
 
 
 

 
 
 
 
 

ABSTRACT 
 

Nanomanipulator Perturbation of Dust Crystals in a GEC rf Plasma Cell 
 

Jay Michael Murphree, M. S. 

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

 The vast majority of observable matter is composed of complex plasma.  

Even with its prevalence, the interactions between the plasma’s constituents are not 

fully understood.  In many cases, clouds of dust grains from and can even display 

organized, crystal-like, structures.  Understanding the interparticle forces involved 

within these dust crystals will greatly advance the understanding of complex 

plasmas as a whole. 

 Perturbing and observing the crystal’s reaction is a practical and powerful 

method of examining these forces.  In this paper, a new versatile system for 

controlled dust manipulation, the S100 nanomanipulator, is examined.  Two 

experiments were conducted with this probe to characterize the response of both 

the plasma and a dust crystal.  First, the dust was exposed to the probe to determine 

the length scale of interaction between the two. Next, a Langmuir probe was used to 

find the extent of the wake field produced. 
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CHAPTER ONE 
 

Introduction 
 
 

Plasma 
 

Often called the fourth state of matter, plasma is an ionized gas consisting of 

positive and negative particles.  When plasma has approximately equal densities of 

positive and negative charge it is considered a neutral charged plasma and this 

charge equality is called the neutrality condition.  In most cases, plasma is created 

when an ordinary gas is exposed to a source of energy greater than the ionization 

energy of the constituent atoms or molecules.  This causes negatively charged 

electrons to split from neutral atoms producing positive ions.  Due to the 

corresponding rapid increase in ionization energy, under normal conditions, only 

one electron is removed from each atom, resulting in what is known as a singly 

ionized state.  It is assumed that all plasma in this research is singly ionized.  The 

neutrality condition then allows the assumption of equivalent number densities of 

electrons and ions. 

Plasma makes up 99% of visible matter in the universe (Gurnett and 

Bhattacharjee, 2005).  In nature, plasma can be formed in any of several ways.  For 

example, stars are comprised of plasma produced by the intense heat created within 

this fusion environment.  The high temperatures produced result in atoms within 

the star having very high kinetic energies.  This energy is so large that when these 

atoms collide, electrons can be knocked off the host atom producing a plasma. 
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The steady state ionization density is determined by the balance between the 

rate of ionization and recombination.  High ionization densities are seen when the 

ionization rate is very high, such as found in stars, or the recombination rate is very 

slow, such as seen in space due to the extremely tenuous nature of the gaseous 

environment. 

Although not as common on Earth, plasmas do form naturally here.  Both the 

ionosphere and the magnetosphere surrounding the Earth are comprised of plasma 

created by ultraviolet radiation from the Sun.  Lightning is also a short-lived source 

of plasma.  Flame, such as from a candle or campfire, is also in a plasma state, but 

created by the exothermic reaction that comes from the fuel oxidizing.  

 
Plasma Properties 

 
In addition to the charge density, ionization density and the neutrality 

condition, there are other important properties of plasma that are required to 

properly describe this state of matter. 

 
Debye Length 
 

When a small positive test charge is placed into plasma, nearby positive ions 

will be repelled while negative electrons will be attracted (Fig. 1.1).  Due to this 

separation of charge, an electric field is produced, opposite in direction to that of the 

test charge, which increases as the charged particles’ displacement increases.  This 

induced electric field can partially shield the test charge from the rest of the plasma.  

This is called Debye shielding and the characteristic length over which this shielding 

occurs is known as the Debye length, λD. 
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A    B  
 
FIG. 1.1. Not to scale.  Cartoon A gives a picture of plasma surrounding a neutral grain of dust 
(Green).  Cartoon B shows how the plasma reacts as the dust gains a negative charge (Pink).  The 
positive ions are attracted to the dust particle, shielding it from the rest of the plasma.  As a result, 
only the plasma particles in the circle can “see” the dust grain. 

 
 

To find an expression for the Debye length, it is easiest to start with a 

homogeneous plasma assuming fixed ions with density no, electron density ne, 

electron temperature Te, and electron charge e.  Following Gurnett and 

Bhattacharjee (Gurnett and Bhattacharjee, 2005), a test charge q is introduced into 

the plasma. Using Poisson’s equation, the electrostatic potential (Φ) can be found 

using 
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where εo is the permeability of free space and no, e and ne are as defined previously.  

Assuming a Maxwellian velocity distribution at infinity, where Φ=0, and an electron 
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with q=-e, k is the Boltzmann constant, me is the electron mass and v is electron 

velocity.  Integrating over all space, the electron density is found to be  

kT

e

oe enn



 .                                                                                                                                       (3) 

Expansion of this through a Taylor series and assuming eΦ/kT << 1 (eΦ is 

proportional to a charged particle’s potential energy while kT is proportional to its 

kinetic energy.  eΦ/kT << 1 means that a particles total energy is dominated by its 

kinetic energy and thus the plasma is weakly coupled, or gas like, which must 

plasmas are.) the first order term of the Poisson’s equation can be obtained.  This 

can be further simplified by assuming spherical symmetry  
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 with r as the radius.  This has a general solution of  
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 where C is a constant.  The value of C can be determined by the requirement that as 

the radius decreases to zero, the electrostatic potential must reduce to the Coulomb 

potential.  Comparing this with EQN 4 yields the Debye length as  
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  .                                                                                                                                   (6) 

 The Debye length is very important in determining over what lengths 

charged particles interact in a plasma since Debye shielding will reduce the 

potential of a shielded charged particle by a factor 1/e (0.367) compared to an 

unshielded charged particle over a distance of one Debye length.  As a result, for 



5 
 

interaction lengths comparable to several Debye lengths, the potential of a shielded 

charged particle is so small it can often be neglected. 

 
Plasma Sheaths 
 
 When a plasma reaches thermal equilibrium, both electrons and ions have 

the same average kinetic energy.  In this case, the mass difference between the two 

results in their having different velocities.  In some cases, the electrons can have 

velocities that are several orders of magnitude larger than those of the ions.  

Therefore, for any object placed within the plasma, more electrons will in general 

collide and stick to the object than will ions.  As such, a net negative charge forms, 

repelling local electrons and attracting local ions.  When electron and ion current 

flows are equal, equilibrium is reached.  With the object charged negatively, the local 

plasma near the object’s surface will exhibit a higher ion density producing a 

polarized electric field similar to that of the test charge discussed previously.  This 

polarized region is known as the plasma sheath.  It should be noted that an object 

can also become positively charged depending on the charging currents; for 

example high energy photons impacting the object can create a positive charging 

current due to the photoelectric effect as can secondary electron emission due to 

energetic collisions with the surface by particles. 

 
Collision Frequency 
 
 The rate at which two particles collide, be it electron-electron, electron-ion, 

or ion-ion collisions, is known as the collision frequency.  For partially ionized 

plasma, collisions with neutral atoms are also possible.  Such collisions between 
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charged and neutral particles can easily be considered in a classical manner.  The 

range of interaction between any two atoms is very short, although it increases with 

temperature, since at higher temperatures the particles have higher velocities.  As 

the velocities increase, the collision probability increases as well, with the equation 

for this type of collision given by 

 nnn Cn   ,                                                                                                                                    (7) 

 where vn is the collision frequency, nn is the number density of the neutral gas, C is 

the thermal speed of the charged particle, and σn is the collision cross-section 

between the charged particle and a neutral atom. 

 On the other hand, when two charged particles approach one another they 

begin to experience the coulomb interaction long before they collide physically.  The 

coulomb interaction greatly increases their apparent size, or cross-section, creating 

a much larger sphere of interaction.  In this case, the equation for the collision 

frequency between ions and electrons (Gurnett and Bhattacharjee, 2005) is given by  
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 where k is the Boltzmann constant,  me the electron mass and ND is defined as  the 

number of electrons in a Debye cube( 3

DoD nN  ).  It is interesting to note that in 

this case, an increase in temperature actually decreases the rate of collision.  As the 

particles speed up, the time of proximity between any two decreases, giving them 

less time to be deflected by the coulomb interaction.  For the case with no neutrals 

in the plasma, as the temperatures increases the collision rate goes to zero and the 

plasma is said to be in the collisionless regime. 
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Lab Plasma Source 
 

 All physics theories require experimental data.  The process of 

experimentation is greatly simplified when conducted in a controlled environment.  

