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fiwhat should we do biseek adventure after adventure?

- C. S. Lewis inThe Voyage of the Dawn Treader
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SUMMARY

Terahertz timedomain spectroscopy (THEDS) is a novel plasma diagnostic that
has the potentiato fill present gaps inelectric propulsion (EP) plasma diagnostic
capabilities However thereremain unanswereguestions and challengesgarding THz
TDS caability and data interpretatiothat must be addresséefore the diagnostics
readily applied to ERlevices The purpose of this dissertati@to develop and evaluate
THz-TDS for EP plasma diagnostic¥o that end, this dissertation providiasee major
contributions: 1)Analysisof the THzTDS domain of applicability; 2Developmenbf a
novel Bayesian THZDS plasma diagnostic analysis framewoakd subsequent
evaluation of THZTDS uncertaintyand 3)Development and application of THDS 1o

noninvasivéy probe plasma bounded and opticalyeldedoy Hall thruster wall material

XXV



CHAPTER 1. INTRODUCTION

This chapterintroduces electric propulsion (EPnotivates the development of
terahertzime-domain spectroscopy (THEDS) for EP plasma diagnostj@ndconcludes
with a road map of the dissertatiohhe EP overview is provided iSectionl.1, the

motivation is presented iBectionl.2, and the road map is given in Sectib

1.1 EP Overview
1.1.1 Advantage oEP

Spacecraftpropulsion operates on the principle of conservation of momentum;
ejecton of propellantimassn one directionmpartsthrustin the opposite directiolfChange
in momentumcan beexpressedn terms ofthe resultingtotal vehiclevelocity increment
(YU) and is related tothe propellant exhaust velocity(U ), vehicle mass (& ), and

propellantmass(& ) by the ideal rocket equatid-3]:
Yo 01 1T———— 8 (1)

Achievable velocity increment directly related tgropellantexhaust velocityand
only logarithmically related tpropellantmassiIn many casedarge savings ipropellant
mass can therefore be realized by comparabtaler increases irpropellantexhaust
velocity. As an exampleFigurel shows thepropellantmass required to achieve the
11km/s total inspace velocity increment imparted to the approximatelykgsRASA

Dawn vehicle on its missio to Vesta and Cerggl]. Increasing thepropellantexhaust



velocity from 5 km/s to 6 km/s regsents a 20% increase in exhaust velocity but results in

an approximately 35% decreaseaguiredpropellantmass.

%]
<

[§)
wn

o
[

—
<

Required Propellant Mass (1(]'3 kg)
w O

—

10 20 30 40 50 60
Propellent Exhaust Velocity(km/s)

o
(=]

Figure 17 Required propellant mass as a function opropellant exhaust velocity for
the NASA Dawn mission(according to ideal rocket equation)

Chemical rocketscceleratgropellantby releasing the energy storeddhemical
bondsand are therefordimited to exhaust velocities of approximately 5 krfigs. EP
devicespy contrastharnes®lectrial energy provided byneexternal source to accelerate
propellant Consequently, EP rockets have achieeathaust velocitieggreater than
100km/s[2, 3]. Dawnd BISTAR griddedion thrustes werecapable oexhaust velocities
larger than 30 km/sso themi s s illokm® selocity incremenvas achievedvith less
than 500kg of propellant[4]. The useof chemicalrocketsto complete the same mission

would have required Dawn to carry more ti&®®0 kgof propellant



The tremendoupropellantmass savingeffered by EP maksit an ideal candidate
for bothdeepspace exploratioand satellite statickeeping and orbitaising.In addition
to NASA Dawn EP devices have prominently featured on B8A SMART-1 and ESA
JAXA BepiColombo missionsind have planned roles in the upcoming NAS#cheand
Artemis missions[2, 5-8]. More than600 satellites have utilized BRrusters and this
number is rapidly growing as SpaceXpresently launchings many as 6BP satellites at

a timefor its Starlink constellation prograf8, 9].

1.1.2 EPThrusters

EP technologiescan be broadlycategorized as electieermal, electrostatic, or
electromagnetid1-3]. Electrothermal devicessuch as the arcjet and resistojegat
propellantwith electricity and theraccelerateit through a nozzleElectrostaticand
electromagnetic devicestilize electricity to imize propellantand produce thrusty
accelerahg the resulting plasmaith applied fields Differentiation between these two
categories igletermined bythe acceleration mechanism; electrostatic devices accelerate
plasma by direct application of an electric field, wherdastromagnetic devicgsovide
accelerating forces with a combination of electric and magnetic fi€hbsgriddedion
thruster isan dectrostatic device, thenagnetoplasmadynami@MPD) thrusteris an
electromagnetic device, attik categorization of the Hall thruster as either an electrostatic
or electromagnetic device is debaf2d3]. Figure2 shows a Halthruster operating at the

Georgia Tech HigiPower Electric Propulsion LaboratofiyPEPL)



Figure 27 Aerojet RocketdyneT-140 Hall thruster

Standardmetrics for EPthrusterperformanceare specific impulseand thrust[3].
Specific impulsg'O) is the total momentum imparted per unit weighpadpellantand,
in the case of constant thrusd, related topropellantexhaust viecity andgr avi t y 0 s

acceleratiomtEar t hdsQ)dbwur f ace (

o Yg
o ()

Typical values ofpecific impulseand thrusfor some wellstudiedEP devicesre

shown inTablel, which isdirectly reproduced frors].



Table 11 Typical specific impulse and thrust of EP device¢data from [3])

Device Specific Impulse (s)| Thrust (N)
Resistojet 1007 300 0.2
Arcjet 500 0.1
Griddedlon Thruster 3000 00017 0.1
Hall Thruster 1500 0.01i 1
MPD Thruster 10001 10000 0.57 50

Other EPtechnologies includgpulsed plasma thrusterg)ectrospray thrustergadio

frequency(RF)ion thrustersandhelicon thrusters

1.1.3 EP Plasma

Nearly all established EP devices, with the notable exception of resistojets, generate
plasmd3]. Plasmas a state of matter thabnsists of ions and free electrons and, therefore,
exhibitsacollective response texternalelectromagnetic fields.

Charge concentrations in plasmas are sc
moving charge carriers. The scale across which charge screening occurs is called the Debye
length (or radius of the Debye spheréllhree conditions mustypically be met for a

substance to be considered plagaG:

1. The Debye length is mudmallerthan the plasma extent
2. The number of particles in a Debye sphemmuch greater than unity
3. The product of the frequen®f typical plasma oscillationandthe mean time

between collisionsf charged and neutral specisgreater than unity



The tendency of plasmas to screenah#trge concentrations causes most plasmas to
bequasineutralmeaning the number of electrons in a volume much greater than the Debye
sphere is approximately equal to the number of ions in that same volume. Notable
exceptions to plasma quasineutrality wcin magnetically confined freelectron plasmas
andin the sheath region @lasmawall interfaceq10]. As neither of these exceptioiss
di scussed in this documedtfeltdet rtcemr mde Mmil te
interchangeably.

Most EP plasmas feature moderate plasma densitieglémivontemperatures, low
collision frequencies, and weak applied magnetic fi¢ld3]. The bulk plasma density
inside gridded ion and Hall thrusters is on theeorof 1671 10 m3, whereas densities
as large as Fdm= are not uncommon in MPD and helicon thrusters and in ion and Hall
thruster hollow cathodes. Electron temperatures typically remain below 100 eV
(1.16x% 1P K), collision frequencies are gendyaimuch lower tharcharacteristigplasma
oscillation frequencies, and applied magnetic fields are usually weaker than 1 T

Plasmas in EP devices are most commonly generated by direct current (DC)
breakdown of gaseoywopellantbetween a cathode and andde3, 11]. Electrons are
emitted by the cathode and energized by the potential difference between the cathode and
anode. Emitted electrons collide with neutral particles and impart sufficient energy to free
bound electrons, thereby forming ions. The newly freed electrons collide with other neutral
particles and thereby free more electrons and form more ions in aationicascade that
results in a sustained plasma. lonization is often aided by the application of magnetic fields

that serve to confine ionizing electrons to a desired ionization region.



RF discharges are also used to generate EP plasnibae.case of Rion thrusters
and helicon thrusters, plasma is ignited and sustained by energy delivpregelantin
the form of electromagnetic radiation emitted from an antenna either wrapped around or
submersed in the thruster dischafde-14]. At low powers, plasma is generated by
capacitive coupling; ionizing electrons are primarily accelerated into neutral particles by
the oscillating potential difference between the ends of the antenna. Increasing power
brings about the onsef the inductive coupling mode observed in RF ion thrusters. The
denser plasma becomes more effective at shielding the potential between the antenna ends,
and the antennads induced electromagnetic
mechanism. iRally, if power is increased further and appropriate magnetic confinement
and antenna design are employed, the discharge can enter tiehsgity helicon mode.

Electrons are then primarily accelerated by helicon waves propagating through the plasma.

1.1.3.1 Hall ThrusterPlasma

Due to the rising popularity of Hall thrusters for both satellite and space exploration
vehicles, many recent EP research efforts have focused on understanding Hall thruster
plasmd2, 15, 16]. As shown inFigure3, Hall thruster plasma is generated when electrons
emitted from a hollow cathode collide with neutpabpellantatoms fed into the thruster
interior through an anod&he propellantspecies is typically xenon, bather gases, such
as krypton and argon, are also us&d.electric field is established between the cathode
and anode, and a magnetic field is established perpendicular to the electric field by
solenoidsThe solenoids argpically shielded from the deharge plasma by boron nitride
silica (BN-SiO;) composite wallsThe region between the composite walls is the Hall

thruster discharge chann&he crossed electric and magnetic fields serve to trap electrons



emitted by the cathode in a Hall drift insideetthrustechannel thereby enhancing both
ionization efficiency and maintenance of the electric field. Thrust is produced via the

acceleration of ions by the electric field.
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Figure 37 Hall thruster schematic

1.2 Motivation

1.2.1 Outstanding EP Plasma Questions

The EP community endeavours to enhance EP capabilities by improving well
established EP devices (such as the Hall thruster) and developing promising technologies
(such as the MPBNd helicorthrustes) to sufficienttechnologicamaturity for widespread
use on spacecrafrogress in these areas, however, req@anamproved understanding

of the plasma physics that drive EP devid@atstanding EP plasma questions must be



answeredto maximize the performance of eablished devices and further develop
promising technologies.

Two prominent examples of poorly understood phenomena in established devices
are fAnanomal ouso el ectr on mo bdhdnmefly, 18 ands i de t
the formation of i aon datl aHruster svalls[1€]r An@malous r i d g
electron mobility is the enhanced transport of electrons across confining magnetic field
lines. Electrons escape the magnetic field and are collected at the anode at a rate-that is 10
1000 times greater than what is predicted by clasdieatremagnetismFailure to confine
the electrons represents a loss in electrical efficiency, as pewaisted on the emission
of electrons that do not ionize neutpabpellant Proposed sources fanomalous electron
mobility include smaklscale plasmdluctuations, rotatingplasma spokes,secondary
electron emission (SEEgpnd even photoelectrons emitted from the discharge .walls
However, no theory incorporating thespossible sourcefias enabledself-consistent
modelling of the electron transp@ii8].

Anomalous erosion ridges are rsoale features that forauring sputtering of the
Hall thrusterchannelwalls by the discharge ggmg16]. The resultinggawtooth pattern in
the initially smoothwallsis discernible within the first 100 hours of thruster oieraand
is clearly visible in thrusters that have been operated for thousands ofQlassscplasma
sputtering theory predicts the plasma shoedénly erode thevalls in a fashionthat
maintains the macroscopically smoothature.Proposed mechanisrfs ridge formation
exist, but no work has successfully identified the catise;failure of contemporary

sputtering model$o recover erosion ridges prevents the development cteedistent



Hall thruster erosion modelBigure4 showserosionridges on the inner and outer walls of

the Aerojet Rocketdyn®PT-4000 andSnecmaPPS-1350Hall thrustes.
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Figure 471 Hall thruster erosion ridges(BPT-4000 and PP8-1350 imageseprinted
from [19] and [20] with permission from Aerojet Rocketdyne and Snecma,
respectively)

Examples of phenomena that must be better understood to enable further
development of promising technologies include kigimsity plasma sputterif@1] and
magnetic nozzle plasma detachmigf]. EP devices that use higlensity plasmas (such
as MPD thrsters, helicon thrusters, and the VASIMR rockat) achievéarger thrust and
specific impulse than established EP technologies. Howdwehigher plasma densities
can enhance sputtering rates poesently intolerable leveldviore work is required to
understand the mechanisms of higénsity plasma sputtering (including the possible role

of electrond23]) so that techniques and materials can be develogeditsputtering.
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Many promising technologies utilize magnetic nozzles to accelerate and exhaust
plasma. However, magnetic nozzle operation requires the successful detachment of plasma
from magnetic field lines. Though experimental and computational evidence has shown
the feasibility of plasma detachment, more work is required to undergsanachanism

so that nozzle design may be optimii2d, 25].

