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Abstract

Laser Induced FluorescenceStudies of Electrostatic Double Layers in ExpandindHelicon

Plasma

JerryCarr Jr.

We report the first evidence of a laboratory double layer (DL) collapsing in the presence
of an instability studi¢ by Chakraborty Thakur et al.with the use of time resolved laser
induced fluorescence (LIF) studies. Higher time resolution stuthen provided the first
statistically validated proof of the correlation between the ion acoustic instability and a DL.
Time-frequency analysis in the form of time resolved cross power spectra and continuous
wavelet transforms were used to provide insiglho beam formation. The implications of this
work is that in the creation of strong DLs in expanding plasmas for plasma propulsion or other

applications may be seliimited through instability growth.

Over the past decade, experimental and theoretttadies have demonstrated the
formation of stable, electrostatic, currdréde double layers (CFDLS) in plasmas with a strong
density gradient; typically a result of a divergent magnetic field. In this work, we present
evidence for the formation of multgldouble layers within a single divergent magnetic field
structure. Downstream of the divergent magnetic field, multiple accelerated ion populations are
observed through laser induced fluorescence measurements of the ion velocity distribution
function. Theformation of the multiple double layer structure is a strong function of the neutral
gas pressure in the experiment. The similarity of the accelerated ion populations observed in

these laboratory experiments to ion populations observed in reconnecfiow aagions in the



magnetosphere and in numerical simulations is also described. If ion energization during
magnetic reconnection also results solely from acceleration in electric fields, these observations
imply a prediction that the ion heating, i.¢ne tbroadening of ion velocity distribution functions,

reported in magnetic reconnection experiments is more accurately described by a superposition

of differently accelerated ion populations. T
should scke as the square root of the cube of the charge per unit fpgss * for ions with

varying chargeo-mass ratios.

A new RFEA probe was benchmarked on the low pressure CFDL plasmas produced in
WVU HELIX-LEIA. This work was the result of collaboratidmetween the University of
Tromsg (UiT) and WVU. LIF was used to confirm the RFEAS ability to detect a beam when one
was present. The RFEA was also able to detect the presence of a beam when LIF techniques
were | imited by met as tinathatibns in dealegwvdtt ionnfarusinglaltee pr o

discussed as well.

! S. Chakraborty Thakur, Z. Harvey, I. A. Biloiu, A. Hansen, R. A. Hardin, W. S. Przybysz, and

E. E. Scime, Phys. Rev. Lett., 102, 035004 (2009).
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Chapter 1. Introduction

The research presented here focumeslouble layergDL) which have been shown to
occur in both space and laboratory plasmBhe goal of this investigation was conduct
additional studies omlouble layer formationFields such asspace propulsion haveenefited
from past DL research with the invention and validation of the helicon double layer thruster
(HDLT).! Still, challenges remain that stem from not fully understanding the mechanism of DL
generationThe observation of U shaped potential&n expanding helicon deviceimpliesthat
one dimensional modelsf DL formation must be replaced entirely with muttimensional
models® Current freedouble layer (CFDL) researatontinues to provide opportunitidsr the

plasmaphysicscommunityto expand its understanding of sheattated physics

This dissertationencompasses both the development and enhancement of diagnostic
methods as well as explorations of fundamental phykistabilitiesthat govern the appearance
of a DL*! (as evidenced by the presencenfaccelerated beam of idmgere explored in greater
detail with new time-frequency analysignethods A new, modular retarding field energy
analyzer (RFEA) probe was also benchmarl@wblingDLs to be studied withouhe issues

associated with metastable quenching that interfere with laser induced fluorescence techniques

These investigatiors also raised qustions regardingprevious observationsin space
plasmaswhere multiple accelerated ion populatioase typically attributed tomagnetic
reconnection.These observations suggest thaservations of ion heatinguring magnetic

reconnectionmay not beevidence oftrue irreversible heating@and might, instead, reflect



averaging overn compex collection of double layersThus, more caution must be used when
analyzing ion velocitydistribution measurements from systems in which magnetic reconnection

occurin regions of divergent magnetic fields.

