen reative ion ething mehanismsof organi and organosilion polymers. J. Va. Si. Tehnol. A, 7(6):3317�3324,1989.



144 BIBLIOGRAPHY[169℄ A. D. Kuypers and H. J. Hopman. Measurement of ion energy distributions at thepowered rf eletrode in a variable magneti �eld. J. Appl. Phys., 67:1229�1240,1990.[170℄ M. Zeuner, J. Meihsner, and J. A. Rees. High energy negative ions in a radio-frequeny disharge. J. Appl. Phys., 79:9379�9381, 1996.[171℄ M. Zeuner, J. Meihsner, H. Neumann, F. Sholze, and F. Bigl. Design of ionenergy distributions by a broad beam ion soure. J. Appl. Phys., 80:611�622,1996.[172℄ Sz. Katai, Z. Tass Gy. Hars, and P. Deak. Measurement of ion energy distributionsin the bias enhaned nuleation of hemial vapor deposited diamond. J. Appl.Phys., 86(10):5549�5555, 1999.[173℄ J. R. Woodworth, I. C. Abraham, M. E. Riley, P. A. Miller, T. W. Hamilton,B. P. Aragon, R. J. Shul, and C. G. Willison. Ion energy distributions at rf-biasedwafer surfaes. J. Va. Si. Tehnol. A, 20:873�886, 2002.[174℄ J. Bohlmark, M. Lattemanna, J.T. Gudmundsson, A.P. Ehiasarian, Y. ArandaGonzalvo, N. Brenning, and U. Helmersson. The ion energy distributions andion �ux omposition from a high power impulse magnetron sputtering disharge.Thin Solid Films, 515(4):1522�1526, 2006.[175℄ S. G. Walton, R. F. Fernsler, and D. Leonhardt. Measurement of ion energydistributions using a ombined energy and mass analyzer. Rev. Si. Instrum.,78(8):083503, 2007.[176℄ J. Meihsner, M. Polak, and O. Gabriel. Shihtbildung und ionenanalyse einerkapazitiv gekoppelten rf-entladung in einem methan-argon-gemish. (unpub-lished), 2005.[177℄ M. Zeuner, H. Neumann, and J. Meihsner. Ion energy distributions in a dbiased rf disharge. J. Appl. Phys., 81:2985�2994, 1997.[178℄ C. Wild and P. Koidl. Ion and eletron dynamis in the sheath of radio-frequenyglow disharges. J. Appl. Phys., 69(5):2909�2922, 1991.



BIBLIOGRAPHY 145[179℄ A. B. Ehrhardt and W. D. Langer. Collisional proesses of hydroarbons in hy-drogen plasmas. Report PPL-2477, Plasma Physis Laboratory, Prineton Uni-versity, USA, 1988.[180℄ R. K. Janev, W. D. Langer, D. E. Post, and K. Evans. Elementary proessesin hydrogen-helium plasmas: : Cross setions and reation rate oe�ients.Springer-Verlag, New York, 1987.[181℄ T. Tabata and T. Shirai. Analyti ross setions for ollisions of h+, h2+, h3+,h, h2 and h− with hydrogen moleules. Atomi Data and Nulear Data Tables,76:1�25, 2000.[182℄ K. M. Ervin and P. B. Armentrout. Translational energy dependene of ar+ +xy → arx+ + y (xy=h2, d2, hd) from thermal to 30 ev .m. J. Chem. Phys.,83(1):166�189, 1985.[183℄ F. X. Bronold, K. Matyash, D. Tskhakaya, R. Shneider, and H. Fehske. Radio-frequeny disharges in oxygen: I. partile-based modelling. J. Phys. D: Appl.Phys., 40:6583�6592, 2007.