1.2.2 ContemporangEP PlasmaDiagnostics

Answers to EP plasma questions require models that caocoselistently describe
plasma phenomenaviodel developmentin turn, requires input plasma properties
measured by plasma diagnostitimits to contemporary understanding of EP plasma
physics are thereforgrongly determined bgontemporary plasma diagnostic capabilities.

Plasma diagnostics can be broadly categorizezlegrsrostaticor optical. Common
examplef electrostatidiagnosics areLangmuir, Faraday, emissiviexB, and retarding
potential analger (RPA)probesTaken togethethesegoolscan providespatially resolved
plasma densityelectron and ion temperatuedectron and ion energy distributigriasma
potential, and ion charge state. Howev@lgectrostaticprobesare inherently invasive
becauseheir application requirethe insertion of electrically biasecbomponentsnto the
plasma Theseprobes can significantly alteéhe very plasmaproperties theyttempt to
measure andan be damagdaly harsh plasma environmeritespecially inside oin the
nearfield plumeof EP thruster$§26]. Furthermoreproperinterpretatiorof probe data can
be difficultandmay depend on many assumptigpiasma densityneasurementgleaned
from Langmuir probgin harshEP environmentsfor examplehave beeneported with

uncertaintiess large as01 200% [27, 2§].
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The EP community has attempted to overcome the limitations of physical probes by
employingnoninvasiveoptical diagnosticslhis class of measurement techniques includes
optical emission spectroscopy (OE&serinducedfluorescence (LIF)Jaser Thomson
sattering(LTS), andmicrowave interferometrj29, 30]. OES can measure plasma density
and electron temperatyidF directlymeasursthe ion velocity distribution functigh TS
can provide plasma density and electron temperature, and microwafer ametryyields
electron density and collision frequencyhoughnot invasive eachoptical diagnostic
comes with its owset of limitationsLarge uncertaintiesan exist irdata irterpretation of
OES, LIF, and Thomson scatteringneasurements, artie singlefrequency nature of
microwave interferometrgquipmentimits the applicability of a given setup to a narrow
band of electron densiti¢29, 31-34]. Additionally, becauseptical diagnostic techniques
require optical access to plasma regions of interest, measurements are often limited to the
exterior of EP devicesMeasurements of theaH thruster discharge channel plasnma
particular, have thus far not been achieved with optical diagnostics.

Limitations inherent in both electrostatic and optical EP plasma diagnpstiosnt
accurate measurement of plasma properties in the full @rge plasma conditions and
precludenoninvasive investigation of tiasma inside the Hall thruster chanfidie EP
community thereforerequires a accurate and widely applicable diagnostic capable of

probing the Hall thrustdanterior

1.2.3 PlasmaDiagnosticswith THZTDS

A novel plasma diagnostwith the potential taneet the above requirementgidz-
TDS[35]. THzTDS uses broadband pulsed electromagnetic radiatitre THz regne

(0.17 10 x 10" Hz) to noninvasivelymeasurdine-integrated electron density afide-
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averagéd electroncollision frequency.The broad frequency compositiamouldenable
measurements in a large range of plasma conditions and could provide a means for
minimizing measurement error. Further, becausyiouswork [36] has shown that BN
exhibits transparency to THz radiation, THDS may be a candidate to provide the first

ever noninvasiveneasurementsf the Hall thruster discharge channel plasma.

However,compared to the webstablished techniques discussed above-TBI2
is in its infancy as @lasma diagnosticChe domain of applicabilityfor instancehas not
been previouslystudied In what EP plasma environments can THDS make
measurements? Whigictors determine measuremeapability?

Furthermoredue to deficiencies in the standard FTH2S plasma diagnostic data
analysis method, uhors almostexclusively report electron density and do so without
including any uncertainies. THz-TDS requires aobust analysis framework thatan
consistently provide electron density, electroallision frequency, and associated
uncertaintiesOnly with such a framework will it become possibledieterminetypical
uncertainty values and study how plasma and THz pulse parameters impact measurement
uncertainty.

Finally, though THzradiation has ken shown to propagatiéarough BN, more
development and study are required before -TB& canbecome a candidate for
performingHall thruster discharge channel plasma measurem@aitsTHz radiation also
propagate througthe BN-SiO, composite typically uskas Hall thruster wall material?
Whatare the implications of the wall composition and thickresthe detected THz pulse

signal?The standard THZDS plasmaheory does not account for plasma boundaries.
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How would a new theory account for these boundanestheTHz pulse reflections they
induce?

These knowledge and capability gaps must be addrésferte THzZTDS canfill
the EP plasma diagnostieed.The motivationfor this dissertation jgherefore provided
by the necessity to develop and evaluate -TBS for the purpose of expanditige EP

plasma diagnostisuiteto confront unanswered EP plasma physics questions

1.3 ResearchContributions and Dissertation Roadmap

1.3.1 Research Contributions

This dissertatin seeks to close the aforementioned -TA¥S knowledge and

capability gapsTo that end, the following research contributions are made:

1. Analysisof theTHz-TDS domain of applicability

2. Development ofa novel THz-TDS Bayesian analysis framewor&nd
evaluationof THz-TDS uncertainty

3. Development andpplication of THzTDS to probe plasmabounded and

optically shieldedby Hall thrusterwall material

1.3.1.1 Contributionl: Analysisof the THz-TDS Domain of Applicability

Contribution lis an analysis of the eqiians that goverrpulsed THz radiation
propagation through plasm@he THz-TDS domain of applicability is examined in the
context ofboth standard assumptions and overall measurement capability, with specific

emphasis on EP plasma diagnosapabilities.The plasma and THZ DS properties that
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governeachregion of the domain are identified, asichplified relationshipghat describe

domain boundaries aextracted from the complex, nonlinear governing equations.

1.3.1.2 Contribution 2:Developmenbf a NovelTHz-TDS BayesiaAnalysis

Frameworkand Evaluation of THADS Uncertainty

Contribution 2 is the development oh anproved analysis framework thaan
consistently compute the electron density, electron collision frequency, and associated
paramete uncertaintiesA subsequent studgf the framework reveals how THz pulse
properties impact uncertaintThe novel framework is Bayesidrecausehe Bayesian
approactenables incorporation dfata measured acraa$resolvable THz frequenciesd
propagation ofuncertainty from timelomain measurements through complex, nonlinear

eqguations into the frequency domain.

1.3.1.3 Contribution 3:Development and\pplication of THzTDS toProbe Plasma

Bounded and Opticallghieldedby Hall Thruster Wall Material

Contribution 3 is the firsever noninvasivemeasurement of plasma bounded and
optically shieldedby Hall thruster wall materiallhe contribution includes development of
the necessary THZDS plasma theory, measurement of the impactaif thruster wall
material on THz pulse properties, and demonstration of the efficacy of TD% to
measure plasma boundby Hall thruster wall material in a range of plasma conditions.
Contribution 3 firmly establisleTHz-TDS as acandidate to perform the firstver

noninvasive measurement of the Hall thrusteschargechanneplasma
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1.3.2 Dissertation Roadmap

Theremainder of this dissertation may be broadly split into two parts. pesvides
necessary background and describes the-TBI2 system designed and constructed for
this dissertation;Part 2 presents contributions and conclusions. Part 1 consists of
Chaptes 2, 3, and 4Chapter ZoverviewsTHz-TDS and providesletailedderivations of
the governing equation€hapter 3describesthe THzTDS sysem and discusses the
physics that enable THz pulsmission and detectiorfChapter 4 details thetandard
plasma THZTDS data analysis technigaedprovides measurements made by the -THz
TDS systemChapterss, 6, 7, and 8 together encompass pafR@search contributions 1,
2, and 3, are presented in Chapters 5, 6, and 7, respectively. Chapter 8 concludes the

dissertation and discusses possibilit@sféiture work.
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CHAPTER 2. THZ-TDS BACKGROUND

This chapter provides an overview of THIDS andpresentshe equations necessary
to connect plasma electron density and collision frequenttyetaneasured electric fields
of THz pulsesSection2.1 introducesTHz-TDS and Sectior2.2 provides all applicable

eqguations.

2.1 Introduction

2.1.1 THzRadiation

Electromagnetic radiatiotonsists osynchronized wavesf oscillating electric and
magnetic fieldsAc cor di ng t o ioNsatheseditélds Ossillate perpendicular to
each other and to the direction of wave propagation at identical frequétzyadiation
is typically defined as the subset of electromagnetic radiation that oscillates with
frequencies between 0.1 and 10 THhis range corresponds to wavelengths between
approximately 0.03 and 3 mm in vacuum, S0
mil |l i met3B88% range

The historical dearth of sources and deteatapsmbleof producing and sensing THz
radiation has | ed to the terming of this pc¢
gap. 0 However, recent technol o] Raadbanddv anc
THz pulses can be generated whenltrashort € 100femtosecond (fs)) laser pulse stgke
a nonlinear crystal, photoconductive antenna, or electron bienphoduce picosecond
(ps)scale electric field oscillation€ontinuous wave (CW) THz ration is produced by
free-electron lasers, backward wave oscillators, and photomixing of two CW optical

beams. Coherent detection can be achieved by elegtio sampling, photoconductive
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switching, photomixing, and heterodyne detection. Incoherent aetestmade possible

by bolometers, Golay cells, and pyroelectric devices.

2.1.2 THzTDS

THz-TDS is a spectroscopic technique that reliestlo® emission and timéomain
detection of broadband pulsed THz radiation. The technique was developed in the late
198@a8 early 19906s wupon the achievement
detection with photoconductive antennas (PCA) by Austaoal.[39]. Shortly thereafter,
THz-TDS spread to the domains of materials science and chemistry for the purpose of
measuring materialptical popertieq 38, 40].

Pulsed THz radiation is genéed by an electric field that varies omp@osecond
scale[37, 38, 40-42]. In a typical THZTDS setup, this is achieved byptically pumping
eithera PCA or nonlinear crystal with an ultrashort laser pulse. In the c&&f0€mision
incident photonsvith sufficient energyriefly excite electrons into the conduction band of
a semiconductor and these electrons respond to an externally imposed voltage bias to
produce a transient current that radiates as a THz pAilsenlinear crystal, on the other
hard, generates THz radiation by optical rectification; due to the noncentrosymmetric
structure of the crystal, incident ultrashort laser pulses briefly modify the medium
polarization and thereby cause the crystal to emit THz radiation. THz pulses typically
feature an average power below 10 egW, but
t he or der AnmnekamdledTHz pul¥é. generated with a BATEEA-60-05-10-

800-h antennas shown inFigure5.
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Figure 57 THz pulse produced by a BATOPPCA-60-05-10-800-h

Detection of THz pulses requires measurement gbiteseconescale electric field
variationswith a typical resolution of 10 100fs [37, 38, 40, 41]. Again, this is usually
achieved either with a PCA or nonlinear crystaP@Adetection, a voltage biasirduced
across thd>CA by the electric field of the incident THz pal An ultrashort laser pulse
arriving at the same instance as the THz radiation excites electrons into the
semiconductoro6s conduction band, and the
the THz pulse. The resulting measured current is propaiftio the electric field strength
of the THz pulse averaged over the duration of the ultrashort laser pulse.

Detection with a nonlinear crystal electreoptical andrelies on the Pockels effect;
the electric field of the incident THz pulse induces refiingence in the crystal that
changes the polarization of a copropagating ultrashort laser pPpalke38, 42].

Measurement of the induced change in polarization provides a relative measurement of the
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THz pulse electric field strengtiWhether a PCA or nonlinear crystal is used for detection,
scanning of thentire THz pulse is typically achieved by incrementally delaying the arrival

of the ultrashort laser pulse éither thedetectoror emitterwith an optical delay line.

2.1.3 Plasma Diagnostics withHzTDS

Jamisoretal. [43] recognized the potential of THEDS to measurplasmaelectron
density and collision frequency. In 2003, tlreportedine-averaged plasma densities in
the range of 19 to 10:°° m™ and electron collision frequencies on the order of 0.1 THz in
a DC pulsed plasma dischargender the assumption that the pulsed plasma was
repeatable, their work resolved plasma propertyugiom at a timescale of just 30 ps by
employing electronic gating techniquékwever, their workalsonotedthat the values of
the measured electron collision frequencies vilar®mmalouslg large

Later work by Kolner et a[44], Ando et al[45], and other§46-53] experimentally
and theoreticallfdemonstrated the efficacy of THDS on a range daboratoryplasma
dischargesKolner et al.[44] notablyutilized fluorescence imaging to determine plasma
properties along the THz pulse path, and Ando ¢#8].demonstratedeneralgreement
betweenelectron density measurementkdn with THZTDS and Langmuir probes.
Though Kolner et al.[44] presented electron collision frequency resulighout
gualification all otherauthors[45-50, 52, 53] only presented electron densityeven
though published images of THz pulsexlicate nonnegligible electron collision
frequency. The probable reason tbe reluctance taeportelectron collision frequency

results is discussed ®ection4.1.3
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2.2 Governing Equations

Plasma parameteieterminatiorwith THz-TDS requiresmeasurement of howHz
pulses are modified by propagation through plasn&ection2.2.1 derives thestandard
THz-TDS relations Section2.2.2 shows how the standard THDS relations can be
applied to determinéhe propertiesof a Lorentz plasma, and Secti®r2.3discusseshe
impact of relaxing the Lorentz plasma assumptidfiplasma THzTDS references cited
in Section2.1.3use some form of the equations presented in Se@i@kand2.2.2but
do not includecomplete (or sometimes even correatlerivations or account for all
assumptiond-ull derivations of these relations are therefore provited.