Such experiments also allow a single experiment to be reproduced multiple times 

leaving as few unknowns as possible.  As a result nearly all plasma research is 

performed in a lab employing man-made plasma, rather than depending on natural 

sources.  There are several methods for producing plasma within a controlled 

environment.  The methods germane to this work are discussed below. 

 
Direct Current (DC) Plasma Sources 
 
 A DC or glow discharge plasma is produced using two electrodes: a positively 

charged anode and a negatively charged cathode, inside a chamber filled with an 

inert gas, commonly argon, held at low pressure (Fig. 1.2).  When a DC voltage is 

applied between the electrodes, an electric field is created.  Initially, any gas will 

have a small number of ions and free electrons due to thermal collisions and/or 

radiation.  Once in a DC discharge plasma, the ions will be accelerated toward the 

cathode while the electrons will accelerate towards the anode.  As the electrons and 

ions gain kinetic energy, collisions with neutral atoms cause the neutral atoms to 

ionize, producing more ions and free electrons.  This chain reaction will continue to 

grow until a balance is attained between the recombination and the ionization rate, 

or the potential can no longer be maintained.  
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FIG. 1.2. A linear DC glow discharge plasma source.  The positive cathode is shown on the right with 
the negative anode shown on the left.  Picture courtesy of Dr. Sylvain Coulombe, McGill University. 

 

 Direct currents can only pass through conductors, so in order for a DC source 

to be used to create a plasma the electrode must be a conductor.  This puts a severe 

limitation on the types of experiments that can be run; however, using a low 

frequency alternating current source allows the electrode to be made of a non 

conductive material.  As long as the current frequency is much lower than the 

response time of the plasma, such a source will behave like a DC source, while still 

allowing a much wider variety of materials to be employed as electrodes. 

 
Alternating Current (AC) Plasma Sources 
 
 Alternating current plasma sources are more commonly used for plasma 

production than are direct current sources.  Alternating current sources come in 

two main categories: inductively coupled and capacitively coupled.  Each of these 

has its own advantages and disadvantages.   

 Inductively coupled alternating current plasma sources (ICPs) consist of 

several parts.  The first is a sealed chamber that is normally filled with an inert gas, 
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such as argon.  This chamber can be operated both under roughing and high vacuum 

conditions.  The second component is a strip of metal wrapped in either a spiral or a 

helical pattern around the chamber to make a coil (Fig. 1.3).  The third is a current 

source. 

 

 
 

FIG. 1.3. Inductively coupled plasma source. 

 
 
 Passing a current though this coil produces a magnetic field inside the 

chamber, while changing this current over time produces a changing magnetic field.  

This time varying magnetic field forces free electrons and ions to move inside the 

gas, creating collisions with neutral atoms.  Much like the DC plasma source 

described above, these collisions ionize the atoms, increasing the number of 

particles moving in the plasma.  As before, equilibrium is obtained once the 

ionization and recombination rates become equal. 

 One of the primary advantages of an ICP is the ability to locate the electrodes 

and/or the coil outside the actual chamber.  This prevents erosion of the electrode 
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by the plasma, while at the same time preventing the plasma from being 

contaminated by material sputtered from the electrodes.   

 A second type of plasma source is the capacitively coupled plasma source 

(CCP).  The experiments discussed in this paper were all conducted using a CCP (Fig. 

1.4).  CCPs have chambers similar to the inductively coupled sources and can be 

employed over a wide range of pressures and gasses.  The primary difference in 

design between an ICP and CCP source is in the electrode.  A CCP source generally 

employs two parallel plate electrodes located inside the chamber. 

 

 
 

FIG. 1.4. Capacitivly coupled plasma source belonging to the CASPER Research group at Baylor 
University. 

 
 

 One of these two electrodes is commonly grounded while the other is 

powered by a voltage source.  For the experiments discussed in this paper, voltage is 

applied to the lower electrode at radio frequencies, commonly 13.56 MHz.  This 
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produces a varying electric field between the lower and upper electrodes, again 

producing collisions between free electrons, ions and neutral atoms, creating and 

maintaining a plasma. 

 One primary advantage of a capacitively coupled source is that one of the 

electrodes can be electronically isolated by adding a capacitor in series with it.  The 

capacitor allows alternating current to pass, but not direct current, allowing charge 

to accumulate on the electrode.  The rapidly moving electrons in the plasma charge 

the isolated electrode, giving it a negative voltage and creating what is called the 

natural DC bias.  This process results in a flow of ions toward the now negatively 

charged plate.  This flow of ions can be exploited to apply thin films on a substrate 

placed on the electrode.  The DC electric field also affects larger particles that may 

be in the plasma, which will be discussed later on in the text. 

 Chapter Two will consist of a review of how small dust grains interact with 

plasma producing new complex plasma.  Also included is a look at how the dust 

grains interact with each other and the electrodes.  Chapter Three discusses the 

history of the GEC plasma cell and specifics of the plasma cell used in the 

experiments.  It also includes details on the dust imaging system.  The Zyvex’s S100 

Nanomanipulator and the basics of Langmuir probes are overviewed in Chapter 

Four. 

 Two different experiments that were used to verify the usefulness of the 

S100 Nanomanipulator as a complex plasma perturbation system are detailed in 

Chapter Five.  The first experiment used the S100 to manipulate a dust crystal 

through a coulomb interaction.  It demonstrated the probes ability to work inside a 
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complex plasma environment, the type reactions the dust has to this kind of 

perturbation and general estimates for interaction distances between the probe and 

the dust.  The second experiment used a Langmiur probe to determine the extent of 

the wake field produced by the S100 and give a general mapping of this field.  This 

experiment looks at the viability of using the S100’s wake field to manipulate the 

dust or as a method to study the field directly.  The results and conclusions of these 

experiments are presented in Chapter Six. 
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CHAPTER TWO 

Complex Plasma 
 
 

A complex or dusty plasma is defined as an ordinary plasma with nanometer 

to micrometer sized particles mixed in (Shukla, 2001).  Like all objects immersed in 

plasma this dust will become charged, usually negatively as discussed in chapter 

one.  The charge and temperature of the dust is strongly tied to the properties of the 

plasma, and linked to changing local plasma ion and electron densities.  This 

coupling is so important that the dust, along with the electrons and ions, is often 

considered together as part of a three-component plasma. 

 
Why Complex Plasmas are Important 

 
Complex plasma is of great interest in part because dust can be found 

everywhere.  Any housewife (house husband) or clean room designer will attest to 

this statement.  Space is no different as dust is found within the plasma forming 

most celestial objects.  Complex plasmas form the tails of comets, the rings around 

planets, and, closer to home, both the magnetosphere and ionosphere.  A soup of 

dust and plasma even makes the ‘soil’ from which these planets begin to grow.  

Discovering how such charged dust moves, interacts and organizes is thus essential 

to understanding how celestial bodies are formed and behave. 

Complex plasmas also play a role in many everyday technologies.  Microchip 

manufacturers utilize plasmas as part of their production process.  Such plasma 

etching systems produce small dust grains that contaminate the wafers being 
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produced.  This production process can have failure rates as large as 50% as a result 

of such dust contamination (Merlino 2006).  Dust formation inside fusion reactors 

has also been shown to be a major hurdle to overcome in developing stable plasma 

containment, due to high impact collisions with the walls of the chamber and the 

resulting modification of the electric and magnetic fields used to contain the plasma.  

A proper understanding of the physics involved in either of these first requires a 

solid understanding of complex plasma interactions. 

Understanding complex plasmas also allows dust to be used to advantage.  By 

default each dust grain acts as an embedded Langmuir probe, providing information 

on local plasma conditions.  Careful observations of dust behavior coupled with 

appropriate analysis can therefore yield the plasma’s ionization, dust charge, Debye 

length, plasma temperature and more. 

