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NOMENCLATURE

thrust efficiency

ion mass, kg

acceleration current, A

propellant utilization efficiency%
acceleration efficiency%

beam energefficiency, %
average beanon energy, eV
coefficient of ion production

ion loss fraction

atom ionization cross section,?m
atom number density, fn

atom flow rate density, 1is?

z component othe meanvalue of atom velocity, nr's
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average ion velocity, ni's
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electron number density,

mass utilization efficiency
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SUMMARY

Hall effect thrustersHETS) are intended to function with a uniform axisymmetric
magnetic fieldlmperfections in the manufacturing process and electrical shorts that occur
during operation might lead to the formation of aonformities in the channel. Azimuthal
magnetic field graignts are one type of namiformity that can arise in the magnetic field.

As a result, it is imperative to comprehend the impact of theundorm azimuthal
magnetic field gradient on the thruster's performance. This thesis aims to quantify the
alteration in thruster performance parameters, including efficiency, stability, and thrust, as
a result of introducing an azimuthal magnetic field gradient. In order to achieve this, the
thruster is modified to enable independent control of the outer magnetiit, cirfcich in

turn allows the current to be adjusted. A thréienensional sweep probe instrument was
constructed to show how the azimuthal magnetic field gradient affects the thrust vector
direction. The research results indicate that the azimuthal magjettigradient has the
most significant impact on the thruster's stability, leading to increased instability during
operation. The thrust and efficiency decrease as the gradient increases, with the thrust
experiencing the most negligible impact. The idtrction of the gradient is indicative of

the thrustvector's deviation from the centerline, which leads to a ttlirensional shift

in the thrust vector's position. The research offers a phipsi®sd model to explain the

observed trends in thruster perfance that result from changes in the plasma parameters
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CHAPTER 1 INTRODUCTION

This chapter aims to provide the reader vatioverviewof electricpropulsion EP)

and why it is an active choider space propulsianThe chaptemwill provide the reader

with knowledge about different kinds of EP systefisbsequently, aaverview of HET
operating principles is presented with an elaboration of phenomena affecting the
performance of HET tlhighlightsthe crucial role of the magnetfield in HET operation
through the review of magnetic field variations in HETs. The goal of this chapter is to
provide a brief overview of the impact of magnetic fields on HET performance and
emphasize the importance of exploring theifects on HET opmtion The chapter
progresss toward the motivation required to do the current research and establish the

research objectives for the study

1.1 Electric Propulsion Overview

Space propulsion has bean area of wide interest form@olonged periodThe
industry started exploring different kinds of propulsitechniquessince the early
1600 [&]. The propulsion techniques varied in terms of fuels and patietaing how
energy is utilized for thrusgenerated usinghe respective propulsion systéa3].
Chemical rockets are primarily used for propelling objects outside tHear t hé s
atmospher@]. The propulsion systesnare designed to providthe desired specific
impulse and thrusds perthe missiorrequirementsThe amount of propellant required to

conduct specific measurements is giverElyationl.
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The equatiordemonstrates thaverse relationship between mass requirement and
impulse associated withmission requirementThe space missiostrives towards the
objective of achieving the highest impul3&e traditional space propulsion systdraing
chemical, relies on the energy stored in the chemical bonds to get converted during the
combustion/ignition process to produce thristsed upon thstate of théuel utilized the
chemical propulsion system was categorized as solid, ligaidd hybrid propellant
systenfbi 7]. Figure 1 provides the performance of various propulsion system
Irregpective of the propellant kind, due to the chemical propulsion system relying on
chemical bond energyhese propulsion mearere limitedin the amount of impulse that
can be achievedn such scenarigshe utilization of external sources of energy comes into
play for the various space missionsP systemsitilize electrical energy to ionize and
accelerate propellant particles to produce a plasma plume, emallingu st pr oduct i «
ability to use external powasourcesallows it to produce high specific impulsaaking it

the ideal candidate for spacession$3].

EP devices have been continuously used for various space rg8gi6hand
continue to be highly in demand for commercial satellite mis§idisEP comprises of
three types of deviced:e, electrostatic, electrothermahnd electromagnefit2,13]
Electrothermal devices use heatelgments such as a resistor or arc to ionize the propellant
particlesand accelerate them through@zzle toproduce thrust. Examples of such devices

are arcjet and resistojefl2,14,15] The electromagnetic propulsion system uses the



Lorentz force to acceleratenized propellant particles using electric and magnetic fields
Examples of electromagnetic propulsion devices are pulsed pltasusters(PPT) and
Magnetoplasmdynamicthruster{MPDTs)[12,16,17] Lastly, electrostatic EP devices use
Coulomb force to accelate the charged particles usielgctromagnetidields, examples
being Hall effect thrusterfHET) and gridded ion thrustergGIT) [12,18,19] When
comparing all EP systems, HEHTas been widely used for space missions due to its
simplistic designs and high impulse with high efficiency.aldthedevelopment ohigh-
performingHET, it is crucial to understand the operating principles of these electrostatic

devices.
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Figure 17 Propellant mass requirementfor different propulsion systems [20]



1.2 Hall Effect Thruster Overview

1.2.1 OperatngPrinciples

The 196Gs categoriesthe beginning of the HET era in the United Stavath EP
developmentaking place in the earlynid 1900s in the Sovidtnion [21]. The HET
propulsion mechanism is deemed electrostatic because it relies on an electric field to
accelerate ionsHigh specific impulse, viable thrust-power ratio, simple annular
structure, and high efficiency~15%) result in the extensive use ofsttpropulsion
technology for LEO satellite maneuvers and commercial2@8keUnderstanding the
operating principle and science behind HETs is now crucial becaubkeioéontinuous

commercial usage and demand

HETs are electrostatic devices that provide thrust by the acceleration of ionized
particles utilizing an electric field. HET propulsion system mainly consistsahode,
cathode, magnetic circydaind ceramic discharge channel, as shioviigure2. Propellant
is supplied through the anode, which consists of slotted plates with openings through which
the propellant flows to the discharge channel. The anode is nn&idtait a positive
potential utilizing an external power supply. The cathode is an essential component of the
system It canbe externallynounted23] and centally mounted24], as shown irFigure
3. The cathode is maintained at a negative poteatidl supplieglectronsnecessary for
the ionization of the propellant gas well aso maintain the plume's quaseutrality.The
HET discharge channel is madéceramic due to its electrically insulating nature, high
thermalconductivity,and thermal shock resistance. Theaogic channel helpgduce wall

emission and anode power loading effemtserved in the case of TAthrusters[25].



Lastly, the magnetic circuit present in thET consists of either a configuration of
permanent magnets or inner and outer coils. The magnetic circuit provides the magnetic
field requirement for the confinement of electrons for stable operating condifibas.
electric field is produced using an external power supply to maintain the potential

difference between the cathode and the anode.

Discharge
Power
Supply l)
Cathode
B

Inner Coil

Power —

Supply

Inner Coil
Discharge Channel

Outer Coil Anode

Power

Supply Outer Coil

Figure 27 Schematic representation of HET componentf26]



Figure 31 Externally mounted cathode on NASA 173mV123] (left) and centrally
mounted cathode on HE4] (right)
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Figure 41 Crosssectional view ofionization, acceleration, and neutralization process
in HET .