It is important to note that aftequencies discussed here (radiation, plasma, and
collision) areangular frequencies. Though often expressedplottedas frequenciet
units of Hz or THzthese quantities must be inputted as angular frequencies (standard units

of rad/s) in the equatis derived below.

2.2.1 THzTDS Relations

In the classical descriptioof the interaction of electromagnetic radiation with a
medium, the electric field of the incident light wave induces charged particle oscillations
in the medium, which, in turmgenerate an electric field that interferes with and alters the
incident light waveThe effect of themagnetic field is discarded because, unless charged
particles in the medium move at relativistic speeds, its impact is neglidtble.
monochromatidight, the effect of passage through a medium is to produce a resultant
electric field of the same frequency but altered wavelength and ampl&dldeé-igure6

illustrates this effect.
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Figure 61 lllustration of interaction between an electric field and a medium
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Assuming inelastic interactions are negligiblehanges to the wavelength and

amplitude are quantified in terms of the medium refractive indgxafd absorption

coefficient [ ), respectivelyafter propagation through a distan®® ¢f a homogeneous

mediumby

|
m‘| I

3)

and

¥y v A@P—0 h

where_ andy are the resulting wavelength and amplitude, respectively, aadd¥
are the incident wavelength and amplitude, respectilfedgattering is not negligible, it is

more appropriate ttabell] as an fAextincti on os acabserptibn ci ent

coefficient.It is convenient to combing and| into acomplex refactive index §) given
by
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g ¢ I h (4)
whereais the speed of light in vacuum ands the angular frequenayf the light wave
Theelectric field of the broadband THz pulse is modeled asuperposition of one
dimension& plane waves of various frequencies transmitting throliggar dielectric
mediaalong thed-axis. Represented in the timé) domain at a positio(d) asO & , the
electric field is cast to thangularfrequency]( ) domainasO dh  through the Fourier

transform by

O & Odn ABDQ B (5)

under the assumption that each plane wave oscillates in tifn@a&8Q 6 and thaspatial
dispersion is negligibleAssuming forwarepropagating wavesf ithe pulse enters a
homogeneousnedium atd 11 and propagates a distandge the resulting and original

electric fields in thengular frequencgomain are related by
OOk Ol MD%M b8 ©)

Relaxing therequirement for homogeneigcross the length of the samged instead

assuming that the refractive index does not sagpificantlyon the sale of the radiation
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wavelength in this dimensiothe WentzelKramersBrillouin (WKB) approximationmay

beinvokedto yield

0 Oh O mh A @ & ¢1 Ay 8 7

In THz-TDS, te electric field of the THz radiation is measuirethe time domain
with and without the sample in place to establish sample and reference electric fields,
respectively[37, 38, 55, 56]. Assuming the sample is bounded by vacudaring
measurement of the sample electric field and the sanspreplaced by vacuum for

measurement of the reference electric figlle sample and reference pulses propagate

through the paths shown kigure?.
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Figure 77 Schematic of reference and sample THZIDS measurements

Further assuminthe sample does not refract the THz pulse away from the detector

themeasuredeferencO ) and sampl€O ) electric fieldspectraare expresed as

0 ] 0 1 O A@B%i)

and

(8)

0 0O 1 'O O 1 O 1 "O0 A@B%—) ¢ b Axdh
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whereO istheTHz pulse electric fielgdpectrungenerated by the THEDS system™O
accounts for propagation and transmissterms shared by both field®) is the
transmission coefficient for propagation from vacuum to the sanfle,is the
transmission coefficient for propagation from thenpée to vacuum, an®D0encompasses

the impact ofFabryPérot (FP) reflections in the sample.

Taking the ratio of the two complex speadtr&q. (8) yields

O 1 O 1 "Of AQE% g1 b pAx 9)

and eliminates measurement dependend® onand’O The spectral ratio is also referred

to as the transfer function and can Wwatten in terms of the frequenajependent

magnitude ¢) and phaséi ):

61 Ao®B 5> 8 (10)

If the sample under investigation is a plasmitnout sharp boundarieboundary
reflections can be ignored and the transmission coefficients may be set to unity.
Furthermore, if the time required for a-Féflected pulse to exit the sample is larger than
the measured duration of the THz pulse, FP reflections may also bedgmat the’O0

term may also be set to unity these simplifying assumptions apphqg. (9) becomes
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andthe magnitude and phasecome

61 A@D—&r) ) 187 e Ad
and (12
B Y % 271 pAdh

where2 A and) |  denote real and imaginary components, respectively.
2.2.2 Interaction ofTHz Radiation withLorentzPlasma

This section details the derivation thie complex refractive indeix terms of the
electron density and collision frequency of a Lorentz plagd#a 35]. Inputting the
complex refractive index int&q. (12) relates these plasma parameters to the phase and
amplitude of théfHz-TDS transfer functionFurther simplification enablefetermination

of the electron density from phase information alone.
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2.2.2.1 Complex Refractive Index

The complex refractive index is derived gouniformregion ofLorentzplasmaThe

plasma isinmagnetizeé andelectronsare assumed tmovet hr ough a st ati ona
ions and neutrals an interact with each otheexclusivelythrough collective space

charge.lt is furtherassumd that the interaction betweemeetrons and the background

fluid may be approximated as viscous damping, progertependent upon electron
temperature can be neglected, and the motion of a single electron is representative of the
behavior of all electrons in the plasma. Under these assumptions, the spatial displacement

of an electror{, ), under forcing froman electridield (O) thatis uniformacross the scale

of theelectron displacemertin be modeled as a damped harmonidlasmi by

Q' h (13)

where dectron mass and charge afle and 'Q respectively, and is the damping
coefficient, which can be interpreted physically as the average plasma momentum transfer
collision rate. Assuming all quantities oscillaté¢ime asA @ D'Q (the Fourier transform

allows for the steadgtate solution to be determinedtime spectral domain by letting

it & Qn

a Q7 a aQ, Q0 8 (14)

Re-arranging produces
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The resulting complex current densjty) can be determined through multiplication
of the charge density € Q and the electron velocity in the spectral domaiitY ),and

is given by

01 £'Q Q7 — 01 h (16)

where¢ is the electron number densifyhe complex dielectric constantd is therefore

given by

] (VI £Q .
-9 o R _ —nh 1
VPR P B P ifa T o (7

where, is the complex conductivity afnd is the permittivity of free spac&he plasma

frequency( )is

1 — h (18)

so,in terms ofthe plasma frequencizq. (17) is
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-9 p ——=8 (19

The complex dielectric constant is related to the complex index of refraction by

-4 £ h (20)
so thecomplexplasmarefractive index is
£ 1— 8 (21
SR IR Y
2.2.2.2 Phase anMagnitudeof the THzTDS Transfer Function
Splitting the real and imaginary parts of the complex dielectric constant yields
, 1 . 1
-9 p Q 8 (22

Letting- and- bethereal and imaginary parts e, respectively, and ande bethe

real and imaginary parts ef , respectivelyEg. (20) becomes

¢ Q¢ - Q8 (23)

Equating the real and imaginary part€of. (23) yields
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and (24)

¢c e -8

The real andmaginary parts of the complex refractive index can therefore be expressed in

terms of the real and imaginary parts of the complex dielectric constant by

3
C
and (25
3 - 8
C
Substitutingeq. (22) into Eq. (25) yields
. p ] S ] S N ] (S N
- 2o u P ) i A
¢ 1S S g 16 0 1168 e
(26)
- P 1§ R B S
PP T ¢ Py e B
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If the plasma undemvestigationis homogeneous across theam waist of the THz
radiation anddoesnot vary significantlyat the scaleof the THz wavelengtlalong the
radiation propagation directiqWWKB approximation)the complex refractive index may
be considered a funicin of position and integrated across the length of the plashe.

relation fore given byEq. (26) may be substitutethto Eq. (12) for ¢ to yield

>
~ [N

[N a a a 2
W C 1 o} C 1 o} 11 o} B
u U
and 27)
~ 1
1 v 1T d P 17 a 17 a L.
) - = - - ~AGh
B oo p ] p C P ] a 17 p.’. Q
U

Further assuming the plasma is approximately uniform along the direction of THz radiation

propagatioryields

. 1 0 p 1 p 1 1
o) Aogb— = =
! W C P 1 C P 1 T 7
u U
and 28)
~n 11
1 0p 1 p 1 1
5 — 1= - —_— -8
5 o Py ¢ P 11 P
u ¥

Egs.(27) and(28) directly relate plasmproperties to measured THz spectra
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2.2.2.3 Common Simplifications

Simplifying assumptionsanbe madeo enable determination of the electron density
from phase information alorand thereby avoid the need to invert &Y) or Eq. (28) [34,
45]. Under the assumptions tHat. 7 and] 1 , in which case thplasma acts as a
low-loss dielectric with little absorptiorthe expressiofor the phase ifiEq. (27) can be

expanded to first order with the binahtheorem and assessedhelimit of © L T

17 and” L7 ] 1 1 toyield

a
B p —— p Qa8 (29)

e

Equation(29) can be further expanded to first order with the binomial theorem in the limit

of] L7 toyield

51 — 1 Q8 (30)

Furtherassumption that the plasma is uniform enables simple computation of the electron

density with

‘ 4 o
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The sign preceding depends upon the chosen signs of the exponentssiti@and(10)

and is positive elsewhere in the literature.
2.2.3 Interaction of THz Radiation with Magnetized Thermal Plasma

Section2.2.2detailsthe derivation of the equations requireddtatethe phase and
magnitude of theneasuredransfer functiorio the electron density and collision frequency
of a Lorentz plasma. Relaxation of the Lorentz plasma assumptions #h&aitdusion of
magneticfields and thermal effect®\ general treatment requires a kinetic (rather than
fluid) description of the plasma and produces a tdieeensional spatially dispersive

system of equations with many solution regirfte§.

However,under the assumption that the electron temperature is below 106V,
particular cases with relevancy to EP plasma diagnosimoglify to produce one
dimensional complex refractive indis[34, 58]. Case 1 is THz pulse propagation parallel
to an applied magnetic field and Case 2 is pulse propagation perpendicular to an applied
magnetic field such that pulse polarization is parallel to the magnetic Tieéddcomplex

refractive in@x for Case 1¢( ;) is given by

: T 11 QY
€ 5l P -. p - e (32)

= h (33
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where the electron temperaturé¥$ Bo |l t z ma n n®,sandc dsnte telactran

cyclotron frequency given as a function of the magnetic field strengthy(

1T =38 (34)

Throughout this dissertatioas istypical in the plasma literaturéheelectron temperature
iscombi ned with B ®odthartheagnantifd'yY iscollectivielpreported
as the electron temperaturesiiandardunits of electrowolts (eV).The adandi subscripts
in Eq.(32) refer to the leftand righthandeccircular polarization components of the THz
pulse and correspond to theandz signs in the , respectively. In this work, rightanded
circular polarization refers to an electric field in which theoynponent lags the-x
component byinastapdard@artesiammdordinate 8ystem

Contrary to the refractive index given by HA1), the refractive indices given by
Eqgs.(32) and(33) do not yield simple analyticaxpressions for the transfer function phase
and magnitudeApplication ofEqQs.(32) and(33) therefore require numerical computation

of the phase and magnitude wily. (12).
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CHAPTER 3. THZ-TDS SYSTEM

A THz-TDS system and tabletop plasma were designed and constanotet a
previously purchased ultrafast las&ection3.1 provides an overview of the system,
Section 3.2 details the systen@ THz radiation generation and detien, Section3.3
discusses system measurement verificatonl Sectior3.4 describes the tabletop plasma

discharge.

3.1 System Overview

The THzTDS system is diagrammed kigure8. The systengenerates and detects
THz radiation in a pumyprobe configuration: one laser beam pumps a PCA to produce
THz pulses while the other probes a zinc telluride (ZnTe) crystal to elegtically detect

THz pulses.
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Figure 81 Tabletop THz-TDS system diagram(BD: beam dumpBS: beam splitter
Comp: computer CPC: pulse compressoDL: delay ling LIA: lock-in amplifier,
PCA: photoconductive antennaPD: photodetectorPM: parabolic mirror, PS:power
supply, WP: Wollaston prism ZnTe: zinc telluride crystala/2: half-wave plateai4:
guarter-wave platg

The laser beam generatedby a moddocked Ti:Sapphire las€éCoherent Vitaral
HP) that provides ultrashort pulses with 800 nm center wavelength at a repetition rate of
100MHz ard average power of 1.2 W. The beam then travels through-avaedf plate
and polarizatiordependent beam splitter to give adjustable control of power inputted into
the setup. Next, the beam is guided througiulae compressdiCoherent CP@l) and
then ecollimated with a pair of lenses before it is split into pump and probe paths by a
fixed-ratio beam splitter.

