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Executive Summary

The objective of this MQP wae complete the desigassemblyandtestof a dusty
plasma discharge chamber (DPDC) that would be usépewaluate the effect of dust
contamination on fundamental plasma properies 2) evaluate the effect of the plasma on dust
charge Theplasma popertiesnclude the electrotemperatur@and densit as well as th@lasma
potential. The charge acquired by the dust particles as a result of their passage through the

plasma environment could also be evaluated.

An MQP conducted during the 20@D08 acdemic year completed much of the design
andconstructiorof the major discharge chamber components. However, as with any complex
mechanical system, much testing and tuning of the design was necessary before all components
could be made to work together s@assly. This was the focus of this MQP. Three subsystems

in particular required significant adjustments.

The dust dispenser subsystem, designed to inject alumina particles into the plasma
environment, required major changes from the original design nfesivealed that the attempt
to use an offsemass vibrator motor, much like those found in cellular telephones, dispensed
dust in a fashion that was neither consistentgnoportionalto theappliedmotor voltage.
Consequently, it would be impossibleitave reasonably accurate knowledge of the mass flow
rate entering the chamber. This design was replaced by one that used a saletnoit:d by a
power transistor and signal generatoproduce a linear motiof he signal generator permits
accurate adjstment to the frequency of oscillation and thus the mass flow rate. This redesign

significantly improved the performance of the dust dispenser.



The Langmuir probe positioning system, designed to move one of the two instruments
into and out of the discharghamber, also required design improvements. The original design
used a sliding block of aluminum that simply rested on the rails used to support the chamber and
its associated hardware. This design was found to be unnecessarily prone to binding in these
tracks. Improvements included the use of a sliding block with notched ends milled to fit more

precisely in the support rails.

Finally, testing of the discharge chamber
revealed inconsistent results using the existimgmber design. To improve the ability of the
discharge chamber to start and sustain a plasma discharge, changes to the internal configuration
of the magnetic field and cathode were made. Both the upper and lower sets of magnets were
positioned behind steangs to shield the magnets from potentially harmful electron
impingement. The upper magnet ring was also set at ground potential to encourage travel of the
electrons through the main volume of the discharge chamber. The filament was similarly
shielded both to protect it and to prevent its light from obscuring any glow from a plasma

discharge.

The result of this MQP is a discharge chamber and instruments that are nearly ready for
full-scale vacuum testing. The chamber itself has a demonstratey tslitstain a plasma
discharge, and extensive testing has been completed on the majority of the remaining
components. This experimental hardware will be a valuable addition to future undergraduate and

graduate research at WPI.



Table of Contents

EXECULIVE SUMMIALY......iiiiieieiiiiiie i mres ettt e et e e e e e e e e emmme e e e e e e e e s s s s sssssba s s s amnms s s seeeeeeaeaaaaaaeeeenas I
TabIE Of CONEENLS.....oiiiiiiiiiii et rrmr e e e s et e e e e e s s nne e rmme e e e e nsseeeeeeeennnnnneesd i
(IS o) o0 =S SO PP O UPP PP iV
S o 0 = OSSR PSPUPPRSRI V
R [ 1 o o U o 1T o 1SS 1
P2 = - Tt (o |01 | o PP PPPEPPPPPPRP 3
2.1 Plasma PRYSICS.....cooi it eeme ettt e e e e e e e e e e as 3
2.1.1. Debye Shielding.......cccccuiiiiiiiiiiiieenceie e cmem et 3
2.1.2 Plasma TEMPEIATULES. .. .uuuueeeiiiiiieeeee et e e e e e e essssssssssesesamemsssseeeeeeeeasaeeesesssssammmsssns 5
2.2 DUSLY PlaSmMasS .. .uuuiiiiiiiiiiiiiee e e ettt smese e e e e e e e e e e e e e e e e s s e s s ammms s nebenreees 6]
2.2.1 Dusty Plasma Debye RaAIUS........cccuiiiiiiiiiiiime ettt vmmme e e e e e e e e e 6.
2.2.2 Characteristic Differences between Plasmas and Dusty Plasmas.................... 8
2.2.3 CharacCteriStiC FIEQUENCLES.........uuuriiiiiiiiiiieenreeeeeee e e e e e e e e s sssssnensssssareseeeeeeeeaaaeeeessn 8
2.2.4 Coulomb CouplignParameter & Crystallization..............ccvvvvviiiieemeieiieeeeeeee e 9.
2.3 INSHIUMENTALION ... ..uiiiii ittt emm et e e rmenr e e e e e s sab e e e e e e s bnnmee e e e e e e nsneee 10
2.3.1  DIAQNOSLICS. ..ciiiiiie i eem ettt e e e e e amr e e e e e e ———————————aaas 10
2.3.2  FACIHIIES. .ttt e e e e ns 15
A [T £ {01 o] = V2 TSRS 18
P2 T o1 o | gAY o TSP 27
2.6 lon Source Operation and OPtiMIZAtIONL.........cuuuieieeiiiieeeeee e e 33
2.7 Thermionic Cathode Emission: Theoretical PrediCtions...........cccccveeevviemeivveenennnns 39
G TN /=3 i o To (o] [0 |V 20 SRR PPPPRRP 42
G TNt R Y o] o = =1 LU £ TP 42
3.1.1 Probe POSItioNiNg SYSIEM.........cciiiiiiiiiiiiieee e srmemee e A2
3.1.2 Dust DiSPeNSING SYSIEML.....c.uuiiiiiiiieeiiiieee ettt rmmmr e e 48
3.1.3 Charge Detection Mass SPeCtrOMELEr.............eieiiiiiiicmieee e 58
I T = B 0 To = o PP a0