146 BIBLIOGRAPHY



AknowledgmentsIn addition to my own e�orts, enouragement and help of many other people lead tosuessful ompletion of this thesis. I would like to thank them.First and foremost I o�er my sinerest gratitude to my supervisors, Prof. AndréMelzer and Dr. Ralf Shneider, who have invited me to Greifswald and given thegolden hane of working with them. They have supported me throughout my thesiswith their knowledge whilst allowing me to work in my own way. One simply ould notwish for a better or friendlier supervisors. I onvey speial gratitude to Dr. KonstantinMatyash for providing the omputational tool and helping in many ways during mythesis work. Espeially, his omments/suggestions/reviews for my work are invaluable.I attribute the level of my Dotoral degree to these three peoples' enouragement.The thesis work has been �nanially supported by SFB-TR24 under Projet-A4and COMAS. I gratefully aknowledge these funding bodies.I am indebted to many people at my parent working institute: Institute for PlasmasResearh, Gandhinagar, India. Many speial thanks to our group leader Dr. ShashankChaturvedi for enouraging and supporting me to apply abroad for Ph.d. I am alsothankful to aademi ommittee hairman Dr. Vasu and our diretor Prof. P.K. Kawfor granting study leave for three years. My speial gratitude to Dr. Manoj Warriorfor reommending me to thesis supervisors. I am very muh indebted to Aaditya forbeing a good friend all the time and any words are not su�ient to thank for his help inadministrative matters all these years. Many thanks to Rambabu and Lakshmikanthraofor providing spae for our furniture for suh a long time of three years.During my thesis work, I had opportunity to do ollaborative work with othergroups and I am very muh thankful for the support I reeived, espeially from Prof.J. Meihsner and Prof. R. Hippler. It is a pleasure to ollaborate with their groups.In my daily work I have been blessed with a friendly and heerful group of fellowstudents. I thank all previous and present group members of Kollaidale Plasmen groupand Computational Material Siene group. Speial thanks to Yuriy, Sabastian, Birger



148 Aknowledgmentsand Tobias for help with Deutsh language and subjet disussions. Lunhtimes withAbha are memorable. Many thanks to Lars for reading the thesis and providing sug-gestions. I also thank seretaries for neessary support and understanding my butlerDeutsh.I would also like to thank Henry Leyh and Dr. Matthias Borhardt at IPP forproviding support with linux luster and for their quik responses and solutions.Many thanks to graduate students in the IMPRS and its organizers for providingsuh a good atmosphere of learning. Talks, seminars, workshops and feedbak fromIMPRS are very valuable.I am thankful to all "Indogreifs" (Indians at Greifswald) for making our stay atGreifswald very pleasant. All the festivals we elebrated, meetings we had, trips tonearby plaes are unforgettable. Speial mention and thanks should go to Sudarshanand Kumar for engaging kids when I am away for onferenes. Many speial thanksto Amit and Swathi for providing ompany and showing around when we arrived inGreifswald. I am grateful to Frau.Stolz for making our stay at IBZ very omfortable.Where would I be without my family? My parents deserve speial mention for theirinseparable support and prayers. My Father, Veeranjaneyulu, in the �rst plae is theperson from whom I learnt to be on�dent and strong under any irumstanes. MyMother, Parvathi, is the one who sinerely raised me with her aring and gentle love.My appreiation to my brother, Venkateswarlu, for taking the responsibility of ourparents all these three years. My deepest dediation to my unle, Chandrasekhar rao,for his enouragement in eduational and other matters sine my hildhood.Words fail me to express my appreiation to my wife Deepu whose love and on-�dene in me, has taken the family load o� my shoulder. Inspite of pregnany andhealth issues, she has been tough and supported me to ahieve my goal of omplet-ing thesis work. Both Lillu and Chikki are very lovely and adjusting kids, whose utesmiles helped me reharging myself. I would also thank my inlaws for their support andenouragement. Partiularly, many speial thanks to Suresh for his help and support.Finally, I would like to thank everybody who was important to the suessful real-ization of the thesis, as well as express my apology that I ould not mention personallyone by one.



PubliationsParts of this thesis were already published or were presented at onferenes:Peer-reviewed journals:(i) V. R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Charge and ion dragon multi stati spherial dust grains immersed in rf disharges�, to be submittedto Phys. Plasmas. (2009)(ii) V. R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Computation of iondrag fore on a stati spherial dust grain immersed in rf disharges�, Phys.Plasmas 16, 043703 (2009)(iii) V. R. Ikkurthi, K. Matyash, J. Meihsner, A. Melzer and R. Shneider, �Simu-lation of ion energy distributions in Ar/CH4 rf disharges with ion extration�,Plasma Soures Si. Tehnol. 18, 035003 (2009)(iv) V. R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Computation of dustharge and potential on a stati spherial dust grain immersed in rf disharges�,Phys. Plasmas 15, 123704 (2008)(v) K. Matyash, R. Shneider, V. R. Ikkurthi and A. Melzer, �Ion drag fore on dustgrains in the magnetized edge plasma�, Journal of Nulear Materials 390-391,103-105 (2009)(vi) R. Wiese, V. Sushkov, H. Kersten, V. R. Ikkurthi, R. Shneider and R. Hippler,�Behavior of powder partiles in a radiofrequeny plasma under pulsed argon ionbeam bombardment�, submitted to Phys. Rev. E (2009)