HET receives its name from the Hall curreéfte Hall current is creatashen an
electric field perpendicular to an applied magnetic field permeates the gases after ionization
due to the guidingenter'svell-known ExB drift[27]. The radial magnetic field generated
by the magnetic circuit and the axial electric fiegbultin the azimuthal drift of the
magnetically confined electrons. These electrons collide witlgaseatoms, ionizing the
gas, resulting in countetreaming electron and ion currents. The ions accelerate by the
potential difference due to the electric figtdsulting in the thrustand are neutralized in
the plume by the neutraiig) electrons suppdid by the cathode. This neutralization results
in aquasineutral plasnthat reduces the near surfaces' electrificafitwe. process involved
in HET operation is mainly categorized into three partqi€litral @rticle ionization 2)
ion accelerationand3) plume neutralization as visualizedn Figure4. These processes
are detailed to give the reader a better understanding of the plasma plume production

processes in the thruster.

1.2.2 lonization

The cathode supplies electrons through thermionic emisgibith possesses
distributions of thermal kinetic energy asyhexit the cathode. The electrons are guided
towards the anode by the electric field estabtishehe discharge channel by the potential
difference between the cathode and anode, also knowheatischarge voltage. The
magnetic field confines the electrons as they move across the channel, resulting in a close
drift motion of electrons. The eleitrand magnetic field results in the development of the
Lorenz force, whichfacilitates the drifting of the guiding center of the electren
azimuthally in theExB direction. Electron transportation towards the anocalesesan

increase in the energy distuition possessed by the electrons. During the electron motion,



interaction with neutral atoms results in inelastic collisio@sllisions of electrons
possessing energy greater than or equal to the ionization potential of the propellant result
in the ionizaion of the neutral atos lonization collisions result in the production of an

ion and lowenergy electron. The electrons drift towards the anode after collisions and
close the circuit by arriving at the anode. lonization is impacted by various aspects such as
the type of propellant, magnetic field, electric fiekhd the electron nuneb density

distribution[28].

lonization occurs near the maximum magnetic field region, as s&ayuire4. The
region's location can be varied lshangesin the magnetic field, thus affeny HET

operation.

1.2.3 Acceleration

After the ionization process, the electrons transveysardthe anode while the
ions get acceleratatbwnstreamowardthe ext planeby the electric field established in
the system. The number density distribution of electrons varies axially in the axial direction
and peaks where the local magnetic field strength is maximum near the thruster exit plane.
The localized potential differee is due t@change in the number density distribution of
the electrons, hence accelerating ions in the direction of the exit plane. The ions, due to
their large mass, possess a higher Larmausatlan the thruster dimensions, and hence,

the motion ofions is unaffected by the magnetic field.

The acceleration of the ions depends on the amount of discharge voltage utilized
by the ions for acceleratioithus the acceleratiomoltage (0-15% ofVy) influences the

thruster's impulse, thrust, and voltage utilization efficiency. Acceleration amdhiimm



processes are intertwined and cannot be distinguished as having clear boundaries during

standard HET operation.

1.2.4 Neutralization

The accelerated ions exiting the thruster form a positive ion beam cloud.
Neutralization becomes essential to avoid ghaaccumulation on the thruster and
spacecraft and to maintain the plasma plume's queagrality The recombination process
of the ions and electrons takes place in the plasma plume, maintaining aroéatrge
environment during operatiotlectrons a& supplied by the cathode to the plume for

neutralization.

The brief overview of the three major processes occurring in the HET provides
information regarding the various operating and plasma parameters that influence the HET
performance. These parametdrave been evaluated and investigated extensively to
establish a direct relationshijetweenthe plasma parameters atite HET performance
[28,29] The magnetic field impacts the electron motion and distribution across the
discharge channel, makingahe of the most crucial and complex parameters influencing
thruster performance. Hendejs essential t@nalyze the magnetic field's effect on HET

operation

1.3 Motivation

The magneti€i e | cdudasrole in stable HET operation drives the resetnsiard
understanding various magnetic field effects significantly impacting HET performance.

Magnetic fields argenerated usingitherpermanent magnets an inner coil anauter



coils in concentric or noftoncentricconfigurations The magnetic field is axisymmetric
for a omnventional HET to establish uniform plasma generation. Magnetic field topology
in the axialdirection consists of concavity of magnetic field lines axiaboth directions

from the thruster exit plane, as seeffrigure5a).
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Figure 51 a) Simulatedmagneticfield profile for the P5 thruster (IC: 3 A, OC: 2 A)
b) Axial variation of the magnetic field at the centerline.

1.3.1 Backgroundon Axial Magnetic Field Gradient Effects

The compactness of the magnetic field lines across the discharge channel

represents the magnetic field denshg. shownin Figure5b), the magnetic field density

is significantly higher near the thruster exit plane and axially decreases away from the exit

plane in both directions. The axial magnetic field gradient results in electron mobility

variation across theagnetic fieldn thedischarge channel. Axial magnetic field gradients
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have been extensively researched to provide an understanding of the requirement of the
gradient in the magnetield [30i 32]. Morozov[31] demonstrates the need for a vanishing
magnetic field towards the anode to maintain current continuity. The axial gradient of the
radial magnetic field B is varied along the discharge chamber centerline from the anode
to the thruster exit. The study finds that the electron current frad¢tity) for the negative
gradient is 0.85, the uniform gradient is 0.5, and the positive gradient is 0.35. The markedly
higher electron transport for the negative gradient is at&tbud increased plasma
oscillations. The uniform gradient provides marginally stable operating conditions; hence,
a positive gradient for the magnetic field is essential for stable HET operatiofi3Z3ao
investigate the effects of axial magnetic field configuration on the plume characteristics
for miniaturized cylindrical HETs. Current variatis in the adjustment coil near the thrust
exit plane provide axial magnetic field gradient variation. It is observed that under the
lowest magnetic mirror field with a 44.8 G/mm axial gradient, a-bkiébplasma discharge
region is radiated near the titar exhaust with a divergence angle of. 7he bulblike
plasma discharge gradually disappears védthincreag in the upstream mirrelike
magnetic field to 74.&/mm with a plume divergence angle of garoviding enhancement

of anode efficiencyrom 16% to 28%

12
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Figure 6 1 Thrust and anode efficiency as a functiorof the magnetic field gradient
[32]

1.3.2 Backgroum on RadialMagneticField GradientEffects

While axial gradient effects are widely studied, radial magnetic field effects in the
discharge channel are significahbpology of themagnetic field in the discharge channel
results in aradial distributionsuch thathigher magnetic field densiig presennear the
inner wall of the channel. The magnetic field density decreases in the centerline and
increases near the outer channel &dhe variationin the densityof the magnetic field
results in the formation of magnetic field mirror effect. As electrons travel along the
magnetic field in the discharge channel, they experience variation in their velocities,
resulting in oscillating motion in the radial direction, as showRigure?7. The motion of
electrons in the radial direction is assisted by the local charge density bugsiilting in

the localized potential difference in the radial direction.
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Figure 7 1 Simulated results of electrontrajectory predictions for a HET, in the
radial -azimuthal plane (left), and in the axiatradial plane (right)[3].