The rest othis chapter provides amverviewof doublelayerswith a particular focusn
current free double layer§CFDLSs). Relevant bservations of CFDLs in both space and
laboratoryare discussed ipreparation for explaing thenew obserationspresentedn Chapter
5. For example, the THEMIS satellite array, which is designedtoudy subst or ms i n
magnetospheraecently detected the presence of Dishe plasma sheeln the same regig
complexion beam structureare observed by plasma instruments aboard THEMIS. These ion
beam structureare currently attribute to magnetic reconnection eventghich are identified in
magnetic field measurement®ur laboatory observations will showhat caution shouldbe
applied wherinterpreting complex ion beam structures as evidence of magnetic reconnection if
other substantiating measurements are unavail@ilapter 3 covers the diagnostics used to
gather the data while Chapter 4 provides a ildetadescriptionof the signal processing
techniques employetbr time resolved measuremen®. summary of the major results and

suggestions for future woikre presented in Chapter 6

1.1 Double Layers

In its simplest form, a double layer (DL) consistdwo spatially separated charge layers,
one positive and one negative. A DL acts very much like a sheath. However, whereas a
conventional sheath appears at the surface of an object inserted into the plasma or at the plasma

boundary, a DL is a freestandistructure that can appear anywhere within the plasigare



1.1 shows a schematic of a DL frdnl o ¢ k 6 sarticle®rv double layer§ Note that even in
guastneutral plasma, quaskeutrality is violated within the DL. Whereas a sheath at a boundary
is roughly a Debye length thick, DL thicknesses are predicted to hie50times the Debye
length® The Debye length iss measure of the shielding distance or thickness of a sheath and is

defined as

h (1.2)

where is the permittivity of free spacéQ is the Boltzmann constarity is the electron
temperaturet is the plasma density, aifis elementary unit of chardeDLs often separate
regions of plasma with widely different densities and temperatures and are an important
mechanism for the acceleration of charged particles along magnetic fieldsomatoryand

astrophysical plasmas.
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Figure 1.1 A cartoon showing thpotential, electric field and space chatiy@ugh adouble layerFigure obtained

from Ref. f].

Since 2002, several laboratory experiments have reported observations of spontaneous
formation of current free double layers (CFDLs) in expanding plasmas with a diverging
magnetic field?®**?These DLs are consi der aacurfentisr r ent
injected into the plasmalnstead, the DIspontaneously appears at low pressures in divergent

magnetic field regions

Through decades of 4situ measurements, CFDLs or other mdignigeld aligned electric

fields have been identified as a source of precipitating ele¢trang upwelling ion¥'in the



Earthos magnetosphere. Il n space and | aborator
by a population of accelerated iooselectronsor direct measurements of the electric potential
structure. In ion energy distribution function measurements by spacecraft, CFDLs have been

identified in magnetospheric regions ranging from the auroral zone to the plasma sheet.

DL review articles often focus on specific stiopics within the broader DL research
area Raadd®'’ for example, addressedte basic physicof DLs throughlaboratory measure
ments andnoted implications for space and astrophysical plasmmash as the presence of
instabilities in both Hershkowitd s  r '‘&fecusedworearly laboratory experimentglizer and
Hora'® focused on rarefaction shock8harles et af® reviewed additional laboratory measure
ments that emphasized the new discovery GFDLs in expanding helicon plasma devices.
Si n gvarp ecentreview' focused on explaining basic plasmeocesses found in CFDL
formation while also discussing significant koratory experiments, simulations and space

observations.

1.2 Space bservations ofCurrent Free Double layers

Recentmeasurements from thEHEMIS satelliteshave establisked the prevalence of
double layersn the plasma sheethe plasma sheeshown in Fig. 1.2is arelatively speaking
high densitycollisionlessplasmaregionin theecliptic at the earthward end of the magnetdtail.
lon temperaturei the plasma sheet are5 10’ K. Fig. 1.3 shows the location of the THEMIS
(Time History of Events and Macroscale Interactions during Subst@rabesi n t he Ear tfh
magnetospherdhe THEMIS missionwhich includes five identical satellitesas designed to

examine the nature of the impulsive events that release solar wind energy stored within the



Eart hds RiOminapdgees af thé satellites (imits of Earth radiiRe) are 10 (probe
A), 12 (probes D and EPRO (probe C)and 30 (Probe B)Each spacecraft isquipped with

electron and ion analyzers, a thieas electric field instrument, and magnetometers.

Plasma mantie
North Lobe
Magnetotal

Neutral point

Solar Wind

——
.
—_—

Magnetotal
Bow Shock '/ South Lobe

Plasmasphere

Magnetosheath

Figure 1.2 Cartoon ofh e E amagnéid®here. Note thazation of the plasma sheetigurecourtesy of ESA/C.

T. Russell
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Figure 13. THEMI S satellites in their Bapositignor thdaailsidemfthé i g

reconnection site. (Courtesy of NASA).