The pump beam passes througtoptical choppe(Scitec Instruments 300D) and
then reflects from a hollow corner cube retroreflector mounted aelag line(Newport

DL325) before reaching the PCA mount. THz radiation emitted fronP@a (BATOP
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PCA-60-05-10-800-h) is collimated to a beam diameter of approxima#ly mm and
steered into the plasma by a gold parabolic mirror. After passage through the plasma, the
THz radiation is focused onto the ZnTe crygedkmaOpticsZnTe-1000H by a second

parabolic mirror.

The probe beam is routed through a secondvalfe plate to condt polarization
orientation and then focused through a hole in the second parabolic mirror and onto the
ZnTe crystal so that it propagates simultaneously and collinearly with the THz radiation at
identical polarization. After passage through the crydtal,probe beam is recollimated
and guided through a quareave plate and Wollaston prism. The two beams exiting the
Wollaston prism are focused onto the two photodiodes bflanced photodetector
(ThorlabsPDB415AAC). The output of the photodetectoréad by aduatphasdock-in
amplifier (Zurich Instruments MFLDIconnected to a desktop computer runrarggistom
LabVIEW virtual instrument The optical table is electrically grounded and is actively
vibration-isolated by isolators(Newport S2000A) floating on nitrogen gas. All

instruments are housed in the environmentally controlled enclosure sh&iguia9.
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Figure 97 Tabletop THz-TDS system enclosure

3.1.1 Ultrashort Laser Pulse Considerations

The laser producesultrashort pulses witla measuredemporalfull width at half
maximum FWHM) of approximately 30 fs at the laser output. The uncertainty principle
dictates that such pulsesanecessarily spectrally broad and not monochromatic. In this
setup, for instance, the measured spectral FWHM is 60 nm. For such pulses, group velocity
dispersion (GVD) can have a major impact on temporal pulse width and must be accounted
for in the optis setup. GVD occurs because the refractive index of each optical component

(and even air) varies as a function of frequency. As a laser pulse travels through a setup,
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each of its spectral components experiences a different refractive index and therefore
travels at a different wave speed. G\Rerefore spectrally separates the pulse in time and
thus increases the overall temporal pulse wWig.

GVD is mitigated in this setup by the usecommercially availablepecially coated
low-GVD mirrors, lenses, beam splitters, and wave plates designed for ultrashort pulses
centered ®8800 nm. GVD precompensation is provided by the pulse compressor. Before
the beam is split into pump and probe paths, it undergoes multiple reflections from negative
GVD-coated mirrors and makes four passes through prism elemeaids tine pulse
compresor. These events serve to lengthen each laser pulse in the opposite manner as the
rest of the optical setup: the pulse compressor accelerates the shorter wavelength
components ahead of the longer wavelength components to compensate for the tendency
of the other optics to accelerate longer wavelength components ahead of shorter
wavelength components. As illustrated FigurelO, the pulse compressor therefore

lengthenghe pulse duration so that the other optical components provide recompression.

Stretched Pulse
after Passage
throughCPC

Recompressed
Ultrashort Pulse

=\

Figure 107 lllustrated pulse compensation proceséCPC: pulse compressor

Original
Ultrashort Pulse

=

Time

Energy
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The GVD compensation schemes ensure the measured FWHM temporal pulse width
remains less than 50 fs at both the PCA and ZnTe crystal. Temporal pulse width

measurements were made with an aomatator(APE pulseCheclpaned by Coherent.

3.2 THz Radiation Generation and Detection

3.2.1 Generation

ThePCA used in this worls alow temperaturggrown gallium arsenide (L-GaAs)
paralletline antennaThe photoconductive substrate consists of a thin (~Xomjid_T-
GaAs buffer layer grown atop a much thicker (~500 micron) sesuilating gallium
arsenide (SIGaAs) region. Gold electrodes patterned onto theéslaRs form a Emicron
dipole gap, across which a DC bias 6f\L is applied. The pump beam is limitéal an
average power of MW to avoid damaging the PCA and is focused ontadipele gap
with an aspheric lens positioned witficronprecision by a custom mount assembled with
commercially available optomechanical componeiigurell shows afront view

schematic of th®CA.
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Figure 117 BATOP PCA-60-05-10-800-h front view schematic(LT -GaAs: low
temperaturegrown gallium arsenidg

Eachultrashort laser pulse in the pump beansacs a f ast switch f .
electrical circuif37-39, 60]. Photons impinging on the surface of the antenna are absorbed
bytheLTGaAs substrate and excite electrons fr
its conductbn band. These newly freed photoelectrons accelerate across the dipole gap in
response to the applied voltage bias and thereby produce a transient current that, in turn,
alters the local electric field and generates pulsed THz radiation. The plepess upon
the temporally short nature of both the 50 fs incident laser pulsetha@d i 0.3 ps
average semiconductor photoelectron lifetiidae to the highly divergent nature of the
emitted THz radiation and severe refractive index mismatch at the-&@aifterface the

radiationis coupled to air with a precisely positioned hypemispherical highesistivity
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float-zone silicon lengixed to theSI-GaAs|[61]. Figurel2illustrates the THz generation

process from a side view of the PCA.

LT-GaAs
Gold Silicon
Electrode\ Lens
Pump/\ =

PV+

Figure 127 lllustrated THz generation process(LT -GaAs: low temperaturegrown
gallium arsenide SI-GaAs: semtinsulating gallium arsenidé

3.2.2 Detection

After passage through the plasma, the THz radiation is focused onto atlickm
<110> ZnTe crystal oriented such that propagation is along the [110] axis and polarization

is along the ppt axis. Theprobe beam has the same polarization as the THz radiation and
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is focused onto the ZnTe so that it propagates simultaneously and collinearly through the

crystal with the THz beaif87, 62].

Because ZnTe possesses-zeno electreoptic coefficients, the electric field of the
THz radiation induces birefringence in the crydq@r, 38, 42, 63, 64]. This induced
birefringence causes a differential phase delay in tbepropagatingprobe pulse
polarization component#hereby causing theriginally linearly polarized probe pulse to
become slightly elliptically polarized to a degree that is linearly proportional to the strength
of the THz field. The modified pulse is guided through a quaveee plate so that its
polarization is shifted from nearly linear to nearly circular and then through a Wollaston
prism so that it is split into its two orthogonal polarization components. The intensities of
the two components are differenced the balancedphotodetector to determine the
ellipticity of the probe pulse and, thus, the relative THz field strength. The evolutioa of

probe pulse polarization is illustratedhigure 13.
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Figure 137 lllustrated THz detection process(WP: Wollaston prism ZnTe: zinc
telluride crystal /4: quarter-wave platg

The pump beam is chopped at a rate of 1 kHz thiéoptical chopper so that the
photodetector signal can be extracted from background noigkedgck-in amplifier
(LIA). The LIA isoperatedwith a typical filter order of 3 andtime constant of 61 ms.
These values were chosen because |laglectabldilter ordersand time constants were
observed to increase the required sampling time witka@rtificantly reducing noise.
Smaller selectable filter orders and time constaignificantly increased theorse floor
without significantlydecreasingherequired sampling time.

Depending on the application, relevant information in the THz field is contained in
a duration of 5 to 300 ps. Tiefore, theultrashort probe beam must be scanned across the
durationof the THz pulse for acquisition of the entire field. Scanning is achievedawith

delay line that delays the arrival of the pump beam to the PCA, thereby delaying the arrival
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of each THz pulse to the ZnTe relative to each pulse in the probe DeafWHMof the
laser pulses in the probe bedaM6 + 4 fs at the ZnTe, so the delay linensoved in
increments corresponding tine delays of 50 fs to resolve the THz electric field with
approximately 50 fs resolutionthe positional delay line increment(3Q) required to

achieve aemporal delay3-0) is given by

~
g

3Q @ 3:0h
'3 (39)

where¢ s the refractive index of the surrounding air at the center wavelength of the
laser pulseThefactor of 2 is included in théenominatobecausegas is evident ifrigure8,

an incrementof 34 in thedelay linepositiongeneratesn increment o 3a in the probe
beam path.

Scanning proceeds as follows: the delay line is moved to the desired position;
software waits for the LIA output to reach its 99% settling time; the signal is acquired as
the average of a selectable number of samples over a selectable sampling tinlaythe de
line moves to its next position. The starting position of the delay line is typically chosen
such that the probe pulses arrive at the ZnTe a few ps before the THztpelsiblish a

zerosignal referencerigurel14 outlines thelTHz pulsedataacquisition process
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Collect specified
Move delay line to number of samples fo
next position specified sampling
time

Figure 1471 Outline of THz pulse data acquisition process

Thougheach individuallHz pulsehaspicosecondscaleduration the use oéan LIA
and mechanical delay limequires acquisition of manyndividual pulsego constructa
singlecompositepulseover the course of a typical measurement time of a few minutes
Measured plasma pr operetsiod sy a enibwge,oraathee thanf or e
picosecondscale. Previous authorf43, 44, 49 have achieved iposecond and
nanosecongcak resolution of plasm@ropertyevolution by r@eatedly pulsingheplasma
and employing electronic gating techniquesdollect sufficient data at each delay line
position toenable LIA filteringand samplaveraging Such techniqgues@more accurately
describedeasn| vepllasand have beeperformmmplpéecoy ed i
resolved LIF measurements of oscillating discha{g&s However, as singlishotTHz-
TDS detection schemes improve, the possibility of resolvingetitge THz electric field
at apicosecondcalemayone daybecome a realitj66|.

Figurel5 shows an example pulgenerated and detected by the TH2S system

Figurel6 andFigure1l7 show the magnitude and phase, respectively, of its corresponding
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spectrum Readily esolvdle frequencies range from approximatel® @o 2.5 THz.
Deviations from an ideal THz pulse are caused by electron screening in the PCA,

reflections in the ZnTe, and the presence of water vapor in the pulse path.
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Figure 1517 THz pulse generated and detected by the THEDS system
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Figure 161 Magnitude of THz spectrum measured by THZTDS system
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Figure 171 Phase of THz spectrum measured by THZDS system
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3.3 MeasurementVerifi cation

Verification of THz-TDS system operation for this dissertativasperformed in two
stages: 1) verification of the recovery of water absorption lines in humid air and
2) comparison of refractive index amktinction coefficients of asample materialith

published data.
Figurel8shows a 100 ps THz traneeasured after propagation througim bf 60%
relative humidity (RH)air. The scan duration of 100 ps enables a spectral resolution of

0.01 THz.The corresponding spectrum is showrrigure 19.

Water Vapor THz Field

0.5
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i o
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Time (ps)

Figure 181 Water vapor test THz pulse (1 m through 60% RH)
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Water Vapor THz Spectrum
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Figure 191 Water vapor test THz spectrum (1 m through 60% RH)

Between 0.5 and 1.5 THz, where the THz spectrum signal strength is gteatast,
predicts strong water absorption lines exiat 0.56, 1.10, 1.16, and 41 THz [67].
Figure20 shows the spectruim Figure19from 0 to 1.5 THz and demonstrates that these
water absorption lias are indeed recovered by the TH2S systemwithin thespectral

resolution.
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Figure 201 Water vapor test THz spectrumhighlighting water absorption lines
(2 m through 60% RH)

Further confirmation of THADS system operation is provided the recovery of
published refractive index arektinction coefficient dataFigure21 shows sample and
reference THz traces taken witlDd inthick sample of HP grade BRanufactured by
SaintGobain Ceramic Material$lP BN is hexagonal clospacked BNhot-pressedn a
calcium borate (8(B0Os)2) binder.THz pulse propagation was along thgtic axis of the
HP BN, so measured properties correspond to that of the ordinaryhaysample was
surrounded by vacuum for recording of the sample pulse and replaced by vacuum for

recording of the reference pulger themeasurement setup diagrammedrigure?.
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HP BN Measurement
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Figure 217 Sample and reference THz pulses for HP BN measurement

The opticalproperties of the HP BN were calculatesing therelationship between
themeasured THz specteadrefractive index andxtinctioncoefficientgiven by Eg. (4)

and(12). The frequencydependent results of these calculations are showigure22.
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HP BN Measurement
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Figure 221 HP BN refractive index and extinction coefficient(ordinary ray)

Naftaly et al.[36] published refractive index and extinction coefficient data for
multiple grades of BNin the THz regime One grade, HBRBN manufactured by
Momentve Performance Materials, is ofvslar composition to HP BN because it also
consists ofhexagonal clospacked BN hopressed in a calcium borate bind&heir

results, whicharecurve fits of raw measurement dage shown irFigure23.
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Published HBR BN Data
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Figure 231 Published HBR BN refractive index and extinction coefficienturve fits
(ordinary ray)

Similarity between the datasets plotted Figure22 and Figure23 is evident.
Figure24 directly plots the measured HP BMilues with the HBR BN curviéts to

facilitate comparison of the datasets.
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Comparison of Measured and Published Data
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Figure 241 Comparison of measured HP BN and published curve fit HBR BN
refractive index and extinction coefficient (ordinary ray)

The trends in refractive index and extinction coefficientzgmgroximately the same,
and, though the BN samples were produced by different manufacturemmetiseired
values agree well with the published curve #its1 THz, for instance, thEBR refractive
index curve fit differs from theneasuredP refractive irdex byjust 0.5% Additionally,
as shown irFigure24, the HBR extinction coefficienturve fit falls within the spread of
measuredHP extinction coefficientsat all resolvable THz frequencieShe agreement
betweerthe twodatasets provides strong evidence fonthldity of measurements made
by the TH2TDS system

In conjunction with the welestablished nature of tHeasic physics connecting
optical properties to plasma parameters, the above results pnondtigt verification of
the THZTDS systedds pl asma pr oper t y AsmetedsnuChaptaie n t

direct verification of plasma propeyt measurementsvould require use ofeither

56

c

a



electrostatic probes additionaloptical techniques. Electrostatic probes, though relatively
easy to implemenguffer ablationare invasiveandfeature larg@incertaintiesn the high
density plasmanvironmentsfor which TH2TDS is weltsuited. In fact, the standard
approach forextracting data from electrostatic probesthe type of plasma discharge
discussed in Sectioh4 is to calibrate the probe measurements against microwave
interferometrydata[68]. Though one previous THEDS effortfound general agreement
between_Langmuir probe and THZDS results, the authors noted deviations between the
datasets were likelydriven by unsuitability of the probe for higensity plasma
diagnostic§45|.