4. Plasma DiSCharge TeSHNG........uueiiiiieiiiiiim et reme e s rmnnree e 61



S Y=L | o T TP RRRPPPPPPN 61
T R I =T O PP PPRPRPRPPPPPP 6l
A.1.2  TESE TWQ ...ttt ettt e e e e e e mmma b e e e e e e e e e e e e e e e e e e e e e e e e n e nnnne 64
.2 RESUILS...coiiiiiiiiie ettt e ettt amm bbb e e e e e e aabbeee e e e e e 66
4.2.1 Plasma Generation WithOUt DUSL..........ccooiiiiiiiiiiec e 66
4.2.2 Dust Dispenser CalibratiQn............ccuuuiiiiiiiieemeiieiee e eee e 12
4.2.3 Probe Positioning System Calibratian...............cccooieemriiiiiiiiieeeee e 75
4.3 DISCUSSION.....ciiitiiiiie e ittt ettt et e e e ettt e e s emmmsssbeeeeeesssnsneeeeeessmmmsssseeeassssnnsnseeees il
2 o ] o 111 [ - TR 177
4.5 Recommendations for FUrther StUAY..........cccuveiiiiiiiieeeiieee e 7’7
LT (o (=] (=] o= PP UUPPPRR 81
Appendix A: Parts and SUPPIIEIS.........uuiiiieiiiiiiieee et e e s e e e emmmaas 84
List of Figures

Figure 1:
Figure 2:

Externayl Charged Spheres in Plasma...........ccuuviiieiiiemeiiiiee e memreeea e 4
Typical Current vs. Voltage Plot for Langmuir Probe.........c.ccccvvvviicceiiiieneeeens 11

Figure 3: Electron Temperature Calculation................ocvviieee i 12
Figure 4: Langmuir Probe...... ...t 13
Figure 5: CDMS INStrument IBroSS SECHON...........ooiiiiiiiiiiieemriiiiire e e e e e e e smmme e 14
Figure 6: Typical Plot of CDMS VOItaVs. TIMe.........uuuiiiiiiiiiiiiiiiiieee e eeeeee 15
Figure 7: Vacuum Test FaCIlity.......cccccuuriiiiiiiiiiieeeecee s mmms e e e e e e s 16
Figure 8: Roots blower time [apSe OPeration............uuuueeiiiiieeeeeeieeeeeeeeeessssesneneeveneeeeeeens 17
Figure 9: Cross Section of Cryopump DeSION.........ooiiiiiiiiiiieemeiiiirereer et e e e e e e e e e smmme e 18
Figure 10:Electrospray showing capillary, Taylor cone, jet, and Spray.........ccccccceeeesecmmenn.. 20
Figure 11: Onset of instability in ethylene glycol showing the &irom of the jet.................. 21
Figure 12: Electrospray device with mass SPeCIrOMELEL............uuuveiiiieemeeeeeieeeeeee e esiriiiies 23
Figure 13: Streamlines and equipotential lines for two {giomensionalized) flow rates....... 25
Figure 14: Cutaway of discharge chamber showing dust dispenser and.anade............. 29
Figure 15: Langmuir Probe Positioning System sliding on support.rails............c.cccooeeee. 30
Figure 16: Second Generation CDMS in cutaway and with enclosing tube removed....31

Figure 17
Figure 18

SEM Photograph of DUSt PartiCleS.........ccuuviveeiiiieeeeiee e 32
: Axial lon Source Design (Note: This experiment lacks an accelerator.grid.)..34


file:///C:\Documents%20and%20Settings\dasselin\Desktop\Dusty_Plasma_II_Final.docx%23_Toc225055283
file:///C:\Documents%20and%20Settings\dasselin\Desktop\Dusty_Plasma_II_Final.docx%23_Toc225055286

