
 

 

 

 

 

 

 

 

 

ABSTRACT 

 

Fundamental Physics within Complex Plasmas 

 

Angela Michelle Douglass, Ph.D. 

 

Advisor: Truell W. Hyde II, Ph.D. 

 

 

In this work, both experimental and numerical methods are used to investigate 

several of the fundamental processes and assumptions commonly found in an earth-based 

radio-frequency (RF) complex plasma discharge.  First the manner in which the dust 

particle charge varies with the particle’s height above the powered electrode is 

investigated.  Knowledge of the dust particle charge is required to understand nearly all 

complex plasma experiments since it affects the dust particle’s levitation height and 

particle-particle interactions.  A fluid model which includes effects due to ion flow and 

electron depletion (which are significant dust charging effects within the sheath where the 

particles levitate) is employed to determine the plasma parameters required to calculate 

the dust particle charge.  Second, the levitation limits of the dust particles and the 

structure of the sheath are investigated.  The CASPER GEC RF reference cell is used to 

perform two experiments: one to measure the dust levitation height as a function of 

applied RF voltage and one to determine the electric force profile.  The fluid model is 

then used to interpret the experimental results.  This study provides a better 

understanding of the sheath structure, particle behavior within the sheath, and provides a 



new, in situ experimental method for locating the approximate height of the sheath edge 

in any dusty plasma system.  Finally, both molecular dynamics (MD) simulations and an 

experiment are employed to determine the physical processes that a complex plasma 

system goes through as it rapidly transitions from a liquid to solid state. 
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CHAPTER ONE 

 

Introduction 

 

 

1.1 Plasma 

 

Modern scientists now recognize five distinct states of matter: solid, liquid, gas, 

plasma, and Bose-Einstein condensate.  Solids, liquids, and gases are quite common in 

everyday life and widely understood; Bose-Einstein condensates and plasmas, 

meanwhile, are less familiar.  Although plasmas are less familiar than the first three states 

of matter, they are actually quite common, comprising the vast majority of matter in the 

universe.  Stars and nebulae are plasmas, for instance, as well as aurora and lightning (see 

Figure 1.1).  

 

 
 

Figure 1.1.  (Clockwise from top left) A collection of stars called Globular Cluster NGC 

6093 (Photo courtesy of NASA and The Hubble Heritage Team (STScI/AURA)).  The 

aurora over Bear Lake, Alaska (Photo courtesy of the U. S. Air Force taken by Senior 

Airman Joshua Strang).  Lightning strike in Toronto, Canada.  (Photo courtesy of John R. 

Southern).  The Carina Nebulae. (Photo courtesy of nasaimages.org). 
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A plasma is an ionized gas that contains roughly equal numbers of positive and 

negative charges, resulting in an electrically neutral medium.  These charged particles 

cause the plasma to exhibit unique characteristics such as electric conductivity and the 

ability to form structures.  These unique characteristics found in plasma are sufficient to 

define it as the fourth state of matter. 

Man-made plasma was first discovered in the 19
th

 century by Sir William 

Crookes, who found that when gas was inserted into a discharge tube at very low 

pressures, an electrical current was sustained through the gas.  This surprised Crookes 

since gas was known to be electrically insulating.  In 1879, he concluded that the 

electrically conductive “gas” within the tube must be a new state of matter since it was 

found to exhibit unique characteristics, like electrical conductivity (Bova, 1971).  

Crookes named this new state of matter “radiant matter” because he believed it was made 

up of electrically charged atoms.   

Crookes’ experiment raised puzzling questions about the structure of the atom.  

Little was known about atomic structure at this time, but it was known that the atom was 

neutral overall.  Scientists thus wondered how a neutral atom could conduct electricity 

through a gas.  Crookes’ experiment (among others) led to the conclusion that charge did, 

in fact, exist within the atom.   

Sir Joseph John Thomson, inspired by Crooke’s discoveries, used a Crookes tube 

to perform numerous experiments to identify the structure of the atom.  Thomson 

discovered a charged particle within the atom which he originally called a corpuscle, 

though corpuscle was later changed to electron, since it was thought to be the 

fundamental unit of electricity (Stoney, 1894).  Thomson was the first to experimentally 
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determine the charge-to-mass ratio of an electron by measuring the deflection of electrons 

within a cathode ray exposed to a magnetic and an electric field.  In 1906, he received the 

Nobel Prize in physics “in recognition of the great merits of his theoretical and 

experimental investigations on the conduction of electricity by gases” (“The Nobel Prize 

in Physics 1906”).   

Nearly a half a century later, Irving Langmuir again observed that the gas inside 

the Crookes tube was different from ordinary gas as he was performing experiments on 

ionized gases under vacuum (Bova, 1971).  In 1927, Langmuir became the first to use the 

term plasma to describe the radiant matter/ionized gas.  Langmuir described this new 

form of matter in an article in the Proceedings of the National Academy of Sciences as 

follows: “Except near the electrodes, where there are sheaths containing very few 

electrons, the ionized gas contains ions and electrons in about equal numbers so that the 

resultant space charge is very small.  We shall use the name plasma to describe this 

region containing balanced charges of ions and electrons” (Langmuir, 1928). 

Langmuir borrowed the word plasma from the Czech scientist, Johannes 

Evangelist Purkinje, who first used the term to describe the liquid component of the 

blood in which the blood cells are suspended.  In a letter to Nature, Harold M. Mott-

Smith recalls how Langmuir decided to borrow this name for the new substance, writing:  

We tossed around names like ‘uniform discharge’, ‘homogeneous discharge’, 

‘equilibrum discharge’; and for the dark or light regions surrounding electrodes, 

names like ‘auras’, ‘haloes’, and so forth.  But one day Langmuir came in 

triumphantly and said he had it.  He pointed out that the ‘equilibrium’ part of the 

discharge acted as a sort of sub-stratum carrying particles of special kinds, like 

high-velocity electrons from thermionic filaments, molecules and ions of gas 

impurities.  This reminds him of the way blood plasma carries around red and 

white corpuscles and germs.  So he proposed to call our ‘uniform discharge’ a  
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‘plasma’.  Of course we all agreed.  But then we were in for it.  For a long time 

we were pestered by requests from medical journals for reprints of our articles 

(Mott-Smith, 1971). 

 

Today, plasmas are widely-used.  Examples of man-made plasmas include 

fluorescent lamps, neon signs, plasma balls, the electric arc in an arc lamp, arc welder, or 

plasma torch, ion thrusters, fusion energy research such as tokamaks or the National 

Ignition Facility, and plasma devices used in semiconductor fabrication.  Although 

Crookes’ discovery of plasma led to the naming of plasma and its identification as the 

fourth state of matter, plasma existed in nature long before man-made plasma ever 

existed.  Actually, 99% of the matter that makes up the visible universe is plasma, 

making it the most common state of matter in the universe.   

 

1.2 Complex Plasma 

 

While complex plasma (a.k.a. dusty plasma) has no precise definition, Ludwig et 

al. define it as “a multicomponent low-temperature plasma containing, besides electrons 

and positive ions, additional species such as negative ions, and charged nanometer- to 

micrometer-sized solid (dust) particles or clusters, as well as reactive atoms or molecules 

strongly interacting with surfaces (Ludwig et al., 2010).” The additional species within 

complex plasmas obtain a charge due to collisions with ions and electrons within the 

plasma.  This changes the charge composition within the plasma and causes new physical 

processes to occur. 

One such species is small particles, commonly called dust, which can be 

composed of a variety of different materials.  These small particles are found throughout 

the entire universe, and, since plasma is also abundant throughout the universe, plasma 

and dust often coexist (Shukla and Mamun, 2002).  Therefore, most plasmas are, in fact, 



5 
 

complex plasmas, and early astronomers actually observed complex plasmas when they 

investigated astrophysical objects such as comets, zodiacal light, and the Orion Nebula.  

As early as 1937, astrophysicists began developing theories for the charging of dust 

particles, particle interactions, and transport within a plasma and they continue to do so 

today (Jung, 1937; Fortov et al., 2010; Matthews et al., 2012). 

Scientific interest regarding astrophysical complex plasmas was heightened in the 

early 1980s when images taken by Voyager 2 revealed radially elongated structures 

within Saturn’s B ring.  These structures were named spokes (Smith et al., 1982).  The 

spokes were intriguing since they formed in a matter of minutes and appeared dark in 

backward scattered light and bright in forward scattered light.  Initially, the composition 

of these spokes was unknown, but in 1983 Goertz and Morfill proposed that the spokes 

consisted of “charged micron-sized dust particles elevated from the rings by radially 

moving dense plasma columns.” (Goertz and Morfill, 1983).  Figure 1.2 is an image of 

the spokes taken by Voyager 2.  The discovery of complex plasmas in Saturn’s rings  

 

 
 

Figure 1.2.  A picture of Saturn’s rings taken by Voyager 2 on August 22, 1981.  The 

dark regions, called spokes, are thought to be micron-sized dust particles.  Figure 

courtesy NASA/JPL. 
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piqued the scientific community’s interest in complex plasmas and more research was 

dedicated to its study.  Recently, complex plasmas have been observed in other 

astronomical locations as well, such as the Eagle Nebula and on the surface of the moon, 

sparking further interest in the field. 

In the late 1980s, a terrestrial discovery would serve to expand the field of 

complex plasmas again – even across disciplines (Merlino and Goree, 2004).  Dust 

particles were observed within plasma by Langmuir and others in earth-based 

experiments previously, but these particles were initially seen as a “dirt effect” and not an 

interesting area of research (Fortov et al., 2010).  This “dirt effect” was again observed in 

the 1980s in the fabrication of microelectronics.  Manufacturers assumed that this dirt (or 

dust) that they observed was the result of the unsterile processing room, so clean rooms 

were developed to eliminate the effect.  In 1988, when clean rooms still did not eliminate 

the dust, G. Selwyn correctly determined that these particles were not caused by 

uncleanliness, but were a result of the plasma processing itself (Selwyn et al., 1989).  

These dust particles were problematic since they fell onto the newly etched 

semiconductor wafer when the plasma was extinguished.  The falling dust particles 

contaminated the wafer, occasionally rendering it useless.  As technology progressed, 

allowing even smaller circuits to be created, even nanometer-sized dust particles that fell 

across the etching were able to short the circuit (Stoffels et al., 1998).  This inhibited 

production and became quite costly, making the existence of dust within the processing 

chamber a significant problem.  As a result, industry committed more research to 

complex plasma research, with hopes of finding a way to eliminate this effect (Fortov et 

al., 2010).   
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While experimental research within the field of complex plasmas began to expand 

due to industrial needs and astronomical discoveries, other fundamental scientific 

research regarding inter-particle forces was being performed at that time which would 

provide further motivation for the study of complex plasmas.  Scientists had observed 

interactions between particles in other environments (such as gases and liquids) and 

became curious about using dust particles in a plasma environment to further investigate 

inter-particle forces.  In 1938, Wigner explained how inter-particle forces in an electron 

gas cause it to form an ordered crystalline structure (later named the Wigner crystal) 

when it is cooled (Wigner, 1938).  In the 1960s and ‘70s crystalline structures were also 

observed among charged polystyrene particles in water (Luck et al., 1963; Hiltner and 

Krieger, 1969; Barclay et al., 1972).  In 1986, Ikezi theorized that dust particles within a 

non-equilibrium gas discharge, such as a plasma, should also crystallize into an ordered 

structure (Ikezi, 1986).  This crystal structure was not observed experimentally in 

complex plasma experiments until 1994 (Chu and I, 1994; Thomas et al., 1994; Hayashi 

and Tachibana, 1994; Melzer et al., 1994).  The discovery of crystalline structures within 

complex plasmas greatly increased the overall interest in complex plasmas, even across 

scientific disciplines.  Scientists began carrying out extensive, fundamental research 

within the field in addition to research motivated by industrial and astronomical 

applications (Fortov et al., 2010).    

 Currently, complex plasma experiments are carried out all across the world as 

well as onboard the International Space Station.  These experiments study topics such as 

inter-particle forces, dust charging, waves, wake structures and coagulation.  While 

significant progress has been made through these experiments, there is still much to 
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investigate.  Many new, interesting research areas within complex plasma research are 

emerging, but there is still a need to understand the fundamental physics within a 

complex plasma.  Many complex plasma experiments have explained observed 

phenomena, but often, interpretation of the experimental data requires the use of 

approximations and assumptions about quantities such as plasma parameters or dust 

charge to draw conclusions.  While these experiments are beneficial in advancing the 

field and qualitatively determining the physical properties of the system, it is now 

important to investigate the fundamental physics further in order to either eliminate these 

assumptions or determine conditions under which they are valid.  This study was 

motivated by a desire to study the fundamental physics within complex plasma through 

investigation of dust charge, the sheath structure, and crystal melting using as few 

approximations as possible.  Experiments were performed and will be compared with 

fluid model results to test some commonly applied assumptions and determine their 

validity. 

 In the following chapter, both plasma and dusty plasma characteristics will be 

discussed.  Characteristic length scales within the plasma will be derived and the process 

of dust charging will be explained.  The forces acting on the dust particles will also be 

discussed.  In Chapter Three both the experimental setup and the fluid model used to 

model the experiments will be explained.  In Chapter Four, the fluid model will be used 

to explain an apparent contradiction found in the literature regarding the charging of dust 

particles in RF systems.  Experiments carried out at CASPER will be discussed in 

Chapter Five.  The fluid model will be used to interpret these results and conclusions will 

be made regarding the dust levitation limits in an RF system.  In Chapter Six, an 



9 
 

experiment and model are used to investigate the transition between the liquid and solid 

state of the dust particles.  Conclusions and future work will be discussed in Chapter 

Seven. 
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CHAPTER TWO 

 

Background 

 

 

2.1 Definition of Plasma 

 

Plasma is an ionized gas consisting of electrons, ions, and neutral particles.  The 

electron and ion densities are generally assumed to be equal throughout the plasma, 

making it electrically neutral overall.  While gases are also electrically neutral, charged 

particles within the plasma produce characteristics that distinguish it enough from a gas 

for it to be considered another state of matter.  To further understand these distinguishing 

characteristics, it is important to understand the fundamentals of other states of matter 

and the transitions between them.   

An object is said to be in the solid state when the atoms or molecules that make 

up the material are packed closely together, often forming a regular, repeating structure 

(Kittel, 2004).  The forces between the particles within a solid are such that the particles 

cannot move freely, but rather vibrate around their equilibrium positions.  Consequently, 

a solid maintains a rigid structure with a fixed volume and density.  Adding energy to a 

solid can transform the substance into a liquid.  As energy is added, the particles gain 

vibrational energy, eventually overcoming the inter-particle forces that previously held 

them in place.  Particles within a liquid are still packed closely together, but now they slip 

past one another, causing the liquid to conform to the shape of its container.  If even more 

energy is added to the system, the particles will eventually overcome the inter-particle 

forces holding them together, thus allowing them to move freely throughout the entire 

volume of the container, creating a gas.  If enough energy is added to the gas, the 
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electrons surrounding each atom will gain sufficient energy (generally through collisions 

between neutral particles in laboratory plasmas or through photoionization, which is the 

dominant plasma formation process in space) to overcome the binding energy of the 

atom, ionizing the gas and producing a plasma.  While ionization is required for plasma 

to exist, not every atom must be ionized.  A plasma in which only a small fraction of the 

atoms are ionized is called a “cold” plasma, while a fully ionized plasma is described as 

“hot.” The degree of ionization is determined by  

    
  

     
  (2.1) 

where   and    are the ion and neutral atom densities, respectively (Land, 2007).  Even a 

gas that is only 1% ionized can be considered a plasma since it still displays the 

characteristics of a plasma.   

This ionization distinguishes a plasma from a non-ionized gas.  Free electrons and 

ions within a plasma are influenced by electric and magnetic fields, whereas the neutral 

atoms that compose an ordinary gas are unaffected.  Consequently, gases are poor 

electrical conductors, while plasma are electrically conductive.  Moreover, since neutral 

particles only interact through short-range collisions and do not interact electrostatically 

with each other, particle motions within a gas show no long-range correlations. However, 

particles in a plasma interact electromagnetically, creating both short- and long-range 

forces between particles.  These forces cause plasma particles to behave collectively, 

resulting in the correlated movement of large numbers of particles throughout the plasma.  

This characteristic is unique to plasmas and (among other things) is responsible for 

charge shielding and can even allow waves to be transmitted through the plasma.   
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2.2 Plasma Parameters 

To understand dusty plasma experiments properly, it is important to first 

understand the parameters that define a plasma.  As in solids, liquids, and gases, a plasma 

is usually characterized by its temperature and density.  Contrary to ordinary materials, 

however, plasmas cannot be completely described by a single temperature and density.  