Evidencefor DLs in the plasma sheet is shown in Figall.4d. The data showwo
burstybulk flow evens recorded on 24 Mar 2003 with THEMIS ProbeErent 1 was recorded
at 8192 samples/ghe high time resolution settir{§ig 14a-1.4c). Event 2 was recorded aly
128 samples/s (Fig 4d). The parallel component of thelectric field G, and two components
of the perpendicular electric field are showrig 1.4a-1.4c asmeasuredvith three orthogonal
dipole antennasThe G measurementh®ws strong turbulencdrom -0.05 to 0.10seconds
followed by a smooth ramping tocanstantlectricfield. Theconstant value o® persists from
0.12 to 0.14econdsErgunet al. (2009)refer to theunipolar'G structure adjacent to a turbulent
regionas afisignaturé and points out that this signature is identicahtose identified adouble

layers in the auroral ionosphéere.
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Figure 1.4. (a) Parallel electric field sampled 8192 Hzduring Event 1. (b) and (c) are the perpendicular electri
field. (d) Parallel electric field sampled at 188 during Event 2(e) and(f ) are the kctron energy flux and

parallel electric fieldbf an auroralDL sampledat32768Hz. Figure adapteffom Ref. [L5].

Fig. 1.4e-1.4f is a measurement ofRL in the auroral ionosphem@btained bythe FAST
(Fast Auroral SnapshoT) spacecraft for comparison to the plasma sheet data. TheteAgT s

measuree | ect romagnetic fields and charged®partic



The FAST satellite wasn a neatpolar orbit withan 83 inclination, a 350 km perigeeand a
4175 km apogee. Th&AST satellite instrument complement includedlectran and ion
spectrographs3-axis electricand magnetic fieldnstruments* The electric field instruments
detectedan electrorbeam(Fig. 14e) consistent witha double layeilike potentialstructure (Fig
1.4f), confirming the presence of an auroral double lay&@he THEMIS electric field

observations in the plasma shdmsiplay thesame characteristics

Ergun et al.(2009) then dedua# the detection of tens of DLs throughout the plasma
sheet in spite of the fact that THE®Ibnly has the ability to recomith highestresolution for
only 0.05% of the orbitPrevious esearchersadexpected that the observation of DLs showdd b
statistically rare since thBLs occupya very small spatial volumi@ the magnetospher&hus,
Ergun et al.(2009) concludedthat DLsoccur frequently in the plasma sheet duringagnetic

activity.”

1.3 Laboratory Studies of Double Layers

Nearly d recent laboratory Dlexperimentshave been performed inelicon plasma
devices.As stated previous|yCharles et af® and SingH{' provide a thorough review of recent
CFDL experimentsChakraborty Thakuprovides a thorough review of DL experiments ptor
2010 at WVU® Herea few recent developments in laboratory DL experiments are reviewed as
well as one of the theoretical models proposed as an explanation for the laboratory DL
observationsThe focuswill be on experimental results along withceudemodel that doesot
completely explainour multiple DL laboratory observations. Howevdre tmodel doesffer a

possible explanation for the source of multiple double layand the analysis of the
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measurements includes suggestifmrsuture investigationshat might more clearly identify the

physical processes that create the complex ion velocity distribution functions (IVDFs)

1.3.1Current Free Double Layer Observations at ANU

Having obtained some of the first measurements of CFDLs in the laborataryaove
decade ago,ht Space Plasma, Power and Propulsion Group, at the Australian National
University (ANU) recently moved on t®L experimens designedto investigate similar DL
geometries as those exploriey the FAST satellité® A schematic of the experimentabevice
known as CHI KUNGs show in Fig. 15. The CHIKUNG sketchprovides a general sense of
how helicon plasma sources with expansion regions are confifjdiieel.dimensions vary by
device (WVU helicon sourcds much larger) The expansion geometry sets up an abruptly

diverging magnetic field aftexuniform magnetic field in the source region.

x-axis (cm)

RF antenna

0 10 20 30 40 50 60
z—axis (cm)
Figure 15. Schematic of the CHI KUNG expanding plasma deviié diverging magnetic field lines. Diagnostic

include the RFEA and rf compensateahigmuir probeThe parabola shown by a solid line near the exit of the

plasma source is the low potential edge of the Biyure obtained from Ref3].
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Shown inFig 16ais the auroral model used to evaluate the path of the FAST satellite as
it travelled through the downward current regidhe downward current region eharacterized
by parallel electric fields which produce asairthward energetic electron fluxes (up to several
keV) carrying the fdownw# Fid.d.6bshowsrtheerperimental t h e
configuration used by the ANU grouphe probe patithrough the DL in the divergent magnetic
field at the end of the source amalogous to the path of tisatellite. The U shaped potential
structureidentified by Ergun et al.(2003)demonstratethat DLs can exist in weakly converging
magnetic fields.For the ANU experiments, a retarding field energy analyzer (RFEA) probe,
described in greater detail @hapter 3, maped out the ion beam current and the plasma
potential in the plasma. With the RFEA, the ANU group obtained the 2D equipotential and ion
density contours shown in Figure71The double layer extends between the 46 V and 36 V
contours in Fig a with the red line providing a contour fit to the low potential side. The ion
density profile (Fig. IZb) shows that the areas of greatest density are located along the most
divergent magnetic field lind hus, the ANUaboratoy experiments confirmedata U shaped