Figure 19: Plot of Current Emission vs. Temperature for Tungsten Filament.................. 41
Figure 20: Components of the Probe PoSitioning SYSLeM............oooiviiicciieeeiiee e 42
Figure 21: Probe Positioning System Stationary PartS...........occueeeiiemieeiiieeee e 43
Figure 22: Probe Positioning System Moving COmMpoNentS.........cccoccvvveevmmmveeesvveeesnnnnee . 44
Figure 23: Chambeside termination block with (left to right) threaded rod, termination bearing,
L= 0011 F= 1A o] o N o [ o <SS 45
Figure 24 Acmethreaded insert and moving probe blocK...........cooiiiiiieei i 45
Figure 25: Stepper Motor Controller BIOCK Diagram.............ccoooiiiimmmriiniiiiiiiieeeeee e e e e a7
Figure 26: Stepper Motor Controller Front Panel............coooiiiee e 47
Figure 27: Original Design for DUSt DISPENSEL.........uuiiiiiiiiiiii e eemrsssaeeeeed 48
Figure28: Test Apparatus for DUSE DISPENSEL........cciiiiiuiiiiiiicceeeiieeee e et e s emmmeeeeee s 50
Figure 29: Dust Mass Flow Rates vS. Motor VOItage. .........cccuuveeveeiicmeiieiee e 51
Figure 30: Power Supply and Transistor for DUuSt DISPERSEY.........ccoooiiiiiieeneeeeeiiiiieeaeennd 53
Figure 31: Dust Dispenser Control Circuit Diagram............cceeeiiiiimemreeeeeeriiieeee e e siveseneme s 54
Figure 32: SolenoigControlled DUSE DISPENSEN..........uuuiiiiiiiiiiiiece e eieeeee e e e emmme e 55
Figure 33: Dust Dispenser EXPlOded VIBW...........cuueiiiiiiiieeneeesiiiieeeeeessitiees s s ssiaeeae e e 56
Figure 34: Mass Flow Rate vs. Frequency for Solenoid Controlled Dust Dispenser........ 57
Figure 35: Particles per Second vs. Frequency for Solenoid Controlled Dust Dispenser58
Figure 36: CDMS AMPIfier CIFCUIL.........ooiiiiiieiiiiee s imemeee e 59
Figure 37: Oscillosope Display from CDMS TeSHNG.......uuuuiiiiiiiiiiiiiiieceee e e e eeessisvevinens 60
Figure 38: Discharge Chamber in VIE.........cccoiiiiiiiiceeeieeeeeeeee e 62
Figure 39: Electrical Schematic for TeSL.L.........ccooiiiiiiiiiiiemrciieeeee e 62
Figure 40: Electron Impingement 0N MagneLS............uuiiiiiiiiiimemeeeeeeeeeeeeeeeessssmessssnsnnsnens) 63
Figure 41:Modifications FOIHOWING TSt L......cuuiiiiiiiiiieeiii i 64
Figure 42: Electrical SchematiC fOr TESL.2.........ccooiiiiiiiiiicemecc e 65
Figure 43: Final Chamber TOP SeUR.... ...ttt eemr e r e e e e e e e e 66
Figure 44: Anode Current vs. Cathode Heater CUMENL. .........ooviveiiiiecce e 69
Figure 45: Anode Current vs. Anode Voltage (Gas QN .......couiuieeieeiirceiiieeeeeeeiiiieeee e 72
Figure 46: Example Dust Calibration Graph lllustrating Clumping (Motor voltage: 2.25\Vj4
Figure 47: Mass Flow Rate vs. FrequenayRedesigned Dust Dispenser (Solenoid Voltage: 5
LY OSSR SUPRRRPPRR 75
Figure 48: Hysteresis for Probe POSitioning SYStEM............ccviiiiiiimmmrieeee e eeieeeeees 76
Figure 49: Feedthroughs integrated with top of discharge chamber.................ccceeeeoo . 79
Figure 50: Disassembled feedthrough showing ceramic and steel washers.................... 79



vi

List of Tables

Table 1:Differences between standard and dusty plasmas............coovvveeecrieeeiniiee s 8.