Research has taken place to understand the role of the magnetic field gradient on
HET operation33i 35]. Through the development of thel2plasma Flow Model, Keidar
[34] established the relationship between the mirror effect and the potential distriputio
the HET discharge channel. The research presents that the magnetic field gradient affects
important flow characteristics, such as the radial presheath potlrtiabsgthe presheath
length, and the twdimensional potential shape in the channeek fiirror effect is said to
influence the potential line shape, resulting in ion motion variation through the discharge
channel. A higher magnetic mirror ratio influences the concavity of potential profiles such
that a stronger ion focusccursin the exhast area This information is essential for
improving the current staief-art models used for HET plasma flow simulations.eYal
[35], utilizing the test particle methoHighlightedthe asymmetric radial electron mobility

due to the magnetic mirror effect. Through theoretical analysis, we know that thealkear

14



electron mobility is inversely proportional to the magnetic mirror ratio, thus preventing

electron wall collisionJiang[33] also investigated the mirror effect in cylindrical HETS.

The magnetic mirror effect on the electron density and temperatunederstood
using a 2D axisymmetric partiela-cell (PIC) code[36i 40]. The electron temperature
reaches the maximum (38.4 eV) at the stron:
barrier between channel walls. In addition, the reseavaluates the effect of a magnetic
mirror on the secondary electron yield rate, propellant utilizaiod multicharged ion
dynamics. The results display that the largest magnetic mirror ratio can maximize and
elevate the average yield rate by increasilegtron energy. The magnetic mirror effect on
the potential distribution is the reason for the electron energy increase. The relationship
between thruster performance parameters and magnetic mirror is discussed, with the
highestmagnetic mirror ratio resting in themaximumpropellant utilization efficiency.
Despite all the benefits, the magnetic mirror effect possesses disadvantages regarding wall

erosion.

Studieson the axial and radial magnetic field effects have effectively contributed
to establishig the crucial role of the magnetic field in HET operafti 46].This results
in the utmost need for the development of a performance model that highlights the
relationship of the magnetic field on the thruster performance parameters using plasma
parameterso provide a complete understanding of the dependency on the magnetic field.
In conventional HET operation, the magnetic field is also considaxe&ymmetric
However, agineering production issues can lead to manufacturing faults in HET

component®?2], resulting in a noniform magnetic field. The neaniformities in the

15



magnetic field can be observed azimuthallyhie channel in wvéous conditions resulting

from electrical shorting, material processing, and geometrical constraints

Azimuthal magnetic field gradients forming as a result of manufacturing dediscts
well as in devices possessing thrust vectociagabilities, providéhe platform to explore
these magnetic field gradients.is essential to understand how variations in the radial
magnetic field strength in the azimuthal direction affect the thruster's performance
parameters to address the curreatjuirement for the efficient production of HET
components and a high success rate in qualification testing. This will assist in accurately
guantifying and predicting the resulting effects on thruster performance. Quantification
enables quality assessmetiirough performance prediction and optimizing the
manufacturing and testing procesbhis current research drives towards providing
knowledge on the impact of magnetic field gradienH&iT performance and a pathway
to extend it to understand the impact afimuthal magnetic field gradient diET

performance and stability utilizing plasma parameters

1.4 Research Question

In this chapter, we have established a solid foundatioprimresses associated with
HET and the impact of different parametersthe perfemance of the HET. In previous
research, we emphasized the impacts of axial and radial magnetic field gradientsed he
for aperformance modetmphasizinghe effects of magnetic fields on particle dynamics
that affect the performance of the thrustemwsll estdlished The effect of particle
dynamics on plasma parameters and thruster performance necessitated magnetic field

optimization for thruster performanc®&hile previous studiegielded data regarding

16



symmetrical magnetic fields, none revealed tinelerlying mechanism or the effect of
magnetic fields on the dynamics of charged partiates also how the performance gets
affects by noruniformities in the magnetic fielddPrevious computational studies on
azimuthal asymmetry needed to be more cotmgnsive in offering an explanation for the

observed effects. These discussions bring us to the thesis's research question:

A H odewes azimuthal magnetic field gradient affidetl effectthruster performancand

stability?0

1.5 Objectives

The principal objective of this study is to estimate the impact of azimuthal magnetic
field gradients on HET performanck order togain insight into the influence of the
magnetic field on the processes of ionizati@atceleration and ultimately, the
performance of the thrusteis required tcestablish a correlation between the magnetic

field and plasma propertiefo accomplish the aims, the subsequent objectives are:

1) Determine the relationship between the magnetic field, ele¢tmperature, and

electron number density.

2) Describe the relationship between azimuthal magnetic field oscillations and discharge

current oscillations.

3) Determine correlations between thrust and efficiency in relation to variations in the

azimuthal magaetic field

17



4) Offer an analysis of the influence of azimuthal gradients on the performance of HETs

by incorporating variations in plasma properties.

1.6 Assumptions and Approach

1.6.1 Assumptions

The investigation of plasma physics consists of various challengesg o its
intricate characteristics. The first challenge is establishing a link betw&enadying
plasma properties across the plume and thruster performance. In this case, we will consider
the plasma properties measurement at the centered radiadhocttihe discharge channel
width to eliminate radial variations in plasma properties. The model is simplified to address
the impact of the magnetic field in the region of the maximum magnetic field, thus reducing
it to aoneD model to provide a theoretitrelationship between the magnetic field and
performance. Ththesisprogresssto discussing the axial variations of various parameters
presented. In the case of an azimuthal magnetic field, the model dysarameters at the
plane of maximum magnetiield location within the channel. A cartesian coordinate
systemis used instead of a radial coordinate system to provide a simplified solution. The
model considera small area under observation in the channel exhibiting variation in the
magnetic field. The model consistof analyzing electron motion along the azimuthal

gradient region in the absence of magnetic mirror effect variations.

1.6.2 Approach

The second obstacle that arises in the case of azimuthal gradient is the visualization

and measurement of ptasa properties in order to determine their stability and efficiency.
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The present probe configuration yields measurements at a radial distance of 1 meter by
scanning the thruster's center plane. This data is then extrapolatedDfgoluBne
characteristics wite assuming symmetry. In order to gain insight into the fluctuations in
the charged patrticle's properties and the distribution of the plasma plume caused by the
asymmetric magnetic field, it is necessary to fabricat®gpBobe scan arm that facilitates

a 3D Faraday probe scan. The Faraday probe provides current density data about the
plume. The proposed design Bbhemispherical sweep apparatasails the incorporation

of a motorizedsetup enablingneasurements to be conducted i8-B planar format,
facilitating the assessment of the thruster's plume. The probe's trajscarycular path

with a radius of 1 meteThe apparatusicorporate a gear mechanism to regulate and
manipulate the movement of the probe. Tvieepapparatusliesignenable future probe

deployments for facilitating precise data measurement.