DL structurecan be created in the laboratory wittveakly diverging magnetic field

a
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B) Laboratory

A) Space

Plasma source

Magnetosphere

Path 2

Plasma expansion

Auroral cavity

Figure 1.6. A schematic interpreting the observations from (a) the FAST satellite traveling through the down\

current region’Q represents the downward accelerated ion cu¢rithe laboratory probe traversing the

experimental double laygfigure obtained from Ref2].
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Figure 1.7. (a) 2D equipotential contours measured with the RFEA. The DL extends between the 36 and 46
contours. The solid parabolic line represents a fit of the 36 V contour which is the low potential edge-of the |
shaped currertree double layer. The solid divengj line shows the most diverging magnetic field line exiting th

source(b) 2D contours of the ion density measured with the RFEA. Figure obtained fron3,Bf. [

1.3.2 (FDLs in Expanding Helicon PlasmasTheory

The one dimensionalDL theory created byiebermanand Charlesvas proposed to
explain theearly onedimensionalCFDL measurement&?’ Their diffusioncontrolled model
coupled the dynamics of the particles in the-nentral DL to the diffusive flows of the quasi

neutral plasma in the source and expansion chambers. To ensure that the DL wa$eeriant
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addition to the conventional dio DL populations descrileby Andrews and Alle® the model
required anothepopulationof counterstreaming electra) formed by the reflection of almost

all of the accelerated electrons from the sheath at the insulated end wall of the source chamber.
Several published accounts from the WVU Helicon Plasma Group have reported increased levels

of upstream ionization during the observation of a DL consistent with this tfreGry.

Singh arguesin his review article thathis diffusion controlled modeis of limited
validity because while itnay be able to explain the parallel potential drop in the observed U
shape double layer,it does not explairthe perpendicular potential dréfBSingh bases his
argument on an analysis afagnetization and transit time& particled gyromotion about a

magnetic field linas descritablewith a cyclotronmotion ofperiod

G ¢ra .
i gs’ (1.2
andradius the Larmor radiusof
” a U F]
N D (1.3

wherei denotes species, 22 fis the cyclotron frequency of trdenoted species, is the

mass/ is the charge of the specié€s,is the magnetic field strength andis the velocity

component perpendicular to the magnetic field (in this case the thermal veldcity).
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Using data provided bZharles et al*® Singh compares the time it takes to transverse
the parallel DL to the cyclotroperiod, a measuref diow much influence the background
magnetic field has on particle.For the CHI KUNG experiment, the ionareunmagnetized and
the electrons are highly magnetized. The difference in magnetization implies that when the
electrons exit the source, they will quickly follow tdirerging magnet field, and themttract
ions through a seitonsistentperpendicular elgric field, setting up the large conical structure

shown inFig. 1.7b.

Singh argues that when perpendicular electric fields develop near density gradients due to
differing electron and ion Larmor radii, the perpendicular electric fields are shorted out by
conducting boundaries in a laboratory plasma. The resulting paratielfield may then be
localized at a single DL or be spread out across multiple Bicggh makes the claim th#te
perpendicular electric field is the source of the potential drop that drives the CFDL in an

expanding helicon sourde.

For the WVU expanding helicon device during typical fiudies the upstream magnetic
field is 7 X 10° Tesla, the thermal temperatures ‘afe 0.2eV andY ~ 0.6 eV, and the parallel
scale lengthof the DL is ~ 30 cm. Using this information along with the mass of the argon ion
and an electron in Eg.2and Eq. 13, the cyclotron period for the ions and electronstare 37

‘s andt ~ 0.5 ns respectively. From the temperatures, the thermal velocities for the ions and

electrons are ~ 690 m/s and ~* s, giving parallel double layer transit timés ~ 430" |
andt ~ 290 ns. Unlike the CHI KUNG experimeiipth ions and electrons are considered
magnetized but the electrons are much more magnetized, { andt <<t ). The

fact that both species are magnetized in the
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perpendicular electric field is the driving force to all CFDL helicon sources. The ions are likely
to follow the magnetic field lines into the double layer along with electrons. Consequently, the
Liebermanand Charles diffusion controlled model useddhakmaborty Thakur et alto explain
upstream ionization has more validity in WVU expanding helicon plasma source. What is also
true, however, is that the ion Larmor radids: ( 4 mm at the beginning of the DL, ~ 10 cm at

the low potential side) may bmuibgantial enough for the ions to sample some of these other

nonparallel potentials that may be present in the DL.