Table 2: Work Functions for Selected EIeMEeNtS.............oeveiiiiiiemeiieee e eeieeeee e 40

Table 3: Configuration SUMIMALY........ccuiiiiiiiiieieeee e emmmee e ] 66

Table 4: RESUIS frOmM TeSE.L.....ooiiiiiiiiiee e ieemit et eemr et e e e bnemr e e e e 67

Table 5: Cathode vs. Anode Current for Test 2 (Anode Potential: 45 V, Gas Flow Rate: 17 sccm)
............................................................................................................................................... 68

Table 6: Anode Voltage vs. Current with Gas FIow QN..............oooiiieemrciiiiiiieeeeee e 71

Table 7: Motor Voltage VS. MassS FIOM...........ooiiiiiiiiiiieece e eieceme e 23



1. Introduction

Plasma physics is a growing area of research within the scientific community and within
aerospace disciplines due to its expanding importance in modern industrial and spacecraft
designs. It has applications in materials processing, fusion research, dombestarch, and
spacecrafpropulsion. A plasma consists of a collection of charged particles, including ions and
electrons, which exhibits two important properties. The first is quasineutrality, a condition which
results in the plasma beimgacroscopially neutral. This occurs becausedalized electric fields
are shielded within the plasma over short distances. The second property is collective behavior,
meaning that particles can influence the behavior of each other across space, without requiring
physicalcollisions to occur. This is fundamentally different from the ideal gas model for a
neutral gas, in which collisions between rigid sphemremassumedor one partle to exert a
force on anothefl]. Plasmas are able to interact via forces fromtetefields that do not
require direct contact. Plasmas are not a state of matter with which one customaalbtsnter
significant quantitiesCharged particles may be found in small quantities during combustion and
in rocket exhaust. More significanbrecentrations of charged particles are found in fusion
reactions, such as in the sun, and in spacecraft propulsion systems utilizing icr$Hourst
Earth, plasmas make up portions of the atmosphere, in gas discharge lamps, and in industrial

equipment sch as welding arcs.

In any practical application of plasmas, contamination from dust particles is inevitable.
Consequently, it is important to understand how these particles affect fundamental plasma
properties, such apeciegsemperature, ion density, drlectron density. As part of a Major

Qualifying Project in 20072008, a team at WPI constructedwsty plasmalischarge chamber



(DPDC)to be used in studying the effects of dust particle contamination on plasmas. The
discharge chamber permits a plastoanposed of argon ions to be generated and dust to be
introduced at a controlled ratew® instruments, a Langmuir probe and a charge detection mass
spectromete(CDMS), can beused to investigate properties of the plasma creatdtein

discharge chambeldsing both of these instruments, the basic properties of the plasma and the
dust particles can be discerned. This first MQP group had insufficient time to complete the entire
test apparatus and was unataeest the chamber becauseuodblems with thezacuum chamber

in which the DPDC was to be tested

The primary goals of this MQRereto complete the discharge chamber, the dust
dispensing system, and thangmuir probe positioning systeamd to gather data both for a
nearlydustfree plasma and for glasma with dust contaminatiohhe largest remaining task
from | ast vy ewastddesigMapdfabgaate a gystem for positioning a Langmuir

probe in thevacuumchamber using a stepper motor.

It is hoped that the completion of this experimgetds useful data in characterizing the
plasma environment in the presence of dust particle contamination and [wradismEharge
chambethat will have further uses applicable to plasma research. Furthetm®design for an
electrospray device that cae used to obtain similar data for liquid droplets in a plasma

environmenthould lay the groundwork for future enhancements of the test hardware



2. Background

2.1 Plasma Physics

A plasma is a collection of neutral and charged particles that still maintaimgegall
neutral charge and exhibits collective behavior. While all geseexperience a certain level of
ionization, not all gases are plasmas. The difference is that in an or@liearpom temperature)
gas,the ionization is very low and becausdluinteractions are dominated by collisions with
neutral speciesn plasmasall of the electrons and charged particles are free to move around and
interactas individual particlesThis can create regions of positively or negatively charged
particleswhile still maintaining no net charge, resulting in the plasma having quasineutrality.

The quasieutrality condition states that [2]:
&g = O Equation 1

where¢ o is the number density of electronggjs the charge state of the ions, anglis the

numberdensity of ions in the plasnja].

The collective behavior of a plasma means that the motion of the particles depends on
both the local conditionigke electric charge densigndon any externallyapplied fields that

affect the motion of the plasma as a whole.

2.1.1. Debye Shielding

Plasma induce ashielding of the electric fields of individually charged particles or of
surfaces held at some naero potential. When external potentials are appbea physical
surface immersed in a plasma (such as a prtbeplasmaeacs by forming a cloud of

oppositely charged particléisat shields the electric field near the surfaEer example, if a



sphere were placed in plasma and given an external positive charge, the positive charge would
attract free electrons in the plasma. The electrons would sutitbie positively charged ball,
thusshieldingthe electric field created by the ball. The opposite would happen if the sphere were

given a negative charge. This can be sedfiganrel below.

Figure 1: Externally Charged Spheres in Plasma

Ref [1] © 1984 Plenum Press. All Rights Reserved.