The initial investigations and subsequent model developestaiblisha correlation
between the magnetic field, electron temperature, and plasma properties. The created
model underges modifications to examine the impact tife azimuthal magnetic field
gradient. This modificationis achieved by including localized magnetic field changes
inside the channel near the exit plane. The model is modified to convert the radial
coordinate system to cartesian coordinates for analysis of electron motion. Analyzing
electron motion in the azimuthdirection makes it possible to quantify the variation in

plasma properties along the azimuttiaéction
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CHAPTER 2 BACKGROUND

Analyzing the plasma properties that have an impact on the performance metrics
helps promote a better understanding of the performahElETs. Several studies have
been undertaken to establish a solid foundation for evaluating the performancesf HET
This chapter will examine several experimental and computational performance studies
that have beeperformedto understand the operatidnrameters that impact the thrust
and efficiency of HETsIn this chapterwe investigate the conventional HETs having
uniform magnetic fields and nesonventional HETSs that possess agrformities in the
magnetic field byvirtue of theirchannel shap&hese norconventional HES provide a
case where neaniformitiesin themagnetic field are presemtilowing for an overview of

the effect othese noruniformitieson theperformance of théhruster.

2.1 Parametric Effects on HET Performance

2.1.1 ExperimentalStudies

Komurasalf47] investigated the performance and acceleration mechanisms of
HETs employing experimental thrust and beam property measurement techniques. HET
utilized in this work comprisedf standard compants found in typical HET systems,
including an anode, cathode, and magnetic circuit. The performance of the HET was
evaluated by employing a penduldgpe thrust stand. A linear differential transformer
was used to convert the thrust stand's deflectitm @hectricity. The thrust stand was
comprised of a copper plate that was cooled by water in order to mitigate any potential

fluctuations in the signals used for thrust measurement. The measurement of the ion beam

20



was conducted by positioning an ion beavliector at a distance of 1&m downstream
from the thruster exit plane. The energy distribution of ions was acquired using a multi
grid energy analyzer usingreegativey-biasedcollector. Langmuir probes were used to
learn about plasma parameters and hogy affect thruster performance. Performance

measurements were derived using the follovaggatiors.
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Table 11 Thruster operating and performance parameters of SPT47]

m! Aheq Vm \'% lu-: A Ibs A Nas % T % NEes % T’;"' % Nrs %

Ar 0.75 200 0.45 0.10 22 13 63 1.8 1.0
1.00 175 0.97 0.22 23 22 60 3.0 3.3
1.00 200 1.24 0.29 23 29 60 4.0 4.9
1.00 225 1.49 0.36 24 36 63 5.4 6.9
1.00 250 1.70 0.42 25 42 63 6.6 7.0
1.25 200 1.85 0.50 27 40 60 6.5 7.0
1.75 200 3.08 0.92 30 52 63 9.8 11.2

Xe 0.30 150 0.82 0.23 28 77 66 14 12
0.50 100 1.49 0.37 25 74 65 12 13
0.50 130 1.40 0.38 27 76 65 13 16
0.50 150 1.45 0.40 28 80 62 14 15
0.70 150 2.21 0.65 29 97 62 17 15

Operating parameters, including the acceleration voltage and propellant mass flow
rate, were deemed to have an impact an Equdion 5, whereas the thruster geometric
parameters determined Additional assessment of the efficiency of ion acceleration via
the constructed model indicated that an increase in both the mass flow rate of the propellant
and the acceleration voltage led to a corresponding enhancement in acceleration efficiency.
While neglecting beam divergence and double charge effects, as shoalled, afair
agreement was established between the thrust and acceleration efficiency as determined
through the experimental data. The acceleration efficiency was established as a
predaminant factor of thrust efficiency. The analysis presented in this research4#per
offers a solid foundation for establishing a correlation between plasma properties,
especially mass flow rate, and the performance paeameif a thruster, such as

acceleration efficiency.

Kim [48] investigated the impact of primary physical characteristics and processes
on the performance of SPTs, explicitly focusing on the ionization process ahghmics

within the channel. The mass flow rate was stated as an essential parameter for achieving

22



optimized thruster performance in terms of high efficiency, thus making it the primary
focus of the work. As sedan Equation8, ionization dynamics were depicted in terms of

number density variation.
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Figure 8 i Discharge current and ionto-discharge current ratio as a function of
magnetic field [48]
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Figure 97 Discharge current, co$, and ionto-discharge current ratio as a function
of the axial magnetic field gradient for discharge voltage of 160, 260, and 32(34].

The ion flow rate density distribution was employed to achieve high ionization
efficiency, supported by experimental data. Through Ithe graph, ion current was
observed equating to current associated with acceleration voltage at the corresponding
mass fow rate. The rate of magnetic field induction in managing electron current was
demonstrated using classical conductivity in plasma in the acceleration area of HET.
Maximization ofli/l4 resulted in maximum ion yield, and experimental findings confirmed
the requirement as a criterion for magnetic field optimizatieigure 8. The study
emphasized the relevance of magnetic field topology for concentrating ion flow by
asserting the function of magnetic field topology in influencing the electric field structure
respnsible for ion trajectory variation. The effect of a radial magnetic field gradient on

impeller parameters was also investigated, as shovagure 9. The discharge current
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reduced as the radial magnetic field gradient increasedontrast, thaon yield ratio
peaked at around 30 (1/m) and subsequently fell. The intricate characteristics of the plasma
process occurring in the HET necessitate the tioreaof a model that elucidates

theelectrons and plasma dynamigghin the acceleration channel.

Hofer [49] presented a comprehensive performance model that incorporates
utilization efficiencies for partially ionized plasma, with the aim of examining the influence
of electron and ion current on thruster performanie.calculate properties that are
difficult to measure with a probe, the performance model supplied a combination of
thruster performance and plasma parameters. The correlations in this study establish a
connection between the dynamics of charged particles and plasma properties. These
connections sppifically emphasize the impact of accelerating potentidgheion velocity,

affecting both thrust and efficiency.

e
c.
e

(12)
YO w ‘Q
oo P o P (13)
0 ¢cd ®
Y p Q- 5 (14)

The study provided performance parameters as a function of acceleration voltage

or a combination of discharge and loss voltage. The model worked effectively for power
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ranges between 2.16 and 21.&/ and also performed well in multcharge plasma
conditiors. The predictions generated by the models were evaluated by comparing them
with the experimental data. The results indicated a relatively high level of accuracy, with
deviations of less than 5% seen in most cases, as depic¢tgpire 10. Both the modeled
calculatiors and the data gained during testing revealed that increasing the discharge
voltage led to an increase in the specific impulse as well as the efficietioy thruster.
The estimated thrust closely mirrored the experimental behavior of thrust with changes in

discharge voltagd-igurel10illustratesvarious data trends amdtablishedelationships.
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b)

c)

Figure 101 Thruster performance parameter variations as a function of discharge
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Despite extensive studies on the correlation between operational parameters (such
as mass flow rate and magnetic field) and the impact on ion dynamics and thruster
performance, therstill needs to be a mommprehensive investigation into the specific

impacts of magnetic fields on electron dynamics.