As previously stated, plasma is made up of a “sea” of electrons, ions, and neutral 

particles, which often have different temperatures and densities.  Therefore, many more 

parameters must be known to accurately define a plasma than are required to define 

ordinary matter (Gurnett and Bhattacharjee, 2005).  The number density of each species 

can be determined from 

    ∫       
  

 

  

  (2.2) 

where     or   for electrons or ions, respectively, and       is the velocity distribution 

function.  When a species is in thermal equilibrium within the plasma, the distribution 

function for each species is given by the Maxwellian distribution  

           (
     

 

     
)  (2.3) 

where    and    are the mass and velocity of the plasma species, respectively,    is the 

Boltzmann constant,   is the normalization constant, and    is the temperature of the 

plasma species.     

 The following sections will discuss more of the unique properties and parameters 

within plasmas.  First, the velocity distribution function will be used to determine the 

fundamental length scale employed in plasmas.  The response of the plasma to a test 
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particle, plasma chamber walls, and other objects in contact with the plasma as well as 

the potential surrounding these objects will also be discussed. 

 

2.2.1 Debye Length 

 

The Debye length is a fundamental length scale which characterizes all plasmas.  

It is determined by the temperature and number density of the charged particles within 

the plasma.  To understand the Debye length, imagine placing a negative test charge into 

a homogenous plasma with equal ion and electron densities (        ).  When the 

negative test charge is inserted, positively charged ions will be attracted toward the test 

charge and electrons will be repelled from it.  This separation of ions and electrons forms 

a positive space charge around the test charge, which effectively shields the remaining 

plasma from the test charge.  This is effect is called Debye shielding.  Mathematically, 

the potential,  , around the test charge is given by Poisson’s equation 

      
 

  
  (2.4) 

where   is the charge density and   is the permittivity of free space.  Assuming that the 

ions are singly ionized, the charge density is given by            where   is the 

electron charge.  It is also assumed that both the electrons and ions have a normalized 

Maxwellian distribution given by 

       (
  

      
)
  ⁄

     (
 (

 
 
    

     )

    
)  (2.5) 

in which it was assumed that at infinity, where the plasma is unperturbed by the potential 

(   ), the plasma is quasineutral (        ).  Inserting the ion and electron  
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distribution functions into Equation (2.2) the electron and ion densities are found to be  

       
 

  

    , (2.6) 

       
  

    . (2.7) 

Substituting the ion and electron densities into Poisson’s equation gives 

     
   

  
( 

  
      

 
  

    )  (2.8) 

The electrostatic potential is found from this equation by assuming that the magnitude of 

the electric potential energy (  ) is much less than both the electron and ion thermal 

energies (     and     ) and expanding the exponentials using a Taylor series 

expansion.  Ignoring terms second order and higher, Equation (2.8) becomes 

     
   

  
(

  

    
 

  

    
)  (

 

   
  

 

   
 )  

 

   
    (2.9) 

where    
            ⁄  and    

            ⁄  are the electron and ion Debye 

lengths, respectively.  The linearized Debye length is determined from Equation (2.9) to 

be  

     (
 

   
  

 

   
 )

   ⁄

  (2.10) 

The electrostatic potential is found from Equation (2.9) to be 

   
 

     
      ⁄   (2.11) 

This form of the electrostatic potential is referred to as both the Debye-Hückel 

potential and the Yukawa potential.  The exponential term found in this shielded potential 

causes it to decay much more rapidly than the standard, unshielded Coulomb potential 
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which is proportional to   ⁄ .  For the limiting case of r      , the electrostatic potential 

reduces to that of a test particle in a vacuum, as expected.  For r      , the electrostatic 

potential tends to zero, indicating that the test charge is completely shielded by the 

surrounding plasma.  Therefore, the Debye length determines the length at which the 

plasma is significantly shielded from the test change (Gurnett and Bhattacharjee, 2005).  

Beyond this distance, the plasma is considered quasineutral, meaning that       (Chen, 

2006).   

It is important to note that several approximations were made in the above 

derivation of the electrostatic potential.  First, in the derivation of Equations (2.6) and 

(2.7), it was assumed that the electrons and ions exhibit a Maxwellian distribution.  Many 

experiments have been performed to measure the exact distribution functions for 

electrons and ions, but the shape of the distribution function depends on the plasma 

discharge system as well as the plasma conditions.  In low-temperature plasma 

discharges, such as the plasma discussed in this work, ions are found to exhibit 

Maxwellian distributions, but the electron distribution function shows deviations from a 

pure Maxwellian distribution (Bukowski et al., 1996; Godyak et al., 1992).  In general, 

these deviations are small and the above derivation has still proved to be a useful, first-

order approximation of the electrostatic potential within such systems, but the validity of 

this approach is still an open question (Gurnett and Bhattacharjee, 2005).  Also, before 

Equation (2.9) it was assumed that the electric potential energy is much less than the 

thermal energy.  This approximation is clearly not valid near the test charge since the 

potential increases sharply as   approaches zero.  However, this region does not 

contribute much to the thickness of the Debye length since the potential decays very 
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rapidly in this region (Chen, 2006).  This approximation also breaks down in many 

complex plasmas since the electron thermal energy and the electric potential energy are 

approximately equal in these plasmas.   

One way to improve the accuracy of this model is to include the effect of ion 

streaming.  This is an important effect in complex plasmas since the ions can obtain a 

large drift velocity in the region of the plasma where the dust particles are typically 

located.  This can be done by replacing      in Equation (2.6) with the mean energy of 

the ions,   .  The mean ion energy includes both the thermal and drift velocities of the 

ions and is given by    
 

 
      

    
   where    is the ion drift velocity.  Also, in 

non-thermal plasmas, such as the complex plasmas described in this work, the electron 

temperature is actually much larger than the ion temperature (         ).  In general, 

ions and neutral atoms are in thermal equilibrium with each other (     ) within such 

plasmas, but since the majority of electron collisions are elastic, electron-neutral 

collisions, the electrons do not transfer energy effectively and, therefore, do not 

thermalize with the neutral atoms.  Applying this approximation to Equation (2.10), the 

linearized Debye length approximately equals the ion Debye length.  This implies that in 

non-thermal plasmas such as complex plasmas, the shielding of the test charge or dust 

particle is mainly dependent on the ion temperature.     

 

2.2.2 Plasma Sheaths 

 

It has been shown that a negatively charged test particle inserted into a 

quasineutral plasma develops a positive space charge around the particle that shields the 

remaining plasma from the particle.  From this result, one can quickly conclude that a 

positively charged test particle will be shielded by a negative space charge in the same 
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manner.  However, the effect plasma has on a neutral test particle (which will be used to 

represent any neutral surface in the plasma) must be investigated in more detail.   

Neither ions nor electrons are electrostatically influenced by the presence of the 

neutral test particle, but the particle will gain charge as electrons and ions within the 

plasma collide with it.  Although the electron and ion densities within the plasma are 

assumed to be equal, the electron and ion collision frequency with the test particle are not 

equal due to differences in their thermal velocities.  The thermal velocity of each species 

is given by  

     √      ⁄   (2.12) 

where   refers to either electrons or ions.  From this equation, it is evident that even in 

cases where electrons and ions are in thermal equilibrium, the electron thermal velocity is 

much greater than the ion thermal velocity due to differences in their masses.  For 

example, in an argon plasma in which the electrons and ions are in thermal equilibrium, 

the electron thermal velocity is approximately 270 times greater than the ion thermal 

velocity.  The significantly higher thermal velocity attained by electrons initially causes 

electrons to impact the neutral test particle more frequently than ions, resulting in a net 

negative charge on the test particle.  Once the test particle charges negatively, ions are 

attracted to it and a positive space charge forms around the particle, shielding it from the 

rest of the plasma, as described in the previous section.  This polarized region 

surrounding the test particle is called the plasma sheath.  Sheaths form around any object 

in contact with the plasma, such as particles, probes, and even the walls of the plasma 

chamber.   
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 The electrostatic potential within the sheath is a complicated problem, but can be 

approximated for simple geometries.  For example, when the radius of curvature of the 

object is much larger than the Debye length, the potential exponentially decays according 

to the characteristic length scale.  The equilibrium potential on the surface of the locally 

planar object is then approximated by  

    
    

  
[  (

  

  
)    (

  

  
)]. (2.13) 

For a plasma consisting of only electrons and protons which are in thermal equilibrium, 

the above equation reduces to            ⁄  (Gurnett and Bhattacharjee, 2005).  The 

electrostatic potential within a sheath will be explored in more detail in Chapters Four 

and Five. 

 

2.3 Plasma Discharges 

 

The chamber in which the plasma is created and the method used to create the 

plasma determines the plasma parameter profiles throughout the plasma and the shape 

and extent of the plasma sheaths.  Plasma discharge chambers are classified according to 

the characteristics of the current delivered to the system.  Examples of these include 

Direct Current (DC), Radio Frequency (RF), Microwave, and Optical discharges.  In this 

section, the most common plasma discharges, DC and RF, will be discussed in more 

detail. 

 

2.3.1 Direct Current (DC) Discharges 

 

An experimentally produced plasma was first formed in a DC discharge chamber 

called a Crookes tube (Bova, 1971).  DC discharge chambers are still used today for 

plasma experiments and current experimental designs remain very similar to that of the 
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original Crookes tube.  The basic schematic of a DC discharge chamber is shown in 

Figure 2.1.  The chamber consists of a glass cylinder containing an electrode at both ends 

of the tube.  The tube is filled with a noble gas, usually argon or neon, which is held at  

 

 
 

Figure 2.1.  A basic DC plasma discharge.  A plasma is created between the anode and 

cathode within the discharge tube. 

 

 

low pressure (typically 0.1 – 5 Torr) (Fortov et al., 2010).  To create the plasma, a voltage 

(usually several hundred volts) is applied across the electrodes (Raizer, 1991).  Thermal 

collisions brought about by this applied voltage cause a small fraction of the atoms to 

become ionized and may cause additional free electrons to be released from one of the 

electrodes as well.  The electric field in the tube causes the free electrons to accelerate 

toward the anode while ions accelerate toward the cathode.  Inelastic collisions between 

accelerated electrons and neutral gas atoms ionize the gas further, creating a cascade 

effect: more and more atoms are ionized and each species is then accelerated toward their 

respective electrode.  As ions collide with the cathode, kinetic energy is transferred from 

the ion to the electrode.  This kinetic energy can liberate electrons from the cathode 

surface through a process called secondary electron emission.  Eventually the rate of 
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ionization within the discharge equals the loss of electrons to the walls of the chamber 

and an equilibrium is maintained. 

As mentioned in Section 1.2, early plasma researchers began to notice that the 

glass tubes of the discharge chamber blackened, especially near the negative electrode.  It 

was determined that this blackening was due to the deposition of atoms sputtered from 

the electrode onto the glass (Crookes, 1891).  While sputtering was unwanted at first, it 

later proved to be beneficial.  Industries were able to use it to create extremely thin films 

of material by placing the nonconducting material to be sputtered in contact with the 

cathode.  Ions, attracted to the cathode, then bombard the material, releasing atoms from 

its surface.  These sputtered atoms would then be collected on a surface, forming a thin 

film.  It was found that the material successfully sputtered for a short amount of time 

(approximately 10
-7 

s) and then terminated.  The sputtering could not be sustained for 

longer periods of time because frequent ion collisions caused positive charge to 

accumulate on the nonconducting plate, decreasing the potential difference between the 

anode and cathode.  Ions accelerated by the decreased potential difference no longer 

acquired enough energy to release atoms from the sputtering material (Simcik, 1995).   

 

2.3.2 Radio Frequency (RF) Discharges 

 

DC discharges proved that sputtering was possible, but in order to use sputtering 

to create thin (sometimes even single-atom thick) materials, a system in which the 

sputtering could be sustained for longer periods of time needed to be designed.  It was 

found that this could be done by using an Alternating Current (AC) to switch the polarity 

of the electrodes with a certain frequency.  The sinusoidal variation of the electrode 

polarity causes ions to be attracted to an electrode during one half-cycle and electrons to 
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be attracted to the electrode during the other half-cycle of the signal.  Consequently, the 

charge accumulated during one half-cycle is at least partially neutralized during the next 

half-cycle, inhibiting charge accumulation.  Typical plasma chambers of this sort use an 

AC current having a frequency in the radio-frequency range (about 3 kHz to 300 GHz).  

A simplified diagram of a Radio Frequency (RF) discharge is shown in Figure 2.2.  

Originally, it was found that 6.78 MHz was the most efficient frequency for sputtering,  

 

 
 

Figure 2.2.  A drawing of a RF plasma discharge.  In this drawing the upper electrode is 

grounded and the lower electrode is powered, but in general one or both electrodes may 

be powered.  A plasma is created between the upper and lower electrodes due to the 

potential difference between them. 

 

 

but at the time the United States Federal Communications Commission (FCC) prohibited 

use of this frequency.  As a result, the second harmonic of 13.56 MHz became the 

standard frequency used (Simcik, 1995).  Since ions are too massive to respond to this 

high RF frequency, they are only affected by the time-averaged electric field within the 

discharge (Graves and Jensen, 1986).  Electrons, however, are able to instantaneously 
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follow the alternating electric field at this frequency.  This causes the electrons to be 

heated to an average temperature of a few electron volts (Fortov et al., 2010).  The warm 

electrons then provide the energy for electron impact ionization within an RF discharge. 

 RF plasma discharges are categorized by the manner in which power is coupled to 

the plasma.  Usually either capacitive coupling or inductive coupling are used to power 

the plasma.  In a capacitively coupled RF discharge, the RF signal is delivered to an 

electrode and the electrodes, including the plasma created between them, act as a 

capacitor (see Figure 2.2).  An inductively coupled RF discharge has no electrodes, but 

instead uses an alternating magnetic field to induce an electric field within the plasma.  

The induced electric field accelerates the free electrons, sustaining the discharge.  While 

an inductively coupled RF discharge is less common than a capacitively coupled RF 

discharge, examples of their use can be found in the literature (Fortov et al., 2000; Collins 

et al., 1996).  Because most complex plasma experiments (including the work presented 

here) use capacitively coupled RF discharges (Fortov et al., 2010), they will be the focus 

of this study.   

 

2.4 Dust Characteristics 

  

2.4.1 Dust Charging 

 

Neutral dust particles placed in a plasma quickly acquire a net negative charge 

due to frequent collisions with the electrons, as described in Section 2.2.2.  In a typical 

RF discharge, a 10  m particle will attain a charge on the order of 10,000 electrons 

(Melzer and Block, 2010).  Although both ion and electron currents are incident on the 
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dust particle, the equilibrium charge on the dust particle is attained when these plasma 

currents balance as in 

        , (2.14) 

where    is the electron current and    is the ion current.  While the electron and ion 

currents are primarily responsible for charging the dust particle, charging may also be 

caused by secondary electron emission, UV radiation, ion sputtering, or other means 

(Shukla, 2001).  However, in typical complex plasma experiments, such as those 

presented here, these processes are secondary effects and, therefore, these effects will not 

be considered here.   

The traditional and most common way to determine the plasma currents is 

described by Orbital Motion Limited (OML) theory, which follows the trajectories of 

charged plasma species as they pass by and collide with the charged dust particle (Allen, 

1992).  OML theory is derived by first assuming that an ion or electron approaches the 

dust particle from infinity.  The trajectory of an ion approaching a negatively charged 

dust particle is shown in Figure 2.3.  Ions or electrons with impact parameters greater  

 

 
 

Figure 2.3.  This diagram shows the critical impact parameter,   , for an ion that 

approaches a negatively charged dust particle from infinity with a velocity,   .   
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than the critical value,   , will be deflected into the surrounding plasma, while those with 

an impact parameter less than or equal to    will impact the dust particle. 

From energy conservation, the kinetic energy of the ion or electron far away from 

the dust particle must equal its total energy close to the particle.   

 
 

 
        

  
 

 
         

       (2.15) 

where      is the electron or ion velocity far away from the dust particle and    is the 

dust surface potential.  In Equation (2.15) and the following equations, the upper sign is 

used for electrons and the lower sign is used for ions.  Applying conservation of angular 

momentum at     , 

 | ⃗ |  |     |                          (2.16) 

the following relation is found 

 
     

    
 

  

  
   (2.17) 

Substituting this into Equation (2.15), the critical impact parameter is found to be 

   
    

 (  
    

        
 )  (2.18) 

The cross section for collection is then given by 

         
     

 (  
    

        
 )   (2.19) 

The electron and ion currents to the dust particle are found through 

        ∫        (    )    (    ) 
        (2.20) 
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where     (    ) is the velocity distribution function of the plasma species and      is the 

cross section for collection of the plasma species onto the dust particle.  The velocity 

distribution function for electrons located within the sheath near the powered electrode 

(where the dust particles typically levitate) is assumed to be a Maxwellian distribution 

and is given by Equation (2.3) with   (
  

      
)
  ⁄

  .  The velocity distribution 

function for the ions must be approximated in a different manner from that of electrons 

since the electric field within the sheath causes ions to stream toward the lower electrode.  