The cloud of charged particles tistields the fields commonly referred to assheath
and represents region of norcharge neutrality in which electric fields are rogra The
distance or radius from the site of the shielded particle or surface to the opposite edge of the
sheathis described in terms of a characteristic lerigtbwn as the Debye Leng(h},c). The
length isgivenby [2]:

_ kT 12 Equation 2
Lbe = Tee a [2]

2
wherer, is the permittivity of free spaceq = 8.85418 x 10 12 %), K is the Boltzmann

Constant (K=1.3806504x1F%), e is the elementary charg@$ 1.6022 x 10 1°C) T, is the

0



electron temperature, is the electron density in (number/cubic metek)sheath can be tens of

Debye lengths thick.

For a contained plasmimcal density variations caoccuron a lengthscalethat is
significantly less thathat of the containeiT herefore, to have a plasma (as defined by
guasineutralityhe density must be high enough such that the Debye Length is significantly less
than the dimensions of the system. This leaves the bulk of the plasma free of large electric
potentials, resulting ioverallneutrality. Thus, a criterion for having a plasmL}p.<< L,
where L is the length of the containHrthis condition were not satisfied, one would have a
container of interacting charged patrticles, but it would not exhibit charge neutrality and hence

not be considered a plasma as defined here.

A secand plasma criterion is that the number of particles gphere with a characteristic
radius equal tthe Debydengthhas to be much larger than one. The number of particles is
dependent upon the Deblength and the volume in which properties are beiegsuredThe

number of particles in a Debyphere i{1]:

N 3 .

Up =& Lbe Equation 3 [1]
wherely is the number of particles, n is the numbensityof particles.

2.1.2 Plasma Temperatures

Unlike the three familiar states of matter, it is common for plasmas to have several
different temperatures concurrently. Gas temperaturesmeaauref the average speeds of the
particles in the gas, and by extension the average kinetic energy @fsthd@lge average kinetic

energy of a gas id]:



Qu = 20"\( Equation 4 [1]

where K is the Boltzmann Constant, and T is the temperature. Since ions and ek¢sioas
independent speciés plasmas, they can have di#et average velocities, creating different

temperatures.

2.2 Dusty Plasmas

Dusty Plasmas are plasmas that contain charged particulates. They are found naturally in
pl aces | i ke comet s, pl anetary rings, hamd t he E
laboratories, rocket exhausts, thermonuclear fireballs, and in manufacturing processes. While the
dust grains in natural plasmas and artificial plasmas vary in size, the dust pdeitiesately
introducedn laboratory study are typically chosemhave specific dimensions or properties

The grain size can range from nanometers to millimeters and can be metaticonducting.

There are two classifications of plasmas wi
second is fna dluhset ydiplfaesmance i s based on their
the dust grain radius), average intergrain distance (a), and the plasma Debye Ragjys (

Dust in a plasma corresponds to the condition whgrelL }y<a, while a dusty plasma has the

conditionip<<a< L} . Dusty plasmas, like standard plasnhave overall net neutralii3].

2.2.1 Dusty Plasma Debye Radius

The Debye Radius in dusty plasmas is different from that in standard plasma. The ions
and the elecons, instead of only the electrons, now affect the radius. The equatibelige

Radius is now given bj2]:



LbeLbi
= et Equation 5 [2]
(L‘%e"'l-‘gi)
° 1/2
Lde = LanZe Equation 6 [2]
e
ok 12
Ly = L?feT' Equation 7 [2]

The variables are atlefinedthe sames forstandard plasmas, with the additionpfind
T;. To evaluate the Debye length in a dusty plasina,necessary tbnowthe values oh; and
Ne Values In manysituations (equilibrium),ie electron and ion densities obey the Boltzmann

distribution and thus are given by:

\ \ Qg .

gq= s-mexp(ﬁ) Equation 8 (2]
. . (orf Equation 9

&= E-0exp( ﬁg (2]
_ _ i i

0, = O;0exp( E) Equation 10 [2]

where¢ g and€-q are the electron and ion number densities far away fromp thea sctoad o rii
is the radiugneasured from the center of the cloud at the electrode sudiade; is thelocal
electricpotential of theplasma U is the potential at the center of the cldodmed around an
electrode surfac@ he potentiali; declinesvery quickly as theenter of the cloud is

approached. Therefore:



|im‘|ooui = Iimiool]ioexp

E =Ujq Equation 11 [2]

This means that the number densitieg dnd&-g are functions of the applied voltage.

This is expected because, as the applied voltage is increased, the number of oppositely charged

particles also increases accordingly to negate the applied charge.

2.2.2 Characteristic Differences between Plasmas and Dusty Plasmas

Along with the differences in Debye Radii for standard plasmas and dusty plasmas, there

are other key differences, such as crystallization and quasineutrality changes. The Table below

[2] lists some of the differences.

Table 1.1. The basic differences between electron—ion and dusty plasmas.