2.1.2 ComputationalStudies

Regardlessf theextensive use of experimental data in the development of a wide
range of models, the analytical estimation of charged particle motion and its impact on
thrust performace remains a significant challenge. Computational models were developed
to enhance the understanding of thruster performance parameters and plasma
propertie§s0i 55]. Garriguefs1] developed a quasieutral onedimensional hybrid model
to predict SPT performance parameters. The model considered ions as particles and
electrons as fluids while retamg quasineutrality. The assumption of quasgutrality,
although helpful in simplifying the governing equation and finding solutions, led to
inaccurate estimates of ion density and, consequently, the electric field. In order to simplify
this process, thequation for electron momentum was altered to exclude the diffusion term.
Subsequently, the model was employed to forecast the impact of alterations in the
propellant, the applied voltage, and the anode mass flow rate on the performance of SPT
100-ML. As predicted by modeling, the thruster efficiency at an operational voltage of 300
V deviated from the experimental data by 10%. The modeling results underestimated the
thrust by approximately 15N for the operational voltage range of 1410 V. The
specfic impulse exhibited a discrepancy of 20@etween the model and the experimental
result conducted at 350. After analyzing the performance of various propellants, it was

determined that the calculated thrust remained consistent for both krypton amd xen
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despite a 10% difference in efficiencies. The discrepancies between the simulation and
experiment performance characteristics were attributed to higter ionization states
caused by the low energy threshold necessary for excited state ionizattwoughl the
prediction model did not yield precise results, it facilitated the comprehension of the
various processes occurring within the channel, enhancing future models through

optimization.

Theoretical and computational studies primarily focus on H#&ifls a uniform
magnetic field. The fundamental assumption of a uniform magnetic field significantly
influences the precision of the model; hence, it is crucial to investigate the impact of non
uniformities in the magnetic field. The next sectmasents aomparison of conventiah
and nonconventioml HETs possessing uniform and roniform magnetic fields,

respectively.

2.2 Conventional HET

Conventional HE$were developetb provide uniform plasma withinchallenging
constructiofil3]. Various design studiesontinue to take plac® optimizeHET design
and performand86i 58]. After variousiterationsof the design, the current conventional
design of HET with circular channel was deemed suitable for carrying out various mission

across wide rargof operation.

Now, looking at conventional HET, the channel shegpeylindrical to allow ease
of construction. The cylindrical channel shape has various advaf@gyeSharacteristics
of conventional HETchannels allow for the magnetic field to be uniform and radially

outwards from the inner to the outer cas, seen ifrigurel1l. While the magnetic field is
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uniform radially, there is an axial variation tife magnetic field such that the peak
magnetic field occurs around the exit plane near the front pole typically present inside the
thruster discarge channel. Various research has been conducted in evaluating the

advantage of axial magnetic field gradiastseen in sectidrB.1

Cathode

Magnetic
Coils
: Neutral
Channel = 7” Feeds

Figure 111 Conventional HET components andconfiguration [59]

Electrons while transversing through the magnetic fielte magnetizedlhus,as
the magnetic fieldlecreases axigl across the exit planin both directions.e., towards
the anode and theathodethe variaton in the magneticfield strength resudtin varying
resistance anthus disparityn electron velocity in the axial direction. The electrbesg
magnetized move along the magnetic field lines. While moving along the mafigidtic
the radially uniform magnetic field witthe axial electric field allows for the electrons to

experence tre ExB drift due totheLorentz force.
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The EXB drift is experienced by electrons inside the channel. Riedtift causes
the electronsatdrift in theazimuthal direction as seenkiigure?. The circular discharge
channel shape allows for te&ectrondrift mechanism to occur smoothly withdugh wall
collisionsand physicainterruptions This drifting mechanism allowan increase in the
possibility of collision of electrons in the channel with the neutrals to resultiortization
of the propellantThe electron azimuthal drittonstitutes théHall current as the name
suggest Hencethe uniform radial magnetic fiélandelectric field play a huge role in the

operation and processes associated Wi Es discussed in Gpter 1.

2.3 Non-Conventional HET

The need to develop a propulsion system with high efficiency for small satellites
has resulted in the developmenti@#-power HET technology. While the core operating
concept remains the same, alternative designs of the HET channel aim to provide improved

packing efficiency as well as advantages that improve HET operation.

Numerous design initiatives have led to theeistigation of various methods for
enhancing HET operational capabilities. To increase the thruster's overall efficiency, the
two-stage HET is developed as the resultaofinvestigation of the separation and
optimization of ionization and acceleratiordépendentlj60]. The spacecraft employs
many hall thrusters during operation. The circular shape of the HET channel leads to low

packing efficiency, resulting in wasted space. Proposed modifications to the discharge
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channel shape aim to optimize the packing efficacy of $ilNumerous research projects
have investigated the performance of differenainnelshaped HETSs, such as linear,

cylindrical, racetrackand waltless.

Potd61] at Busek Co. Inc. initiated the development of@el noncircular
racetrack HET, BHIRT-150, and later on, a higher aspect ratio design, -BAI1500
The racetrack geometry consisf semicircular halves of the conventional circular HET
connected by straight sides, giving a symmetric racetrack -sexs®n. This unique
discharge geometiig believed tancreasageometric flow area by scaling the thruster only
in the linear directiomo eliminate the negative thrust density scaling trends. The racetrack
geometry fulfills the specified criteria, whidimncludesa small ion gyroradius, a continuous
closed electron drift plasma, and the preventibelectron collisions with the wall§hese
factors present compelling evidence fbe potential of racetrack geometry to exhibit

performanceon parwith thatof the standartHET.

The racetracklET exhibis comparable behavior to the conventional HETerms
of thrustto-power ratio and-V changes at low voltages. The thruster prodace84 mN
thrust at 1,675 W and 350 V discharge with a single magnet coil, equating to an anode
efficiency of over 41% and an anedpecific impulse of 1,678 s. Unfortunately, ron
uniform discharge characteristicre observed at elevated discharge voltages. The
discharge intensity increasen the curved sections of the racetrack, accompanied by a
noticeable abrupt change in the brightness of the plasma at the upper left and lower right
corners. A uniform magnetic fielthagnitudeand a uniform flow distribution athe
centerline leds researchers to attribute tlsymmetric brightness to thedectron drift

motion. An additional factor suggested to play a role in the observedmifammity is the
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radial fluctuation of the Bield. The radial magnetic field exhibitedinimal gradient
throughout the straight segment of the racetrack, vehdebstantial gradiend presenin
the curved segments. This observation implies the necessity of optimizing the magnetic

field topologyacross the channel.

While the majority othrusters were not tested for an extended time to observe the
effects due to stability issues, a racetrack channel configuratior{&2jidyfers valuable
insights into erosion processes. The channel erosion is visible in the darkening of the
discharge channel wall, as shownHFigure 12, and is primarily assessed based on the
magnitude of power deposition on the channel's wall. Although visual inspections have
identified areas of power or electron bombardment on the channel walls through
discoloration or luminescence, thenderlying cause of these wall losses remains
uninvestigated. Wall losses are the dissipation of incoming particles' kinetic energy as they
collide with the wall. The evaluation of wall losses considers the high energy of electrons

and ions.