 
Dust Crystals 

 
 As stated before, the plasma source used in this experiment is capacitively 

coupled and employs a powered, isolated lower electrode and a grounded upper 

electrode.  The lower electrode has an induced DC bias, and a system where any 

dust in the plasma is quickly charged negatively.  As a result, a single grain inserted 

in this plasma will be acted upon by a gravitational force directed toward the lower 

electrode and an electrostatic force from the lower electrode in the opposite 

direction.  Once the dust particle reaches a position where these forces are in 

equilibrium, the grain stops falling and floats.  At this point, the particle is free to 

move along equipotential surfaces, which in the case of two flat electrodes are 

parallel and horizontal to the lower electrode.  Without horizontal restraint, this 
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allows the dust to eventually escape the area between the electrodes and be lost.  

Adding a ring or machining a cutout into a plate placed on the lower electrode 

provides parabolic equipotential surfaces, trapping the dust within the resulting 

parabolic potential well (Fig. 2.1). 

 

FIG. 2.1.  A 2D slice of the lower electrode (Red) a aluminum plate with cutout (Green) and an 
equipotential line (Pink).  In A, the dust (dot) can easily move along the equal potential line and 
escape the potential produced by the electrode.  In B, the electrode has a small machined cutout plate 
placed on it that modifies the potential to include a well which contains the dust above the electrode. 

 
 
 If we now consider two dust grains, of different radii and mass, they will float 

at different heights as determined by their charge to mass ratio.  If this ratio is 

different enough, the two grains will be far enough apart vertically that they will 

only negligibly influence each other.  More interestingly, if two grains having the 

same radii and mass are introduced into the system, they will float at the same 

height interacting with one another through a shielded Coulomb potential.  This is 

due to that fact that in a plasma the screening effect of the plasma must also be 

taken into account when determining the interparticle forces.  A Coulomb potential 

that includes the screening produced by the plasma is called a Yukawa potential and 

is defined as 

dr
e

r

q /
 ,                                                                                                                                    (9) 
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where q is the charge on the particle and r is the radial distance from the dust 

particle. 

The repulsive force between the grains (where both are assumed to be 

negatively charged) is not the only horizontal force acting on them as they float 

within the potential well.  The well also provides a constant inward force forcing the 

dust grains together.  When these two forces are equal (and in opposite directions) 

the dust tries to stay at this equilibrium position. 

As additional dust particles of the same mass and radii are added, they will 

struggle to maintain the maximum interparticle separation allowed by the finite 

potential well.  Much as the number of electrons that can inhabit each electron shell 

around a nucleus is limited, there is also a maximum number of dust grains that can 

reside within any one layer in the potential well.  As additional grains are added to 

the plasma, and attempt to join the same layer, the cumulative potential energy from 

the particles’ interactions will increase.  At some point, the minimum potential 

energy needed to add one additional grain to the layer will be higher than that 

required for the grain to initiate a new layer locaed in a position higher in the 

potential well.  At this point, any dust added to the plasma will join this new second 

layer located above the first.  This can be best viewed in terms of a phase space 

argument.  The appropriate phase space in this case consists of the number of points 

which can be filled by dust grains when the system, as a whole, is stable.  Each point 

will be filled from lowest to highest energy as new dust is added to the system.  

When every available point in the lowest energy level is full, a new layer will begin 

to form above it (Fig. 2.2).  As more dust is introduced into the system, new layers 
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will be added as needed by the dust crystal in order to maintain overall system 

stability and minimum energy. 

 

FIG. 2.2. As one layer of the potential well fills, it forces a new layer of dust to form above it. 
 
 
 Once in a layer, the strength of the coupling between dust grains determines 

much of the overall dust symmetry within the layer.  If the average kinetic energy is 

much higher than the Yukawa potential between the dust grains, the grains are said 

to be weakly coupled.  On the other hand, a stronger potential energy relative to 

kinetic energy results in a strongly coupled dust system.  Under these conditions 

and in the simplest case, dust grains residing in the layer can be described as being 

in one of three traditional states of matter.  Weakly coupled systems generally 

exhibit dust moving erratically without maintaining structure or interparticle 

spacing.  This is called a gaseous state.  A strongly coupled system maintaining both 

a constant interparticle distance, relative dust positions and possessing a repeated 

pattern is referred to as a solid state, and the layer as a whole is referred to as a dust 

or coulomb crystal (Fig. 2.3).  Between these two extremes is the liquid state with 

relative motion between grains and an almost constant interparticle distance.  Phase 

transition from one state to the next are referred to as in normal states of matter 

(Merlino 2006). 
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FIG. 2.3. Top down view of a dust crystal composed of 8.89 micron Mf spheres and formed in the 
CASPER cell. 

 
 

Ion Flow 
 
 As mentioned in Chapter One, an isolated lower electrode in a CCP produces 

an induced DC electric field in the plasma which in turn, produces a flow of ions 

from the bulk toward the lower electrode.  This ion flow allows dust in different 

layers to interact vertically since ions moving from the bulk to the lower electrode 

will have their path modified due to interaction with the negatively charged dust 

particles.  As the ions flow toward the lower electrode, they can interact either 

physically (through collision) or electronstatically (through the Coulomb force) with 

a dust grain.  Additionally, the area directly beneath the grain will experience an 

increase in ion density as the dust grain focuses passing ions like a lens (Fig. 2.4), 

creating a region of positive potential as well as negative potential area immediately 

below.   The neutral gas pressure is the largest determining factor in gas drag and 

thus the largest factor in how quickly the wake field damps out.  (Fig. 2.5b) (Lampe, 

2000). 



19 
 

 

 
 

FIG. 2.4. Azimuthally symmetric, theoretical solution for potential and ion trajectories around a 
charged dust grain.  The grain sits along the Y axis at the 1 mm point.  Ions coming within 0.05 mm of 
the dust grain is assumed to have collided with it.  The vertical lines show possible trajectories of 
ions moving from top to bottom while the horizontal lines represent equipotentials lines (Hebner, 
2003). 

 

Therefore, for two dust grains floating at different heights, ions flowing past 

the top grain create a wake field and depending on layer separation, the lower grain 

will be located in either the positive or negative zone within it (Fig. 2.5).  In this case, 

the negative zone pushes the lower grain out of the wake field, while the positive 

zone aligns the lower gain directly beneath the upper grain.  This effect is 

responsible for the occasional formation of particle chains with each grain creating a 

wake field providing alignment for the next particle.   
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FIG. 2.5a. Plot of Φ(r,z) with solid lines as 
negative equal potential lines and dotted lines 
having positive potential.  The dust grain is in 
the node at the origin on the far left.  
(Cylindrical coordinates with down to the 
right in the graph.)  (Lampe, 2000) 

FIG. 2.5b. Potential along the z axis showing 
the manner in which the wake field changes 
with pressure.  Solid line is at 25 mT, dotted is 
at 50 mT and dashed is at 75 mT.  The infinite 
potential at z = 0 represents the dust grain 
preventing the ions passage through its space.  
(Lampe, 2000) 

  



21 
 

 
 
 

CHAPTER THREE 
 

GEC Cell and Lab Setup 
 
 

GEC Cell 
 

It has long been known that the geometry of the experimental chamber can 

strongly influence the operating parameters of the plasma contained within the cell.  

Therefore, in order to compare results between different research groups, a 

standard design for a reference cell was developed in 1988 at the Gaseous 

Electronics Conference.  The design of this GEC cell followed four main guidelines.  

First, the cell had to be easily duplicated.  Second, it needed to be compatible with 

different measurement techniques.  Third, compatibility with the reactive gases 

commonly used in plasma processing was required.  Lastly, the cell needed to 

exhibit a relevance to the discharge geometries used in the manufacture of the 

majority of semiconductor devices currently in use.  In 1989, this design was 

finalized and six initial chambers were built (Hargis et al. 1994). 