Characteristics

Electron—ion plasma

Dusty plasma

Quasi-neutrality condition
Massive particle charge
Charge dynamics
Massive particle mass
Plasma frequency
Debye radius

Particle size

E x By particle drift
Linear waves
Nonlinear effects
Interaction
Crystallization

Phase transition

nep = Zinio

qgi = Zie

g; = constant

my

Dpi

ADe

uniform

ion drift at low Bg
IAW, LHW, etc

IA solitons/shocks
repulsive only

no crystallization
no phase transition

Zgngo + neo = Zinio
lgal = Zge > g
dqq4/dt = net current
mq > mj

wpd K Wpi

Api K ADe

dust size distribution
dust drift at high Bg
DIAW, DAW, etc
DA/DIA solitons/shocks
attractive between grains
dust crystallization
phase transition

Table 1: Differences between standard and dusty plasmas

Ref[2] © 2001 Institute of Physics Publishing. All Rights Reserved.

2.2.3 Characteristic Frequencies

When a plasma is disturbed from equilibrium, it will react with a series of collective

motions to restorenechanicakquilibriumamong the distributed charged particldhese



motions have a natural frequency of oscillation that is known as the chastcteeiquency.
The frequencys differentfor ions, electrons and dust particl&sus, the total characteristic
frequency is a summation of the frequencies of its components. These frequencies can be

calculatedusing the following set of relations [2]

1 3 i Z@QZ Equation 12 [2]
1 o= 2 EQOQ%QZ Equation 13 [2]
aq
For standard plasmas:] # = Bi1 & =1 &4l %o Equation 14 2]
For dusty plasmas: 1 = B{1 & =1 §d f fo Equation 15 [2]

where] 4 is the characteristic frequency, ang is the characteristic frequency of the particular

particles in the plasma (s is i for ion, e for electron). This equation applies for both standard

plasmas and dusty plasmas.

2.2.4 Coulomb Coupling Parameter & Crystallization

The Coulomb couplingarameterdy) characterizethe possibility of duiscrystallization
in a plasmalt is defined as thdimensionlessatio of dust potential energy to dust thermal

energy. The parameter is calculatesing the following



10

o= Y = :1)?\@ exp ( E) Equation 16 [2]

where- g is the potential energy, amais the distance betweendavequally charged dust grains.
Dusty plasmas will have a tendency to crystallize wiggneaches a few hundred. When the
coupling parameter is this high, the plasma will have a tendency to organize itself from a

disordered gas phase to a condensed ghashkich the crystals will fornp2].

2.3 Instrumentation

2.3.1 Diagnostics

There are two main mebds of measuremensedto characterizeéhe test parameters in
this project. The first ithe use of an electrostatic or Langmuir probe to medberplasma
densityand temperaturd.he second ithe use of chargaletectionmass spectrometer (CDMS)

to measure the charge time dust particles which pass through the plasma.

2.3.1.1 Langmuir Probe

The Langmuir probe was developed by Nobel Prize winner Irving LangBjum 1924
to measure electron temperature, electric potential, electron density, and ion density. This is
accomplished by applying a bias voltage to a wire that is insulated everywhere but the tip, and
measuring the current flow. Although plasma propertey be measured usingstruments
with multiple probegLangmuir double, triple, or quadruple prohds) this workonly a single
probe we will be used to avoid unnecessary complexidiedsingtheory fromplasma physics,
the plasma density can be eehined from the current measurements over a range of voltages

from this single probe.
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Q= 2G (0 25 6% Equation 17
! a

whereljs is the ion saturation curremthich is to say regardless of further voltage change the
probe will not increase in currer®js the charge of an electram,is the unknown plasma
density,a is the length of the probd,is the diametemis the electron mass, ad; 3 Sis

the pdentialdifferencebetween the plasma atitat applied tahe probe$].

By sweeping the voltage and measuringitmesaturationcurrent, the previous equation
can be used to determine the plasma dengifijhe electron saturation currdatand ion
sauration current;s as well as th@lasmapotential \j, and floating potential Mof the plasma are

shown oran idealizeglot of current versus voltage Figure2 [5].

Figure 2: Typical Current vs. Voltage Plot for Langmuir Probe

Ref[5] © 2008 Worcester Polytechnic Institute. All Rights Reserved.

The region were the curve has zero slope at the lowest potential is the ion saturation
current.The zereslope region at the highest potential corresponds to the electron saturation

current.Saturation current in both cases represents the maximum flux of elections tnat
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the plasmawill maintainThe fAkneed i n t he thaupperé&ansitbretdzeroor r e s
slope occurs at the plasma potentvehere the curve intersedtse horizontal axis represents the

floating potential of the plasma. At this pgithe electron and ion currergsthe probe are equal

[5]. Furthermore, once these parameters have been determined, it is possible to calculate the
electron temperatures The ion saturation current is subtracted from the total probe current and
plotted versus the probe bias voltage on a semilog pla slope of the region of exponential

growth is equal t&) ('OY¥) whereQis the fundamental electron charge &g the Boltzmann

constant§]. An example graph showing this calculation appeafsguare3.