1.3.3Double Layer Laboratory Studies at WVU

The WVU HeliconPlasma Grouphas also made substantial contributions to CFDL
laboratory researchChakraborty Thaku and Scime et af' provide a thoroughewiew of
previousWVU researchSun et af? provided thefirst published observation of supersoioo
flowsinWvVUbGs expandi ng dnewas ollowed @y xnpre defailed abgervations
of a CFDLthat are describeid Ref [10]. This presentwork finds isinspiration largely in trying
to go beyondthe studies published iBiloiu et al®>* and Chakraborty Thakur et & A brief
synopsis of those studies will be given here, \wsfbcificfacets reviewedh the relevant portions

of Chapter 5.

Chakraborty Thakuet al?® performed a series gbivotal experiments thainvestigated
the effect of onlychanging the antenna frequency on the formation of the ion beams downstream
of a low pressure expanding helicon argon plasma. All other source parameters such as the
magnetic field in the source and expansion chambers, the popglied to the driving aetina

and the neutral gas pressure were held fixed. The velocity ofothdeam in the source
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(upstream, black squares) and in the diffusion charfdmwunstream, red circlesy shown as a
function ofthe antennafrequency in Fig1.8. Above the antenna frequency threshold of 11.5
MHz, the ion beam appears downstream of the plasma source and the beam velocity decreases
with increasing driving frequency. The decrease in downstream ion beam velocity with
increasing driving frequency sugg¢eshat the ion beam velocity would be even larger at lower
driving frequencies if whatever mechanism that prevents ion beam formation cappezrat
theantenna frequency of 11.5 MH&n electrostatic double probe was also used to measure the
frequencyspectrum of the electric field fluctuations for plasmas with and without a stable double
layer. The electrostatic fluctuation measurements pointed to a-th@zen, ion acoustic

instability as the mechanism responsible for suppression of the DL at lemnarfrequencies.
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Figure 1.8. Upstream (black squares) and downstream (red circles) ion beam velocity versus antenna freque
The velocities have been corrected for Zeeman shifts and the angle of the downstream LIF probe. The dowi

ion beam vanishes for lower antenna frequendigyure obtained from ReR9].

We suggest the following interpretation of these observations. At antenna frequencies
below 11.%12 MHz, a strong DL forms and accelerates an ion beam to velocities greater than
the sound speed. The accelerated ion and electron beam currents exceedhcdd tioes
excitation of a currendriven instability and large electrostatic fluctuations develop; thereby
destroying the strong potential gradient necessary for the DL and the DL collapses. The
instabilities appear as large amplitude noise on Langmuirepesil RFEA measurements in
steadystate discharges. The DL is stronger (the relative intensity of the ion beam is larger and
the ion beam velocity is larger) at lower antenna frequencies because the coupling of rf energy
into the plasma improves at lowentanna frequencies. Thus, it is at the higher antenna

frequencies that the ion beam persists in both the pulsed and-statglischarges.

Once the rf power coupling efficiency drops at higher antenna frequencies, a stable, but
weaker, DL forms; the ebtrostatic noise is significantly reduced; and the ion beam appears
downstream. Consistent with this hypothesis are the measurements of the upstream bulk ion
speeds and the downstream ion beam velocities shown in Bigh&. downstream ion beam
velocity dearly increases with decreasing antenna frequency (the DL is getting stronger) until
the beam abruptly vanishes downstream. The upstream beam velocity is relatively constant at the
higher antenna frequencies and then begins to drop at the same thrashmhé drequency (11
MHZz) for which the downstream beam vanishes. In the time resolved studies, two ion beam

velocity and amplitude cases were obtained through two different divergent magnetic field
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mirror ratios. For the larger beam velocity and amplitcaige, the instability grows while the DL
collapses (the ion beam vanishes). For smaller beam velocity and relative amplitude case, the ion
beam persists throughout the discharge and no electrostatic fluctuations are observed; consistent

with the higher bam velocity results obtained in the steatgte discharge experiments.