Opticaltechniques capable of directtprroboratingeither electron deity or both
election density and collision frequency include OE$S, and microwave interferometry.
However,interpretation of OES data requirdstailed knowledge of plasnwallisional
radiative processemndcanthereforebe fraught with errqgimplementation of. TS would
require significant financial investment and nontrivial system setup and calibration; and
interpretatiorof microwave interferometry resultslies on the same basic physics as-THz
TDS1 meaning that interferometric measurements wauévide virtually no additional
measurement confidenda. the absence ofnaavailable anduitable direct measurement

verification techniqueimplicit verificationof THz-TDS operatiommust suffice.

3.4 Radio Frequency Inductively Coupled Plasma Discharge

An argon radidrequency (RF) inductively coupled plasma (ICP) dischaeyges
asthe plasma testbed for the THDS system. The RF ICP discharge type was chosen for
the plasma testbed because it is representative of a relevant EP plasma d{&fhenge

thruster) and generates a stable, uniform plasma with densities within the expected
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detection range of THZDS [45, 68]. The RF circuit designwas hkrgely based on the
practical consideratiorresentedby Williams [69].

The discharge consists of a quartz tube crb8snimouter diameter, 3 mm wall
thickness, 460 mm length, 250 mmwidth, custombuilt by Technical Glass Produgts
connected to steekF vacuum flanges by quiekonnect couplinggKurt J. Lesker
QF50XVC20Q. A rotaryvane mechanical pum(Pfeiffer Adixen PASCAL2021SD)
evacuates the discharge chamber to a base pressure of 1 mTorr, as measured by a
convection pressure gau@€urt J. Lesker KJL275807LL)Ultra-high purity (99.999%)
argon is fed into the discharge by a regulator and precision flow nretmsurevalues
outputted by the pressure gauge are corrected for argon accortitagrtade fromargon
calibration data provided by the manufacturer.

RF power is coupled to the plasma via a tkrega hollow copper antenna wrapped
around the glass tub&he unbalaced 13.56 MHz RF signal is generated hyR& power
supply Materials Science, Inc. RBXIIl ), tuned by a RF radioantenna tunefPalstar
HF-AUTO), and converted to a balanced signal
connected t@ach end ofhe antennaPower is carriedbetween devicesbly 0 Y R G400
coaxial patch cables with UHF connectqRasternack PE3743em8es). The plasma
discharge is always operated with a standing wave ratio of 1.05 canesforward power
drift was observed to remain within ¥¥ throughout the duration of all THEDS

measurement$gigure25 showsthe simplified RF circuit schematic
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Figure 251 Simplified RF circuit schematic

An electrically grounded Faraday cage surrounding the antenna prevents stray
electromagnetic radiation or electrical arcs from interfering with-TB% measurement
equipment. The dischaggviewports (Torr Scientific BKVPZ50NQ2) feature Zcut
crystalline quartz windows that, compared to standard amorphous quartz windows, exhibit
relatively low absorption in the THz regimié0]. THz radiation is sent through the longer
dimension of the quartz tube. The discharge is picturdéigure26 operating at 1 Torr

argon and 200 W input power.

Figure 261 RF ICP discharge(200 W, 1 Torr)
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CHAPTER 4. STANDARD ANALYSIS METHOD

Chapter 4details thestandard analysis of THEDS data(Section4.1) andpresents
electron densities measured with the TH2S system for a range &F ICP operating
powers and pressur€Section4.2. Th e t er m rdfessto tha ahaysislfamework
used by previous authors in the literature @ndistinct fromthe Bayesian framework
developed for this dissertati@nd discussed i€hapter 6 Electron collision fregancy
results are not presented in Sectib2 due to deficiencies in the standard analysis

framework explained in Sectighl.3

4.1 Analysis

Raw sample and reference electric field data outputtedhieyLIA are used to
calculate theTHz-TDS transfer functionphase andnagnitudeat each resolvabl@Hz
frequency. The phase data are corrected for phase wragpihdgelay line registration
error. The standard analysis framewoassumes the plasma is uniform and that the
assumptions required to ugm, (28) are valid. The validity of thse assumptions is
discussed in Sectiob.l After the phase data areroected, Eq(298) is inverted to
determinghe lineaveraged electron density and collision frequeascy function of THz

pulse frequencyFigure27 outlines the data analysis procedure.
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Figure 271 Outline of standard data analysis procedure

4.1.1 Calculation of Phase and Magnitude

4.1.1.1 Electric FieldCalculation from LIA Data

The LIA extracts theTHz signal above noisby demodulatingthe signal with a
reference inpuprovided by the optical chopper. The LIA used in this dissertatiodusia
phase LIAthatutilizes two demodulator® enable compensan for phase drifts in the
THz andreference signal The two demodulator output® and @) are quadrature
component®f the total signalmagnitude('Y) andare therefore related to the total signal

magnitudeby

Y & ©8 (36)

Many (&,0) sample pairare recorded at each delay lipesition Each delay line

position corresponds totamporal position on the THz pulsagcording toEq. (35). The
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@ and®samples are averaged at each positiosstablisithe averagedy and  signals.
Due tophasedrift in the optical chopper reference signal, the avera@gadd & signals
linearly drift in opposite directions and do nbave baselinevalues of zero.These
imperfections are quantified lipear fits of the average signal tips, where the THz etectri
field strength isqual tozero.

Theraw, preaveragedb and®signal data areveledand zeroed witlhelinear fits
of the averaged signéps. Eachleveled(,w) datapoint igshenused to calculateach’Y
datapoint viakq. (36). The sign of eachY datapoint isdeterminedby comparingits
compositel and®data points. If the absolute valuetbé zeroed ankkveledd is greater
than that of, thesign of Y is assigned to be that Gf If the absolute value dhe zeroed
andleveled is less than that ab, the sign ofY is assigned to be that af Thereported
electric fieldis thencalculated by averagingass allsignedY samples at each delay line
position.Averaging is performed in the time domérather than in the frequency domain
after calculation of spectrapecausetime-domain averaging has been shown to

significantly reducerariance inoutput spectrfs5].

4.1.1.2 Phase and Magnitudgalculation

The sample and reference electric field spectra are calculated from the sample and
reference electric fieldsespectivelyyia thefastFourier transform (FFT) implementation
of thediscrete Burier transform (DFT)According to the convention of E¢p), the DFT

is given by
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Q" Q.
0O 0 A@gb Qi‘) h (37

whered is theindex of thediscrete electric field (beginning at zerd),is the number of
entries in the discrete electric fieldndQis theindex of thediscrete spectrumalso
beginning at zeroBecause indexing begins at zé@, denoteshe (¢ p)" element of
the discrete electric field ar@ denotes th€’Q p)™" element of the discrete spectrum.
Due to the redundanof theinformation above the Nyquist frequency, traues ofQare
limited to integers that satisf;t Q 0 7¢. The correspondingdiscrete angular

frequenciegq ) are given by

1 ~——h (38)

where 4 is the total temporalurationof thediscreteelectric field[71].

The spectral ratias computedoy dividing the sample spectrum by the reference
spectrumand thephase and magnitude of the transfer funcéimmextracted according to
Eq. (10). Implementation of the FFT and subsequent determination of the phase and
magnitude of the transfer functi@an be performedith software packages available in
most programming languages.

Figure28 showssample and reference electric fieldsasured for RF ICP discharge
conditions of 1 Torr an@00 W.The extracted phase and magnitude computed at each

resolvable THz frequency are showrFgure29 andFigure30, respectively. Because the
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phase extracted from the transfer function can only exist ffomt o phase w

generates 2° discorn8inuities in the phase
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Figure 281 Sample and reference THz pulse200 W, 1 Torr)
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Figure 3071 Uncorrected magnitude(200 W, 1 Torr)
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4.1.2 PhaseCorrections

Twophasec or recti ons are necessary. The firs

discontinuities in the phase data are eliminated by subtraoteger multipleso?2 ©~ f r om
the phases at frequencies impacted by the discontinlity unwrapped phasg ) is

related to the measured phaige | by

B B 1 ¢ @ h (39

wherew is the number of discontinuitiéspacting . The phase unwrappingrocess is
straightforward foidata with high SNR but can be challengingdata with low SNR, as
noise may mask the location of the phase discontinugig¢sorough discussion gfhase
unwrappingstrategies for a variety of conditiois provided by Jepsejr2]. Figure31

shows the phase data frdfigure29 after phase unwrapping.
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Figure 311 Phase after unwrap (200 W, 1 Torr)

The second phase correctiancountsfor delay line registration erroDelay line
registraton error occurs whethe delay line fails to return to exactly the same starting
position after scanning a THz puldéne resulting offset in starting positiamtroduces an
artificial phaseshift in the next scanFirst reported by Meier et aJ49], delay line
registration errobetweenthe reference and samplEHz pulse introduces an atrtificial
linear dependence @hase with THz frequency artkdereforeresults in a lineatrend in
calculated electron density with THz frequen&ygure32 shows the electron density
calculated dr the 200W, 1 Torr operating conditions prior to implementation of the delay

line registration error phase correction.
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Calculation Before Phase Correction
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Figure 321 Electron density calculated before phase correction (200 W, 1 Torr)

Delay line registration errdollows a normal distribution and has begrantifiedin
solid materialTHz-TDS uncertaintyanalysisas a standard deviatioomeasured from
multiple delay line scang/3]. However,when measuring plasma properties with THz
TDS, it istypically desirdle toscan the delay line just once for each sample and reference

pulse.UsingEg. (31) as a guideMeier et al[49] therdorefit their phase dta to

B1 — <1 - (40)

and corrected for delay line registration ertyy subtracting away the linegr 7 )

componenbf the fit

Meier et al.[49] also reported the need to subtract away the intereept tb

accurately process the datdowever thereis no clear physical justification for the
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presence ofhe interceptThe phasalata collectedor this dissertation feature negligibly

small values of , so the data are instead fit to

B — (41)

and only the linear portion of the fitiemoved from the phase dakagure33 shows the

200 W, 1 Torrelectron density calculated with the corrected phase data

Calculation After Phase Correction
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Figure 3371 Electron density calculated after phase correction (200 W, 1 Torr)

It is important to note that th@hase correction provided I&g. (41) is strictly valid
only if the assumptions inherent in the derivationEgf. (31) are met.Otherwise, if the
influence of theelectron collision frequency on the phase is not negligdaegecting the

phase according t&q. (41) will introduce error into the calculatiorA more robust
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correction schemwith less restrictive assumptions is discussed as part of the Bayesian
framework inSection6.1 The standard units for are s/rad, but the value can be

converted to units ofrad through multiplica

4.1.3 Calculation of Plasma Properties

After corrections are applied to the phase datanitial guess for the electron density
is computed withEq. (31) at each resolvable THz frequendyhe intial electron density
guessand a guess for the electron collisit,equencyare used to seed an iterative
computational inverteto solve for the electron density and collision frequency with
Eq.(28) at each resolvable THz frequendyhe reported electron density and collision
frequeny areaveraged ovethe values calculated at each THz frequeeichaveraging
assumes the properties calculated at each frequency should be equally weighted
assumptionthat is not necessary in the Bayesiamalysis framework provided in
Section6.1

Datacollected for this dissertatioat every tested plasma conditiesulted in the
calculation of electron collision frequencies that exhilsié@erepositive linear trend with
THz pulse frequencyrigure34 shows the electron collision frequency calculated for the
200W, 1 Torr condition. The nonphysical trend in the data suggests the need for a
correction to the magnitude, but, because mostTBZ plasma diagostics publications
do not report electron collision frequenay informationon magnitude corrections exists
in the literature. This problem is overconby the implementation of a magnitude

correction in SectioB.1.1as part of the Bayesian analysis framework.
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Figure 341 Calculated electron collision frequency before magnitude correction
(200 W, 1 Torr)

4.2 Plasma Property Resuts

Figure35 shows themeasured electron densities (as calculated through the standard
analysis framework) for various input powers atidcharge operating pressuré$o
electron collision frequency ressiltare presentediue to the apparent need for a
measuremertorrection.Observed plasma lengths ranged from 0.11 to 0.13 m, depending
on the condition,so a uniform plasma length of 0.12 m was uedormalize the line
integrated electron density for adsesThe implications of the use of a uniform assumed

plasma length are discussed in Secidn2
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Figure 3571 Electron density calculded with standard analysis procedurgno error
bars shown)

The electron density increases linearly with power at all pressure condiftoms
1 Torr and 500 mTorr electron density values are of the same order of magnitude as those
measured in a similar ICP at similar conditip#S]. No error bars are included in the plot
because the standard analysis framework does not in@unethod for accurate

uncertainy quantification.
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CHAPTER 5. DOMAIN OF APPLICABILITY

This chapter investigates tA¢1z-TDS plasma diagnostic domain of applicability
Section5.1 discusses the validity of standard assumptions and provides simple rules for
evaluating assumption validity as a function of plasma conditi®estion5.2 maps out
the feasible THZ DS measurement space and discusses the physics afDS4/stem
parameters that define the boundaries of the measurement space. Saetvatuates the
feasibility of THZTDS measurements in a variety of EP plasma conditi®astion5.4

summarizes the findings of this chapter.