Figure 1217 The nonuniform erosion observed in the Pseudo Linear Thruste[62].
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Numerous studies assess energy deposition ahtmnelwall due to sputtering as
a function of the sheath potential, electron temperature, and radial ion vetodtylrift
and inertial effects of electron motion during the transition from a straighbsevith a
uniform magnetic field to a curved section with a radially varying magnetic field account
for the increased power depositidirough the review of the racetrack HET, the essential
role that the magnetic field played in the operation of HEAighlighted.The racetrack
HET exhibits noruniform dispersion of magnetic field lines along its channel during
operation. Compacted magnetic field lines in circular sections contribute to an increase in
the intensity of the magnetic field within the sent Changes in the magnetic field tend to
impact the inertial motion of electrons emanating from the straight section. The electrons
coming from the straight section encounter a drastic change in the strength and direction
of the magnetic field, which foes the electron to deviate from the straight path motion.
However, as a consequence of the high velocity of the electron and the abrupt change in its
trajectory within the channel, the electron lacks adequate time to respond to this shift.
Consequently, ti deviates from the theoretically expected direction of motion. The
alteration in motion leads to the accumulation of charge at the beginning of each circular
segment, hence increasing the number density, frequency of collisions, and temperature.
The increasein temperature leads to an escalation in the thermal erosion of these wall
sections, a phenomenon that is considerddvorableTo allow better operation of nen
conventional HETs the magnetic field topology requires modification and optimization
with respect to the channel shapéudying the geometrgf the channednd the magnetic
circuit governing electron transport in the channel is thus crucial for the advancement of

non-conventioml HET channel design.
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The evaluation of negonventional HETs where nontuniform magnetic field
effects are observgatovides asteppingstoneto studythe potential impact of neaniform
magneticfields on HET performanceaNon-conventional HES are one case where such
gradients arebserved however manufactiring defects cartause magnetic field nen

uniformities to occur in conventional HE2R2].

2.4 Azimuthal Magnetic Field Asymmetry

Now, to evaluate the effect of the azimuthal magnetic field gradient effeat,
computational studies have bemynductedA study conducted biazurenk@63] aimed
to generate a thretimensional model of atom and ion dynamics within the accelerating
channel of SPT, utilizing the kinetic equation. Throughout history, mduels been
devised to analyze axisymmetric magnetic field conditions, sometimes disregarding any
potential asymmetry of the magnetic field within the channel. A {ieensional numeric

model was developed rather than a conventionaldiweensional model.

To address the conditions and consequences of-axisymmetric magnetic field
in HETs, one of the potential applications of asymmetric magnetic fields that was taken
into consideration was for thrust vectoring. Deviation of thrust vector for1ERTby
azimuthal magnetic field asymmetry was simulated by the createigitiadditional coils
and four additional outer poles at 390and 4.5mg/s anode conditions. Allowing the
electron temperature, potential, and number density to be constant and sgnfionetri
inertial wall calculations resulted in a simplified model. The consideration of ion volume

recombination was omitted to enhance the model's ease of compilation. The experimental
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and simulated thrust and vector deviation findings showed a high d#fgreacordance,

as shown in

Table 21 Measured and calculated thrust and thrust vector deviatiorf63]

Operation mode Thrust F (mN) Thrust vector deviation (deg)
Theor. Expt. Theor. Expt.
Azimuthally symmetrical magnetic field 85 80
Mode 1 (weak asymmetry of magnetic field) 80 7241 22 26
Mode 2 (strong asymmetry of magnetic field) 62.7 68.1 49 4.8
0.25
05 o2
0.6 0.4 03 " 0.15
0.2 0.1
0.4 0.3 |
0.1 4‘ 0.05
. 0.2 0- 0
0.2 90°
3 2 , 0.1 0.1 -0.05
0 /0
2 0 oy =%

Figure 131 Distribution of a) ion flux density (m= s') and b) ycomponent of ion
velocity (ms?) at the exit plane [63]

Using simulation techniques to analyze the distribution of ion flux density and
velocity, visual evidencevas obtainegupporting the concept of thrust vectoriSgnilar
experiments were conducted on the Rleg64] havinga configurable magnetic circuid
analyze the potential use thfe magnetic field for thrust vectoringn order to enable the

application of magnetic fiekl for thrust vectoring, the PH3ex design underwent
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modifications by augmenting the quantity of independent magnetic flux circuits, hence
deviating from the conventional HET design. As a result, an efficient-shage
construction was developed, utiligj 22 coils to operate the thruster. The magnetic circuit
architecture had four inner coils, foomterstages with four coils connected in series, and
two back coils. A total of 10 distinct power supplies were employed to energize the
magnetic circuit forthe operation of the HET. The experiment involved testing
approximately 100 distinct magnetic field configurations with varying lens angles for the
magnetic field lines in the PPEex device, which was operating at 250 V and had a
discharge current of 28 A. The research gave valuable insights into the uniform
configuration with the maximal magnetic field near the exit plane, which is the most
optimal state of thruster performance. Although the study did not advance in tracking the
thrust vector, it proded valuable knowledge of the operation of the thruster. A more
comprehensive understanding of ionization and acceleration variation is necessary to

establish a correlation between magnetic field gradients and plasma phenomena.

37



CHAPTER 3  THEORETICAL MODEL DEVEL OPMENT

AND VALIDATION

While the previous performancenode[49] did offer valuable insights into the
potential fluctuations in thruster performance, its failure to investigate the underlying
theoretical and physical processes thoroughly underscores the necessity for the present
research. This research aims to build a better knowledge of the impactithathak
gradients have on plasma parameters and thruster performance, as well as to explore the

possibility of estimating thrust vectoring based on azimuthal asymmetry.

The current chapter discussemadel employed for comprehending the influence

of magnéic fields in the context of plasma physitsat relies on a simplified premise
regarding the dynamics of electrons and ions in a HET. The knowledge acquired through
the study of various models Bhapter Zorovides a framework for an overviekplasma
processes affected by magnetic field variations. The compledimear dependence of
plasma parameters on the particle dynamics featureshoéadimensionalplume is the

key issue in designing this moddlhe new model is simplifiedby incoiporating one
dimensional electron motion dynamics and emphasizing gradients in plasma properties and
thruster operating parameteie model is then modified fdaking into account the
presence of azimuthal magnetic field gradient, to providémipectof such gradients on

the plasma parameters and thruster performance.
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3.1 Axial Variation of Properties

The primary focus of discussion in HET pertains to the radial magnetic field. The
magnetic field produced by the inner and outer coil can be observed aeserdgpd by
magnetic field linesExamination of the magnetic field distribution displays that the field
exhibits a radiaincreasdrom the inner channel wall to the outside wall. When examining
the axial variation of the magnetic field, it is evidentt ttie magnetic circuit generates a
peak near the exit plane, after which the field decreases axially in both directions. Changes
in the position of the magnetic field peak lead to corresponding changes in the locations of

the ionization and acceleratiorgrens.

The axial magnetic field gradient is required to limit electron velocity and prevent
it from bombarding the anode and causing instabilities. A positive magnetic field gradient
is associated with more stable HET operation, according to researcmigapusitive,

negative, and zero magnetic field gradient conditions in the context of HET op§2&iion

An additional gradientloserved in the HET channel is the electric field gradient
This gradient is produced by the difference in potential between the cathode and anode, in
addition to the influence of electron number density on the localized potential. The
variation in electromumber density is detectable as a consequence of the gradient in the
magnetic field, which induces changes in the energy of electrons as they traverse and move
along the magnetic field. An increased magnetic field strength leads to enhanced electron
confinement, causing variations in the number density across the plasma plume and thruster
channel. The density of electrons directly influences the observed localized potential.

Elevated electron number density reduces the local potential, thereby inducing the
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formation of an electric field. The location of the maximum electric field is slightly
upstream of the maximum magnetic field. In addition to being contingent on the properties
of the electron and magnetic field, the location can fluctuate in respottsatges in these

variables.