Because the growth of the instability disrupts the DL, these measurements provide a
unique means of experimentally studying the physics related to the formation of a-freeent
DL in expanding plasmas. These experiments are not the first to indicate the presence of low
frequency instabilities associated with currree DLs™ or with DLs created in divergent
magnetic fieldS®> However, to the best of our knowledge, complete collapse®i correlated
with the appearance of intense electrostatic instabilitielsnioa been reported previously in a
laboratory experiment. These results sugggttat creation of strong DLs in expanding plasmas
for plasma propulsiofi*” may be seHimited through instability growth and also demonstde
mechanism for the collapse of naturally occurring Diltse nature of this instability is discussed
in greater detail in Section 4.1 and additional results and analysis motivated by this work are

presentedn Section 5.1.
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Chapter 2: Helicon Plasma Sources

2.1 Introduction to Helicon Plasma Sources

Helicon plasma sources have been studied for over forty years with a large spike of
researchactivity occurring within thelast 20 year$.The large spike in researetttivity results
from applications that take advantage of the helicon sodat®lty to provide low temperature,
high density plasmas. Helicons hapeoven useful in the fields of propulsion®*° plasma

processing’ studying space relevant phenoragiiand basic plasma physits:*

Helicon wave investigations are usually the starting pointafoy discussios of the
generation of helicon plasmas, even though it is unclear what exact mechanism is resfamsibl
cougding rf power into a plasma. Helicon wavese r e f i r st explored in
gaseous plasm&Sand solid gstems®® Woods* Klozenbreg et al'® and Davies et a®
publishedst udi es on the basic theory of helicon
developed the first helicon plasma source while at Flinders University of AusfrBliswell
observed densities of the order oflém®*and t he si gnat wfBoswallragdon bl
co-workers 2! performed several experiments that explored the structure and propagation of
helicon waves during the 19806s. The spike o
different groups investigating plasma thrusters, plasmaegsing, space relevant phenoeen
and basic plasma physics. Helicon Double Layer Thrusters (HDLTspregexample of
increased research activiip the field of helicon applications. Takahashi et?atecently

measurd the axial thrust of one these dess. Boswell et & have concluded more research is

needed in environments representative of space, but still the Hidlyprove to be a lovcost
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long-lifetime, electric propulsion device. Review articlesveringthe arlier decades of helicon
plasma physics research can be found in Boswell and €i@hen and Bosweff and Scime et

al?®

2.2 Physics of Helicon Plasma Sources

Helicon waves are bounded right handed circularly polarized electromagnetic waves. The
frequerty range of propagationlis L1 L1 wherg s the ion cyclotron frequendy,
is the electron cyclotron frequency ands the wae frequency. Unbounded or freght-hand
circularly polarized electromagnetic waves are commonly reféored whistler waves because
of their characteristic descending torfésAn engineer in the German army named H.
Barkhausen reported these tones during World W4&} While eavesdropping on allied
communications, he determined that the whistlers were cofrongthe atmosphere. However,
it took the work of Store¥ to suggest that these wes are generated by lightningigrain
originally coined the term Ahelicond in 1960

polarized waves in a solid rod sédium® The dispersion relation for a helicon wase

LI
177 WeLl —

(2.1)
Here,0 k Q)1 h is the parallel index ofefraction,’Q.is the wave number parallel to the

magnetic field®is the speed of light, is the electron plasma frequenty,is the wave

frequency] is electron cyclotron frequency ards the angle at which the wave propagates

with respect to the magnetic field. Storey also determined that high freqbehcgn waves
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travel fastetthan lower frequency waves emanating from the same sahegroupvelocity is
01jQQ 1j1 . Thus,hel i con waves share the same

whistler waves.

Classic helicorwaveshave an operating frequencyconstraired to obey L1 L
1 andl17 L1 , wherg is the lower hybrid frequency, £Qj-a 7 isthe
electron plasma frequengy, Q@& is the electron cyclotron frequency andQ - , &
and 6 are the plasma densjtglementary electron chargdielectric permittivity of vacuum

electron massand the uniform background magnetic field strengéspectively. The lower

hybrid frequencys

¢

(2.2)

where| €O Qj- 0 7T is the ion plasma frequengy, &' is the ion cyclotron
frequency, andd ) are the ion charge and massspectively.The second term contains the
effects due to electron inerti@he first term is negligible in higher density plaspa®wing the
lower hybrid frequency to bapproximated by 1 1 in a high density plasm&he

plasma densityand parallelwave number obey a fixed relationship for a pure helicon wave

propagating in a region of a given magnetic field strefigth

l

l

l
1

£
31—71— QU +h (2.3)
T o)
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where, Qis the wave number of the helicon wave,is the magnetic permeability in vacuum and
0 1 jQis the helicon wave phase velocity along the tube. Typic&llys fixed by the tube

radius) such thatr Q¢ 1 whereb is the Bessel function of the first kind.