The primary section of the GEC chamber is composed of stainless steel and 

contains two four-inch diameter parallel plate electrodes, one located immediately 

above the other, separated by one inch.  Each electrode is electrically isolated from 

the cell by an insulator, allowing them to be operated in a powered, grounded, 

biased, or floating mode (Hargis et al. 1994).  These insulators are composed of 

relatively fragile material and easily damaged by any stray particles accelerated by 
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the strong electric fields produced.  In order to protect them, they are shielded by a 

grounded cylinder that extends to the edge of the electrode (Fig. 3.2). 

A total of 10 ports allow access to the cell.  A 12 inch port located on both the 

top and bottom of the cell allows access to the electrodes.  Additional ports located 

around the sides of the chamber (four 2.75 inch, two 6 inch and two 8 inch diameter 

ports) provide access to the experiment itself.  In the experiment discussed here, the 

2.75 inch ports are used as insertion points for gauges, Langmuir probes or other 

diagnostics, while one of the 6 inch ports is reserved for the turbo molecular 

vacuum pump.  The 8 inch ports allow viewing access to the discharge area between 

the plates (Fig. 3.1).  All ports are sealed using conventional ultrahigh vacuum 

sealing technology except for the two ports used for the Vacuum system (Hargis et 

al. 1994).   

 

 
 
FIG. 3.1. Top down view of the GEC Cell 
showing the orientation of all the ports except 
for the two 12 inch ports on top and bottom. 

FIG. 3.2. Cut out view from the side of a GEC 
Cell showing how the electrodes are set in the 
system.  (Smith 2005) 
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In the original GEC cell, gas is introduced into the system through a 

showerhead type upper electrode.  This electrode is covered in 169 small (307 μm) 

holes designed to distribute the gas evenly throughout the chamber.  Gas is 

evacuated from the system through eight angled slots located around the base plate 

of the main chamber in order to reduce azimuthal variation in gas flow (Fig. 3.3) at 

100 mTorr (Hargis et al. 1994). 

 
 
FIG. 3.3 Layout of the GEC Cell’s Vacuum manifold.  The inner ring of circles is where the lower 
electrode is attached.  (Hargis et al. 1994) 

 
 

CASPER Cell 

In order for a cell to be applicable to complex plasma research it must exhibit 

several features.  First, the cell must be able to achieve and maintain a vacuum.  

Next, the cell must have a mechanism (usually though an electrode structure) for 

producing either an rf or DC field.  Next, a method for adding dust to the plasma and 

a method for containing the dust once it is in the cell must be available.  Finally, the 
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cell requires both physical and optical access points for use by probes and CCD 

imaging systems.  

To accomplish this, the dusty plasma community decided to employ a series 

of modified GEC Cells.  Although the data collected in any modified cell (including 

the one used in this research and referred to in this paper as the CASPER Cell) will 

no longer exactly match the data collected within a GEC reference cell, it does not 

deviate so greatly as to prevent the initial GEC data from being useful as a baseline. 

 First, to allow optical access to the plasma discharge area and provide an 

access point for adding dust to the plasma, the upper electrode was replaced by a 

hollow cylindrical electrode (Fig. 3.4) insulated from the main cell by a Teflon disk.  

The top port‘s original cover was also replaced by a LEXAN disk employing an O-

ring for vacuum integrity in order to yield a view of the plasma discharge area.  Dust 

is introduced into the cell via a small cylinder on the end of a swivel arm located 

above the upper electrode.  The swivel arm of this ‘dust dropper’ is connected 

outside the cell through the upper port with the cylinder having an open top and a 

20 µm mesh as its bottom surface.  This allows the cylinder to be easily filled while 

still preventing the dust from falling through too quickly.  By design, the cylinder can 

be positioned over the opening in the upper electrode and tapped to produce an 

influx of dust falling through the plasma in the cell.  Once this is accomplished, the 

dropper can then be moved out of the way, minimizing any impact on the 

equipment.  
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FIG. 3.4. The lower and upper electrode of the CASPER cell.  Note the cutout plate located on the 
bottom electrode. 

 
 
 This modification of the upper electrode coupled with the need to minimize 

any turbulence in the gas to a minimum required a change to the vacuum system.  A 

new gas inlet was fed though one of the 2.75 inch ports and located at the bottom of 

one of the annular ports employed for gas extraction.  During operation, a constant 

flow of 99.99999% pure Argon is added to the cell through this inlet.  This 

contraflow design lowers the overall gas turbulence within the cell while an exhaust 

valve controller (MKS 252 A) controls and maintains the operating pressure by 

adjusting the rate of gas removal using a butterfly valve.  The integrated capacitance 

manometer sends pressure data both to the exhaust valve controller and a data 

logger.  An Alcatel Turbo vacuum pump (with CFF 450 controller) is used to achieve 

high vacuum mode when the cell is not in use to help reduce contamination. 

 Once dust is added to the system it must be held in place between the upper 

and lower electrodes.  As discussed in Chapter Two, a plate with a machined cutout 

placed on top of the lower electrode can be used to produce a parabolic potential 
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and subsequent inward radial force to contain the dust.  Several different plates are 

currently in use in the lab having cylindrical indentions with diameters from 0.25 

inch to 1 inch and a depth of approximately 0.5 mm.  The overall dimensions of 

these aluminum cutout plates are approximately 3 mm thick and 4 inch in diameter 

in order to better align with the lower electrode. 

 All unused ports were covered with LEXAN windows employing O-rings for 

vacuum sealing in order to allow visual access to the cell.  This provides the 

additional advantage of allowing easy access to the cell for changing cutouts and 

cleaning the cell while also permitting the dust imaging system to illuminate and 

photograph the dust. 

 The electronics used to power the lower electrode employs several 

components.  The process is started when an electrical signal is sent to the lower 

electrode.  The peak to peak voltage and frequency of this signal is controlled by a 

signal generator (Hewett-Packard 8657 A).  The signal generator sends a signal of 

less than one volt at 13.56 MHz, for all contained experiments, to an rf power 

amplifier (Electronic Navigation Industries 2100L).  The amplifier increases the 

signal amplitude by about 48 dB resulting in a signal that can range from 4 nV to 

250 V which is then sent to a tuning network.  A tuning network is necessary since 

an impedance mismatch between two components of an rf system will cause a 

reflection of the signal.  As the inductance mismatch increases between components, 

the percentage of reflected signal increases.  Not only does this reduce the amount 

of power transmitted through the circuit, it can also damage the amplifier.  In order 

to minimize this problem, the cell’s impedance is tuned using the tuning network.  
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This network consists of two variable capacitors on the powered side, and one 

variable capacitor and one constant inductor from power to ground.  This results in 

the tuner being capacitively linked to the shunt network preventing DC currents 

from passing between the cell and amplifier (Fig. 3.5).  Once plasma operating 

conditions stabilize, the tuning network is adjusted to reduce reflected power to 

10% of transmitted power for consistency. 

 

 
 
FIG. 3.5. A diagram of the circuit setup for powering the cell.  For very low voltages (< 1 V) the rf 
power amplifier and tuning network can be bypassed (represented by dotted lines).  The shunt 
circuit can also be bypassed if needed. 

 
 
 The entire plasma system sits on top of an optical table isolated from the 

building’s foundation.  This is accomplished using airbags to float the table, insuring 

the table remains level and stopping the transmission of any vibrations from 

passing into the cell. 

 
Dust Imaging System 

 In order to study the behavior of the dust within a complex plasma there first 

must be some method for tracking it.  The most straightforward way of 

accomplishing this is through the use of CCD diagnostics.  This offers a non-intrusive 

method for recording the position of each dust particle and how it evolves over time. 

 In the setup discussed here, two Sony cameras (Model XC-HR 50) were used 

to record the position of the particles.  One camera was located next to the cell 

(viewing through an 8 inch port) providing a side view of the experimental area 
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(giving vertical tracking of objects) while the second was placed above the cell 

yielding a top down view of the system (to track horizontal movement).  Both 

cameras are equipped with band pass filters designed to block out plasma glow and 

any extraneous background radiation while still allowing the wavelength of the 

diode lasers to be recorded.  Each camera is mounted on a motorized stage giving 

three-dimensional control of the camera placement.  Each stage is maneuvered 

using a VXM stepping motor controller (VXM-3) with three Vexta two-stage stepping 

motors attached with a screw drive.  Limiting switches are used to prevent damage 

to the equipment due to over extension of the mount or collision.  These limiting 

switches also act as a zero point from which the stage and thus the camera’s 

position can be measured and then recorded on a nearby computer.  The true 

location of the camera can then be found by recording the number of revolutions the 

motor makes and then multiplying by the inverse of the screw’s threads/inch ratio. 