150 PubliationsContributions to international onferenes:(i) V.R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Charge and ion dragon two stati spherial dust grains immersed in rf disharges�, Seond workshopon Diagnostis and Simulation of Dusty Plasmas, Kiel (Germany) 2-4 September2009.(ii) V. R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Study of e�et ofgrain size on dust harging in an RF plasma using three-dimensional PIC-MCCsimulations�, International Conferene on Researh and Appliations of Plasmas,Greifswald, Germany, 16 - 19 Otober 2007. AIP Conf. Pro. Vol. 993, pp.83-86 (2008), ISBN: 978-0-7354-0512-7.(iii) V.R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Computation of IonDrag Fore and Charge on a Stati Spherial Dust Grain in RF Plasma�, Fifth In-ternational Conferene on the Physis of Dusty Plasmas, Ponta Degada (Azores,Portugal) 18-23 May 2008. AIP Conf. Pro. Vol. 1041, (Otober 2008). ISBN:978-0-7354-0569-1.(iv) V. R. Ikkurthi, K. Matyash, A. Melzer and R. Shneider, �Computation of iondrag fore on a stati spherial dust grain in an RF plasma�, DPG Fruhjahrsta-gung (Spring Meeting), Darmstadt, 10-14 Marz 2008. Verhandl. DPG (VI) 433/P 8.6 (2008)(v) V. R. Ikkurthi, K. Matyash, J. Meihsner, A. Melzer and R. Shneider, �Partile-in-Cell Simulation of RF disharges in Ar/CH4 Gas Mixture�, DPG Fruhjahrsta-gung, Darmstadt, 10-14 Marz 2008. Verhandl. DPG (VI) 43 3/P IV.20 (2008)(vi) K. Matyash, V. R. Ikkurthi, A. Melzer and R. Shneider, �E�et of grain size ondust harging in an RF plasma�, Pro. 34th EPS Conferene on Plasma Phys.,Warsaw, 2 - 6 July 2007 ECA Vol.31F, P-5.042 (2007)



Eidesstattlihe Erklärung
Hiermit erkläre ih, dass diese Arbeit bisher von mir weder an der Mathematish-Naturwissenshaftlihen Fakultät der Ernst-Moritz-Arndt-Universität Greifswald noheiner anderen wissenshaftlihen Einrihtung zum Zweke der Promotion eingereihtwurde.Ferner erkläre ih, daÿ ih diese Arbeit selbständig verfasst und keine anderen alsdie darin angegebenen Hilfsmittel benutzt habe.
Greifswald, 26.10.2009 Venkata Ramana Ikkurthi



152 Erklärung



Curriulum VitaeVenkata Ramana IkkurthiNationality : Indian (Indish)Date of Birth : 1st August, 1976Plae of Birth : Chilakaluripet, Andhra Pradesh, IndiaMarital status : MarriedAddress : Bahnhofstr. 2/3, 17489 Greifswald, GermanyEmail : ramana�physik.uni-greifswald.de, ramana468�gmail.omEduation:1986-1991 Seondary eduation at R.V.S.C.V.S. High Shool, Chilakaluripet, India1991-1993 Intermediate (12th) at S.C.V.S. Junior College, Chilakaluripet, India1993-1996 B.S. at C.R. College (Nagarjuna University), Ganapavaram, India1996-1998 M.S. (Physis) at University of Hyderabad, IndiaWork Pro�le:1998-1999 Tehnial Trainee, Institute for Plasma Researh, Gandhinagar, India1999-2006 Sientist, Institute for Plasma Researh, Gandhinagar, India2007-2009 Ph.D., Institut für Physik, Ernst-Moritz-Arndt Universität Greifswald,Greifswald, Germany