Efficient helicon source operation has several desirable characteristics for industry
applications and scientific inquiry. These characteristichude very high plasma densities at
relatively low temperature for a given rf input power. Consequently, the physical process
responsible for efficient helicon source operation has been extensively studied over a wide
variety of operating regimes. Possilaeplanations for this high efficiency includes collisional
processes? ' 3 Landau damping® ' * helicon wave penetratior® antenna localized
acceleratior,*® mode conversion near the lower hybrid frequefi@nd nonlinear trapping of
fast electrond®** An acive area of research for helicon plasma sources focuses on both strong
wave damping and high efficiency operation, neither of whiokxgainableby either Landau
damping or collisional processes. Fast electrons are also being studied because they aay pla
critical rolein ionizing the background gas in a helicon source. Fast electtmung appear aa

non-Maxwellian component of the electron distribution function.

The mechanisnresponsible for efficienplasma creation and loss in helicon sourises
not completely understood, even in the case of a uniform magnetic field. Other parameters, such
as neutral pressure, antenna design, and magnetic field strength, can influence the axial plasma
density profile downstream of the antenna. This work focusastlte case of neuoniform
magnetic fields, specifically expanding magnetic field geometry, where helicon sources have

played a key role in recent studies of spontaneously forming double layers.
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2.3 HELIX-LEIA

The helicon plasma source used for these raxygats consists of two regions: the small
diameter Hot hELIlcon eXperiment, (HELIX) where the plasma is produced and the large
expansion region known as the Large Experiment on Instabilities and Anisotropies (LEIA). The
plasma created in HELIX flows intoHIA (Fig. 2.1). The magnetic field in LEIA iweake than
in HELIX, so the plasma expands into LEIA along divergent magnetic field kg8 has a
hi gh beta pétais tha rativ bf partiele grdssure to magnetic field pressigre
I &£€Q"Y j6 withQ the Boltzmann constarithef  for LEIA and HELIX are ~.2 and ~4
x10*, respectively.The high beta natureof the LEIA plasma makes it ideally suited for
laboratory investigations of both heliospheric and magnetosppleysics The magnetic field
expansion geometry in the region between HELIX and LEIA also enables studies of
spontaneous, currefree, electrostatic double layer formation at low neutral pressures. Detailed
descriptions of the early development of HELIX can be ¢bimthe dissertations of Keitéf,
Balkey*® and Kline.** More recent detailed reports of modifications to the HELEKA
experiment and measurements of the source parameters are found in the dissertatiofi of Sun,

Keese€é'® Hardin?*’ Biloiu*® and Chakraborty Thakdf?.
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Figure 2.1.HELIX (foreground) and LEIA (large aluminum chamber). HELIX resides inside a Faraday cage,
show here for photography purposes, to provide rf shielding. The large electromagnets surrounding LEIA ar

approximately 3 m in diameter.

2.3.1 Plasma Chamber

A schematic of the HELIX.EIA system is shown in Fig. 2.2. The HELIX vacuum
chamber is comprised of a 61 c¢cm | ong, 10 cm d
15 cm diameter stainless steel chamber. The stainless steel chamber opens into mn&r8 m i
diameter, 2 m outer diameter, 4.5 m long expansion chamber. The stainless steel chamber has

one set of four 6 inch Conflat crossing ports in the center of the chamber and four sets of four
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2.75 inch Conflaf” crossing ports. The 2.75 inch Conffatcrossing ports are spaced evenly on
either side of the set of the 6 inch Conlffatrossing ports. There are two turbo molecular pumps
located at the end of LEIA not attached to HELIX. The other end of the HELIX chamber not
attached to LEIA is connected #oglass crosslhe three legs of the glass cross are terminated
with another turbenolecular drag pump, an ion gauged a 12 inch stainless steel flange fitted
with a 4 inch viewporto allow optical access of the plasnadong the HELIXLEIA axis of
symmetry LEIA hasseveral port$or access wittscanning internal probethe reentrant probe

and other diagnostics.



30

Figure 2.2.Schematic (side view) of the HELIKEIA plasma chamber along withbels corresponding to the
locations of various diagnostiesich as the Langmuir and electrostatic probelREEA(G) and collection for LIF

(G through E).Mre details in Chapter 3.

2.3.2 Vacuum System

Three turbemolecular drag pumps maintain the vacuum pressure in the chambers. Each
of the pumps is backed by its own diaphragm roughing puhfipthree turbo pumpsare
separated from theacuumchamber bygate valves. The gate valves are on an interlgsiem

designed to close if the pressuisesbeyond ahresholdvalue While the HELIX turbo pumjs
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maintained af constant rotational frequency of 549 Hz, the other two turbo panepsn at
rotational frequenesof 400 Hz or 600 Hz. There is a slight pressure gradikmgthe HELIX
chamber because of the pressure differentiblle the pressure in LEIA is nearly constant. For
the current free double layer studies, the gate valvth&®HELIX turbo remained st allowing
the neutral pressure to increase in the source region etmogiintaina stablglasma. The two
LEIA turboswere operated on the 600 Hz setting in order to redueelectron and iomeutral
collisions that quench thmetastable states nestifor laser nducedfluorescencg®* Without

gas flowing into the systerrhé three turbo pumps maintain a base pressure '6fd0.