Ions obtain a drift velocity,   , within the sheath that is greater than the ion thermal 

velocity, (    √      ⁄ ).  To account for this, the velocity distribution function for 

ions is approximated as a shifted Maxwellian distribution 

        (
  

      
)
  ⁄

     ( 
         

 

     
)  (2.21) 

where the plasma parameters (        ) are all functions of height above the lower 

electrode,  .  Inserting the collection cross section (Equation (2.19)) and the electron and 

shifted ion distribution functions into Equation (2.20) for each species, respectively, the 

electron and ion currents to a negatively charged particle are given by 

      √    
         (

   

    
)  (2.22) 

      √    
       [√

 

 

    
   

   

    

  
   (

  

√ 
)     (

   
 

 
)]  (2.23) 
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where    is the dust particle radius,    is the dust particle surface potential, and    is 

the ion Mach number (where         ⁄ ) (Alexandrov et al., 2008).  In the limit of 

low drift (    )    reduces to 

     √    
 (  

   

    
)         (2.24) 

which is the standard form for the ion current in the plasma bulk.  For very high drift 

(    )    reduces to 

        
 (  

    

    
 )       (2.25) 

which is a significantly smaller current.   

Finally, Equations (2.22) and (2.23) are substituted back into the current balance 

equation, Equation (2.14).  If the plasma parameters —                   and so on —

are known (for example from models or probe data), then the dust potential as a function 

of height can be obtained.  The capacitance model is then used to obtain the dust charge 

from the dust potential.  The capacitance model depicts the dust particle as a small 

capacitor and assumes that 

         (2.26) 

where          (Whipple et al., 1985) for cases in which      .  In general, the 

capacitor model gives a good approximation for the dust particle charge, even though 

there may be some deviations due to strongly nonlinear screening or a nonequilibrium 

distribution of electrons and ions surrounding the dust particle (Fortov et al., 2004).  

Therefore, this method will be used in Chapter Four to determine the dust charge as a 

function of height above the lower electrode. 
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OML theory employs three main assumptions that are important to note.  First, 

the dust particle is assumed to be isolated in space so that other dust particles do not 

affect the motion of electrons and ions.  Secondly, the electrons and ions are assumed to 

be collisionless as they approach the dust particle.  Finally, effective potential energy 

barriers due to the charged dust particle are ignored (Fortov et al., 2005).  Although these 

conditions are rarely met, OML has proven to be a useful method for approximating the 

dust particle charge.   

 

2.4.2 Forces 

 

The forces acting on a charged dust particle govern the particle’s motion; 

therefore, a complete understanding of the forces involved in a complex plasma is 

essential.  The most significant forces will be the focus of this section. 

 

Gravitational force.  For earth-based dusty plasma experiments the gravitational 

force, FG, is determined by 

            ⁄     
    (2.27) 

where    is the dust mass,   is the mass density of the dust, and    is the dust particle 

radius.  The experiments used in this work are performed using melamine formaldehyde 

dust which has a density of 1510 kg/m
3
 and particles with diameters ranging from 5 to 20 

µm.  For earth-based experiments this results in a gravitational force of approximately  

10
-13

 N.   

 

Electric force.  As stated previously, the dust particles acquire a large negative 

charge due to the high mobility of electrons within the plasma.  Because an electric field 

is present between the lower electrode and the bulk of the plasma (within the sheath), 
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dust particles within this region will experience an electric force.  This electric force is 

given by 

                  (2.28) 

where       is the charge on the dust particle and      is the electric field.  Notice that 

both    and   are functions of the height above the lower electrode,  .  The dependence 

of these quantities on   will be explored in more detail in Chapters Four and Five.  In the 

experimental setup used in the following experiments, the electric field is directed from 

the positive bulk plasma toward the negatively charged lower electrode.  Therefore, the 

electric force on the negatively-charged particle counteracts the gravitational force, 

causing the particle to levitate.  Often    and    are considered to be the only vertical 

forces acting on a particle since they are in general approximately equal in magnitude and 

at least an order of magnitude greater than other vertical forces that may be present. 

 

Ion drag force.  The electric field present near the lower electrode accelerates ions 

from the plasma bulk towards the lower electrode.  These ions stream past the levitated 

dust particles creating an ion drag force on the particles.  The ion drag force is defined as 

the transfer of momentum from the ions to the dust particles (Shukla and Mamun, 2002).  

There are three ways in which momentum can be transferred from the streaming ions to 

the dust particle.  First, momentum can be transferred through direct ion impacts called 

the collection drag force (   
    ).  It can also be transferred through Coulomb scattering of 

ions in the electric field surrounding the dust particle; this is known as the Coulomb drag 

force (   
    ).  Finally, momentum can be transferred through collective effects due to the 

flow called the ion flow drag force (   
    

).  Northrop and Birmingham determined that 
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the ion flow had very little effect on the total ion drag force and could be neglected 

(Northrop and Birmingham, 1990).  Therefore, the total ion drag force is given by 

          
         

      (2.29) 

The collection and Coulomb drag force have the same form  

     
            ∫          

                   (2.30) 

where            is the momentum collision cross section for each force,     is the ion 

velocity, and   |   |.   

The collection cross section for an ion approaching a negatively charged dust 

particle is found from Equation (2.19) to be 

             
 (  

    

    
 )  (2.31) 

The Coulomb cross section is given by 

            ∫
   

      ⁄   

    

    

     
       (2.32) 

where   is impact parameter,    is the Coulomb radius, and  

        [
  
         

    

  
         

    
]

  ⁄

  (2.33) 

The lower integration limit,     , is equal to the critical impact parameter,    since ions 

with impact parameters less than this will be collected by the dust particle.  The upper 

integration limit,       is generally assumed to be equal to the Debye length.  This 

assumes that ions with impact parameters greater than a Debye length do not transfer 

significant momentum to the dust particle due to screening within the plasma (Khrapak et 
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al., 2002).  The collection and Coulomb ion drag force components can be found by 

substituting Equations (2.31) and (2.32) into Equation (2.30).  The total ion drag force, 

then, is the addition of the collection and Coulomb ion drag forces.   

 

Neutral drag force.  The plasma used for these experiments is referred to as a 

“cold” plasma because only a small fraction of the gas is ionized.  As such, neutral gas 

particles significantly outnumber the electrons and ions in the plasma used in this work.  

A dust particle moving through the plasma will experience collisions with these neutral 

particles, inhibiting its motion.  This inhibition is called the neutral drag force. 

The neutral drag force, as with all drag forces, is proportional to the velocity of 

the particle and is given by 

           (2.34) 

where    is the mass of the particle,   is the velocity of the particle, and   is the Epstein 

drag coefficient.  The Epstein drag coefficient is named for Paul S. Epstein who 

originally derived the neutral drag force on a spherical particle in 1924 (Epstein, 1924) to 

be 

   
 

 

 

        
  (2.35) 

where   is the gas pressure,       is the thermal velocity of the neutral gas, and    and   

are the radius and mass density of the dust particle, respectively.  Notice that  , and 

therefore the neutral drag force, increases linearly with gas pressure.  As shown, the 

Epstein drag coefficient is inversely proportional to particle radius, indicating that larger 

particles have smaller    values.  This does not result in a smaller neutral drag force on 

larger particles, however, since    also depends on the mass of the dust particle, which is 
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proportional to   
 .  Therefore, the neutral drag force increases quadratically as the 

particle radius increases.   

 

Thermophoretic force.  The thermophoretic force is the force on a dust particle 

due to a temperature gradient within the system.  Temperature gradients are created when 

neutral atoms within the plasma are heated non-isotropically.  Neutral atoms can be 

heated through collisions with chamber walls or ions; therefore, one way in which a 

temperature gradient is often created is by heating or cooling a chamber wall or electrode.  

Dust particles located within a temperature gradient will experience a force because 

neutral atoms from the “hotter” side of the dust particle have more energy than neutral 

atoms on the “colder” side and are therefore able to transfer more momentum to the dust 

particle with each collision.  The net momentum delivered to the dust particle opposes the 

temperature gradient.  The thermophoretic force is given by  

      
  

  
(

  
 

     
)       (2.36) 

where    is the thermal conductivity of the gas and    is the neutral gas temperature 

(Talbot et al., 1980).   

 While some experiments have deliberately used thermophoresis to manipulate 

dust particles (such as Land et al., 2010a), this force can be present in experiments which 

do not intentionally employ it.  Often during RF dusty plasma experiments, the powered 

electrode warms over time, creating a temperature gradient between the powered and 

grounded electrodes.  Dust particles in the system will experience a thermophoretic force 

due to the temperature gradient.  When this force is undesirable, it can be eliminated by 
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cooling the powered electrode until no temperature gradient exists between the powered 

and grounded electrodes.   

 

Radiation pressure force.  All dusty plasma experiments use lasers to illuminate 

the dust particles so that their positions can be recorded.  The power and wavelength of 

these lasers are chosen so that they will not perturb the particles.  Many experiments, 

though, have employed additional, higher powered or focused lasers to perturb the dust 

particles (for example Liu et al., 2003; Melzer, 2001).  Photons from this high-powered 

or focused laser transfer momentum to the dust particle, causing it to move in the 

direction of the laser beam.  This is called the radiation pressure force and is given by  

       (
     

       
 

)  (2.37) 

where    is the refractive index of the medium surrounding the particle,        is the laser 

beam intensity, and   is the speed of light (Liu et al., 2003).  The dimensionless 

coefficient,  , depends on the transmission, reflection, and absorption of the photons by 

the dust particle.  If all incident photons are absorbed by the particle,   is equal to 1.  If 

all incident photons are reflected,   is equal to 2 for flat, disk-shaped particles oriented 

perpendicular to the laser beam and less than 2 for all other particle shapes.  Liu, et al. 

found that for melamine formaldehyde particles immersed in an argon plasma   =0.94 +/- 

0.11.   

 

2.4.3 Horizontal Inter-Particle Interactions 

 

Charged dust particles not only experience forces from the plasma itself and 

external devices used for manipulation, but also from neighboring dust particles.  All the 
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dust particles obtain a negative charge in the plasma, and thus mutually repel each other.  

Often a copper ring or another device is placed on the electrode to create a horizontal 

potential which confines the particles so that they remain above the electrode and within 

the viewing area.  Under most terrestrial conditions these dust particles form a thin, 

nearly two-dimensional horizontal layer in the anisotropic plasma above the lower 

electrode where the gravitational force and electrostatic force on the particles are equal.  

Under specific plasma conditions, the particles form a regular, crystalline structure within 

the layer that minimizes the energy of the system.  The dust particles within these 2D 

crystals arrange in a hexagonal pattern (see Figure 2.4) and the system is then referred to 

as a plasma crystal. 

 

 
 

Figure 2.4.  Picture of a plasma crystal created at Baylor University.  Notice the 

hexagonal pattern.  One hexagon has been circled.   

 

 

Plasma crystals are very useful in investigating the fundamental properties of 

molecular crystals because they have a much larger lattice constant (approximately 

fractions of a millimeter instead of nanometers), making them easily visible.  Therefore 

plasma crystals are macroscopic models that can be used for studying dislocations, phase 
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transitions, annealing, wave propagation, and other phenomena (Shukla and Mamun, 

2002).  

 The horizontal interactions between the particles determine whether a stable 

crystal will form.  The strength of the correlation between particles is determined by the 

Coulomb coupling parameter,  , which is defined as the ratio of the inter-particle 

potential energy to the thermal energy of the particles and is given by  

   
  

 

         
   (  

  
⁄ )  (2.38) 

where   is the inter-particle spacing and    is the dust temperature.  The Coulomb 

coupling parameter,  , and therefore the coupling strength of the dust can be increased by 

increasing the charge on the particle, decreasing the dust temperature, or decreasing the 

inter-particle spacing.  The system behaves like an ideal gas when    .  When   is 

greater than some critical value,      , a stable plasma crystal forms.  At this critical value 

(typically around 170), the inter-particle potential energy dominates the thermal energy of 

the particles, causing the particles to form an ordered crystalline structure (Ikezi, 1986).  

Borrowing terminology from solid-state physics, dust particles are defined to be in either 

the solid (crystalline), liquid, or gaseous state.  Plasma crystals can be “melted” by 

increasing the power delivered to the system, decreasing the system pressure, or using 

external stimulants such as lasers to transfer energy to the particles.   

Several parameters are used to quantify the degree of order within the dust crystal.  

Since plasma crystals share many of the same characteristics of molecular crystals, the 

previously established methods used for characterizing molecular crystals are also used to 

describe plasma crystals.  The first of these is called the Wigner-Seitz cell analysis or 
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Voronoi analysis.  In this method, the Wigner-Seitz cell is used to find the number of 

nearest neighbors of each particle.  In a 2D hexagonal plasma crystal, the mean number 

of nearest neighbors should be six, so when a particle is found to have more or less than 

six nearest neighbors, a defect exists.  This allows for easy detection of defects within the 

crystal.  A similar method that also gives information about the number of nearest 

neighbors and the location of defects is called Delaunay Triangulation.  Delaunay 

Triangulation is accomplished by connecting the points (or particles) so that the set of 

points is divided into small triangles.  These triangles must be created so that no point is 

inside the circumcircle (circle connecting all three vertices) of any triangle.  The Wigner-

Seitz cells can be identified by connecting the centers of the circumcircles of the 

Delaunay Triangulation.  Delaunay Triangulation will be used in Chapter Six to analyze a 

dust crystal. 

The pair correlation function,     , is a second method often used to quantify the 

phase of the particles.  It indicates the translational ordering present within the plasma 

crystal by quantifying the probability that any two particles are separated by a distance,  .  

An ideal gas has a pair correlation function equal to one for all values of   because all of 

the particles are uncorrelated.  An ideal crystal structure would have a pair correlation 

function made up of a series of delta functions located at the radial distance from the test 

particle to the other particles within the crystal lattice.  The position and height of the 

delta functions depend on the crystal structure (Quinn et al., 1996).  Due to defects in the 

crystal or variations in the particle separations, pair correlation functions found in 

experiment are usually made up of a series of broadened peaks rather than precise delta 

functions.   
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2.4.4 Vertical Inter-Particle Interactions 

Many experiments have been carried out to investigate the horizontal, in-plane 

interactions between dust particles constrained to a single layer; however the vertical 

interactions between dust particles are much less well understood.   

As previously stated, in terrestrial experiments 2D layers of dust levitate in the 

anisotropic plasma near the lower electrode, usually referred to as a plasma sheath.  The 

electric field within this region is sufficient to levitate the charged dust particles against 

the force of gravity.  Therefore, particles with the same mass and radius levitate at the 

same height, forming a nearly 2D horizontal layer.  Particles with the same mass and 

radius will continue to accumulate within the layer until the energy phase space of the 

layer is filled.  Additional particles will then form a second layer since this is a more 

energetically favorable configuration.  Multiple layers can be formed by continuing to 

add dust particles, filling the energy phase space of each layer before additional layers are 

formed or by adding particles with a different mass and radius, which naturally levitate at 

a different height.  These layered systems can be used to investigate the vertical 

interactions between particles.  Other experiments have used confining devices such as a 

glass box to form a single, extended vertical chain of particles to further study the vertical 

interactions between particles (Kong et al., 2011). 

Vertical interactions between particles, while not completely understood, have 

proven to be very interesting.  Early experiments found that a particle levitating below 

another particle often tended to align with the upper particle, forming a two-particle 

vertical string.  This has been theorized to be caused by ions streaming from the isotropic, 

quasineutral plasma near the center of the chamber through the sheath, to the electrode.  
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As the ions stream past a negatively charged dust particle, their trajectories are influenced 

by the dust particle and a positively-charged region develops below the particle, called a 

wake (see Figure 2.5).  This positively-charged region will attract negatively charged dust 

particles levitating near it, causing the particles to align vertically. 

 

 
 

Figure 2.5.  Ions stream from the bulk plasma toward the lower electrode.  The trajectory 

of the ions are bent as they pass a negatively charged particle, producing a region of 

positive charge below the dust particle, called a wake.   

 

 

The characteristics of the wakefield have been studied extensively.  The wakefield 

is unique in that the forces on the upper and lower particle that arise from the wakefield 

are not reciprocal.  In other words, the lower particle is attracted to the positive space 

charge below the upper particle, but the upper particle remains unaffected.  In one 

experiment a laser was first focused on the upper particle and used to perturb it 

horizontally.  The lower particle, which was outside of the laser beam was found to move 

with the upper particle, remaining aligned with it.  This demonstrated that there is in fact 

a horizontal attractive force on the lower particle mediated by the upper particle.  Next, 

the laser was aligned to perturb only the lower particle.  The lower particle moved 
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horizontally, but the upper particle remained stationary, unaffected by the movement of 

the lower particle.  This proved that the upper particle is not attracted to the lower 

particle, making the force asymmetric and attractive (Melzer et al., 1999).  In 2005, 

Lampe theorized the functional form of the wake potential and found a strong attractive 

potential is located directly below the dust particle (Lampe et al., 2005).   