5.1 Validity of Standard Assumptions

This section investigates tlagplicability of standard assumptions used to process
THz-TDS plasma diagnostidata Section5.1.1 quantifies the error associated with
calculating electron density withqg. (31), Sections.1.2discusseshe validity of reporting
line-averagedelectron density ancelectron collision frequency, and Sectiob.1.3

guantifies tle error associated with using E&8) in magnetized thermal plasmas.

5.1.1 Calculation of Electron Density from Phase Information Alone

Parameter extractioms greatly simplified if Eq.(31) can be used to directly
determine the electron density from phedermation aloneUse ofEq. (31) bypasses the
need to numerically invert Eq28) and eliminates uncertaintiegn the magnitude
measurement. As a resute bulk of publications in the THEDS plasma literaturase

Eqg. (32) in place of Eq(28). The assumptions used to derive ERfl) suggest that it is
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applicableif the THz pulse radiation frequencylager than the plasma frequency and if
the electron collision frequency is much l&szn the plasma frequency.

The applicability of Eq.(31) is tested here through quantificationtbé absolute
value of theelectron densityerror caused byts use in place of Eq(28) for various
measurementonditions. Equation(28) is a function of the electron density, electron
collision frequency, THz pulse frequency, and plasma lengtheserror is quantifietlere
as a function of these parametdfgyure36 and Figure37 compare the electron density
erroras a function of electron density and collision freaqydnr a uniform plasma length
of 0.1 m and THz pulse frequencies of 0.1 and 1 THz, respectiiglyre 38 andFigure 39
show the same computation farTHz pulse frequency of 1 THz and unifoptasma
lengths of 0.01 and 1 m, respectivdly all plots, the error was calculated by inputting a
range of electron density and collisiorequency values into E¢28) to determine the
measured magnitude and phase of the-TBS transfer function, computing the electron
density from he phase alone with E¢31), and comparing the input and output electron

densities.
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Figure 361 Electron density calculation error from the use of Eq.(31) for a pulse
frequency of 0.1 THz anduniform plasma length of 0.1 m
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Figure 371 Electron density calculation error from the use of Eq.(31) for a pulse
frequency of 1 THz and uniform plasma length of 0.1 m
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Figure 381 Electron density calculation error from the use of Eq(31) for a pulse
frequency of 1 THz and uniform plasma length of 0.01 m
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Figure 391 Electron density calculation error from the use of Eq(31) for a pulse
frequency of 1 THz and uniform plasma length of 1 m
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The plots indicate that error is log« 4%) for values of the electron collision
frequency at least an order of magnituaeallerthan the THz radiation frequency and
values of the @lctron density for which the corresponding plasma frequeralylésast an
order of magnitude smaller than thelz radiation frequencylhe errorrises sharply and
rapidly exceeds 10% asither the electron collision frequency or plasma frequency
approache the value of the THz radiation frequency.

This resultis independent of the plasma lengtvhich does naappear tompact the
calculation error. Thougthne data presented here are for specific conditions and, therefore,
are not strictly generatheresultssuggest thatritical values of the electron densi f,)
and electron collision frequendy ) for which error from the use of E¢31) becomes

significantaregiven by

and (42)

Thoughderivation of Eq(31) assumes the electron collision frequency is much
smaller than theplasma frequencythe resultsdo not indicate thaviolation of this
assumption causes significant error. An electronsiderof 10 m3, for instance,
corresponds to a plasma frequencyapiproximately % 10° Hz; however, the error
incurred througtthe use of Eq(31) is lessthan 2%in all plots at an electron density of

10" m2and electron collision frequency of 9 x9Hy.
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5.1.2 Impact of Distribution orLine-Integratedand LineAveragedAssumptioa

If the electron densityand collision frequency distributiaare unknown, it is
convenient to reporan averageelectron density and collision frequendyegardless of
distribution and plasma extenthe measured phase and magnitude are assumed to
correspond toline-integrated eledron density and line-averagd electron collision
frequencyThe lineintegrated electron densitgan then beonvertednto an averagealue
through normalization by ra estimated plasma length. Even if the plasma length
measurement is not accurate, teportedaverageelectron density is understood to be a
line-integrated quantity that has been normalizgdquastarbitrary valueThe calculated
electron collision fequencyon the other hand, is assumed to be independéme jpiisma
extent poth distribution and length¥o that its value is a true averaged quanfityese
assumptions are evaluated here thraingttalculation of theelectron collision frequency
error caused bynputting the incorrect plasma lengtita Eq. (28) and the electron density
error caused by using E®8) in place ofthe integratedeq. (27) for various electron
density distributionsvith the same integrated electron density.

Figure40 shows theimpact of plasma length on the average electron collision
frequencyerror forvarious incorrect plasma lengtfar an electron density of 1dm?3,
electron collision frequency of ¥Hz, and plasma length of 0.1 ifhe plasma condition
values are representative of the RF ICP dischdarge electrorcollision frequencyerror
wascalculated as followsAn éectron density, electron collision frequency, and plasma
lengthwere inputted intoEqg. (28) to calculate the resultingpagnitude and phader a
range of THz pulse frequencies. Equatf@B) wasthen invertedo calculate the electron

density and collision frequency at each THz pulse frequency for an incorrect plasma length
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value with the magnitude amhase calculated from thieput plasma length valuélhe
input electron collision frequency was compared to the output electron colfisiprency

to determine the error caused by assuming the incorrect plasma length.

Electron Collision Frequency Error
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Figure 4071 Average dectron collision frequencycalculation error caused bythe
input of incorrect plasma length ¢ _ i ,h g 64 81)

At the input conditionseven fomplasma lengths incorrect by an order of magnitude,
the error incalculated average electron collision frequeraayains below 2% for almost
all THz pulse frequencie®?lasma lengths incorrect by 50ptoduce negligibly small
calculation errors of less than 0.18% most THz pulse frequenciesrror increasesvith
decreasing THz pulse frequency and becams@siegligiblenear plasma ctaff (discussed
in Section5.2.3. The results suggest that if thelz pulse frequency is naear its cubff

value (at which point detection above noise becomes infeasible anyvihg) assumed
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plasmadistributionandlengthproduce negligible errors ithe average electron collision
frequency calculation.

Strictly, these resultonly apply to the input plasma conditions aade not
necessarily general. However, the large degree of insensitivigomputedelectron
collision frequency to order of magnitude changes to the input plasma leungglest that
more realistic errors in input plasma length (~1086)) produce negligibleelectron
collision frequencycalculation erroin laboratory plasma measurements.

The impact of theelectron density distribution on the error of the calculategt i
averaged electron density was computed foalpalic and linear distributions across a
range of plasma conditionBhe erroiis afunction ofthe electron density, electron collision
frequency, THz pulse frequency, plasma distribution, and plasma length. These parameter
were therefore varieflom a set of standard conditions to determine the impact of each on
the error. Unless otherwise spémif, the standard plasma conditions consist of a uniform
electron density of 28 m3, uniform electron collision frequency of #(Hz, and uniform
plasma length of 0.1 m.

The impact of electron density distribution time error of the calculated line
avergedelectron density wasalculatedhs follows:An inputuniform electron densitgnd
plasma lengttwere used to form parabolic and linear electron density distributioats
span across thaputplasma length and feature the same integrated electrsitydenthe
uniform distribution The parabolic and linear electron density distributions were inputted
into Eq.(27) (along with a uniformelectron collision frequencyjo determine the
magnitude and phase corresponding to each distribaisoa function of THz pulse

frequency Equation(28) was then inverted with theseagnitude and phase values
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determine the linaveraged electron densiand collision frequencygalculatedat each
THz pulse frequency, under the incorrect assumption of a uniform plasma distribhgon.
error causedby assuming a uniform electron density distributieas calculated by
comparing the input and output electron density values.

Figure41 shows the three distributions for a uniform plasdensity of 16° m3

spanning across a plasma length of 0.(lime-integrated density of &m).
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Figure 417 Sample input electron density distributions(= _ i
8 1)
Figure42, Figure43, andFigure44 show theparabolicelectron density calculation error
for variousinput uniform plasma densities, electron collision frequencies, and lengths,
respectively.Figure45, Figure46, andFigure47 show the sameesults for the linear

distribution.

81



Parabolic

7
—_—n =10%m?

<6 )
= n =10"m?
Y 5 €
L% n = 10 m™
24 n =10 m*
1%5] c
3
A3
=
22
Q
2
M

0

0.5 1 1.5 2 2.5 3
Frequency (THz)

Figure 4271 Impact of electron density onelectron density calculation error caused

by parabolic density distribu tion (h L 81)
0.05 Parabolic
v=10""Hz

< 0.04 v=10"Hz
5 v= 1012 Hz
= 13
m v=10" Hz
3*0'03
§7
=
o]
2 0.02
=
2
2
m 0.01

O —

0.5 1 1.5 2 2.5 3

Frequency (THz)

Figure 4371 Impact of electron collision frequencyon electron density calculation
error caused by parabolic density distribution € i 4 81)

82



0.05 Parabolic

—L=0.001m
~ —1 =001 m
S 0.04 —1 =0.1m
i
5 —L=1m
s
£,0.03
7
=
(]
A2 0.02
o
e
3
Z0.01

0 e —

0.5 | 1.5 2 25 3

Frequency (THz)

Figure 4471 Impact of plasma lengthon electron density calculation error caused by

parabolic density distribution (= i ,h € Q
g Linear
7 —n_ = 1018 m™
_1al9 -3

6 n, = 107" m

n =10"m>
5 c

n = lO21 m'3
4 c

(%)

Electron Density Error (%)
[§®]

—

~

0.5 1 1.5 2 2.5 3
Frequency (THz)

<

Figure 4571 Impact of electron density on electron density calculation error caused
by linear density distribution (h GE! 81)

83



Linear

0.08
0.07 — 0 =10"" Hz
s v=10"Hz
= 0.06 v=10"% Hz
5 0.05 v=10" Hz
2
‘2 0.04
af
= 0.03
2
50.02
= 0.01
O ——— |
0.5 1 1.5 2 2.5 3

Frequency (THz)

Figure 461 Impact of electron collision frequency on electron density calculation
error caused by linear density distribution ¢ i 4 81)

0.08 Linear

m—] =0.001 m
=L =0.0lm
=L =0.1m
—L=1m

Electron Density Error (%)
S o © o o o
=] < o < o] <
[\ (V%] B [ N ~]

o
=]
—

<

0.5 1 1.5 2 2.5 3
Frequency (THz)

Figure 471 Impact of plasma length on electron density calculation error caused by
linear density distribution (= i ,h € 0Q

84



For the cases plotted herarag in theline-averagd electron density calculation
caused byheassumption of uniformelectron densjtis typically below 0.1% and does not
vary with length or average electron collision frequertidgwever, increasing theverage
electron densityo 1¢* m3 producesa significanterror (> 5%) at the lower THz pulse
frequencies.This is becausehe validity of the line-averaged(and equivalently line
integrated) assumption requires that éhectron density be primarily determined by the
phaseand that the phasarylinearly withthe electrordensity.Becausd=q. (31) describes
this exact scenario, the lraeraged assumption is validtiife electron density is below
the critical vale given by Eq(42).