The neutral gasrpssure is measured with a series of pressure gauges. A Balzers PKR250
full range pressure gaugelacated at one branch of the glass cross and is used by the HELIX
pumping station. Another Balzers PKR250 full range pressure gauge is located on the LEIA
pumgpgng station. These Balzers gauges have the ability to measure a full rapgssiredy
combiring a cold cathode gauge for pressures beloWw Tt and a Pirani gauge for pressures
above 1G Torr. The Bézers pressure gauges require a correction depending on which gas
speciess used.A Baratron® capacitance manometer pressure gauge is located at approximately
the middle of HELIX, 35 cm downstream of the an@nfihe Baratron® gaug@ressure

measurement is independent of the gas species.

Two MKS1179 mass flow valves regulate the gas ftate into the systenT.ypical flow
rates while using only one valve are-B.5 SCCM(standard cubic centimeters per mintfta)
the CFDL studies in this worklhe two flow valves allow for the possibility of regulating a
mixture of gases anbloth flow vdves arecontrolled bya singlePR-4000 power supply. There

are two gas inlet locations in HELIX. One location is adjacemhed3alzers pressure gauge on
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the glass cross. This inlet | ocation isat refer
a 2.750 cross port on the stainless steel p o
This inlet | ocation is referred to as the @mi

the plasma chamber near the antenna instead of relgidgfasion overcoming the pumping at
the end gas feed location. All experiments presented here used argon gas introduced with the

middle feed. Plasmas are created at neutral pressures (with rf on) ranging from 0.1 to 100 mTorr.

2.3.3 Magnetic Field

Ten HELIX water-cooled electromagnets produce an almost uniform, steady state, axial
magnetic field of 61300 Gauss in the source. These HELIX magnets were donated to WVU by
the Max Planck Institit in Garching, Germany. Each of the 10 magnets has 46 ioogped
windings with a resistance of 17 mq and an i
supplies, connected in parallel, provide a total current of up to 400 Amperes to the HELIX
magnets. The magnets restamadjustable rail system that allows agtjments in axial position
and are arranged in an orientation that keeps the field uniform throughout the HELIX magnet
array.For the results in sections 5.1 and 5.2, the magnets wereavaled by building water.
For theresults in section 5.3, the HELIXagnets were chilled by a Neslab System Il Heat

Exchanger.

Seven LEIA watercooled electromagnets produce a steady state axial magnetic field of
0-150 Gauss in the expansion chamber. These LE
each magnet coaihing five sets of aluminum tubing wound into five tevao i | Apancakes

four | ayers each, for a total of 40 turns per
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cross section, hollowed out to allow for water cooling, and wrapped in insulafeg. faor the
results in sections 5.1 and 5.2, the magnets were watéed by a closed loop system
maintained with a Neslab NJ0O0 chiller.For the results in section 5.3, the LEIA magnets were
chilled by building waterThe LEIA magnets are powered with DC EMHP power supply

capable of delivering up to 200 Amperessulting in a magnetic fielof 0-130 Gauss.

Figure2.3 shows the HELIX.EIA systemdrawn to scal€Fig. 2.3 a) with experimental
measurementand numerical calculationsf the magnetic fiel profile. Fig. 2.3b shows an axial
field gradient of 10 Gauss/cm over a distance of 70 cm in between HELIX and LEIA. Fig. 2.3c
shows the ofaxis magnetic field strength and its gradient in the HELE{A combined system
as calculated with a two dimensidmamerical model. This simulation was validated with point
measurements along the system axis. The simulatiop&résrmed assuming @0 Gausdield
in HELIX and two different LEIA fields, 14 Gauss (solid line) and 70 Gauss {daesline). The
simulation plot also shows the spatial variation of the contour lines of constant magnetic flux

(flux tubes).
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Figure 2.3.(a) HELIX-LEIA device drawn to scale with the magnetic field profiles shown. (b) Magnetic field
strength and magtie field gradient versus axial position over the entire length of the HEIHM device. (c)
Contours of constant magnetic field flux showing the increased divergence that results when the magnetic fi
the LEIA decreases from 70 G (dadbt line) tol4 G (solid line), for a constant 600 G magnetic field in HELIX.

Figureis adapted from Ref. [47].























































































































































































































































































































































