Live video feed from each camera is sent to a control computer for analysis 

and storage.  Due to hardware restrictions, the computer is unable to control both 

cameras simultaneously, so there is a small time delay between images taken from 

the horizontal and vertical view.  However, the latency between shots is less than 

half a second so that in most cases for a semi-stable crystal, the dust moves very 

little in this amount of time. 

Two 660nm diode lasers (50mW) were used to illuminate the dust in a 

controlled manner.  Each laser was equipped with a cylindrical lens in order to turn 

the beam into a laser fan with thickness of approximately 80 µm.  One laser is 

calibrated to produce a vertical fan while the other provides a horizontal plane.  
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Each laser is mounted on a positioning stage (Velmex MA1509P40) that allows the 

diode lasers and the CCD cameras to be correlated with one another.  This provides 

the ability to position the laser and camera to observe a single layer.  While this 

prevents observation of the entire dust cloud at once, it does assure that any dust 

particles under observation lies in roughly the same horizontal plane (Fig. 3.6).  This 

technique works in a similar manner with the vertical fan and camera.  

 

 
 

FIG. 3.6. The orientation of the cameras and lasers.  (Smith 2005) 

 
 
 Each camera has a finite resolution depending on the number of light 

receptors on its imaging chip.  Although this places a limit on the size of the field of 

view of the camera, it can also be used to advantage.  By placing an object of known 

length within the camera’s field of view and then recording its size in pixels, the 

scale length for each pixel can be determined.  It is important to note that this value 

will only be correct for objects in the same vertical plane and located parallel to the 

camera lens.  However, if the focus and position of the camera is not changed, 

everything in focus will be on this same plane.  After calibration, the distance 
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between any two points in a given frame can be approximately determined by 

simply counting the number of pixels and multiplying by the scale length.   

 The precision of the lengths determined in this way is also limited by the 

resolution.  If each pixel represents one square within a grid in a plane located in the 

real world being viewed, then each square would have a side length determined by 

the scale length.  Anything occupying any of these grids causes the corresponding 

pixel to be triggered and light up.  For an object lighting one pixel, the object must be 

equal to or smaller than one scale length.  If two pixels are lit, the object must either 

be larger than one scale length or straddling the boundary between two grids (Fig. 

3.7).  Therefore, the measurement of the limit to object size is two scale lengths.  

 

 
 
FIG. 3.7. In the above, the scale length and thus grid size is assumed to be 10 µm.  The red dust grain 
diameter is 7 µm and the green is 17 µm.  Although the red grain is smaller than one scale length it 
appears on 1 (A), 2 (B), or 4 (C) pixels.  Even though there is a vast size difference between the red 
grain in C and the green grain in D they both cover the same number of pixels and would be 
indistinguishable.  The size of the grain in E could be measured to less than 20 µm vertically but only 
between 10 µm and 30 µm horizontally.  Measurement of F is limited to 10 µm to 30 µm in both 
directions. 

 
 
 The horizontal camera used here has a pixel limit of approximately 10 µm, 

while the vertical camera has a 5 μm pixel resolution.  This resolution is easily good 

enough to distinguish between different particles in the plasma as interparticle 

distances are on the order of 100 μm.  However, these pixel lengths do prevent the 

50 µm 
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ability to measure an individual grain’s size or distinguish between grains of slightly 

different sizes. 

 Although the cameras’ positions are set independently, the IR gain, 

saturation and other operating parameters and images produced are stored in a 

nearby computer.  With the help of a custom program produced in Labview, both 

snapshots and videos can be captured and are saved automatically.  Labview also 

stores data on the positions of the cameras as well as all key cell operating 

parameters recorded at the time of the picture. 
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CHAPTER FOUR 
 

Plasma Diagnostic and Manipulation Systems 
 
 

 After a plasma has been established a wide verity of equipment can be used 

to examine, measure, and manipulate it.  Before any new apparatus can be used for 

diagnostic purposes, its construction and effects on the plasma must be understood.  

One such devise, the S100 Nanomanipulator, is discussed along with the Langmuir 

probe which is commonly used in the plasma community. 

 
Langmuir Probe 

 
 Named after Nobel Prize winning physicist Irving Langmuir, the Langmuir 

probe is one of the most common forms of plasma diagnostics and is used to directly 

measure plasma operating parameters across a wide range of operating conditions.  

Although Langmuir probes come in many configurations, they all consist of the same 

basic components.  The part of the probe inserted into the plasma consists of one to 

three exposed electrodes.  Each electrode is individually connected to electronics 

outside the cell designed to allow measurement of the potentials and currents on 

the electrodes.  Independent voltage sources are used to vary the potential on one 

or more of these electrodes in relation to one another or the plasma chamber.  As 

the voltage is changed on a probe the net current flowing to the probe is measured.  

The data collected allow basic plasma operating characteristics to be determined 

through analysis of the I-V (current vs. voltage) curves produced. 
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 Although construction of the probe and electronics, as well as producing the 

I-V curve is relatively easy, retrieving accurate plasma parameters from the 

resulting data is much more complex.  This results from a variety of factors, 

including differences in ion and electron temperatures, the variance in energy of 

each plasma species, the design of the probe itself, and local modifications of the 

plasma due to the probe’s presence.  The experimental work in this paper is only 

concerned with the general trends in the plasma’s properties, so fortunately many 

of these complexities can be ignored. 

 
Electron and Ion Currents 
 
 When the Langmuir probe has a potential bias greater than the plasma 

potential (VB > Vp), electrons are attracted to the probe.  The maximum flow rate of 

these electrons is called the saturated electron current (Ies).  As VB falls below Vp, the 

electron current (Ie) will also begin to drop.  Following the work of Merlino (Merlino 

2007), assuming a Maxwellian distribution for electron temperature, the 

corresponding reduction of Ie will be exponential in nature.  When VB << Vp, the 

repulsive force on the electrons can become so great that none of them will reach 

the probe (Ie = 0).  The electron current is therefore 

  (  ) =  
     exp    (     ) /    ,                    

        ,                                                                    
                                                   (9) 

where Te is the electron temperature.  The saturated electron current is given by 

   =
1

4
             ,                                                                                                                    (10) 

where ne is the electron density, veth is the electron thermal velocity 

(       8   /   ) and Aprobe is the area of the collecting surface of the probe.   
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Ion currents behave in a similar manner.  Ion current saturation (Iis) occurs 

when VB < Vp with the ion current (Ii) falling exponentially when VB is larger than Vp.  

The ion current can be written as 

  (  ) =  
    exp   (     ) /    ,                

       ,                                                              
 ,                                                      (11) 

where Ti is the ion temperature.  In the plasma considered here, the electron 

temperature will always be higher than the ion temperature.  In this case, 

determination of the ion saturation current can be calculated using the Bohm sheath 

criterion, which is the minimum velocity that ions must have when entering the 

sheath in order to maintain the positive net spatial charge in the presence of an ion 

absorbing surface, giving 

   =      = 0.6    
   

  
      ,                                                                                                (12) 

where ni is the ion density and mi is the ion mass. 

 
Plasma and Floating Potential 
 

The plasma potential, Vp, is measured with respect to the (grounded) 

chamber walls.  Although the majority of plasmas are quasineutral, electrons can 

sometimes escape to the walls more rapidly than can the ions, producing a small 

positive space charge.  In this case, a small positive potential located almost entirely 

in the plasma sheath that forms at the walls of the cell can be produced. 

The floating potential Vf, is the potential at which an object or surface in the 

plasma receives a zero net current (Ii = Ie).  In complex plasmas, Vf is generally 

negative and can vary greatly based on plasma operating parameters.   
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Single Electrode Langmuir Probe 
 
The Langmuir probe used in this experiment employed a single probe design.  