4
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Figure 3: Electron Temperature Calculation

Ref [4] © David Pace. All Rights Reserved.
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The probe constructed for this experimisnshown inFigure4. It consists of a steel outer
tube bent into a 90° elbowWhis steel tube supports, via a Swagelok connection, a dtobe
alumina rod that iactually inserted into the plasma environment. A tungsten wire runs through
the alumina rod anig allowed to protrude approximately 3 mm into the plasma only at the very
tip of the probeThe tungsten is otherwise electrically insulated from the plasntiaebglumina.
Inside the alumin&od, the tungsten wire makes contact with a piece of magnet wire; it is this

magnetwire which is connected to the source meter

Alumina
Steel rod
tube
Swagelok

Figure 4: Langmuir Probe

2.3.1.2 Charge Detection Mass Spectrometer

Using a charge detection mass spectrometer (CDMS), the characteristics of the dust
particles that traverse the plasma environment may be determime@DMS used in this work
represents a variation on earlier gdas of inductive charge detectoiidhe basic deviceonsists
of a retarding screen and charge sensor tube of known lékgthss section of the instrument
showing the sensor tube and collimating aperture, which guides the particles into the instrument,

is shown inFigure5.
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Isolation
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Droplet
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Figure 5: CDMS Instrument in Cross Section

Ref[7] © 2007 AIAA. All Rights Reserved.

When the patrticle travels through the detection tube, the vahadgeed through the
amplifier circuitto ground from the current induced in the tube is plotted as a function of time.
Due to thdow level ofinduced chargéhe dust particle creates pagsthrough the tube, an

amplifier circuit must be used. This amplifier circuitroduces some noise into the system

Figure6 shows a typical plot of the output from the CDN&% This curve has two
distinct peaksThe first peak corresponds to the entry of the dust particle into the sensor tube and
the second to the exit of the pamihgithetaainf r om
this plot, the charge of the particle may be determimée time of flight may be determined by

measuring the interval between the peaks.

t

t



Croplet Charge lmprint

025 :
P s SRR e (AP SO ST Ii.i ............ )
015 “lf 7
L R e R R T l, e -
% 10 Y TR EE TR P P PP PP I‘ .\ -

" o
N2 I 1 ! i 1 1 1 ! 1
¥ 1000 2070 3000 4000 <000 B0DD 7000 8032 9000 10000

Time [ricroseconds)

Figure 6: Typical Plot of CDMS Voltage vs. Time

Ref[5] © 2008 WorcestePolytechnic Institute. All Rights Reserved.

The charge of the dust particle is determined fExpationl8.

N=3nog v Equation 18

whereq is the charge of the particl®; is the voltage from the grapthandt; are the first and
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last time the voltage drops below the noise voltage,%andlsed to incorporate the average of

the signal entrance and exit for better dateuaacy[7]. The result of this calculation is the

charge orthe dust particle in coulombs.

2.3.2 Facilities

Many experimentally generated plass®reat low pressured his is done so that the
required energy input is of a practical magnitubeus, vacuum chambers must be used to
conduct experiments. For this experiment, the Vacuum Test Facility (Mc&ed in Higgins

Lab wasusedThis5 0 0 x 7 2 ochampér is cagablé af @High vacuwith a base
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pressure in the mitl0” torr range[8] and is large enough to contain sty plasma discharge
chamberThe VTF is shown irFigure?. In order to achieve this vacuum, three methods of

pumpingareused

Figure 7: Vacuum Test Facility

Pumping dowrthe chamber from atmospheric pressure of 760 torr downdo is
fairly simple and uses a piston pump. Piston pumps are effective at quickly removing large
amounts of air from a vacuum chamber. They are used first to allow the operation of other

pumps which cannot handle tgasload at atmospheric pressure.
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The second stage involves operation &omts
blower which is an interlocking gedike mechanism on

two counterrotating shafts tdorce the air from the

chamber. These shafts spin at speeds of more than threg

thousand revolutions per minute. The clearance betweeN
]

lobes is0.2to 0.6 mm[10]. If operatedat atmospheric
Figure 8: Roots blower time lapse

pressure, the work load would be too great and the roots operation

_ Ref[9] © 2008 Chemtech Services. Al
blower wauld overheat. Roots blowers are only effective ¢ Rignhts Reserved.
pressures less th&0 torr and greater than 50 millitorr. At

lower pressures, oil begins to backstream, and the power required to operate the pump is

prohibitive at higher pressureBhe operation of a Roots blower is showrFigure8.