As only two noruniform distributions were analyzed for a finite set of measurement
conditions, the results presented here are not stgetheral. Howevergiven the large
differences irdistribution shapeshefindings presented heegeexpected to bapplicable
to abroadrange ofpossible laboratory plasn@onditions. It should also be noted that
distributions with more rapid changes irelectron density (such ahe exponential
distribution) wereanalyzed but are not presented héestributions that featuréarge
change®n scales of a few mm or smalleiolate the WKB approximation and invalidate

the governing equations presented @tt®Hn2.2

5.1.3 Impact of Electron Temperature and Applied Magnetic Field

The impacs$ of electron temperature and applied magnietid arequantified here
for the two specific cases discussed in Sec@?3 Case 1 is pulse propagation parallel
to the applied magnetic field and Case futse propagation perpendiauto the applied
magnetic field, such thgbulse polarization is parallel to the applied magnetic field.

Propagationis a function of electron density, electron collision frequency, THz pulse
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frequency, plasma lengtkelectron temperature, and applied gmetic field. These
parameters are therefore varied from a set of standard parameters to determine the impact
of each on the propagating THz pulEach ploin this sectiorshowsthe impact of varying

two parameterm the presence afonzercelectrontenmperature and applied magnetic field
Though parameters are varied independently, it should be noted that, because nonvarying
parameters are taken from a standard set, the results are not strictly general. Hbevever,
general trends and findings are expdcto hold for a broad range of measurement
conditions.

Nonvarying parameter@are taken fromthe following standard setelectron
temperature of 100 eV, applied magnetic field of 1 T, electron densitybinf)electron
collision frequency of 18 Hz, plasma length of h, andTHz pulsefrequency of 1 THz.

The standard set was chosemepresent or exceaxkpectedipperboundary values in EP
plasma diagnostic scenarj@s well as clearlghow the impact of the electron temperature

and applied maugtic field.

5.1.3.1 Case 1: Pulse Propagation Parallel to Applied Magnetic Field

Case 1 is most easily analyzed by decomposing the linearly polarized THz electric
field into left- and righthanded circularly polarized components to endbilectuse ofthe
comple plasma refractivendex given in Eq(32). If the pulse attenuation is small enough
that the THz electric field does not become significantly elliptically polarized, the impact
of the magnetic field is to rotate the linearly polarized electric field by a Faraday rotation

angle( ) according to
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L1 B1 B (43

p
[ c

However, if one circularly polarized component is attenusigguificantly more than
anothey the pulse becomes elliptically polarized. The elliptiity of the polarization is

guantified here as

i EB71 W
o

1
T pTIT P ARG D (44)

so thatt 1t corresponds to linear favization andt p 1t morresponds to circular
polarization.Faraday rotation and pulse ellipticity produce eriarstandard THZTDS
systemsbecause such systems can only measure linear polarization in oneaaaday
rotation produces a cosine lassor, whereas pulse ellipticity nonlinearly impacts error in
a situationspecific manner.

The impact of plasma properties Baraday rotatiomnd pulse ellipticity isshown
in the figures belowkFigure48 andFigure49 showthe impact of electron temperature and
applied magnetic fietdFigure50 and Figure51 show the impact of plasma length and
applied magnetic fieldrFigure52 and Figure53 show the impact of electron density and
applied magnetic fietdFigure54 and Figure55 show the impact of electron collision
frequency and applied magnetic figdshdFigure56 andFigure57 show the impact of THz

pulse frequency and applied magoéield.
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In each case, there existsrdical magnetic fieldd ) for which the Faraday rotation
angle and/or polarization ellipticitgise relatively sharplywith changes in the magnetic
field. According to the results plotted above, thi#ue is essentially independent of the
electron temperature anglectron collision frequency but varies with plasma length,

electron density, ant@iHz pulse frequencylhese dependencies are expressed as

5 "Yx & O B F

(49)

whereeachwis a positive constant that depsmh the variables inside the parentheses.
Thenegative dependence of the critical magnetic sélength on plasma length and

electron temperataris caused bthe increase in pulse reshapthgt occursith increases

in these values. The trend is similar to that for the simplified &), where the phase is

proportional to th@lasma length and electron densltythis caseincreasing the plasma

length and electron density exacerbates the differences phése®f the left and right

circularly polarized components of the THz pulse and leads to greater changes in

polarization. Similarly, as the THaulse freguencyis inversely related to thghase in
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Eq. (31), increases in the THz pulse frequemainimize differences in the lefand right
circularly polarized cmponentsof the THz pulse and lead to smaller changes in

polarization.

5.1.3.2 Case 2: Pulse Propagation Perpendicular to Applied Magnetic Field with

Polarization Parallel to Applied Magnetic Field

THz pulse propagation in Case 2 changes the transfer functiontutkegand phase
but does not impact the pulse polarizatibnerefore, Case i2sults are presented as errors
in the calculated electron density and collision frequency incurred from failure to account
for electron temperature and magnetic field effeBigor analysis was performed as
follows: the magnitude and phase of fHdz-TDS transfer function were detemeidwith
the complex plasma refractive index given in E8B) for input electron density and
collision frequencyEquation(28), which does not account felectrontemperature or
magnetic field effectswas then numerically invertesiith the calculated magnitude and
phaseto determine the electron density and collision festey. The error incurred for
failure to account for the electron temperature and magnetic field was quantified by
comparing the input electron density and collision frequency to the output electron density
and collision frequency.

The impact of plasma pperties on the electron density ardlision frequency error
is shown in the figures belowigure58 and Figure59 show the impact of electron
temperature and applied magnetic fiekigure60 and Figure61 show the impact of
electron temperature arlasma lengthFigure62 and Figure63 show the impact of

electron temperaturand electrondensity; Figure64 and Figure65 show the impact of
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electron temperature amdectron collision frequenc¢yndFigure66 andFigure67 show

the impact oklectron temperature afftHz pulse frequency
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For the cases plotted abowror inthe calculated electron densignd collision
frequencydepends strongly on the electron temperature but is virtually independent of all
other factorsThisis the case because settthg electron temperature to zero in E§3)
recovers theelectron temperatureand magnetic fiekindependent complex refractive
index given by Eq.(21). Therefore, theelectron temperature ighe factor that seeds
differences between E(R1) and Eq(33). The critical electron temperature at which error

begins to grow beyond 2% abdcomesonnegligible is given by

Yix p A 8 (46)
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5.2 MeasurableElectron Density and Collision Frequency

This sectionquantifies measurable plasma properimits and investigates the
relationshipbetweenthese limits and THZ DS system propertieMaximum limits exist
wherethe electron density and collision frequency large enough to attenuate thelz
pulsesufficiently that theransmittedsignal strength is equal to the noise floor at all THz
frequencies. Minimum limit@re equal to the minimum resolvable electron igrend

collision frequency.

5.2.1 Definitionsofii Re s ol v afbMeeaos uarnadb | e 0

In the absence of large electron temperatures and applied magnetidtieldsp@act
of which areevaluated in SectioB.1.3, Eq. (28) relates the phase and magnitude of the
THz-TDS transfer function to theverage plasma electron density and collision frequency.
The minimum resolvable electron density and collision frequeaywith THz frequency
andare functions of thérequencydependenminimum resolvable phase and magnitude
change

The termfAr e slo¢ & a ba predise definitionbecause uncertaintyaries
continuously and can be defi ned .Bhbreforee and
it is necessary to impose definitisfor theresolvable phase and magnitude chatgge (
and30 ). So that the resolution limits correspond to approximately 100% uncertainty,

they are defined as

101



$ 18171 83.2 ] q

and (47)

¢

30 ] 3. 27

where] 0Ois the temporal resolution of the THz puyls. 2 71 is the spectrum
magnitudeSNR of the sample puls8 . 2 7 is the spectrunmagnitudeSNR of the
reference pulseand isthe THz pulsengular frequencyl he spectrummagnitudeSNR

is equalto thespectrum magnitudeivided by themaximum value of the noise flaoFhe
noise floor isdefined as thpeakmeasuredgignalat frequencies well outside the range of
resolvableTHz pulse frequencies (> 6 THz).

The relationshig for the mnimum resolvablephaseand magnitude change are
derived from the definitions of the phase and magnitddp.hase of 2 ° corr es|
period of a wave, so th@inimumresolvable phasis equal tathe resolvable fraction of
the period multiplied by . BecauseheTHz radiationfrequency is equal to the inverse of
its period, the minimum resolvable phasay also be expressedthse THz pulsetemporal
resolution multiplied by th@Hz pulseangularfrequency As noted in Eq(47), theSNR
of the sample spectrum is assumed to have a value of at;leapefience has shown that,
otherwise,the THz frequency is unresolvable antecessary phase corrections are
unreliable

The magnitude igqual to theeal portion of theatio of the sample and reference
spectra. Therefore, changes in thagnitudanduced by the plasmae only resolvable if

theyare larger than theeferencespectrum noise flao This definition assumes the noise



floor of the samplespectrumis approximately equal to that of the referespectrum
Experience has shown this to be a valid approximation.
An electron density and collision frequency paircensd e r mahsurabl@hereif

theinput of these values into E(¢8) producegphase and magnitud@luesthatsatisfy

BT s B 1 8
and (49
p 30 ] 30 ] 30 ]
for at least on@'Hz pulsefrequencywith 3 . 2 ¢. These definitiongnsure the

plasma alters the THz pulse to a resolvable degree without attenuating it beyond
detectability.

Measurement of the collision frequency requires that both the phase and magnitude
be measurablehowever, for aollision frequencytoo small to be resolvedhe electron
density may be determined from phase information alone via(@y. It is therefore
possible fora set of plasma conditions to prodwm®e of three measurability outcomes:

1) the electron densitgndcollision frequencyare bothmeasurablg?) the electron density
is measurable and thedectroncollision frequency is not measurapbnd 3 neither the

electron density nor collision frequency is measurable.

5.2.2 Measuement CapabilitpMaps

Two types ofmeasurement capabilitmaps arepresentechere: one for an ideal

system (Section5.2.2.) and one for thereal system discussed in Chapter 3
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(Section5.2.2.3. The ideal system is assumed to hamnultaneous access to all
commercially availabld®CAs the commercially availablélelay line with thehighest
position precision, and theommercially available uléfast laser with the shortest laser
pulses. These attributes give the ideal system the abild@yrtttnuouslyresolvereference
pulsefrequencies ranging from 0.01 to 5 Tith SNR better than 204nd to resolve the
THz pulse with 10fs resolution[74]. The real systeninasa THz pulse resolution of
approximately 50 fs anexperimentally quantified SNRt the discrete frequencies
measuredh a real THz pulséMaps were generated by calating the magnitude and phase
of the THz2TDS transfer function with Eq(28) and comparing these values tioe

definitions given by Eq48).

5.2.2.1 |deal System

Figure 68, Figure69, Figure70, and Figure71 show themeasurement capability
map for uniform plasma lengtleé 1 m, 0.1 m, 0.01 m, and 0.001 m, respectivielyeach
map, the yellow region indites that both electron density and collision frequency are
resolvable, theéeal region indicates that only the electron density is measurable, and the
purple region indicates that neither the electron density nor collision frequency is

measurable.
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Resolvable electron densitynits vary as a function of plasma lengthcreasing the
plasma length enabldke resolution of lower electron densitiesd impactghe upper
measurabldimit at larger electron collision frequencid®esolvable electron densities
range from approximatel§0' to 1¢* m for a plasma length of 1 m and from'i@

10?2 m3 for a plasma length @.001 m.

The resolvable electron collision frequency varies with both leagth electron
density.At the ekctron density with the largest spread of resolvable collision frequencies,
thesevalues range from 2@o 10 Hz for a plasma length of 1 m and®16 10 Hz for a
plasma length of 0.00mh. Sectionb.2.3further investigates the impact of THDS system

parameters on the measurable parameter limits.