 This completes the discussion of plasma characteristics and dusty plasma 

characteristics.  In the following chapter, the experimental setup as well as the numerical 

model employed will be explained. 
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CHAPTER THREE   

 

Experimental Setup 

 

 

3.1 GEC Cell    

 

 As radio frequency (RF) discharges became more popular, plasma researchers 

discovered that the electrical properties of their systems depended heavily on several 

factors, including the configuration of electrodes, chamber size, materials used, and 

power circuitry.  The wide variety among setups made it impossible to transfer and 

compare experimental results, so a committee was formed at the 1988 Gaseous 

Electronics Conference to develop and test a “reference cell.” The committee’s design 

followed four principal guidelines: 1) ease of duplication, 2) compatibility with a wide 

variety of diagnostic measurements, 3) compatibility with the reactive gases used in 

plasma processing, and 4) relevance to discharge geometries used in the manufacture of 

semiconductor devices (Hargis et al., 1994).  The resulting design is now referred to as 

the GEC RF reference cell.  

 The experiments described in this report were carried out in a GEC RF reference 

cell that was modified for use in dusty plasma experiments.  A complete description of 

the modifications made and the testing of those modifications can be found in Smith, 

2005.  An overview of the parameters relevant to these experiments will be discussed 

below.  

  The CASPER GEC RF reference cell is shown in Figure 2.1.  The chamber is 

made from stainless steel and includes eight ports which allow for viewing or the 

introduction of diagnostic tools such as lasers or probes.  Inside the cell is an upper, 
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grounded electrode and a capacitively-coupled lower, powered electrode, which is driven 

at a radio frequency of 13.56 MHz.  Both electrodes are cylindrical and have diameters of 

10.2 cm.  The upper electrode is 3 cm tall and hollow, with walls 0.5 cm thick.  This 

allows viewing of the dusty plasma from above.  The lower, grounded electrode is 

comprised of a solid cylinder.  An aluminum plate with a circular cutout ranging from 

0.635 -5.08 cm in diameter and 1 mm deep is placed on the lower electrode.  This cutout 

is used to shape the horizontal confining potential experienced by the dust particles.  This 

horizontal confining potential ensures that the dust particles remain within the viewing 

area and do not fall off the edge of the electrode.  All experiments were performed using 

99.999% pure argon gas. 

 

 
 

Figure 3.1.  A picture of the CASPER GEC RF cell is shown on the left and a drawing of 

the cell is shown on the right. 

 

 

 A “dust shaker” was designed to introduce dust particles into the plasma.  Each 

dust shaker consists of an aluminum cylinder containing two layers of stainless steel wire 

mesh followed by a 12.7 µm thick sheet of stainless steel that has a pinhole in the center.  

The wire mesh density and pinhole size are determined by the size of dust particles in use 
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to ensure that only a few particles drop into the plasma at a time.  The upper flange of the 

chamber is equipped with two swivel arms capable of holding one dust shaker each.  

Each swivel arm is controlled by a handle located outside of the vacuum chamber.  

Positioning the dust shaker over the cutout in the lower electrode allows introduction of 

the dust into the region of interest.  When it is not desirable to add dust to the plasma, the 

dust shaker can be rotated to the side of the chamber.  

 

3.2 Imaging 

 Optical viewing of the dust particles is essential for studying their behavior.  The 

CASPER cell has a system of lasers and cameras in place to accomplish this.  Two lasers 

illuminate the dust particles – one producing a horizontally aligned laser sheet to view 

horizontal layers of dust and one producing a vertically aligned laser sheet to view 

vertical chains of dust particles.  The horizontal diode laser sheet is formed by attaching a 

5, 15, or 30 degree fan angle lens to a 640 nm, 80 mW Coherent LASIRIS Laser.  The 

vertical diode laser is created by attaching a fan angle lens to a 685nm, 50mW Coherent 

LASIRIS Laser.  A top-hat lens is used on both lasers to ensure that the expanded beam 

maintains uniform intensity.  Both laser positions are controlled by stepper motors that 

can be accurately moved in three dimensions and have a resolution of             cm 

per step.  The stepper motors are computer controlled with LabVIEW.    

 Two cameras were used to capture the images of the dust particles.  One camera 

was mounted above the cell while the other observed the dust through a side port.  For 

most of the experiments discussed in this work, Sony XC-HR50 CCD cameras operating 

at either 60 or 120 fps were used to image the dust particles.  Two experiment, discussed 

in Chapters Five and Six, required high time resolution, so in this case, two (CMOS) 
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high-speed cameras (Photron Fastcam 1024 PCI), which can record up to 100,000 fps, 

were used.  A system of lenses is used to obtain the resolution required to view the 

micrometer-sized dust particles regardless of which type of camera is used.  The side 

camera is attached to an Infinity K2 lens and the top camera has a Navitar Zoom 6000 

lens.  When these lenses are used with the Sony XC-HR50 CCD cameras, under normal 

operating conditions and working distances they achieve a maximum resolution of 

approximately 8 µm per pixel.  As with the lasers, all cameras are mounted on stepper 

motor assemblies so that their positions can be precisely controlled. 

 

3.3 Operation 

 Various plasma conditions can be achieved by altering the RF power delivered to 

the cell, varying the neutral gas pressure in the chamber, or by adding an external DC 

bias to the lower electrode.  The CASPER cell is equipped to operate across a wide range 

of pressures, plasma powers, and DC bias settings.  The setup and operation of each of 

these systems will be discussed. 

 First, the regulation of the gas pressure will be discussed.  The GEC cell is an 

“open system” meaning that during operation, argon gas continually flows into the cell 

and is then pumped out through a series of annular slots in the bottom of the chamber 

(Smith, 2005).  In order to maintain the desired pressure within the chamber, the flow of 

argon gas into and out of the system must be precisely controlled.  To accomplish this, a 

rotary vane roots stack pump (shown in Figure 3.2) that continuously pumps on the 

chamber during operation is connected to the cell chamber via a foreline made of flexible 

PVC tubing.  The rotary vane roots stack consist of a roots vacuum pump (RUVAC WS 

151) backed by a rotary vane vacuum pump (TRIVAC D 25 BCS).  A butterfly valve 
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controlled by an exhaust valve controller is located between the foreline and the cell 

chamber.  The butterfly valve automatically opens or closes to maintain the desired 

pressure within the chamber as indicated on the controller (Figure 3.2).  The amount of 

gas delivered to the system is regulated with a mass-flow controller valve and needle 

valve.  When the cell is not in operation, a cryopump is used to keep the system at high 

vacuum conditions (approximately 10
-7

 mTorr).  This ensures that no contaminants are 

left in the system. 

 

 
 

Figure 3.2.  The rotary vane roots stack pump that pumps gas out of the discharge 

chamber is pictured on the left.  The photo on the right shows the pressure monitors and 

the pressure controller. 

 

 

Power is delivered to the cell through the lower electrode.  Figure 3.3 shows the 

basic schematic of the Radio Frequency (RF) setup which delivers the power to the cell.  

First, a frequency signal generator (Agilent N5183A MXG Analog Signal Generator) 

outputs a signal at a frequency of 13.56 MHz and -15dBm (Figure 3.4).  This signal is 

then sent to the variable passive attenuator (VPA) where the gain is increased to a 
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variable amount as set by the operator.  Next the power is amplified with an RF amplifier 

(ENI 2100L) which is manufactured to produce a gain of 50 dBm at 12 MHz.  Here the 

signal voltage is monitored on Channel 1 of Oscilloscope A (OSA, Tektronix 

TDS3012B).  The signal is then sent through an impedance matching network.  The 

Modified MFJ Versa tuner (Figure 3.5) is adjusted until the signal impedance is matched 

with the impedance produced by the plasma.  If impedance matching were not achieved, 

signal reflections would occur which would not only result in less power delivered to the 

cell, but could also seriously damage the signal generator and RF amplifier.  The forward 

and reflected voltage is monitored with Oscilloscope C (OSC, Tektronix TDS3032).  

 

 
 

Figure 3.3.  The basic schematic of the RF power delivery and monitoring systems. 

 

 



45 
 

Impedance matching is assumed to be achieved when the reflected voltage is less than or 

equal to ten percent of the forward voltage.  Finally, the signal travels through a shunt 

circuit before entering the cell.  The shunt circuit consists of a constant inductor and a 

variable capacitor that can be tuned to cancel the cell’s displacement current.  The 

displacement current arises due to the capacitance between the lower electrode and 

ground.  The cell’s displacement current is much larger than the electrode current and, 

therefore, must be cancelled in order to accurately measure the electrode current (Smith, 

2005).   

 

 
 

Figure 3.4.  Electronics used to produce and monitor the RF signal. 
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Figure 3.5 MFJ Versa Tuner used to maintain impedance matching. 

 

 

Four probes are used to monitor the signal before it is delivered to the cell.  All 

four are located immediately before the shunt circuit as seen in Figure 3.3 to ensure 

negligible power loss and minimal phase change of the RF signal.  The first probe is 

connected to Channel 1 of Oscilloscope B (OSB, Tektronix TDS3014B) and measures 

the voltage of the RF signal.  The voltage probe is RF compensated, enabling it to 

accurately measure both the phase and amplitude of the signal.  The second probe 

measures the current and is connected to Channel 2 of OSB.  The current probe cannot be 

RF compensated and, therefore, cannot accurately measure the phase of the current 

signal.  The remaining two probes are derivative probes which are used to accurately 

measure the phase of the voltage and current.  The derivative probe readings are recorded 

on Channels 3 and 4 of OSB.  The first derivative probe is a capacitive probe and used to 

measure the phase of the voltage.  It consists of a small copper tube placed around the RF 

power lead.  The second derivative probe is used to measure the phase of the current.  It 

is an inductive probe that was created by placing a small loop of wire near the RF power 

lead.  The waveforms measured by each of the four probes are transferred from the 

oscilloscope to a computer through a General Purpose Interface Bus (GPIB) using a 

LabVIEW program.  The plasma power is then calculated using 

                   (3.1) 
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where φ is the phase difference between the voltage and current signals as measured by 

the derivative probes.  

 Since the CASPER GEC cell is a capacitively coupled RF plasma discharge, no 

DC current is transmitted to the cell from the RF power supply; however, the RF-driven 

plasma within the cell creates a DC bias on the lower electrode, called a self bias.  The 

generation of the self bias can be understood by examining the electron and ion current to 

the lower electrode.  Electrons are able to directly follow the RF signal due to their 

relatively small mass.  During the positive cycle of the RF signal, electrons are attracted 

to the lower electrode, and during the negative cycle, the opposite occurs.  However, due 

to the high frequency of the signal and the large mass of the ions, the ions do not respond 

to the quickly changing RF signal.  Consequently, ions only experience the time averaged 

signal while electrons slosh back and forth with the RF signal.  This creates an imbalance 

of electron and ion current to the lower electrode, resulting in a negative self bias.  The 

bias is usually on the order of a few volts, becoming more negative with increasing 

plasma power. 

 The self bias on the lower electrode is monitored on Channel 2 of OSA.  The RF 

voltage measured with Channel 1 of OSB is split and also sent through a low-pass filter, 

which filters out frequencies over 225 Hz, sending the resultant DC bias to OSA.  During 

initial development of the CASPER GEC cell, it became apparent that the DC self bias 

changed from day to day, even when the same operating parameters were used.  This 

made reproducibility of an experiment difficult.  To remedy this situation, a Kepco BOP 

1000M external DC power supply can be added to the system as seen in Figure 3.3.When 

an external DC power supply is used in an experiment, it adds an additional DC bias to 
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the lower electrode, allowing the DC bias on the lower electrode to be set by the 

experimenter.  The net DC bias is still monitored with OSA and the waveform is recorded 

on a computer. 

 Since power is constantly being delivered to the lower electrode during operation, 

the lower electrode temperature increases.  This creates a temperature difference between 

the upper and lower electrodes since the upper, grounded electrode remains at room 

temperature.  The temperature gradient created across the plasma can impart an 

additional force on the particles called thermophoresis, as discussed in Section 2.4.2.  

Recently, a chiller (MGW Lauda RM3) was installed on the CASPER cell to control the 

temperature of the lower electrode (see Figure 3.6).  The chiller pumps cooled fluid from  

 

 
 

Figure 3.6.  The chiller pump used to maintain a constant temperature on the lower 

electrode. 

 

 

a reservoir through rubber tubing that is thermally connected to the lower electrode.  This 

maintains a constant temperature on the lower electrode.  Normally, the temperature of 
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the cooling fluid is set to room temperature so that there is no temperature gradient 

between the electrodes, but recently the chiller has been used to perform thermophoresis 

experiments in which the fluid is heated or cooled (Land et al., 2010a). 

 

3.4 Perturbation Tools 

Perturbation of the dust is often required to further investigate particle interactions 

and plasma properties.  One way this is done in the CASPER cell is by oscillating the DC 

bias on the lower electrode with a waveform generator (Agilent 33120A 

Function/Arbitrary Waveform Generator).  Changes to the DC bias perturb the particles 

in the vertical direction.  In addition to the standard waveforms available, the waveform 

generator has four memory slots that can be used to read in user-defined waveforms in 

order to produce the desired duty cycle, frequency, and peak-to-peak voltage.   

The dust particles can also be perturbed with an external laser, as discussed in 

Section 2.4.2.  The two diode lasers used for illumination have a low intensity and 

therefore do not impart enough force to move the dust, so a third laser was introduced 

into the cell.  A Nd:YVO4 Verdi laser with a wavelength of 532 nm and variable power 

from 0-5 W is used to manipulate the particles horizontally.  A picture of the Verdi laser 

is shown in Figure 3.7.  The output of the laser has a beam diameter of 2.25 mm and a 

divergence of less than 0.5 mrad.  Mirrors direct the laser beam into the cell and allow for 

accurate positioning of the beam.  Lenses are then used to shape the beam into a line or a 

spot depending on the power needed and the purpose of the experiment. 
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Figure 3.7.  The Verdi laser used to manipulate dust particles. 

 

 

3.5 Fluid Model 

 A fluid model can be employed to gain understanding of the plasma parameters 

within the discharge.  In Chapters Four and Five results from the fluid model will be 

compared with experimental results and used to explain experimentally observed 

behaviors.  Fluid models, as opposed to models that track the trajectory of each plasma 

particle, use a statistical approach to compute the average motion of a large number of 

particles (Gurnett and Bhattacharjee, 2005).  

The fluid model employed in this study has been successfully used to model both 

micro-gravity and earth-based experiments (Land et al., 2010b; Land et al., 2009).  The 

modeled geometry is shown in Figure 3.8.  Due to the cylindrical symmetry of the RF 

discharge, results are obtained for the right half of the figure beginning at the symmetry 

axis and extending to the edge of the discharge.  Figure 3.8 shows a discharge chamber 

that has a powered lower electrode and a grounded, upper electrode, but the model has 

the capability to power one or both of the electrodes.  To more accurately model 

experiments, a ground shield is also included on the powered electrode and the 

dimensions of the discharge chamber are varied including the electrode size, electrode 

separation, and outer wall dimensions. 
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Figure 3.8.  The geometry used in the fluid model.  The dotted line indicates the 

symmetry axis of the discharge.  A ground shield is also included on the lower electrode.   

 

 

The fluid model employed solves the continuity equation for ions and electrons 

 
   

  
            (3.2) 

where   refers to  either ions or electrons.  This equation states that the change in the 

particle density,   , must equal the net flux,   , of the particles lost over the boundary 

(such as those lost to the walls) plus the creation and destruction of the plasma species 

within the volume,   .  The particle fluxes are found through the use of the drift-diffusion 

approximation  

                  (3.3) 

where    and    are the mobility and diffusion coefficient, respectively rather than by 

solving the momentum equation.  This approximation is valid when the characteristic 

time between momentum-transfer collisions is much smaller than the RF period and the 

mean free path for these collisions is much smaller than the characteristic lengths in the 

discharge (Passchier and Goedheer, 1993).  

 The electric field is found by solving Poisson’s equation 
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         (3.4) 

        (3.5) 

Electrons follow the instantaneous electric field due to their small mass and therefore the 

above equations are used to calculate the electric field experienced by the electrons.  Ions, 

on the other hand, are too massive to respond to the RF field so an effective field,     , is 

calculated using the ion-neutral momentum transfer frequency,               in  

 
     

  
     (      )  (3.6) 

The energy balance for each species must also be solved.  The ions have mass 

nearly equal to that of the neutral atoms and therefore, the ion energy is assumed to be 

locally dissipated through frequent collisions with neutrals.  Therefore, neutral atoms and 

ions are in thermal equilibrium and have a constant temperature equal to room 

temperature.  The electron energy density is equal to the electron density,   , times the 

average electron energy,  .  It is found by applying a similar drift-diffusion 

approximation as used previously to the second moment of the Boltzmann equation 

 
   

  
       

         
  (3.7) 

where      is the Ohmic heating term and    
 represents the sink terms.  The sink terms 

include those for inelastic collisions, including electron-impact excitation and ionization 

of argon.  The heat flux is given by  

    
  

 

 
      

 

 
       (3.8) 
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These equations form a closed system of equations.  They are solved on a grid and 

iterated in time with sub-RF time steps until the solution becomes periodic over one RF-

cycle, which indicates the solutions have converged (Land, 2007). 