At pressures below 50 millitarthe cryopump takes over and brings the pressure down as
low as 10’ torr. A cryopump operates biyeezing(or trapping)the gasmoleculesn the
chamber. A set of plates is cooled as lowta&elvin usinga helium refrigeratolWhen a
molecule comes into contact with the plates it is condensed; the temperature is brought below its
boiling point and the molecule effectivelyremoved from the chamb@rrther lowering the

pressurgll].
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Figure 9: Cross Section of Cryopump Design

Ref[12] © 2009PHPK TechnologiesAll Rights Reserved.

2.4  Electrospray

Processes common in laboratory and industrial settings frequently recpiraysoffine
liquid droplets to be delivered in precise and often small volumes. For many applications, the
best source of these droplets is an electrospray. Such a devicaoisgkctric fields to
exploit an instabilityin liquids which permits jets of varying sizes and volumes to be produced
simply and efficiently. Electrosprays have applications in fields as varied as painting, silicon
circuitry production, mass spectrometf organic molecules, and thpmication of insecticides
[13]. This technique is unique in that it spans a vast range of scales, from nanotechnology to

macroscopic coating applications.

Electrospray is important to this research because it provideamsmédelivering
carefully controlled volumes of liquid droplets to our plasma discharge chambervdurid
enablethe effect of a plasma environment on liquids, a situation that occurs in practice when

studying the propgéies of hydrocarbon combustiam, be determined’he more conventional
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delivery of liquid fuel droplets in this case is through an atomization procedumrg nozzles or
other mechanical injectarBy using an electrospray, it is possible to control the size of the
droplets introducecdhto the plasma emonment.Control over the size of the droplets introduced

will make the determination of other effects from the plasma easier to discern.

The first true electrospray effect was observed in 1914 by John Zé&lghgnd further
described in the 1960s by Sir Geoffrey TaylB]. It is for the latterthat the Taylor cone, a
distinguishing feature in electrospray production, has been named. In a typical electrospray
device, a higlvoltage is applied to a liquid in a sthcapillary. Charges on the surface of the
liquid cause the liquid to form a coshaped structure, the Taylor cone. The conical shape
increases the maximum chargpat the liquid can sustajti4]. From the narrow jet formed by
the Taylor cone, the ligdidropletsare formed due to flow instabilities within the jet. Droplet
breakupmaythen occudue to the repulsive force of the electric field. This effect is enhanced by
evaporation of the liquid droplets; the result is a higher charge density whicls thek€oulomb
force yet more effective in repellinge droplet$13]. Thisfissile mechanisnmas bee termed a
ACoul ombi 6[15. A lquicbdsoplet that has begun to experience such breakup is said
to have reached the Rayleigh lifilt5]. A photogaph of a functioning electrospray appears in

FigurelO.
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Figure 10: Electrospray showing capillary, Taylor cone, jet, andspray
Ref.[16] © 2006 Journal of Fluid Mechanics
Liquids are normally constrained and cohere through surface teffdioa.droplets
composing the liquid are charged, an external electric field can exert a force on thetliiguid. |
possible for the electric repulsive forceexceedhe attractive force of surface tension. In 1882
Lord Rayleigh observed that the application of a sufficiently strong electric fielddoducting
liquid would cause the liqd to form a jet Theproduction of a jet of liquid droplets as a result of
this effectwas described by Zeleny in 19)#3]. Liquids used in electrospray must be
electrically conducting to permit thkuid to acquire a charge and carry a current through the jet
and resulting gray.Various ionic liquids and mixtures acemmonlyused inelectrosprays.
Rayleigh defined a parameter called the fissility, which describes the probability that a liquid
sample will disintegrate through this effect. Fissility is the ratio of Coulomsbggrto twice the

surface energy and is definad follows

h2
" _ n _
w - 64“ Y _Olw Equatlon 19
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where qis the charge applied to the drople¥ds the droplet radiusy is the permittivity of
vacuumands is the surface tensiofiL3]. For values ofX greater than 1, the chance of a liquid
sample disintegrating increases as the electric force becomes larger than tleetsnsi@rjl3].

While Rayleigh believed thach disintegration would occur for values Xf muchgreater than

1, some studies have also shown disintegration at values as adow ds Achtzehn and his
colleagues at the Institut fur Physik in llmenau, Germ§hgj, observed thelisintegration

processn ethylene glycol droplets. They determined thatdhset of instabilityvas

independent of droplet size and temperature. They were also able to take photographs showing

thebeginning of droplet fissiarj17] The figure shows a droplet with a jet beginning to form.

Figure 11: Onset of instability in ethylene glycolshowing the formation of the jet

Ref.[17] © 2005 European Physical Journal. All Rights Reserved

Electrosprays have extensive applications in a wide variety of fields. Having more

precise control over liquid droplet size would enable optimization of processes such as fuel