The temperature of electrons is an additional feature that exhibits variation within
the channel. The electrons in the plume are emitted from the cathode and possess an energy
level of around 2B eV, exhibiting limited thermalreergy. As electrons approach the anode,
they encounter fluctuations in the magnetic field. The confinement of electron mobility
across the magnetic field causes ohmic heating and an increase in electron temperature due
to the magnetic field's resistanceh®v electrons attain an energy level that is equivalent
to or exceeds the ionization energy of the neutral atom, the collision process induces a
reduction in electron temperature. Consequently, this leadsariationsin electron

temperature along the HEEhannel.

3.2 Theoretical Magnetic Field Performance Model

The development of a model to evaluate the behavior of electrons and ions and their
impact on plasma characteristics is a highly intricate and demanding task. Several critical
assumptions and conditis are employed to isolate the impact of the magnetic field on the

operation of thedET. The fundamental assumptions are as follows:

1) The anode mass flow rate is constant.

The mass flow rate is kept constant throughout the HET operationelimisating the

study of its influence on thruster performance.
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2) Discharge voltage is constant.

Constant discharge voltage is maintained in the HET to observe the change in discharge

current with respect to the change in magnetic field.

3) Only singly-chargel particlesareconsidered.

The present model assumes that plasma exclusively compfipasticles with a single

charge and does not address the generation of particles with multiple charges.

4) The gradient of the overall magnetic field is consthaotyever, there may be localized

variations in the channel.

The magnetic field magnitudes vary such that the gradient from the anode to the thruster

outlet remains constant while local gradients vary across the channel.

5) Facility and cathode effects

The impat of the cathode and the facility is disregarded in the present study, as the primary

investigationfocuseson the effects afhe magnetic field generated by the thruster.

In order to simplify the model, th€oulomb collisions and inertial effects are
ignored throughout its development. The development of the modsidersteadystate

conditions and preserves the quasineutrality characteristic of the plume.
3.2.1 PerformanceParameters
The HET performance model, as established by iHZ¢roffers a simplifiedvell-

definedformulation for evaluating the efficiency, thrust, and specific impulse of a one
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dimensional faffield quasineutriaplasma. The performance parametams expressenh
terms of plasma properti@mdprovide insights on theffects of the plasma properties on

the HET performance parameter.

Starting with the efficiencies,hé current utilization for the thruster can be
interpreted using the beam current and the discharge cullfieatcurrent utilization
efficiency can be further related to the ion and electelacities that affect the ion beam

current and discharge current.

e O
eWO € 'DO (16)

‘0
- 5

The mass utilization efficiency metric indicates the degree of effectiveness in the
conversion of neutral atom flux to ion fluXhe utilization efficiencys a function of the
ion beam current and the anode propellant mass floviaiagespecific propellant.
a a O
a4 @ a7
Voltage usage efficiency refers to the efficient conversion of discharge voltage into
ion acceleratiomnd is represented as a function of the acceleration voltage experienced by

the ions andhe discharge voltage.

(18
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Finally, anode efficiency can be expressed as the total efficiency the HET
possesses, indicating how much thrust is efficiently produced by the thruster from the
power supplied. Totafficiency is determined by disregarding manufacturing and external
defects such as theathode and magnetic circuit. The total efficiency is also represented as

combination of threatilization efficiencies,massyoltage and current.

(19

(20)

Another performance parameter used for caiegmy HETS isthrust.Along with
the ion flux, the thrust generated by the HET can be represented as a function of the velocity

at which the ions depart the chanaslknown as then velocity.

Y 4 U (21)

The estimation o$pecific impulse can be derived from the measurement of thrust

and get influenced by the velocity imparted by the ions exiting the HET channel.

a Q 22

Important parameters for determining the performance of a HET are its thrust,

efficiency, and stability. Stability offers insights into the HET's effective practicality and
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can provide comprehensive information regarding its operation under different conditions.
Stabilityat an operating poimiot only helps in prolonging thrustegperation but also result

in efficient operation of the PPU systems.

The magnetic field impacts HET stable operation, as demonstrated in previous
studies, and it is an important parameter considered for performance sodpe of the
current work Naoji[65] defines stability as the ratio of the reaeansquare of discharge
current oscillations to the discharge current observed under power condiicngatio is
utilized to observe the effect dhe magnetic field on the HT stability and will be
considered as one of the stability parameters to observe during experimentation.

YOY p
P 0 B0
0O O O 6 (0] (23)

Along with the ratio of roetmeansquare of discharge current oscillations to the

discharge currenthe magnitudeof discharge current oscillation as measured by the-peak

to-peak oscillatiorpercentagés alsoconsidered the critical indicator for stability with the

change in magnetic field.
3.2.2 Uniform MagneticField Effecton PlasmaParametes

Having establised the study's performance parameters, we now examine the
impact of the magnetic field on them by analyzing the dependence of plasma parameters
on electron and ion dynamics. Electrons traveling from cathode to anode encounter a
magnetic field that cause®tenz force to act on electrons and gyrate along the magnetic

field. The combined effect of the gyration motion and the presence of an electric field in
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the channel leads to the azimuthal drift of the guidance center. The purpose of this analysis
is to chaacterize the movement of electrons within a channel centertimg the one
dimensional momentum equation. In teenario we will disregard any inertial effects,

wall collisions, and radial magnetic field gradients.

Cibd o s
EL QA ne (0] QG Tt (24)

The azimuthal current density relation with axial current density is provided by

Hofer{22] as:

(29

Therefore, the electron's velocity can be expressed as a mathematical function of

themagnetic field, number density, electron temperature, and electric field.

o PO
v ;04 (26)
, (27)
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Theeffective mobility at the channel exit is given twe following equation.
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The effective mobility exhibits an inverse relationship with the square of the
magnetic field. Consequently, as the magnetic fikddreges belowthe optimum value
the velocity in the axial directiomng., across the magnetic figlshcreasesThis deduction
is based on thenherent confinement property of magnetic fields. By ohmic heating, we
now know thatthe lower the confinementthe lower the temperature of the electron.

Furthermore, according to Gheiri[66], this also applies to potential enexgcrease

Y 1 %o (30)

As the electron traverses the channel, its potential eneggase due to
collisions, leading to an accompanying increase in the electron's thermal energy. The
relationship between thldecreasé magnetic field and confinement, leadingtecrease
in electron number density, has been discussprkvious studied hecorrelation between

electron number density and temperatarestablisheds[67].

¢ paipmY O -
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BaranoV[68] expresssthe relationship based on empirical evideastllows.

O ebd Y T zi:i'oél’”")"Y8
< d o i £ (32

The potential gradient varies in responseatdecreasé the magnitude of the
magnetic field, which consequently leads tdexreasen the magnitude of the electric
field. Thus far, our discussion has centered around the electrons, the species that become
magnetized in the discharge channel. While the magfield does not magnetize ions
and, therefore, does not alter their direction of motion, it does impact the ionization process

and the closely associated acceleration process.

Consequently, the ions are affected, leading to variations in their ovexédinrm
and influencing plasma parameteisdecreasen the magnetic fieldelowthe optimum
operating condition results in a reduction of the electron temperature, tlilEet@asing
theenergy levels of electrons. Thmver energylevels result irthe shit of the ionization
and acceleration region upstream towardsitiale Thereby, the length of the acceleration

regionincreasesas represented t§im [48].