 This fluid model will be employed in the following two chapters to determine 

plasma parameters —                   and so on — for the geometry of the CASPER 

GEC cell as well as other two other discharge geometries.  These results will be used to 

interpret experimental data and conclusions will be made regarding the dust particle 

charge as a function of height above a powered electrode and dust particle levitation 

heights. 
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CHAPTER FOUR 

 

Dust Particle Charge Throughout an RF Discharge 

  

Much of the content from this chapter has been previously published as: Douglass, A., V. 

Land, L. Matthews, and T. Hyde, Phys. Plasmas 18, 083706 (2011). 

 

 

4.1 Introduction 

 

As previously stated, dust particles placed within a plasma obtain a charge due to 

collisions with electrons and ions.  Since the electron thermal speed is much larger than 

the ion thermal speed, electrons collide with the dust particle more often than do the ions, 

resulting in a net negative charge on the particle.  Once charged, these dust particles are 

levitated by the electric field present in front of the lower electrode at the height where 

the electrostatic and gravitational forces are equal.  The dust particle charge, therefore, 

influences both where the particle levitates and the plasma environment surrounding the 

particle.  It also determines things such as inter-particle and inter-layer interactions and 

Debye shielding of the particle.  Therefore, knowledge of the dust particle charge is 

essential for analysis of dusty plasma systems.  In this chapter, the manner in which the 

dust particle charge varies with the height of the particle above a powered electrode is 

investigated.  The fluid model, explained in Chapter Three, will be used to determine the 

dust charge profile above the powered electrode and thus explain two apparently 

contradictory experimental results.  

Although experiments have been carried out to measure the charge on dust 

particles, these experiments often perturb the surrounding plasma parameters or the dust 

itself, which can cause variations in the dust particle charge.  Therefore, it is difficult to 
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determine the dust charge accurately.  To overcome this issue, experimentalists often 

theoretically calculate the dust charge using Orbital Motion Limited (OML) theory and 

use this theoretical value to analyze their experimental data.  A complete description of 

this theory can be found in Section 2.4.1.  Generally, plasma parameters, which are 

required as an input when using OML theory, are assumed to be equal to their values in 

the bulk plasma and constant throughout the entire discharge.  This results in a dust 

particle charge that is independent of the particle’s location within the discharge and is 

only dependent on particle radius.  

Two recent experiments, however, were able to measure the dust charge without 

perturbing the plasma.  These experiments both found that the dust charge is not constant, 

but instead varies with the height of the particle above the lower electrode.  Both 

experiments were carried out in a radio-frequency (RF) plasma discharge and used a few 

dust particles to act as tracer particles.  The first experiment employed a rotating 

electrode, causing rotation of the suspended particles due to rotational flow of the neutral 

gas (Carstensen et al., 2010).  Multiple particle sizes were used to probe different heights 

within the discharge.  This experiment concluded that the dust charge becomes more 

negative than predicted by OML theory as the particles move closer to the electrode 

surface.  In the second experiment, the entire discharge cell was placed onto a centrifuge, 

allowing the effective gravitational force to be enhanced and the particles to be pushed 

closer to the electrode surface (Beckers et al., 2011).  This experiment concluded that the 

dust charge becomes less negative as the particles move closer to the electrode surface.  

Not only do the results from these experiments seem to contradict each other, they also 
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bring the usual assumptions about dust particle charging and levitation in dusty plasma 

experiments into question.  

In the following, the fluid model described in Section 3.5 will be used to 

determine the dust charge as a function of height and show that the experimental results 

discussed above are in fact consistent with one another.  This model allows for the 

computation of the dust potential and, in turn, the dust charge as a function of height 

above a powered electrode by taking the effects of ion flow and electron depletion due to 

the plasma boundary into account. 

 

4.2 Fluid Model and Calculated Plasma Profiles 

 

To calculate the charge on a dust particle, the plasma parameters such as 

          etc. must first be known.  The fluid model was employed to calculate the 

required plasma parameters (averaged over one RF cycle).  Although the plasma 

parameter profiles are found using the experimental geometry and plasma settings used in 

each of the original experiments, for brevity, only plasma parameter profiles for the 

rotating electrode experiment are presented below.  In each case, the plasma pressure was 

held constant at 20 Pa and the RF voltage was varied.  This coincides with the pressure 

used in the hypergravity experiment, but it does not coincide with the pressure used in the 

rotating electrode experiment, which was performed at only 4 Pa.  A pressure of 20 Pa 

was chosen to be used in the model of both experiments though, since the model is not 

applicable at pressures lower than approximately 13 Pa.  Nonetheless, the results obtained 

are consistent with the observations made in the experiment as shown below.  

Furthermore, the effects of electron depletion and ion flow near plasma boundaries, 

which are included in the fluid model, continue to be important at low pressures. 
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The ratio of the ion density to the electron density, α, as a function of  

 

height above the lower electrode for various RF voltages as obtained from the fluid  

 

model is shown in Figure 4.1.  As the lower electrode is approached, α increases rapidly,  

 

independent of driving potential amplitude.  This indicates that the electron density  

 

decreases significantly near the lower electrode due to the repulsive potential of the wall  

 

with respect to the plasma. 

 

 

 
 

Figure 4.1.  The ratio of the ion density to the electron density above the lower electrode 

for various driving potentials, VRF, at 20 Pa for a dust-free plasma. 

 

 

The ion drift velocity (also called the ion flow speed) is found from Equation 3.3 

as 

 

  ⃗      
      

     
  (4.1) 

 

The ratio of the ion drift velocity to the ion thermal speed is given by    and is called the  

 

ion Mach number.  Figure 4.2 shows the ion Mach number as a function of height for  
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various RF voltages.  The ion Mach number and therefore the ion flow speed increase  

 

toward the lower electrode.  

 

 

 
 

Figure 4.2.  The ion Mach number profile above the lower electrode for various driving 

potentials, VRF, at 20 Pa for a dust-free plasma. 

 

 

The electron temperature,   , which is also dependent on height, is shown in  

Figure 4.3.  The electron temperature is found through the fluid model from the average  

electron energy, 

                          ⁄⁄   (4.2) 

Therefore, the variation found in the electron temperature is due to both variations of the  

electron density and inelastic collisions which lead to energy loss. 

Next, these plasma parameter profiles ( (z),      ,       ) are used in the  

 

charging current equations (Equations 2.22 and 2.23).  Substituting the ion and electron  

 

current equations into the current balance equation (Equation 2.14), the dust surface  

 

potential profile,      , is found.  Figure 4.4 shows the dust surface potential calculated 

 



59 
 

 
 

Figure 4.3.  The electron temperature profile in the plasma above the lower electrode for 

various driving potentials, VRF, at 20 Pa for a dust-free plasma. 

 

 

for the rotating electrode geometry.  The dust surface potential found for this geometry 

clearly shows variation throughout the discharge, attaining a minimum value near the 

lower electrode.  Using this method, the dust surface potential for the bulk plasma is 

found to be -7.6 V and its value at the lower electrode is found to be -8.9 V.  These 

values are equivalent to those found using the limiting ion current equations, Equations 

2.24 and 2.25, respectively.  The dust charge can be found by substituting the dust 

surface potential into the capacitor equation (Equation 2.26).  Recall that       does not 

depend on particle size, but the dust particle charge number,  , does depend on particle 

radius through the capacitor model.   

The time-averaged electric field as obtained from the fluid model is shown in  

Figure 4.5.  At      mm, the magnitude of the electric field begins to increase rapidly  

with decreasing height.  The dust surface potential also becomes more negative at this  
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Figure 4.4.  The dust potential,      , as a function of the height above the lower 

electrode as determined from the fluid model for a single dust particle.  Profiles are 

shown for various RF voltages at 20 Pa. 

  

height as seen in Figure 4.4.  The increased ion drift caused by the increasing magnitude  

of the electric field causes the dust surface potential to become more negative, increasing  

the magnitude of the charge on the dust particle.  The dust surface potential (and 

therefore the dust charge) becomes less negative again around     mm.  This is due to 

the significant electron depletion near the lower electrode as shown in Figure 4.1.  

Therefore, the inclusion of both electron depletion and ion flow in the charging currents 

does in fact affect the dust surface potential and therefore the dust charge.  These results, 

obtained from the fluid model for the dust surface potential and dust charge, qualitatively 

agree with a charge profile proposed in the literature (Ivlev et al., 2000). 

The electric force,      , is then found by multiplying the dust charge by the 

electric field.  The electric force profile can then be used to determine the levitation 

height of the particle since the dust particles are assumed to levitate at the height where 

the gravitational force and electric force are equal. 
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Figure 4.5.  The electric field profile for various RF voltages at 20 Pa as determined 

from the fluid model for a dust-free plasma. 

 

 

4.3 Comparison to the Experiments 

 

In this section, the fluid model will be applied to each of the aforementioned 

experiments.  These results will then be used to determine the dust charge number and its 

dependence on height above the lower electrode. 

 

4.3.1 Rotating Electrode Experiment 

  

Carstensen et al. used a rotating electrode to measure the charge on different-sized 

particles (Carstensen et al., 2010).  Since the levitation height of a dust particle with a 

given density depends on its radius, charge variations with height were observed.  At a 

pressure of 4 Pa and an RF voltage of 100 V, the 12 µm and 20 µm particles were found 

to have a dust charge number,  , of 19500 and 60300, respectively.  The capacitor model 

for a constant    predicts that the particle charge should increase linearly with particle 

radius.  But these experimental results showed that the dust particle charge increased 
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more rapidly than predicted.  In their paper, Carstensen et al. theorized that    should 

not be assumed to be constant throughout the sheath, where the particles levitate, but 

must instead become more negative with decreasing height above the lower electrode.  

This in turn would cause the dust particle charge to become more negative as observed.   

 The fluid model was employed to model the geometry used in this experiment.   

 

As mentioned above, the pressure had to be set at 20 Pa, rather than 4 Pa, since the fluid 

model is not applicable at 4 Pa.  Table 4.1 shows the fluid model results for the dust 

particle charge number for various particle sizes and RF voltages.  The fluid model 

results again show the dust charge number to be nonlinear with particle radius and 

dependent on the RF voltage of the system.  In Table 4.2, the dust charge number ratios 

for various particle sizes are shown for different RF voltages.  Using the capacitor model 

and assuming the dust surface potential is a constant, one finds that the ratio of dust 

charge numbers for two different-sized particles is equal to the ratio of their radii.   

Therefore, the theoretical values shown are the ratio of the particle radii.  The fluid model 

results find the charge number ratios to be greater than or equal to the theoretical value in 

these cases which is consistent with the experimental results. 

 

Table 4.1.  The charge number, Z, for various particle sizes and RF voltages at 20 Pa. 

 

Diameter (µm) Z (90 V) Z (100 V) Z (110 V) 

12 53539 53542 53574 

16 77278 77702 77794 

20 96762 98711 99750 
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Table 4.2.  The charge number ratio for different particle sizes and RF voltages at 20 Pa.  

Theoretical values are the ratio of the particle radii. 

 

VRF (V)       ⁄         ⁄         ⁄   

90 1.44 1.25 1.81 

100 1.45 1.27 1.84 

110 1.45 1.28 1.86 

Theoretical value 1.33 1.25 1.67 

 

 

4.3.2 Hypergravity Experiment 

 

A second experiment was conducted by Beckers et al., who used a centrifuge to 

experimentally subject microparticles to hypergravity conditions within an RF discharge 

(Beckers et al., 2011).  The increase in the apparent gravity, indicated by the acceleration 

g*, increased the gravitational force experienced by the particles, causing them to levitate 

closer to the lower electrode.  At each value of g*, the experimenters were able to 

measure the dust particle levitation height, electric field, and dust particle charge.  The 

dust charge number was experimentally found to decrease as the particles levitated closer 

to the lower electrode. 

The geometry used in this experiment as well as the discharge settings were used  

 

in the fluid model so that the relevant plasma profiles could be calculated.  The levitation 

height of a 10.2 µm diameter particle as a function of apparent gravitational acceleration, 

g* is shown in Figure 4.6.  Again, the levitation height was assumed to be the height at 

which the gravitational and electric forces are equal.  The fluid model results agree with 

the experimental results, showing that the levitation height decreases with increasing g*. 
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Figure 4.6.  The levitation height of a single 10.2 µm particle as a function of applied 

apparent gravitational acceleration, g* at 20 Pa and 80 V. 

 

 

Figure 4.7 shows the dust charge number for various particle radii and the time- 

 

averaged electric field strength as determined from the fluid model.  The symbols on the  

 

dust charge number profiles indicate the levitation height of each particle for various  

 

values of g*.  At g* = 3g, no force balance was found for the 14 and 16 µm particles. 

  

Figure 4.7 shows that the dust charge number is not constant, but varies with  

height.  The dust charge number reaches a maximum value,     , at a particular height,  

       .  The fluid model results show that the 6    particles levitate above         

for all values of g* tested.  As g* is increased from 0.5g to 3g, the charge on the 6 µm  

particle also increases, but the same is not true for all particle sizes.  For larger particles,  

which levitate closer to the lower electrode, an increase in the apparent gravitational  

acceleration increases the charge on the particle for small values of g* and decreases the  

charge on the particle for larger values of g*.  This can be seen for example in the 14 µm  
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profile.  Therefore, even though all particles decrease height as the apparent gravitation is 

increased, the charge on the particle can increase or decrease depending on the levitation  

height of the particle relative to        . 

 

 
 

Figure 4.7.    as a function of height above the lower electrode for four particle 

diameters.  The symbols o ,  ,  , and  represent levitation heights at g* = 0.5g, 1g, 2g, 

and 3g, respectively.  The bottom graph shows the time averaged electric field profile 

obtained using the fluid model described in the text. 

 

 

From the experiment, Beckers et al. found the electric field to be linear across the 

heights tested and that the particle charge decreased within this region as g* increased.  

The fluid model results also display a region in which the electric field is nearly linear.  

This region is indicated by the two vertical dashed lines shown in Figure 4.7.  Within this 

region, it is evident that the dust charge number decreases with increasing g* as found in 

the experiment.   

It is also important to note that the dust charge number for all particle sizes is 

shown to equal zero at       mm.  For even smaller heights, the dust charge then 

becomes positive.  While the change in the sign of the charge is expected for heights less 
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than     mm, the shape of the profile will be different than that shown.  In order to 

accurately determine the correct dust charge number profile in this region, the current 

equations (Equations 2.22 and 2.23) should be resolved assuming a positively charged 

dust particle.  

 

4.4 Discussion and Conclusions 

 

A fluid model was employed to determine plasma parameter profiles above a 

powered electrode.  These profiles were then used to calculate the dust surface potential 

and dust charge number as a function of height above a powered electrode.  Contrary to 

previous work, both electron depletion and ion flow due to the presence of the electrode 

were included in the dust particle charging equations.  This was found to have a 

significant impact on the dust surface potential.  The dust surface potential was found to 

decrease strongly with decreasing height, due to the increased ion flow near the sheath-

bulk boundary, and then increase closer to the electrode where electron depletion 

becomes significant.  Therefore, the dust surface potential exhibits a local minimum and 

hence a local maximum is found in the dust charge number,     , at a height        .  

Hence, the standard approach which assumes bulk plasma parameters in OML theory to 

calculate a theoretical dust charge in laboratory dusty plasma experiments that is 

independent of levitation height is clearly not valid.  

The dust charge number profiles obtained using the fluid model can be used to 

explain the apparent contradiction implied by the two experiments discussed above.  

Based on these results, it is evident the rotating electrode experiment which found that 

the dust charge increased with decreasing height probed heights where           and 

the hypergravity experiment which found that the dust charge decreased with decreasing 
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height probed heights where          .  Therefore, these experiments are actually 

consistent with each other and no contradiction exists.  The differences in operating 

parameters and experimental geometry simply led each experiment to probe different 

regions of the dust charge number profile in their discharge.  

Although this study investigated the effects of ion flow and electron depletion on 

dust particle charging above a powered electrode, it is expected that a similar charge 

variation will be found in any system in which these effects occur.  This includes any 

system containing regions of ambipolar electric fields in front of discharge boundaries, 

for example, the glass tube currently employed in the PK-4 experiment (Fortov et al., 

2005).  It is also expected to be found in the void boundaries seen in microgravity dusty 

plasma experiments since they are known to exhibit electron enhancement and depletion 

as well as ion flow effects (Wolter et al., 2007).  