This design requires the probe to be placed in the plasma and then swept through a 

wide range of voltages, both positive and negative in relation to the cell wall.  As the 

voltage is changed, the current reaching the probe is recorded, producing an I-V 

curve (Fig. 4.1).  This curve is then used to directly determine several plasma 

parameters with others then derived from this information. 

 

 
 

FIG. 4.1 An example of an ideal I-V curve (solid black line).  The total current has been split into its 
components and scaled to show behavior.  In this case, the electron current has been reduced by half 
(blue line) while the ion current is increased by a factor of 20 (red line).  The I-V curve is also shown 
x20 (dashed line) in order to better show that Vf is located at -9.4 volts.  (Merlino 2007) 
 
 

 At high values of VB, the ion current trends to zero and the curve reveals Ies 

(5.4 mA).  Similarly at large negative VB the electron current approaches zero 

yielding Iis (0.03 mA).  The floating potential can be found by determining where the 

probe receives a zero net current or the I-V curve crosses the x axis; in this example, 
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this occurs at -9.4 volts.  The plasma potential occurs when the second derivative of 

the I-V curve is equal to zero; again in this ideal example, Vp equals zero. 

 
Electron Temperature 

 
The electron temperature is a common value which can be calculated using 

Langmuir probe data.  This is accomplished by first measuring Vf, to determine 

where the net current to the probe is zero (Ie = Ii).  Using equations (9) and (11) for 

VB = Vf and assuming Vf < Vp gives  

   exp    (     ) /    =    .                                                                                                (13) 

Employing equations 10 and 12 and rearranging leaves 

  =    (
   

 
) ln (0.6 

2   

  
).                                                                                                    (14) 

Substituting appropriate values for the constants and simplifying yields 

  =
     

5.2
.                                                                                                                                       (15) 

Fortunately, each of these calculations, and many more, are provided automatically 

as part of the Langmuir probe’s control software and may be saved for further 

analysis.  

 
Plasma Perturbations 

 It can be easily argued that young kids are the best experimentalists.  

Without the ability to read or even talk, they learn about this strange world on their 

own, often with very little supervision.  Whenever they encounter something new, 

first they examine it visually and then, almost imminently, they want to touch it. 
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In much the same manner, a large amount of information can be obtained 

through interaction with an experimental system.  Perturbation of a plasma system 

while observing its reaction can yield many secrets about the forces and properties 

involved. 

 
Perturbation Methods 

 
 Perturbation of the dust particles within a complex plasma can be conducted 

in one of several ways.  For example, any change in voltage (DC or rf) on the 

powered electrode will also change the electric field acting on the dust, causing the 

equilibrium levitation height of the dust to change.  This technique offers a fairly 

easy, non-invasive process for perturbing the system, but is limited to affecting the 

crystal as a whole and allowing only vertical perturbations. 

Wires and conductive plates can also be placed in the cell.  Once installed, 

they can be allowed to reach a floating potential or pulsed using an externally 

provided current in order to produce controlled electric and magnetic fields.  

Different configurations and currents provide a range of operating parameters that 

can be produced.  Although this method is not limited solely to actions in the vertical 

direction, it does introduce new problems.  The plasma will interact with the added 

components even when they are at the floating potential (i.e. unpowered).  This 

creates a dust crystal which is different than one created in a cell without such 

components, which makes understanding the effects of the perturbation much more 

difficult to understand. 

Lasers have also been used to perturb the dust in a number of ways.  One 

advantage to this approach is that it removes the need to introduce additional 
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hardware into the cell.  The beam can be externally positioned and controlled in size 

so that it interacts with either individual or groups of particles.  Unfortunately, a 

laser also has the disadvantage of limited control over its force profile; as such, 

interaction of these high energy photons with the dust and/or plasma can create 

heating and other unwanted effects if high enough laser powers are used. 

Even temperature gradients within the cell have been employed to produce 

controlled perturbations through the addition of thermophoretic forces.  Such forces 

can change the equilibrium height of the dust while minimally impacting the plasma 

itself.  However, thermophoresis again bring limitations due to the relatively long 

time it can take to heat or cool the cell. 

Returning to our original system, although probe perturbations of the plasma 

can be a problem, under certain conditions they can also be used as a diagnostic.  

Ideally any probe introduced into the cell would be movable.  This would allow it to 

initially be placed at a given distance from the crystal, making it practically invisible 

to the dust and then positioned later in a manner needed to perturb the system in 

such a way to provide the measurements desired.  It would also be useful for this 

probe to have the range and flexibility of motion needed to approach the system 

from all sides.  The small length scales generally in use would also require a probe 

that could easily be controlled with extreme resolution.  Finally, the probe, and the 

motors to move it, would need to be contained within the cell due to the need to 

maintain a vacuum.  The Zyvex S100 Nanomanipulator used in this experiment 

provides most of the functions of this ideal movable probe. 
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Zyvex S100 Nanomanipulator 
 
Originally designed for use with scanning electron microscopes and focused 

ion beam systems, an S100 head was added to the CASPER cell and located above 

the upper electrode.  The S100 head is able to control up to four probes, moving 

them independently in all three directions (Fig. 4.2).  Each individual probe can also 

be connected to various passive or active electronics for both measuring and 

perturbing the complex plasma system. 

 

 
 

FIG. 4.2. Zyvex S100 Head with all four nanomanipulators attached. 

 
 
Each probe is provided with two modes of movement in each of three 

directions; coarse control, with twelve millimeters of travel and a resolution of one 

hundred nanometers, and fine control with one hundred microns of travel at five 

nanometer resolution.  Control of each probe is provided through proprietary 

Windows based software using a joystick or through scripting instructions for the 

software to follow (Fig. 4.3). 
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FIG. 4.3. Equipment used to control and interact with the S100 head. 
 
 

Regrettably, the S100 does not incorporate encoders.  Therefore, there is no 

reproducible means of determining the location of the probe, or tracking its 

movement.  In order to accomplish this in this experiment, the cameras used for 

dust observation were also employed to track the probe tip (Fig. 4.4).  The location 

of the probe was then determined during analysis by examining the number of 

pixels between the probe tip and various known objects in the saved pictures.  The 

lack of encoders also makes it impossible to set a constant travel velocity for a 

probe.  Therefore, at a fixed setting, the S100 probe will travel at varying velocities 

as it moves through its total range.  However, if returned to the same starting 

position, a preprogrammed course can be repeated, albeit with some variance in 

velocity. 

 

Joystick used for manual control of the probe 
tip. 

BNC connecters for attaching electronics 
to the probes inside the cell.  

CPU and power supply for motor control. 
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FIG. 4.4. Tip of S100 probe tip as seen from the side camera. 
 
 

As implied above, there is a great advantage to having the S100 installed 

above the upper electrode.  This perch allows the probe to be positioned either 

above or below the hollow upper electrode (Fig. 4.5) or at almost any point inside 

the experimental system.  When located above the upper electrode, the probe will 

have a much smaller effect on the electric fields inside the plasma, leaving the 

system in an almost unperturbed state.  Once the system is stable, the probe can 

then be lowered to interact with the experiment while all other cell parameters 

remained fixed.  The S100 head provides great flexibility in the design and use of the 

probes that can be used.  The probes themselves can vary in shape, size and 

composition.  Once inserted into the plasma, the probes naturally charge negatively.  

This allows the probe to interact with the dust grains at almost any point within the 

potential well, producing particle-probe or particle-particle interactions.  The probe 

can also be used to create controlled disturbances in the ion flow, producing wake 

fields that can be positioned over specific sensors to examine their properties.  

Finally, the probes can be connected to a wide range of electronics allowing each 

probe to be powered independently, employing either constant or time varying 
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voltages to perturb the plasma.  Although the range of motion of a standard 

Langmuir probe is limited, the S100 allows measurements to be conducted at a 

variety of locations within the plasma with little effort.  