5.2.2.2 RealSystem

Figure72 shows thereal THzTDS systemmeasurement capability mdpr a
uniform plasma length of 0.1 m (approximately equal to the length dREhECP).The
yellow region indicates that both electron density and collision frequency are resolvable,
the teal region indicates that only the electron density is measurable, and the purple region

indicates that neither the electron density nor collision frequency is measurable.
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The resolvable electron density ranges froitf 1® 13> m and, depending on the
electron density value, the resolvable electron sioli frequency ranges from 1
103 Hz. Compared to the ideal system operating with the same plasma |éngth,
minimum resolvable electron density is increasedhrge orders of magnitude and the
maximum resolvable electron density is decreased byrdar of magnitudeThese
performance differenceare causedy ther e a | systembébs small er
referencelHz pulsefrequenciesdpproximately0.2 to 26 THz) andlower pulse temporal
resolution (50s). The jagged features visible on the teal and yellow bounddigime72
are caused by the discrete nature of the resolvable THz frequencies. All boundaries are
smoothfor the ideal system maps because the ideal system is assumed aodesgeto a

continuous range of frequencies.
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5.2.3 Map Boundaries

5.2.3.1 Left Boundary

Theleft boundaryis the leftmostiemarcation othe purple and either teal or yellow
regionsand therefore sees asa boundary betweernesolvableplasma parametersnd
irresolvably smalplasma parameter§he boundary cahe divided into two regions: one
for whichthe impact of the electron collision frequency can be neglected and one for which
the boundary vaes as a function of the electron collision frequery.discussed in
Section5.1.1, Eq. (31) is a good approximation of threlationship between the phase and
electron density ithe electron collision frequendyat least amrder of magnitudemaller
than the THz radiation frequen@and if the THz radiation frequency isn order of
magnitude smaller than the plasma freque@nnsequently, the figures Bection5.2.2
show thathe minimum resolvable electron density does not vary with collision frequency
if the minimum resolvable THz frequency approximately an order of magnitude or

greater than theollision frequency.
Inserting the minimum resolvable phase relafrom Eq. (47) into Eq. (31) yields
‘ g 10aQ
y . h 49
€h 90 (49
where¢ ; is the minimum resolvable electron densigure73 plots the minimum

resolvable electron density as a function of frequency with(43).at several THz pulse

temporal resolution valuem a uniform plasma length of 0.1 rigure74 plots the



minimum resolvable electron density as a function of frequency witl{4Rpat several

uniform plama lengths for a THz pulse temporal resolution of 50 fs.
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Figure 731 Minimum resolvable electron density for a plasma lengtiof 0.1 m
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Figure 741 Minimum resolvable electron density for aTHz pulse resolution of50 fs

The minimum resolvable electron density is inversely proportional to the plasma length
anddirectly proportional to th&Hz pulse temporal resolution atfte square of the THz
pulse fequencyMinimizing the lowest resolvable THz pulse frequency provides the most
efficient mechanism for increasing the electron density resolution.

In the other region, for which the electron collision frequaa®f the same order of
magnitude or greatehan the THz pulse frequendfe left boundaryaries as a function
of the electron collision frequency akd. (49) does not apply. Tédphase in this regiois
inversely related to the electron collision frequency according t¢2Byj.soincreases in
the electron collision frequency decrease the ph@lse result, as demonstrated in the
figures of Sectiorb.2.2, is that the minimum resolvable electron density decreases with
electron collision frequencythe mapsndicate a linear relationship betwethie logarithm

of theelectron collision frequency aride logarithm of theninimum electron densitfor
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most of the regionTrade studieslemonstrateé that theslope of therelationship is
insensitive tochanges irminimum resolvable THz frequency, plasma length, @hid
pulse temporal resolutionThe minimum resolvable electratensity in this region is

therefore approximately given by

11T ¢ ¢l T ¢ ¢h (50)

where®is the intercept determined by the start of the limegion.

An inner left boundary separates the yellow andriegibns and therefore serves as

the boundary between measurement of both electron density and collision frequency and

electron density alon&.his boundary shape varies nonlinearly with many factors, so no

simple relationshiplescribes it.

5.2.3.2 Right Boundary

The right boundary is the rightmost demarcation of the purple and either teal or
yellow regions and therefore serves as the boundary between meauiesiea
parameterand immeasurably larggasmaparametersAs is the case for the left boundary
two regons exist for thaight boundary: one ragn that isindependent of the electron
collision frequency and one region that varies with the electron collision frequency. In the
independent regiot, he maxi mum measur abl e el eatt ron
of f 0 condi tthesguare bfdhe plasrai frequency approaches the value of the
maximum resolvable THz pulse frequenkythis casethe electron collision frequency is
small enough thathe real part ofthe plasma dielectric constargiven in Eq.(19)

approaches zero anlde plasma no longer behavédse a dielectric.Figure75 plots the
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magnitude of th&Hz-TDS transfer functiorfor 5 THznearplasma cubff for an electron
collision frequency of 10Hz and plasma length ofrfi. As shown in the figure, the sample
pulse magnitude decreases shasgithin a small range of electron density values. The
electron density value for which thansfer function magnitude forms a vertical line is

called the fAcritical density. o
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Figure 751 THz-TDS transfer function magnitude plotted as a function of electron
density for a pulse frequency of 5 THzelectron collision frequency of 10Hz, and
plasma length of 1 m

Setting the plasma frequency equal to thezTdilke frequencyand rearranging

yields thecritical density(¢ ; ) at whichplasma cubff occurs:

s, 19 g (51)
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Unlike the minimum resolvable electron density,¢hgcal density is not a function of the
plasma lengthFigure76 plots the cubff frequencyas a function of theritical density
and therebyrovides thepproximatenaximumTHz pulsefrequency required tmeasure

input electron densities.
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Figure 761 Cut-off frequency plotted as a function of electron density

Because the critical density is directly proportional to the square of the THz pulse
frequency,large gains in maximum measurable electron density can be realized with
comparably smaller increases in resolvablezTpulse frequency.The maximum
measurable electraensity for the ideal THZDS systemfor instancecan be increased
from 3 x 13°m3to 1 x 1G*m™ by increasing the maximum resolvable radiation frequency

from 5 THz to 10 THz.
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At non-negligible eleaton collision frequencieghe THz pulse is attenuated beyond
detectible limits at electron density values lower than the critical denBitg.impact of
larger electron collision frequencies for thenditions used irFigure75 is shown in

Figure77.
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Figure 771 Impact of electron collisionfrequency on THzTDS transfer function
magnitude near plasma cutoff for a pulse frequency of 5 THz and plasma length of
Im

At larger electron collision frequencies, thaximum detectable electron density becomes
a nonlinear function of thelectron colilsion frequencyplasma lengthandsignal SNR
thereby precluding the development of a simple relationshighiereffective critical

density. Howevertrade studiesuggestd the effective critical density diverges from the

collisionless critical densitgstheelectron collision frequency approachesm( Wi 7.
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Thisresult is insensitive tohanges imaximum resolvable THz pulse frequencies ranging

from 0.5to 5 THz.

5.2.3.3 Top and Bottom Boundaries

The top boundary forms whetbe collision frequencgependent left and right
boundaries meet. Because tadlision frequencydependent right boundary lacks a simple
relationship, no simple relationship exists for the top bound@pmparison of the
Section5.2.2 mapsreveals thathe shapeof the top boundary varies as a functioh
resolvable frequencies, glaa length, and signal SNR.

No bottom boundary exists because electron densitiessareable in the limit of a
vanishingly small electron collision frequency. However, a bottom interior boundary
demarcates resolvable and irresolvable electron collision freigsendke the top
boundary, the bottom boundary shape vaaes function of many factoesd precludes

thedevelopment of a simple relationship.

5.3 Feasibility of EP Diagnostic Scenarios

This section investigates tifieasibility of using THZTDS to make electron density
and collision frequency measurements in fourdBRironments: 1) Hall thruster channel,
2) cathode plume, 3) MPD thruster plume, and 4) ion thruster plieasibility is
guantified here in terms of required spatial resohutresolvable THz pulse frequencies,
THz pulse temporal resolution, and refeze signal SNRTHz-TDS spatial resolutiors
discussed in Sectidn3.1and required THz pulse temporal resolution and reference signal

SNRare related toneasured’ Hz-TDS values byegs. (47) and(48) in Section5.2.1
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Sections5.3.21 5.3.5present evaluations of measurement feasibibtythe four
sample EP environmentSlominal electron density anmbllision frequency distributions
were estimated from publications cited in Hygpropriate section®8ecause these values
may varyby orders of magnituddue todifferences in equipment design and operating
conditions,the measurement feasihiis of hypotheticai hi gh o and @Al owo

collision frequency distributionare also considered.
5.3.1 Spatial Resolution

Spatial resolutiomust be considered in two dimensions: along the THz beam path
and acrossthe THz beandiameter If a secondary measurement technique is used to
estimate the plasma parameter distributions along the THz beam path, resolution in this
dimension is ultimatellimited by the WKB approximatioandis therefore approximately
equal to the radiation wavelength. Radiatifrequenciesof 0.01 THz and 5 THz
correspond to wavelengths 8 mm and 0.06 mm, respectively.

The smallest achievable focused bediameter is approximately equal to one half
of the radiation wavelengttso the spatial resolution in this dimensiomisthe order of
the ultimate resolution along the beam path. Howeverpitén desirable to collimate the
THz beam across the plasiesmgth. The smallest achievable collimatédussiarbeam
diameter(Q) is given as a function of the collimation distan@) and radiation

wavelength_) by

h 8 (52



Figure78 shows the minimum focused beam diameter and minimum collimated beam

diameters for various collimatiatistances as a function of THz radiation frequency.
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Figure 781 Minimum attainable focused and collimated THz beam diameters

5.3.2 Hall ThrusterChannel

Because published Hall thruster channel measurement data is spasedi@ndus
reliability due to the use of electrostatic probds3,nominal Hall thruster electron density
distributionis taken from thesimulationwork of GamereCast&io and Katz[75]. The
electron collision frequency distribution is unknown, and estimates of its peak value vary
by many orders of magnitudi&8]. The distribution is assumed herétve the same shape
as theelectron densityPeak values of the nominal, high, and low electlensity and
collision frequency distributions are shownTiable2. The nominal electron density and

electron collision frequency distributions are plotte&igure79.
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Table 271 Hall thruster channel peak distribution values

Nominal High Low
1.2 x 1068 1.2 x 16° 1.2 x10

PeakElectron
Density (m®)
PeakElectron
Collision 1.0 x 10 1.0 x 16 1.0 x 16
Frequency (Hz)
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Figure 7971 Hall thruster channel nominal electron density and collision frequency
distributions

A channel measurement with THDS couldrequireradiation propagation both
along and perpendicular to magnetic field lines. However, theafiplied magnetic field
(~ 0.02 T) and lowelectron temperature (200 eV) render thermal and magnetic field
effecs negligible[15]. Equation(27) is therefore used to model THz pulse propagation

through the plasmakigure80 shows theTHz pulse temporal resolution required to



measure thelectrondensityas a function of THz frequenclfigure81 shows the sample

pulse SNR required to measure both the electron density and electron collision frequency
as a function of THz frequenciistributions are nominal unless otherwise specified on
the plot. The nominal case overlaps with thiggh and low electron collision frequency

cases irFigure80. Frequencies below culff are not plotted.
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Figure 801 Required THz pulse temporal resolution for Hall thruster channel
electron density measurement
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Figure 811 Required THz pulse reference SNR for Hall thruster channel electron
density and collision frequency measurement

Resolution of the electron density is achievable wiiifs temporal pulse resolution
for frequencies undet THz for the highdensity case. The nominal density case
resolvable with frequencies undeb THz with 10 fpulse resolutionand the lowdersity
case is resolvable with frequencies unddr THz with 10 fs temporal pulgesolution
The required sample signal SNRoslow 1000:Jonly for very lowTHz pulsefrequencies
(~0.01THz) for the nominal casé&his range is extended to approximately 0.2 THz for the
high collision frequency case.

As the required THz frequencies can be collimétedeam diameters below thec
scale Hall thruster channel dimensiotise Hall thrusterchannelelectron density is
revlvable with commercially available equipmeRbwever, the SNR required resolve

the electron collision frequenayay betoo high for commercially available equipmént
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especially considering the probing THz pulse will lose SNR during transmissiomlthrou

the Hall thruster channel walls.

5.3.3 Cathode Plume

The nominal hollow cathode plume electron density distributisrtaken from the
experimental measurememsde by Goebel et dI76] of a hollow cathode withreaxial
confiningmagnetic field The electron collision frequency distribution is unknown,, asd
is the case for the Hall thruster chanestimates of its peak value vary by many orders of
magnitudg77]. The distribution is assumeal have the same shape asdleetron density.
Peak values of the nominal, high, and low electron density and collision frequency
distributions are shown ifable3. The nominal electron density and electron collision

frequency distributions are plottedhigure82.

Table 31 Cathode plumechannel peak distribution values

Nominal High Low
4.2x 10° 4.2% 10°° 1.2 x 1038

Peak Electron
Density (m®)
Peak Electron
Collision 1.0 x 16 1.0 x 16 1.0 x 16
Frequency (Hz)
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Figure 821 Cathode plumenominal electron density and collision frequency
distributions

A hollow cathode plumaneasurement with THZDS could requireradiation
propagation perpendicular to magnetic field linréswever, thdow electron temperature
(~5 eV) rendes thermal and magnetic field effects negligibde this type of propagation
Equation(27) is therefore used to model THz pulse propagation through the plasma
Figure83 shows the THz pulse temporal resolutiomuieed to measure the electron
density as a function of THz frequendjigure84 shows the sample pulse SNR required
to measure both the electron density and electritisioa frequency as a function of THz
frequency. Distributions are nominal unless otherwise specified on the plot. The nominal
case overlaps with the low electron collision frequency cadégure83. Frequencies

below cutoff are not plotted.
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Hollow Cathode Plume
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Figure 831 Required THz pulse temporal resolution forcathode plumeelectron
density measurement

Figure 841 Required THz pulse reference SNR focathode plumeelectron density
and collision frequency measurement
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