With knowledge of how the dust particle charge varies with height above the 

lower electrode, further investigation about dust particles can now be done.  In the 

following chapter, the dust particle charge profiles for the CASPER GEC RF reference 

cell will be determined.  This profile as well as other plasma parameters from the fluid 

model will be used in conjunction with experiment to investigate the electric force on the 

particles, the levitation height of the particles, and determine the location of the sheath 

edge. 
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CHAPTER FIVE 

 

Levitation Limits of Dust Particles within the Sheath 

 

Much of the content from this chapter has been previously published as: Douglass, A., V. 

Land, K. Qiao, L. Matthews, and T. Hyde, Phys. Plasmas 19, 013707 (2012). 

 

 

5.1 Introduction 

 

 In the previous chapter it was shown that the charge on a dust particle should not 

be considered constant throughout an RF discharge, as commonly assumed, since it 

depends on the levitation height of the particle.  In this chapter, these effects will be 

further explored to determine the shape of the electric force profile above a powered 

electrode and the influence this profile has on the levitation limits of the particles and the 

sheath boundaries.  

 As discussed in Chapter Two, a non-neutral region, called the sheath, forms in 

front of any plasma surface such as an electrode.  In Earth-based experiments it is 

commonly assumed that dust particles are levitated within the sheath that forms in front 

of the lower, powered electrode at a height where the electric and gravitational forces on 

the particle are equal.  However, a complete understanding of the levitation of dust 

particles within the sheath is a complicated problem.  It is fairly easy to determine the 

gravitational force experienced by the dust particle, but a determination of the electric 

force acting on it is much more complicated.  First, a complete and self-consistent theory 

for this non-neutral region (sheath), which is needed to determine the vertical electric 

force profile, does not currently exist.  Many theories and experiments have been 

explored to determine the vertical profile of the electric field within the sheath.  Although 
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the electric field surrounding the dust particles is usually found to vary linearly with 

height above the electrode, the validity of these results are still heavily debated (Ivlev et 

al., 2000; Zafiu et al., 2001).  Second, the charging of dust particles within the sheath is a 

complicated problem.  As shown in the previous chapter, both electron depletion and ion 

flow within the sheath must be included to accurately determine the charge on a dust 

particle.  The electric field and dust charge could be calculated if the plasma parameter 

profiles within the sheath were known.  However, it is difficult to accurately measure 

them experimentally since the addition of a probe or measuring device has been found to 

alter the plasma parameters.  Therefore, it is quite difficult to actually determine the 

plasma characteristics at the levitation height of dust particles in a complex plasma 

experiment. 

 In this study two experiments, in which dust particles were used as probes within 

the sheath of the CASPER GEC RF reference cell, will be discussed.  The experimental 

results are compared to results found using the fluid model.  The experimental and model 

results will be used to determine the height above the lower electrode at which 

quasineutrality (     ) is attained, the sheath edge, and the extent of an unstable region 

near the lower electrode, which locates the minimum levitation height for dust particles in 

RF discharges.  These results are then compared to current sheath theories.  As a result, a 

new, in situ experimental method for locating the approximate height of the sheath edge 

in any dusty plasma system is provided.  It is also shown that the electric field 

experienced by particles near the sheath edge cannot be described by the classical, linear 

theory which assumes an electric field of zero or        ⁄  at the sheath edge (Godyak 

and Sternberg, 1990) and a magnitude that increases linearly with decreasing height 
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across the entire sheath.  Although an approximately linear electric field is found near the 

center of the sheath, deviations from linearity are found at both the upper and lower 

boundaries of the sheath.  Finally, the minimum levitation height of dust particles (upper 

boundary of the unstable region near the lower electrode) is found through use of a 

stability criterion derived from the force balance equations.  

 

5.2 Background 

 

 

5.2.1 The Classical Sheath 

 

 Tonks and Langmuir were among the first to analyze the plasma sheath transition 

(Tonks and Langmuir, 1929).  In their paper, Tonks and Langmuir broke the discharge 

into three segments: the bulk plasma, the sheath, and the plasma-sheath transition.  

Within their explanation the authors noted that “the plasma-sheath transition is inherently 

more complicated than either plasma or sheath alone.” The exact position of the plasma-

sheath transition was defined by the point “...when the Poisson term, neglected in the 

plasma solution, becomes equal to a certain fractional part of either of the other two 

terms, ...” Although the complete derivation is not given here, it is evident from the 

previous statement that the location of the plasma-sheath transition was somewhat 

arbitrarily defined.  Nonetheless, the plasma was clearly separated into two distinct 

regions: a neutral region far away from the plasma boundary, and a non-neutral region in 

front of the plasma boundary, called the sheath. 

 The first true criterion for the location where the non-neutral sheath and the 

neutral plasma meet was presented by Bohm in 1949 (Bohm, 1949).  This plasma-sheath 
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transition is now called the sheath edge.  (Throughout the remainder of this chapter, the 

term sheath edge will be used to refer to the location where quasineutrality is broken.) 

Bohm determined that ions must enter the sheath with a minimum velocity of 

       √      ⁄   (5.1) 

which is now called the Bohm velocity.  However, within the quasineutral bulk plasma, 

ions flow in the ambipolar electric field, often approximated to be          ⁄  where 

  is the ion mean free path (Godyak and Sternberg, 1990).  Therefore, in order to satisfy 

the Bohm criterion for the sheath edge, ions in the bulk plasma must be accelerated to the 

Bohm velocity.  This realization led to the introduction of the presheath region.  The 

presheath is defined as the quasineutral region in which ions are accelerated so that they 

obtain the Bohm velocity at the sheath edge.  This lead to the plasma being divided into 

three distinct regions: the quasineutral bulk far away from the plasma boundary, a 

presheath (also quasineutral), and the sheath region which smoothly connects to the 

presheath at the sheath edge (see Figure 5.1(a)).   

It is interesting to note that the original derivation of the Bohm criterion neglected 

both ion collisionality and ionization within the sheath, even though two possible 

requirements for the existence of the presheath are collisionality and ionization within the 

presheath (Riemann, 1991). 

Although the Bohm criterion has been used for decades to describe the sheath 

edge, limits to this criterion have recently been identified.  Loizu, et al. showed that the 

Bohm criterion is not able to accurately describe the sheath edge for systems in which the 

electron current is the predominant current through surfaces exposed to the plasma (Loizu 

et al., 2011).  It was found that the sheath edge is located further away from the bounding 
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surface than predicted by the Bohm criterion in these systems.  Therefore, in this case, 

ions can enter the sheath with a velocity less than the Bohm velocity, making the Bohm 

criterion invalid. 

 

 
 

Figure 5.1.  The regions of a plasma near a plasma boundary, such as the lower electrode, 

as described by (a) Bohm and (b) Brinkmann.  The dotted line in (a) represents the 

boundary between the quasineutral bulk and the presheath and the dotted line in (b) 

represents the electron edge.  

 

 

5.2.2 The Step Model 

 

 A second model used to describe the sheath was originally introduced by Godyak 

and Ghanna in 1980 (Godyak and Ghanna, 1980).  This model is referred to as the step 

model or “electron step”.  As in the classical model, the electron and ion densities far 

above the electrode are assumed to be equal in the step model.  However, in the step 

model, the electron density instantaneously becomes zero near the lower electrode at the 

so-called electron edge.  The step model was later modified by Brinkmann so that it more 

accurately portrayed the density profiles throughout the discharge (Brinkmann, 2007).  In 

his model, Brinkmann replaced the instantaneous electron decay with a transition region 

where the electron density decays over a few electron Debye lengths.  The region below 
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the transition region, where electrons are depleted, is called the unipolar zone.  The 

region above the transition region is called the quasineutral zone, since the electron and 

ion densities are assumed to be equal there (see Figure 5.1(b)).  The electron edge,  , is 

defined as the height at which the total electron charge between the electrode surface and 

  equals the excess positive charge above  .  This is mathematically expressed as 

 ∫        
 

 

 ∫                 
  ⁄

 

 (5.2) 

where 0 denotes the electrode surface and   is the distance between the electrodes.  

 It is important to note a few distinct differences between the classical sheath 

model and the step model.  First note that the electron edge is different from the sheath 

edge, since quasineutrality is broken above the electron edge.  Second, it is important to 

clarify that the transition region is not the same as the presheath described in the classical 

model.  The presheath, by definition, is quasineutral whereas the transition region is 

located below the point where quasineutrality is attained.  Hence, the electron edge lies 

approximately one electron Debye length below the presheath region.  Therefore, in the 

classical view, the transition region is in fact part of the sheath.  This is illustrated in 

Figure 5.1(b).  

 

5.2.3 The Lower Instability Criterion 

 

 Although the electric field extends throughout the sheath, an unstable region has 

been theorized to exist near the lower electrode in which particles can not be levitated.  

Previously, Ivlev, et al. derived the condition for this unstable region while investigating 

the frequency of dust particles oscillating around their equilibrium position.  The 

derivation included both charge and electric field variation with height (Ivlev et al.,  
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2000).  The real part of the oscillation frequency was found to be 

          
            

 

  
  (5.3) 

where the prime denotes the derivative with respect to   and the subscript   denotes the 

equilibrium position.  At heights where                 no stable particle position 

exists [         ].  Therefore, the lower limit of stable dust particle levitation is 

determined by the local maximum in the electric force. 

 

5.3 Experimental Procedures and Numerical Model 

 

 The following complex plasma experiments were carried out in the CASPER 

GEC RF reference cell which was described in Chapter Three.  The electrode separation 

was set to 2.54 cm and a cutout 2.54 cm in diameter was placed on the lower electrode to 

confine the dust.  All experiments were performed using a neutral gas pressure of 20 Pa 

and a DC bias of -5 V which was maintained through the use of a Kepco external DC 

power supply.  The RF voltage supplied to the lower electrode was varied between 22 

and 66 V. 

 In the first experiment, which will be discussed in Section 5.4.1, the levitation 

height of different-sized particles was measured at various RF voltages.  Melamine 

formaldehyde (MF) particles with a mass density,  , of 1.510 g/cm
3
 (as provided by the 

manufacturer) and diameters of 6.37, 8.89, and 11.93 μm were used.  In each case, a 

small number of dust particles (10-50) of a single size were dropped into the plasma and 

allowed to form a crystal at each RF voltage.  Side pictures of the layer were then used to 

measure the levitation height of the particles. 
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The second experiment, which will be discussed in Section 5.4.2, was conducted 

to measure the electric force as a function of height above the lower electrode.  MF 

particles with a diameter of 8.89 μm were dropped into the plasma, and their trajectories 

were recorded using a Photron 1024 high-speed camera at 1000 frames per second.  

Particle trajectories were then used to reconstruct the electric force on the particle as a 

function of height. 

Finally, the fluid model used in the previous chapter and described in Chapter 

Three was employed to model the plasma parameters throughout the discharge.  In this 

case, the plasma parameter profiles as a function of height above the lower electrode 

were calculated for the geometry of the CASPER GEC cell.  Using these profiles in the 

current balance equation (Equation 2.14) where the ion current includes ion drift 

(Equation 2.23), the dust potential,      , was obtained.  The dust charge as a function 

of height was then found from the dust potential through use of the capacitor model 

(Equation 2.26).  For comparison with experiment, the pressure was fixed at 20 Pa, and 

the driving potential amplitudes, VRF , were varied.  In Section 5.4.3, these fluid model 

results are presented along the symmetry axis of the discharge chamber where     

represents the lower electrode. 

 

5.4 Results 

 

 

5.4.1 Experimental Levitation of Multiple Particle Sizes 

 

 In the first experiment, the levitation height of each particle size for various RF 

voltages were measured.  These results are shown in Figure 5.2.  As seen, at low RF 

voltages (≈ 30-45 V), the levitation heights of the 8.89 μm and 11.93 μm particles 
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increase rapidly with increasing RF voltage.  However, at higher RF voltages (> 45 V), 

the particle heights approach a constant value.  Alternatively, the 6.37 μm particles do not 

appear to be affected by the changing RF voltage across the range of voltages tested.   

 

 
 

Figure 5.2.  Experimentally measured levitation heights for different-sized particle layers 

as a function of RF voltage at a pressure of 20 Pa.  The levitation height of each particle 

size was measured in separate experiments.  Lines are added to guide the eye. 

 

 

 As in the previous chapter, the particles are assumed to levitate at the height 

where the gravitational force is equal to the electric force on the charged particle.  Since 

the gravitational force does not vary for a specific particle size, the changes in levitation 

height observed in Figure 5.2 must be due to changes in the electric force.  Therefore, 

knowledge of the electric force as a function of height above the lower electrode is 

required to fully understand a particle’s levitation height dependence on RF voltage. 

 

5.4.2 Experimental Determination of the Electric Force 

 

 A second experiment was employed to measure the electric force,   , as a 

function of height above the lower electrode.  In this experiment, the trajectories of 8.89 
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μm particles were recorded as they fell from above the upper electrode to their levitation 

height.  For this situation, the vertical motion of a particle is described by 

    ̈                ̇  (5.4) 

where   is the Epstein drag coefficient,    is the mass of the dust particle, and   is the 

height of the particle above the lower electrode (Epstein, 1924).    was calculated to be 

30.5 s
-1

 using the equation 

   
 

 

 

        
  (5.5) 

where   is the gas pressure,   and    are the mass density and radius of the dust particle, 

respectively, and       is the thermal velocity of the neutral gas.  With this theoretically 

calculated value for   and the trajectory data of the particles, the electric force,   , was 

calculated through use of Equation (5.4).  The electric force profile is shown in Figure 

5.3.  The horizontal line indicates the magnitude of the gravitational force acting on the 

particle. 

 The levitation height of the particle is found by locating the point where the 

electric force curve and the horizontal gravitational force line intersect.  The levitation 

height dependence on RF voltage found in this experiment confirms that found in the 

previous experiment (Sec. 5.4.1) (i.e., increasing RF voltage increases the levitation 

height of the particles, but this dependence is nonlinear with RF voltage).  It is also 

interesting that for    5 mm, the magnitude of the electric force increases as RF voltage 

increases, but for    5 mm, the electric force curves coincide.  Therefore, the electric 

force is independent of RF voltage for    5 mm within the errors of the experiment.  
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Figure 5.3.  The experimentally determined electric force profile at a pressure of 20 Pa 

for various RF voltages.  The horizontal line indicates the magnitude of the gravitational 

force acting on an 8.89 μm particle. 

 

 

 While this experiment was performed using only 8.89 μm particles, the electric 

force profiles for different-sized particles will exhibit the same shape as that shown in 

Figure 5.3 with variations in the magnitude of the force.  This can be understood by 

considering the electric force equation.  In Chapter Two, the electric force was defined to 

be  

                  (5.6) 

As long as the number of dust particles used in the experiment is relatively small 

(Bouchoule and Boufendi, 1994), the electric field,     , is not affected by the dust, but 

only by the RF power and the discharge chamber geometry.  Therefore, the electric field 

will not change with dust particle size.  Recall from Chapter Two that the dust charge 

profile,         can be calculated through use of the capacitor model (Equation 2.26).  

This equation linearly depends on dust particle radius.  Therefore, the magnitude of the 
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electric force will change with dust particle radius, but the shape of the profile will be 

preserved.  Comparing Figure 5.3 with the levitation heights shown in Figure 5.2, it is 

evident that the 6.37 μm particles levitate near the height where the electric force curves 

begin to coincide, while the larger particles (8.89 μm and 11.93 μm) levitate below this 

point.  Therefore, convergence of the electric force profiles must be responsible for the 

constant levitation height of the 6.37 μm particles.  While this explains the behavior of 

the particles shown in Figure 5.2, another question is posed.  Why do the electric force 

profiles coincide as they do?  In order to answer this question, the plasma parameter 

profiles responsible for the electric field and dust charge profiles must be determined.  As 

previously stated, such plasma parameters can not be easily measured experimentally, so 

the fluid model used in the previous chapter is again employed.  

 

5.4.3 Fluid Model Results 

 

 The fluid model described in Chapter Three was used to calculate the plasma 

parameter profiles.  The same plasma conditions and discharge geometry used in the 

experiments were applied in the model.   

 The density ratio,                ⁄ , found from the fluid model is shown in 

Figure 5.4.  As in the previous chapter, the dust surface potential is found by inserting the 

plasma parameter profiles found from the fluid model into the electron and ion current 

equations (Equations 2.22 and 2.23) and determining the value of       at which the 

electron and ion currents are equal.  The dust surface potential profiles found in this 

manner are shown in Figure 5.5.  The dust surface potential profile is then used in the 

capacitor model to calculate the dust charge profile.  Combining the dust charge with the 

fluid model solution for the electric field,     , shown in Figure 5.6, the electric force is 
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found.  The resultant electric force for a 8.89 μm and 16 μm particle are shown in Figure 

5.7.  The horizontal lines again indicate the gravitational force for each particle. 

 

 
 

Figure 5.4.  The ratio of the ion density to the electron density,     , in the sheath for 

various driving potentials, VRF, at 20 Pa obtained from the fluid model.  The horizontal 

line indicates where the electron and ion densities are equal. 