 

 
 

FIG. 4.5. The S100 head along with one manipulator probe are installed above the upper electrode.  
The probe can be seen to extend down through the electrode into the plasma discharge area. 
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CHAPTER FIVE 

Experiments and Data 
 
 

 Before any new piece of equipment can be used in an established experiment, 

its characteristics within that experimental operating regime must first be 

determined.  In this case, both the interaction of the S100 nanomanipulator on the 

dust in the plasma as well as on the plasma itself must be analyzed before it can be 

used as a proper diagnostic. 

The first step toward accomplishing this required lowering of the probe into 

near proximity of two dust grains and then later a dust crystal.  The second step 

brought the S100 probe into spatial alignment within the plasma with a Langmuir 

probe in order to examine changes to the local plasma and agreement (or 

disagreement) between the two. 

 In each of the above, several parameters were held constant throughout the 

experiment.  Since the power provided to the cell varies, the tuning network was 

adjusted to maintain a ten percent reflection of the signal.  Argon with a purity of 

99.99999% was used in the cell under varying pressures and in all cases, the dust 

used consisted of spherical, melamine formaldehyde (mf) particles with a diameter 

of 8.89 µm ±0.09 µm. 
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S100 Probe and Dust Interaction 
 
 

S100 Interaction with a Dust Crystal 

 The first series of runs with the S100 examined its interaction with a dust 

crystal.  In this case, the lower electrode was equipped with a one inch diameter 

cutout plate, the pressure in the cell was held at 200 mTorr and a plasma was 

created, powered with a 5 Watt rf signal.  8.89 µm dust particles were introduced 

into the cell and a dust crystal formed above the lower electrode.  Throughout this 

procedure, the S100 probe tip was maintained above both the plasma sheath and 

the upper electrode.  The probe was left unpowered (floating) gaining a negative 

charge in the same manner as the dust grains.  Once a stable crystal was formed, the 

probe was lowered a short distance toward the dust crystal to bring the probe tip 

into view of the camera.  Both top and side view pictures were collected of the 

discharge area (Fig. 5.1) before the probe was lowered again (0.4mm).  This 

procedure was repeated until the probe tip was located approximately 4.3 mm 

below the crystal’s original equilibrium height. 

 

 
 
FIG. 5.1. Side and top view photos of the formation of a void in a dust crystal as the S100 probe is 
lowered through the crystal. 
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 The data collected was analyzed using ImageJ.  ImageJ is an open domain java 

application originally developed by the National Institutes of Health.  Side view 

pictures were used to determine the height of the probe tip in relation to the 

crystal’s equilibrium height.  This was accomplished using ImageJ to determine the 

number of pixels above or below this plane and then converting this pixel value 

using the known width of the probe and its width in pixels. 

 As can be seen in fig. 5.1, as the S100 tip is lowered, dust is repelled and a 

void forms along the edge of the crystal.  This void is centered on the location of the 

S100 probe tip as evidenced by the reflection from the probe tip when lowered 

through the laser sheet.  The void continues to grow as the probe is lowered.  To 

track the growth of the void, the horizontal distance between each particle on the 

inner edge of the void and the probe is determined and then averaged.  Distances 

were again obtained using ImageJ, employing the one inch cutout seen on the 

images as reference with the growth of the graphed versus probe tip height (Fig. 

5.2).  As can be seen, when the S100 probe is retracted above the upper electrode, 

no void is present.  Tracking of the probe’s movement can only occur once the probe 

is in view of the side camera.  At this point the void is already well established. 

 
S100 Interaction with Two Dust Grains 

 To establish a better feel for the reaction of an individual particle, the above 

experiment was repeated for two dust grains in the plasma.  Due to the probe’s 

tracking limitations, the side camera was rotated through ninety degrees in order to 

provide a larger viewing area in the vertical direction.  To prevent dust from moving 

out of the field of view, the one inch cutout was replaced with a quarter inch cutout. 
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FIG. 5.2. Radius of the void formed on the edge of a dust crystal as the S100 probe was lowered 
through the crystal.  When the probe was above the upper electrode, at its starting position, no void 
was present. 
 
 

 Dust was again allowed to come to equilibrium before the S100 probe was 

lowered into the system.  Side pictures were taken at each probe position (Fig. 5.3) 

and ImageJ was used to track the position of the particles and the tip of the probe.  

This data was then analyzed and graphed to reveal relations between the different 

parameters (Fig. 5.4-5.6). 

 

 
 

FIG. 5.3. Side view of the S100 probe approaching two dust grains. 
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FIG. 5.4. Particles’ positions as the S100 probe is lowered toward the particles and lower electrode. 

 
 

 
 

FIG. 5.5. Distance between the S100 probe tip and each dust grain as the tip was lowered toward the 
lower electrode. .  After the probe was moved a short distance, the dust was allowed to come to 
equilibrium before photos were taken. 
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FIG. 5.6. Interparticle distance as the S100 probe approaches the lower electrode. .  The dust was 
allowed to come to equilibrium before photos were taken. 
 

 
Langmuir Probe Analysis of the S100 Probe 

 In order to get a better feel for the interaction of the S100 probe with the 

plasma, standard Langmuir probe measurements of plasma parameters were 

conducted with the S100 probe present.  The Langmuir probe used was a 

SmartProbe produced by Scientific Instruments LTD.  The SmartProbe is an rf 

compensated Langmuir probe with a 10 mm long 0.38 mm diameter tip composed 

of tungsten.  The Langmuir probe is fixed inside the cell and located approximately 

1cm above the lower electrode.  All other cell parameters remained as noted 

previously.  The S100 probe was positioned 2.7 mm above and out of line with the 

Langmuir probe tip and data is collected with the Langmuir probe.  The S100 was 

then moved incrementally in the horizontal direction (parallel to the lower 

electrode) until it was aligned with the Langmuir probe.  The S100 was then 
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lowered until it was less than 0.2 mm from the Langmuir probe while collecting data 

at each step (Fig. 5.7). 

 

 
 
FIG. 5.7. S100 probe tip starts 2.7 mm above and off alignment from the Langmuir probe (seen at 
bottom of each frame).  The S100 probe is moved horizontally until aligned and then vertically 
toward the Langmuir probe.  The last frame shows the alignment of the probes from the top camera. 
 
 

 Trends from the Langmuir data were used to determine the impact that the 

charged S100 probe and its ion wake had on the plasma.  The changes in plasma 

parameters would have a direct impact on any dust grains, including equilibrium 

charge and floating height.  Unfortunately, the Langmuir probe itself alters the 

surrounding plasma making it imposable to measure the exact unperturbed 

plasma’s parameters.  However, the data collected can be taken as approximately 

correct and any trends that emerge can be examined. 

 The plasma potential (Vp) is examined.  In all cases the Vp has an overall 

decline as the S100 probe is brought closer to the Langmuir probe.  There does seem 

to be a small increase in this value as the two probes come into alignment at 2.7 mm 

apart (Fig. 5.8, 5.9). 
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FIG. 5.8. Change of Vp, measured by the Langmuir probe, as the S100 probe approaches while the cell 
is powered at 4 Watts.  

 
 

 
 

FIG. 5.9. Change of Vp, measured by the Langmuir probe, as the S100 probe approches while the cell 
is powered at 10 Watts. 
 
 

 Next, the floating potental (Vp) is examined.  A positive trend is exhibited in 

this case, with a slight dip in Vp when the probes are aligned(Fig. 5.10, 5.11).  
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FIG. 5.10. Change of Vf measured by the Langmuir probe as the S100 probe approaches while the cell 
is powered 4 Watts. 
 
 

 
 

FIG. 5.11. Change of Vf, measured by the Langmuir probe as the S100 probe approches while the cell 
is powered at 10 Watts. 
 
 

 Lastly, the electron tempature (Te) is tracked.  This also shows a downward 

trend with a slight rise at probe alignment (Fig. 5.12, 5.13). 
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FIG. 5.12. Change of Te measured by the Langmuir probe as the S100 probe approaches while the cell 
is powered at 4 Watts. 

 
 

 
 
FIG. 5.13. Change of Te measured by the Langmiur probe as the S100 probe approaches while the cell 
is powered at 10 Watts. 

 
 
 The probe clearly has an effect on the dust and plasma inside of the CASPER 

cell as seen by the trends that emerged from the data.  Explanations for these trends, 
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the relationships between them, and possible conclusions that can be drawn are 

discussed in detail in Chapter Six. 
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CHAPTER SIX 

Conclusions 

 
 Experimental data is only as good as the conclusions that can be drawn from 

it.  To this end, the data from previous chapters will be examined and compared to 

glean the effects of the S100 probe and possible directions for further work. 

 
Langmuir Probe Data Comparison 

 As can be seen in Figs 5.7 and 5.8, plasma potential data exhibits several 

features that remain consistent across all power and pressure combinations.  First, 

as seen in these figures there is a general trend for increasing Vp as the S100 probe 

approaches the Langmuir probe.  It is important to note that this is not a linear 

increase.  As the S100 is moved horizontally, Vp increases steadily until approaching 

vertical alignment with the Langmuir probe.  As the two align, the increase in Vp 

accelerates, then drops, creating a peak.  Vp then continues its previous continual 

rise as the probe is lowered vertically.  This behavior is best illustrated in Fig. 5.7 

with the 100 mT run.  The plasma potential starts at 43.2 V, rises to a peak of 46 V, 

drops to 44.1 V and then rises again to about 47 V. 

This rise in plasma potential is assumed to be due to the sheath around the 

S100 probe.  As explained in Chapter One, the sheath around a negatively charged 

object in a plasma possesses a net positive space charge.  As the S100 probe 

approaches, the Langmuir probe should begin to detect this net positive space 

charge as an increase in positive ion density which raises the local plasma potential. 
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FIG. 5.8. Change of Vp as the S100 probe aproches the Langmiur probe while the cell is powered at 4 
Watts.   

 
 
 An explanation for the local maximum value in Vp found in Figs 5.7 and 5.8 at 

probe alignment can be found by examining the wake field.  As discussed in Chapter 

Two (Fig. 2.5a), while in the sheath of a complex plasma, the ion wake downstream 

of an object will produce a region of lower potential directly behind it.  This is 

followed by a region with increased potential.  As the probes move into spatial 

alignment, the Langmuir probe is entering the increased potential region of the ion 

wake field produced by the S100 probe.  As the S100 is lowered, the Langmuir probe 

passes into the lowered potential region causing it to read a drop in plasma 

potential.  The possible path of the Langmuir probe in relation to the S100 robe tip 

is marked in red. 
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FIG. 2.5a Plot of Φ(r,z) with solid lines as negative equal potential lines and dotted lines having 
positive potential.  The dust grain is in the node at the origin on the far left.  (Cylindrical coordinates 
with down to the right in the graph.)  (Lampe, 2000) 

 

The floating potential behaves in the opposite manner, showing a gradual 

decrease in potential as the probe approach.  In contrast to Vp, Vf displays a local 

minimum as the probes align (Figs. 5.9, 5.10).  A decrease in Vf occurs any time the 

Langmuir probe is required to lower electron current and increase ion current in 

order to keep a zero net current.  This would seem to suggest that the average local 

electron velocity increases as the probes approach one another as veth is the largest 

factor in electron current.  This makes sense as local increases in the plasma 

potential would cause electrons to be accelerated in the region.  This might also 

explain the local minimum in Vf since it is located in the same place as the local 

maximum in Vp.  This is supported by the electron temperature which shows a 

gradual rise to a maximum at spatial alignment (Figs. 5.11, 5.12). 
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FIG. 5.10. Change of Vf measured by the Langmuir probe as the S100 probe approaches while the cell 
is powered 4 Watts. 

 

 

FIG. 5.12. Change of Te measured by the Langmuir probe as the S100 probe approaches while the cell 
is powered at 4 Watts. 
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Dust Grain Data 
 
 

Dust Crystal 
 

 As expected, the S100 probe develops a negative charge when 

inserted into the system as manifested by its repulsion of grains within a dust 

crystal.  As the probe is moved toward the dust crystal, a void is created which 

increases in size, even once the S100 probe tip passes through the plane formed by 

the crystal (Fig. 5.2).  The screening effect of the plasma prevents most interaction 

between objects more than a few Debye lengths away.  When the void first forms, 

only the S100 probe tip is within a few Debye lengths of the crystal and interacts 

with it.  As the probe continues to be lowered, more of the probe’s surface can be 

‘seen’ by the crystal, causing greater repulsion. 

 

 

FIG. 5.2 Radius of the void formed on the edge of a dust crystal as the S100 probe was lowered 
through it.  When the probe was all the way up at its starting position no void was present. 
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Two Dust Grains 
 
 As the S100 probe is lowered toward two individual dust grains, the distance 

between the probe tip and the grains quickly decrease before stabilizing at 4.5 mm 

and 5.2 mm (Fig. 5.5).  This occurs due to the S100 probe pushing the dust against 

the side of the potential well created by the cutout, where the forces from the probe 

and grains equal the horizontal force from the potential well. 

Examining the x-y plot of the particle’s positions (Fig. 5.4) as the probe 

approaches, several trends emerge.  As the probe begins to approach, both dust 

grains move vertically toward the probe with very little horizontal movement.  This 

implies that either the charge on the dust is becoming more negative due to changes 

in the local plasma from the S100 probe (increasing the electrostatic repulsion 

between the dust and the lower electrode), the S100 probe is attracting the dust, or 

some combination of the two.  As the probe continues to move deeper into the 

potential well, the dust begins to move both horizontally and vertically.  Once the 

distance between the probe and dust becomes constant, any movement in the 

vertical direction is probably caused by the dust being forced vertically along the 

side of the potential well produced by the cutout.  

Finally, the interparticle distance between the two grains exhibits a steady 

increase throughout the experiment (Fig. 5.6).  This is contrary to first expectations 

as the grains were trapped between the S100 probe and side of the potential well.  

This result would be best explained by an accumulation of additional negative 

charge on the dust grains. 
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FIG. 5.5. Distance between the S100 probe tip and each dust grain as the tip was lowered toward the 
lower electrode.  After the probe was moved a short distance the dust was allowed to come to 
equilibrium before photos were taken. 

 
 

 

FIG. 5.4 Particles’ position as the S100 probe is lowered toward the particles and lower electrode. 
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FIG. 5.6. Interparticle distance as the S100 probe approaches the lower electrode.  The dust grain was 
allowed to come to equilibrium before the photo was taken. 

 
 

Conclusions 
 
 This preliminary study has shown several interesting features of the S100 

that warrant future study.  First, the S100 probe appears to produce very large 

changes in the local plasma parameters, perhaps created by a strong wake field 

effect.  If so, the S100 could provide a method for both testing wake field theories 

and testing any subsequent plasma perturbation. 

 Second, increases in interparticle distance, the change in particle floating 

height, and a lowering of the local plasma floating potential all suggest the S100 

modifies the charge present on nearby objects in a complex plasma.  This may be 

useful as a method for testing the way that particles in a complex plasma interact 

with each other. 
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 Third, the S100 probe appears to be able to position particles within the 

potential well.  This ability could provide a new diagnostic for measuring and 

defining the potential well under different plasma operating conditions. 

 Finally, and most importantly, this study shows that the S100 can both 

survive and operate reliably within a complex plasma environment. 

 Possible future work for the S100 is nearly unlimited.  As a perturbation tool, 

studying a complex plasma’s response to one or more powered and/or unpowered 

probes, producing wake fields, electrostatic, or even electrodynamic fields, the S100 

provides a diagnostic system that could address many of the outstanding issues 

within complex plasma interactions.  Additionally, when used as a measurement 

probe (such as a Langmuir probe), the S100 allows determination of the local 

plasma properties anywhere within a plasma cell. 

The Zyvex S100 Nanomanipulator has proven itself both a solid diagnostic 

tool as well as an experimental platform for complex plasma study.  While there is 

much more work that needs to be done to properly understand the intricate nature 

of the probe/plasma/dust interaction process, the S100 Nanomanipulator has a 

promising and bright future in this complex plasma universe. 
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