 

 

 
 

Figure 5.5.  The dust potential for various driving potentials, VRF, at a pressure of 20 Pa 

as obtained from the fluid model. 
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The electric force profile found from the fluid model displays the same trend as 

that found in the experiment (Figure 5.3) in that the electric force reaches a maximum 

value near the lower electrode and decreases with increasing height above that point.  The 

levitation heights for various particle sizes as a function of RF voltage, obtained from the 

fluid model, are shown in Figure 5.8.  As observed in the experiment, larger particles 

show an increase in particle levitation height with RF voltage, while the levitation height 

for the smaller particles appears to be nearly independent of the RF voltage. 

 

 
 

Figure 5.6.  The electric field profile for various RF voltages at 20 Pa obtained from the 

fluid model. 
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Figure 5.7.  The electric force profiles at various RF voltages and a pressure of 20 Pa for 

(a) 8.89 μm and (b) 16 μm diameter particles obtained from the fluid model.  The 

horizontal lines indicate the magnitude of the gravitational force acting on each particle. 

 

 

 
 

Figure 5.8.  Levitation heights of different-sized particles as a function of RF voltage at 

20 Pa, obtained from the fluid model.  Solid lines are added to guide the eye. 
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5.5 Discussion 

 

 

5.5.1 Comparison of Experiments and Fluid Model Results 

 

 Comparing Figures 5.2 and 5.3 to Figures 5.8 and 5.7, respectively, it is evident 

that the fluid model provides representative results which can be compared to those in the 

experiment.  Although the magnitude of the gradient of the electric force found from the 

fluid model is much smaller than that found in the experiment, the maximum electric 

forces found only differ by approximately 17% and the heights at which this maximum 

force occurs are within 0.5 mm of each other.  While the fluid model results are not 

identical with the experimental results, both exhibit the same physical behavior, allowing 

the plasma parameter profiles obtained from the fluid model to be used to explain the 

behavior observed in the experiments.  Using these results, the sheath edge as well as the 

location of the lower levitation limit (discussed in Section 5.2.3), which marks the top of 

the unstable region, will now be determined (as in Figure 5.9). 

 

 
 

Figure 5.9.  The regions of a plasma near the plasma boundary discussed in this paper.  

The dotted line indicates the electron edge. 
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In both the model and experiment, it was found that particles with         ⁄  

(the 6.37  m particles in the experiment and 8.89  m particles in the model) are levitated 

at a height where the electric force profiles for all RF voltages converge.  The fluid model 

was used to determine the physical reason for this convergence.  It was found that the 

electric force profiles found with the fluid model converge at    9 mm, which is the 

same height for which convergence is observed in the electric field, dust surface 

potential, and density ratio.  The density ratio, shown in Figure 5.4, shows that at this 

height, the electron and ion densities begin to diverge, marking the edge of the 

quasineutral plasma — the sheath edge.  It is important to note that this does not always 

imply that particles with levitation heights which show         ⁄  are located at the 

sheath edge.  In some situations, the ambipolar electric force within the presheath or bulk 

may be sufficient to levitate particles with a sufficiently small radius.  The levitation 

height of particles located within the quasineutral plasma will also display levitation 

heights with         ⁄ .  Therefore, the largest particles found to display levitation 

heights with         ⁄  can be used to locate the sheath edge.  While this method for 

determining the location of the sheath edge is easily used with the fluid model, 

experimental determination of the sheath edge is less precise.  Such experiments are 

limited by the sizes of manufactured dust available, resolution of the cameras, and other 

sources of error due to the precision of the equipment used.  Therefore, particles that 

maintain a nearly constant height across a wide range of RF voltages are at or near the 

sheath edge, but an infinite number of particle sizes and resolution are required to 

precisely locate the sheath edge. 
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It is also important to investigate the electric field that levitates the particles at or 

near the sheath edge.  Obviously, the fluid model electric field curves shown in Figure 

5.6 are not linear with height across the entire region shown.  In fact, they are best fit by a 

third-order polynomial.  Near the center of the sheath, though, the electric field is found 

to be approximately linear, transitioning to a nearly constant value near the sheath edge.  

Therefore, analyses that model the electric field as a linear function of height across the 

entire sheath may under- or overestimate the magnitude of the electric field depending on 

the height and the approximation used.  The height at which the electric field deviates 

from this approximately linear region can be experimentally determined by measuring the 

levitation heights of different-sized particles across a wide range of RF voltages and 

observing the particles which have a levitation height that is independent of RF voltage.  

These particles (such as the 6.37  m particles in the experiment described above) are 

located outside the linearly increasing portion of the electric field.  

Finally, as discussed in Section 5.2.3, an unstable region has been theorized to 

exist near the lower electrode where             
    (Ivlev et al., 2000).  Figure 5.7 

shows that the electric force does in fact have a positive gradient near the lower electrode, 

indicating an unstable region where particles cannot be levitated.  This region extends 

from the lower electrode to the height where the electric force attains a maximum value.  

For example, the 16  m particles in Figure 5.7(b) show two levitation heights for the  

40 V curve.  These particles will only levitate at the upper equilibrium height, since the 

lower equilibrium height is located within the unstable region, making it an unstable 

equilibrium point.  This fact was recently used in an experiment to manipulate the 

number of particles in a vertically extended dust chain (Kong et al., 2011).  Figure 5.10 
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shows the minimum levitation height versus RF voltage.  This was obtained by finding 

the best-fit polynomial to the electric force profiles from Figure 5.7 and locating the 

heights at which the derivative of the polynomial was zero, indicating the location of the 

maximum electric force.  The minimum levitation height is the same for all particle sizes 

since, as previously noted, changes to the dust particle size only vary the magnitude of 

the electric force while the overall profile remains the same. 

 

 
 

Figure 5.10.  The minimum levitation height for dust particles as a function of RF voltage 

as obtained in the fluid model.  The dashed line is added to guide the eye. 

 

 

From the experimental results shown in Figure 5.3, the minimum levitation height 

of the particles is seen to be approximately 2 mm at 30 VRF.  The minimum levitation 

height (or maximum in the electric force) for higher RF voltages could not be accurately 

determined employing this experiment at these settings.  However, the validity of this 

theory can be demonstrated through use of another experimental setup.  The 8.89  m dust 

particles were dropped into a second CASPER GEC cell, which has a smaller electrode 

spacing and was operated at a pressure of 27.7 Pa (a comparison of the two CASPER 
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cells is given in the Appendix and Creel, 2010).  The resultant electric force profiles 

shown in Figure 5.11 qualitatively agree with that of Figure 5.3 and additionally show a 

maximum of the electric force near the lower electrode. 

 

 
 

Figure 5.11.  The electric force profiles for an 8.89  m dust particle in the second 

CASPER GEC cell at a pressure of 27.7 Pa.  The horizontal line indicates the 

gravitational force on the particle. 

 

 

5.5.2 Comparison with Current Sheath Models 

 

 In Figure 5.12, the dust levitation height is compared to previously published 

standard sheath models.  As shown, the height at which the ions reach the Bohm velocity, 

  , (as determined from the fluid model results) increases with RF voltage.  This is due to 

the fact that increased RF voltage causes ions to attain the Bohm velocity at a greater 

height above the powered electrode.  The 16  m particles levitate at or slightly above the 

Bohm point for the voltages shown.  Therefore, both the 8.89 and 11.93  m particles are 

located outside the classically defined Bohm sheath.  In addition, the Bohm criterion does 
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not correlate well with the location of the sheath edge in this case since particles located 

at the sheath edge have levitation heights described by         ⁄ . 

 
 

Figure 5.12.  Levitation heights of different-sized particles as a function of RF voltage at 

20 Pa, obtained with the fluid model.  Solid lines are added to guide the eye.  Dashed 

lines indicate the Bohm point and electron edge. 

 

 

Applying the Brinkmann definition of the electron edge to the fluid model results, 

the electron edge is found to be located between 5.1 mm and 6.0 mm for the RF voltages 

tested.  These results are also shown in Figure 5.12.  Assuming that the transition region 

is centered at   and has a width of a few electron Debye lengths (     2 mm), then both 

the 8.89  m and 11.93  m particles are found to be located above the electron edge but 

still within the transition region.  Additionally, the 8.89  m particles are located near the 

top of the transition region, very close to the height where quasineutrality is obtained, 

again confirming that they mark the location of the sheath edge. 
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5.6 Conclusions 

 

 Both experimental data and numerical modeling were used to determine the 

levitation heights of dust particles in a GEC RF reference cell.  The methods described in 

Section 5.4.1 led to a new method to determine the location of the edge of the sheath 

above the lower electrode.  In the first experiment, dust particle levitation heights for 

various RF voltages and dust particle sizes were investigated.  It was experimentally 

determined that while the levitation height of small particles (6.37  m) was unaffected by 

the RF voltage, larger particles (8.89 and 11.93  m) exhibited a strong dependence on RF 

voltage (Figure 5.2).  In an effort to explain this observed behavior, a second experiment 

was performed, in which particles were dropped into the plasma from above and their 

trajectories used to calculate the electric force profile shown in Figure 5.3.  While the 

electric force profile confirmed the dependence of particle levitation height on RF 

voltage, as observed in the first experiment, this dependence could not be fully 

understood without knowledge of the plasma parameters, such as    and   , particle 

charge, and the electric field as a function of height.  A fluid model was employed to 

obtain these plasma parameter profiles (such as     , shown in Figure 5.4), and hence to 

determine the dust surface potential (Figure 5.5) and electric field (Figure 5.6) as a 

function of   for various driving potentials.  This in turn allowed the electric force profile 

to be determined as a function of RF voltage (Figure 5.7).  The electric force profile was 

then used to find the levitation heights for various dust sizes (Figure 5.8).  Fluid model 

results were found to be in a good agreement with the experiments and were therefore 

used to explain the experimentally observed behavior seen in Figure 5.2.  
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These results lead to a new, in situ method to determine the approximate location 

of the sheath edge, defined as the point where quasineutrality is broken.  The minimum 

height at which particles display         ⁄  across a wide range of RF voltages 

theoretically locates the boundary between the transition region and quasineutral plasma 

(the sheath edge) but due to the limited resolution of the experiment, particles that display 

this behavior can only be said to be near the sheath edge.  As the sheath edge locates the 

upper boundary of the transition region, an approximate location of the electron edge 

(assuming the electron edge is a few Debye lengths below the top of the transition region) 

can also be found.  Particles located at or near the sheath edge are levitated outside the 

approximately linearly increasing portion of the electric field, indicating that it is 

incorrect to model the electric field throughout the entire sheath as linear, as is common 

practice. 

Finally, it is noted that there is a minimum particle levitation height for each RF 

voltage.  This height coincides with the maximum value of the electric force.  This height 

can be experimentally found using the dropping technique discussed in Section 5.4.2 or 

through the use of other experimental methods that change the levitation height of the 

particle without changing the plasma parameters, such as the hypergravity experiment 

(Beckers et al., 2011). 

The data from this and the previous chapter provided fundamental knowledge 

about complex plasma systems, such as the dust particle charge variation with height, 

electric force profile within the sheath, dust particle levitation limits, and sheath 

boundaries.  In the following chapter, this knowledge will be used in a complex plasma 
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experiment to investigate how a system transitions from a liquid structure to a solid 

structure through the process of rapid quenching. 
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CHAPTER SIX 

 

Crystal Dynamics within a Single Layer 

 

Much of the content from this chapter has been previously published as: Hartmann, P., A. 

Douglass, J. C. Reyes, L. S. Matthews, T. W. Hyde, A. Kovács, and Z. Donko, Phys. 

Rev. Lett. 105, 115004 (2010). 

 

 

6.1 Introduction 

 

 In the previous two chapters, plasma parameters were used to determine the 

charge on a dust particle as a function of height above a powered electrode and to explain 

the levitation of the dust particles.  Now that a single particle’s charging and levitation 

height are understood, as well as the plasma environment in which it is levitated, many-

particle dusty plasma systems can be investigated.  If the ratio of the inter-particle 

potential energy of the dust particles to their thermal energy is large enough (  

         ) the addition of multiple dust particles of the same mass and radius will form a 

plasma crystal (Ikezi, 1986).  As discussed in Section 2.4.3, these two-dimensional 

hexagonal crystal structures have been observed in complex plasma experiments since 

the development of the field.  Although, such structures were observed in laboratory 

experiments from the beginning, a complete theoretical explanation for crystallization in 

low-dimensional systems was not well understood.  In fact, the physical processes that a 

system such as this goes through while changing phase from a liquid to solid state is still 

the subject of ongoing debate (Gasser, 2009).  

In this chapter, the phenomena of pattern formation that occurs when a liquid is 

rapidly quenched to a solid will be investigated both experimentally and through use of a 

molecular dynamics simulation.  
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It is hypothesized that an initially amorphous liquid should evolve toward a 

ground state crystal through a process called domain coarsening.  As part of this process, 

small regions exhibiting crystal structure, called crystallites, merge together resulting in a 

smaller number of individual crystallites that are larger in size.  Therefore, the average 

linear size of the crystallites as well as their time evolution will be used to characterize 

the crystallization.  The following four methods will be used to measure the crystallite 

size: (i) the bond-angular correlation length, (ii) the translational correlation length, (iii) 

the inverse defect fraction, and (iv) a direct size measurement algorithm similar to the 

standard “flood fill” method used in simple graphical tools. 

Recently, several experiments have been carried out to study this phase transition 

in two-dimensional systems within mediums other than complex plasmas.  Harrison, et 

al.  studied a single layer of spherical block copolymer microdomains within a thin film.  

In this study, a time dependence of the orientational correlation length in the form of    

with   1/4 was found (Harrison et al., 2004).  Superparamagnetic particles have also 

been used to investigate the dynamics of crystallite formation in colloidal systems.  These 

experiments found    0.3, which is the currently accepted value for such systems 

(Dillmann et al., 2008).  While these experiments are extremely useful in understanding 

crystallization within these systems, their results cannot be directly applied to a complex 

plasma system due to the large difference between the interactions of the particles within 

each system.  For example, superparamagnetic particles have an inter-particle interaction 

proportional to    ⁄  and therefore seem to follow the “dislocation-unbinding melting” 

picture (Strandburg, 1988) while complex plasmas have an inter-particle interaction 
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proportional to    ⁄          ⁄   and exhibit rapid domain formation which is 

described by the “grain-boundary melting” scenario (Nosenko et al., 2009). 

Various numerical methods have been used to theoretically model the 

crystallization of such systems.  These models show a power-law-type evolution of the 

crystallite domain size with    1/3 for spinodal decomposition (Huse, 1986; Haataja et 

al., 2005),    1/3 for a polymer solution (Bhattacharya et al., 1998),    0.47 for a 

binary solution (Coveney and Novik, 1996),    1/4 for block copolymers (Vega et al., 

2005), and    0.42 for a nematic liquid crystal.  The following experiment and 

numerical model will be used to determine this rate of evolution within a complex plasma 

system.  

 

6.2 Experimental Procedure 

 

 The experiment was performed in the CASPER GEC RF reference cell described 

in Chapter Three.  The cell was operated employing an argon discharge at a pressure of 

4.7 Pa and an input power of 1.5 W.  Melamine formaldehyde dust particles with a 

diameter of 6.5 µm were added to the discharge until a single layer of dust containing 

approximately 2000 particles was formed.  A Photron 1024 high-speed camera operating 

at 125 frames per second was used to image the dust from above, giving a square field of 

view with a side length,      mm.  The particles initially settled into a stable ground 

state configuration exhibiting three or four large crystal domains due to the confinement 

produced by the cutout placed on the lower electrode.  Energy required to melt the 

resulting crystal was added to the system by modulating the dc self-bias of the powered 

lower electrode with a   20 Hz sinusoidal signal.  This modulation caused the layer to 

shake vertically.  The vertical motion of the particles couples with their horizontal motion 
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(Couёdel et al., 2010), causing the crystalline order within the system to be completely 

eliminated.  Next the modulation was switched off.  This allowed the system to settle into 

a vertical equilibrium position within 2  
  , where    is the dominant in-plane dust 

particle oscillation frequency, observed to be     8.8   0.4 Hz.  Both melting and 

crystallization cycles were repeated several times over the course of the experiment, and 

images of the particles were collected continuously.  

 

6.3 Experimental Results 

  

 Figure 6.1 provides the principle data evaluation steps for two snapshots of the 

experiment.  The figures on the left are representative of the system in a liquid phase and 

the figures on the right are representative of the system in a solid configuration.  Figure 

6.1(a) shows the particle positions as indentified in the raw images.  From the particle 

positions, the nearest neighbors for every particle were found.  As stated in Chapter Two, 

a perfect, hexagonal dust crystal is will have six nearest neighbors.  When a particle has 

greater or fewer than six nearest neighbors, this site is called a defect.  Once all defects 

were identified, the defect fraction,  , defined as the ratio of the number of defects over 

the total number of particles, was determined for each image.  Next, the complex bond-

order parameter,      , which is given by 

       
 

 
∑        

  

   

  (6.1) 

where   labels the particle,    is the number of true nearest neighbors of particle  , and 

      is the angle of the  th nearest-neighbor bond from an arbitrarily chosen, but fixed, 

direction (the   axis was chosen in this case) was calculated.  Determination of       
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allows for visualization and identification of the crystallite structure since the magnitude 

|     | is known to be close to unity inside a crystallite (region exhibiting crystal 

structure) but small for particles situated within the domain walls (region between 

crystallites).  This is shown in Figure 6.1(b).  The overall angular orientation of a given 

particle or entire crystallite is illustrated with the complex argument of the complex 

bond-order parameter,           .  The complex argument is shown in Figure 6.1(c).  In 

the solid state configuration, neighboring crystallites exhibit different orientations.  

Finally, both the pair correlation function,     , (discussed in Section 2.4.3) and the 

bond-order correlation function,      , which is given by 

       〈  
         〉  (6.2) 

were calculated for each image (Figure 6.1(e)).  For an ideal gas,       .  In Figure 

6.1(d), |      | is graphed to illustrate the crystal’s deviation from an ideal gas.  The 

envelopes of both       and |      | are assumed to exponentially decay at large  .  

By employing an upper envelope least-squares fit for each image the corresponding 

correlation lengths,    and    were then obtained.  To avoid boundary effects, both the 

correlation lengths and defect fractions were evaluated for particles situated within the 

red circles shown in Figure 6.1(a) (which has a diameter of 0.9 ).  Distances are 

normalized to the two-dimensional Wigner-Seitz radius,    √  ⁄ , where   is the 

surface density of the detected particles. 
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Figure 6.1.  Principle data evaluation steps for the system in the liquid phase (left 

column) and the solid phase (right column).  Row (a) show the particle positions as 

obtained from the raw images.  Row (b) shows the magnitude of       and Row (c) 

shows its complex phase angle.  Rows (d) and (e) show the pair and bond-order 

correlation functions, respectively, of particles located within the red circle in (a).  
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The experimentally found time evolution of      ,      , and      ⁄  for a single, 

representative quenching cycle are shown in Figure 6.2.  Two linear regimes are apparent 

in the log-log plot for both correlation lengths.  This has also been previously observed in 

colloidal suspensions (Dillmann et al., 2008).  In this experiment, the short time period 

lasts approximately 10-15 typical oscillation cycles for a single particle located in its 

equilibrium lattice position with a frequency   .  Alternatively, the defect density only 

shows a single characteristic decay time scale.  The reasons for this can be understood by 

considering the following.  First, at very short times after the temperature drops (before 

crystallites form), the particles ballistically move towards their equilibrium positions with 

the result that the defect density is high and homogenously distributed.  Later, small 

crystallites form, leaving defects to accumulate in the walls between them.  In this case 

(assuming self-similar structure of the domain walls at different times), the relationship 

between domain size and the inverse defect fraction can be assumed to be linear.  

Another factor that contributes to the continuous decay time of the defect fraction is the 

fact that    and       are continuous quantities.  This means that their values can 

increase for every particle with increasing order.  Alternatively, the number of neighbors 

(which is used to calculate     ) is a discrete variable, taking on only integer values.  

Finally, the bond-angle and positional order are initially very small, and the defect 

fraction “sensing” the particles with more or less than six nearest neighbors is not very 

sensitive to changes in such small values.  
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Figure 6.2.  The normalized correlation lengths for   and    as well as the inverse defect 

fraction,   ⁄ , are shown as a function of time.  The lines represent linear fits on the log-

log plot for the short and long time domains. 

 

 

 In order to compare with previous experiments, the value of   is then found by 

fitting linear functions to the log-log representation of the profiles shown in Figure 6.2.  

The   values found from this figure were then averaged with 21 other freezing cycles (of 

the same particle cloud).  This resulted in                    and          

         for the bond-order correlation length,                     and 

                   for the translational correlation length, and              

for the inverse defect fraction.  

 

6.4 Numerical Model 

 

Molecular dynamics simulations were carried out for a two-dimensional system 

consisting of 1,154,000 particles.  Particles were allowed to interact through a Yukawa 

potential (Equation 2.11) with the Debye screening length chosen to be half the ground 
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state hexagonal lattice constant (        ).  A complete description of the 

computational method used is given in Donkό et al., 2008.  Quenching of the system was 

achieved in the simulation by suddenly setting all particle velocities to zero and applying 

a strong frictional force over a short period of time.  This procedure allowed the particle 

temperature to decrease from its initial value of twice the melting temperature to 0.34 

times the melting temperature in less than 10  
   plasma oscillation cycles.   

 Crystallites were identified within the simulation using a direct size-measuring 

algorithm similar to that used in a flood fill method.  In this technique, closed areas are 

filled with a select color; this was applied to the simulation by initially assuming 1600 

points evenly distributed over the simulation cell.  A particle is considered to belong to 

the same domain as the starting point if (i) it belongs to the same neighborhood according 

to Delaunay triangulation (discussed in Section 2.4.3) and (ii) its complex phase,   , 

(Equation 6.1) is within      with respect to that of the starting point.  This process 

yields the number of particles (the weight) of the domain containing the starting point.  In 

a calculation of the average domain weight, 〈 〉, cases with     are neglected since 

these represent cases where a starting point within a domain wall was accidentally 

selected.  The average linear size of the domains is approximated as    √〈 〉. 

 

6.5 Model Results 

 

The data from the numerical simulation were processed in the same manner as 

used in the experiment.  The results from the simulation are shown in Figure 6.3. The   

values are found by fitting each curve with a linear fit for        .  This results in 

       ,        ,        , and        .  Averaging these values, it is found 
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that the time evolution of the linear domain size has a power law dependence with an 

exponent              for long times. 

 

 
 

Figure 6.3.  The normalized correlation lengths,   and   , the inverse defect fraction, 

  ⁄ , and the average linear size of the domains,   , profiles obtained from the MD 

simulation are shown.  The time is normalized to the 2D nominal plasma frequency, 

   √        ⁄ .  Points are shifted for clarity.  

 

 

6.6 Conclusions 

 

 A series of complex plasma experiments have been performed to measure the 

time evolution of the crystallization process of a single layer system after a rapid 

temperature quench from the liquid to solid state.  The experiments show two distinct 

time scales for this process.  Early after quenching, the crystallization is driven by single-

particle motion as it undergoes a continuous transition from its initial amorphous state to 

a polycrystalline state of small domains.  After approximately 10-15 particle oscillation 

cycles, pattern formation slows and further grain coarsening is possible only by collective 

rearrangement, resulting in the merging of small domains to form larger ones.  Consistent 
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with previous experiments, this experiment finds the linear domain size to exhibit a 

power-law time evolution (  ) with an exponent of                   at short times 

and                   at long times.  The molecular dynamics simulation for a two-

dimensional Yukawa system resulted in a value of                which is in 

agreement with the value found for long times in the experiment.  This finding is also 

consistent with previous results in which systems with low friction found        

     (Knapek et al., 2007; Coveney and Novik, 1996; Toyoki, 1993) and systems with a 

liquid (over-damped) environment that exhibited somewhat faster coarsening found 

      (Bhattacharya et al., 1998; Dillmann et al., 2008; Haataja et al., 2005; Harrison 

et al., 2004; Huse, 1986; Vega et al., 2005). 
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CHAPTER SEVEN 

 

Conclusions 

 

 

7.1 Summary 

This work examined several of the most fundamental processes within a dusty 

plasma system.  The dust particle charge, dust levitation limits, and crystallization 

process of dust crystals were investigated.  Through this process, a more complete 

understanding of the plasma parameters within the sheath was also obtained.  

Experiments were carried out in the CASPER GEC RF reference cell (described in 

Chapter Three) and the experimental results were compared with numerical simulation 

results in order to interpret the experimental data.  The conclusions for each of the 

processes listed are given below. 

 

7.2 Dust Particle Charge 

 

In Chapter Four, the charge on a dust particle in an RF plasma chamber was 

investigated.  This study was motivated by a desire to understand the manner in which the 

dust charge varied with the height of the particle above a powered electrode.  To date, the 

dust charge has been commonly assumed to be independent of particle height and only 

vary linearly with particle radius (through the capacitor model (Equation 2.26), in which 

the dust surface potential is assumed to be constant and equal to its bulk plasma value).  

Two recent experiments in the literature, however, found the particle charge to depend on 

its height above the powered electrode.  Unfortunately, these results appeared 

contradictory.  A rotating electrode experiment found that the charge increased as the 
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particle height above the electrode decreased while a hypergravity experiment found the 

dust charge decreased as the height decreased (Carstensen et al., 2010; Beckers et al., 

2011).  In order to reconcile these, a fluid model was used to determine the plasma 

parameters for the experimental settings used in both experiments.  The dust surface 

potential as a function of height above the lower electrode was then found by substituting 

these plasma parameter profiles into OML current equations, including both the effects of 

ion flow and electron depletion within the discharge (Equations 2.22 and 2.23).  By 

equating the resulting electron and ion current equations, the dust surface potential profile 

was obtained.  The charge on a specific dust particle was then calculated through the use 

of the capacitor model (Equation 2.26).  

The resultant dust charge profile was then compared to the experimental results 

reported in the literature.  In Section 4.3, it was shown that the dust charge is not constant 

as has been commonly assumed, but instead varies with particle height.  Therefore, the 

standard approach where the bulk plasma values are used in OML theory to calculate the 

dust charge in a laboratory dusty plasma experiment is clearly not valid.  When the 

experimental settings and geometry used in the rotating electrode experiment were 

included in the fluid model, it was determined that the dust charge increased nonlinearly 

with dust particle radius, which is consistent with the experimental observations 

mentioned above.  Through modeling of the hypergravity experiment (Section 4.3.2), it 

was again found that the dust charge is not constant throughout the discharge, but instead 

exhibits a maximum value at a height        .  From the dust charge profile shown in 

Figure 4.7, it is evident that the magnitude of the charge on a particle will increase with 

decreasing height for           and decrease with decreasing height for          .  
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This result explains the apparent contradiction between the two experimental results.  The 

rotating electrode experiment (Carstensen et al., 2010) must have probed locations where 

          while the hypergravity experiment (Beckers et al., 2011), which found   to 

increase with increasing height, probed locations where          .  Therefore, no 

contradiction exists between these results.  

 

7.3 Dust Levitation Limits and Sheath Edge 

 

In Chapter Five, both experiment and fluid model results were used to explore the 

shape of the electric force profile above a powered electrode and the levitation limits for 

the dust particles.  Additionally, a new, in situ method that can be used to experimentally 

locate the sheath edge was discovered.  The electric force profile (from experiment – 

Figure 5.3, with model – Figure 5.7), was found to vary with height above the lower 

electrode, obtaining a maximum value near the lower electrode.  The location of this 

maximum locates the top of the unstable region near the lower electrode (see Figure 5.7) 

which is also the minimum levitation height for a dust particle.  It was determined that 

particles exhibiting         ⁄  across a wide range of voltages (such as the 6.37 µm 

particles used in the experiment, see Figure 5.2) are located at the point where the electric 

force curves coincide, i.e., the sheath edge.  This new method can be employed in any 

dusty plasma experiment to experimentally determine the sheath edge.  

The location of the sheath edge was compared to several common sheath models.  

For the parameters used in this experiment, it was found that the sheath edge (in other 

words, where quasineutrality is broken) was located above the Bohm point, making the 

Bohm criterion invalid in this case.  The experimentally located sheath edge was found to 
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coincide with the top of the transition region as described by the step model (see Figure 

5.12).  

In addition, the electric field profile was obtained with the fluid model (Figure 

5.6).  While it is commonly assumed that the magnitude of the electric field increases 

linearly with decreasing height across the entire sheath, the electric field profiles shown 

in Figure 5.6 are best fit with a third-order polynomial.  An approximately linear region 

of the electric field is found near the center of the discharge, but it is found to transition 

to a nearly constant value near the lower electrode and the sheath edge.  Therefore, not 

only is it incorrect to model the electric field as linear throughout the entire sheath, but it 

is also important to note that particles, such as those levitated at or near the sheath edge, 

may be levitated outside the approximately linear portion of the electric field.  

 

7.4 Liquid-Solid Phase Transition 

 There has been much debate about the processes a two-dimensional system goes 

through as it transitions from a liquid to a solid.  As discussed in Chapter Two, complex 

plasmas can form liquid and solid (crystal) structures on length and time scales that are 

easily observable.  Therefore, a complex plasma was used in this study to understand the 

fundamental physical processes involved in rapid crystallization.   

An experiment was carried out in the CASPER GEC cell in which a dust crystal 

was formed and allowed to stabilize.  At this point, the DC self-bias on the lower 

electrode was modulated, employing an externally generated ~20 Hz sinusoidal signal.  

The resulting perturbation caused the dust particles to become dislocated, breaking the 

crystalline order within the system.  Once the system was considered to be in the liquid 

state, the modulation was switched off, and the system was allowed to transition back to 
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the solid state.  The complex bond-order parameter, pair correlation function, and bond-

order correlation function were then used to analyze the structure of the system as it 

transitioned from a liquid to a solid state (Figure 6.1).  From these quantities, the 

correlation lengths,       and      , as well as the defect fraction,      ⁄  were 

determined (see Figure 6.2).  

Two distinct time scales for the crystallization process were discovered.  The time 

dependence of these quantities, as shown in Figure 6.2, was found to follow a power law 

(  ) where                   at short times and                   at later 

times.  In the earliest stages of crystallization, the process was dominated by single 

particle motion, with the particles ballistically moving towards their equilibrium 

positions.  Later within the crystallization process, small crystallites form and the 

crystallization is now achieved through the merging of these small crystallites rather than 

the ballistic motion of individual particles.  A molecular dynamics simulation produced 

results having a value of               , in agreement with the value found for 

long times in the experiment. 

 

7.5 Future Work 

 Through this work, a more complete understanding of the dust particle charge, 

dust levitation limits, sheath, and liquid-solid phase transition was obtained.  Knowledge 

of these topics is essential to understanding dusty plasma systems, and, therefore, the 

results presented here can and will be utilized in future dusty plasma research.  While this 

work is applicable for nearly every dusty plasma experiment, it is especially useful for 

experiments in which the dust particles are extended vertically.  For example, results 

from this study will continue to be used in the study of vertical chains of dust particles 
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(such as Kong et al., 2011) as well as systems consisting of vertically separated layers of 

dust particles called complex plasma bilayers. 

Although these studies have improved on past theories, more work still needs to 

be done in order to improve on the accuracy of these results.  In Chapters Four and Five, 

the fluid model results were found to be useful in explaining the experimental data; 

however, they did not show direct, quantitative correlation with the experiments.  This is 

primarily due to several assumptions which were made within the fluid model that limit 

its precision.  Effects not present in this model include non-linear electron heating and 

secondary electron emission from the electrode which can become important for 

ionization in the discharge at low pressures.  Therefore, the model cannot accurately 

model discharges at lower pressures.  Furthermore, the inclusion of these effects would 

result in additional energetic electrons.  This could result in a dust charge that is more 

negative than those reported here.  Ion collisionality and trapped ions, effects which are 

significant at higher pressures, were also not included.  These terms tend to increase the 

ion flow to a particle, making the dust particle more positively charged.  While inclusion 

of these effects is important, these effects are believed to be secondary and will not 

significantly alter the results.  Finally, the drift-diffusion approximation was used to 

approximate particle fluxes in the fluid model.  While conditions for this approximation 

are easily fulfilled for electrons, argon ions may not always have a sufficient collision 

frequency to justify the use of this approximation (Douglass et al., 2011; Douglass et al., 

2012).  All of these factors could be included in future work to obtain better direct 

correlation between the model and the experiments.  
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Comparison of CASPER GEC Cells 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



110 
 

 

 

 

Table A.1. Comparison of CASPER GEC Cells 

 

Parameter Cell One Cell Two 

Electrode Spacing Variable*, Max = 3.81 cm 1.90 cm 

High Vacuum Pump Cryo Turbomolecular 

Electrode Geometry Cylindrical ring Annular ring with bracket 

Electrode Cooling Water-cooled None 

RF Bandwidth Range 10 kHz - 12 MHz 15 kHz – 120 MHz 

Additional Features Verdi Laser S100 

        *For the experiments presented here the electrode spacing was fixed to 2.54 cm. 
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