Y w T (33

(34
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As the magnetic fieldlecreasesthe ions experiencenancrease impotential for
accelerationHowever, due to the ionization and acceleration region moving upstream
results in increase in loss voltage due to wall collisidnich consequently results in a

decrease in acceleration volteayed ultimately decreases the velocity of ions.

v 5 (35

Further discussing potential, it is worth noting that the pégsotential denotes the
electrical potential energyf thecharged particlewith respect to the ground. decrease
in electron temperature affecting the collision progessilts in a decrease in the plasma
potentialas the magnetic field decreas€bese effects aracorporated in the performance

parameters as follows.

O &0 0NRd Lo~ 0% - (36)
Y Gt B RCR (] (37
O &R o (oL (39)
- - -0 (39)
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(40)

(43)

(42)

Decreasén the magnetic fieldeduceghe thrust aneéfficiencyof theHET despite
theincreasen dischargecurrent. This efficiencglecreases observed due tihe influence
of the magnetic field on electron motion beingre pronounced. However, as the magnetic
field decreasg the acceleration voltage and mass utilizagéffitciency decreasdurther

negatiwely impactingthe thruster efficiency

Naoji[65] alsointroduceal anotherset of stability criteria foHETs derived from

experimental deduction. Thessteria are expressed as the following:

ov o]V} ” T
T 43
As the temperature of electrodscreasgethe ionizationcrosssectiondecreases
This decreaseén the velocity of electronsauses the left term to becomm®re negative,
resulting in instability. Thus, it is essential to understand how magnetic fields affect
ionization and electron velocity. Based on this study, we believe thatrtherfwe are

from the optimal magnetic field for the thruster operating camwht the greater the
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likelihood of instability. However, the extent of these effa#pendon how far we are

from the optimal magnetic field configuration.

Efficiency, n

L 4

Magnetic field

Figure 141 Predicted thruster efficiency variation as a function of magnetic field
strength.

Conducting further researah this fieldwill aid in the validation of this assertion.
Importantly, anomalous electron diffusion, wall collision, and thermal effectstearhae
motion of electrons across a magnetic field, causing them to deviate from the stated
relationship. In such cases, additional research is required to validate the theoretical
deduction. The current model incorporates a deviation of the HET froraptimaized

magnetic field configuration to provide an overview of the effects.

In order to substantiate the inferences drawn in the model regarding the impact of

magnetic field variation on plasma parametefShapter 4discusses thexperimenrdl
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investigationperformedto observe the modifications in plasma parameters that the model
highlights in response to thruster operating conditions accompanied by magnetic field

variationbelow the optimum value.

3.2.3 Azimuthal Magnetic Field Gradieffectson Plasma Parameters

The models previously devised assume a uniform magnetic field is present in the
HET channel. A modified version of the model presented in the preceding section is built
to investigate the effect of a magnetic gradient in the azimutredtidn on the plasma

parameters that influence HET performance.

The channel's azimuthal gradient enables the modification of properties in both the
radial and axial directions. These gradients result in a complexdhmessional problem
that is exceddgly difficult to resolve. Consequently, it is necessary to make critical
assumptions to facilitate the development of the model and establish a correlation between
the azimuthal gradient magnitude and the thruster performance parameters. The present
modé is based on the following assumptions 1) The focus is solely on the azimuthal
gradient disregarding the radial gradient that is present in the channel 2) Igmlogimgll
interactions, which could lead to losses as a consequence of recombinatioactiua el
emission 3) Developing the model at the maximal magnetic field region near the exit plane

and disregarding the gradient in the axial direction.

Now, when examining the specific area of interest in the channel, we divide it into
two distinctregions As depicted irFigure 15, region 1 denotes the presence of a uniform
magnetic field with a high magnitude, while region 2 indicates the area where the magnetic

field is decreased to establish an azimuthal magnetic field gradient within the channel. A
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detailed look athe area showthat electrons enter from the length border and depart from

the right boundary, providing a clear visual of the process.
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Figure 157 Azimuthal electron drift motion in the presence of azimuthal magnetic
field gradient

Electron tajectories in the HET plume and channel reveal mobility along the
magnetic field and azimuthal due to the ExB field, promoting ionization and axial motion.
Observing electron trajectories makes it apparent that the movement of electrons in the
radial direction is influenced by energy conversion caused by the magnetic mirror effect,
leading to oscillatory motion. The electron moves in a helical trajectory along the magnetic
field with a gyroscopic radius known as the Larmor radius. The impact of the ntagneti
field on the Larmor radius is equilibrated to uphold energy conservation. This study will

primarily concentrate on the azimuthal motion of electrons, which is dependent on the
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strength of the magnetic field and will be the primary focus of the invastigdilectron
velocity in the region can be calculated as the sum of the velocity imparted to the electron
along the magnetic field and the ExB drift velocity caused by the Lorentz force, which is

a consequence of the presence of perpendicular electmagrktic fields in the channel.
Gl Op U b

(44)

0l -

Q& O
6 (45)

As the magnetic field shifts from one location to another, the velocity along the
magnetic field lines is balanced by the potential gradient in the radial direction. Therefore,
no magnetic field impact is observed in the first term. Since we are invesjighe
influence of gradient in the azimuthal direction representedibyigurel5, the existing
model isutilized to discuss the effect of introducing the azimuthal gradient on the drift
velocity component associated with the electron. FBesieadystate momentum equati
provided inEquation24 provides a suitable starting point for investigating the effects on
plasma properties and HET performance while maintaining the same assisngstithe
previous model. Whekquation24 is modified for azimuthal direction and compared, it
establishes a relationship between axial current density and azimutieaitclensity that

can be translated into an axial and azimuthal velocity relation.
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Using Equation24 and Equation46, the axial current density is estimated to be

influenced by axiamobility, the electric field ad the pressureffects.
Q @ O o
IQ d

(47)

For the current model the azimuthal direction is in cartesi@ordinate ad
represented with variable x as shownRigure 15. Equation47 canbe written for the

azimuthal current density as
Q (¢:3N0) @
i Q4 (48)
Q (630 @
Qd (49

The azimuthal mobility is expressed as the surthefaxial mobility and the Hall
parameter. It is utilized to establish the connection between the azimuthal drift velocity of

electrons and the azimuthal magnetic field gradient within the channel.

m (50)
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Thus, the azimuthal velocity oélectronsfrom Equation 46 can be written asa

function of electron mohty.

‘ . o P (93]
v @ Qa (54)
0 e QY (52)
. ‘ o N Q¢ Y
v @ ~ Qa (53)

To estimate the chaegin the azimuthal directiodue to the azimuthal magnetic

field gradient the gradient in velocity isstimated byisingEquation53.

QL Q o N QEY Q O QEY
Q® Qw [e3 Qa Qe Qa (59
QU T 0 Q0 0 Q&Y
Qwn Qo QoG Qa (59

The gradient in the azimuthal mobility with position can be determined using the
equatiorpresented ifcquation55. The positionagradient is determined by the alteoais
in the Hall parameters caused by the azimuthal fluctuations in the magnitude of the

magnetic field.
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In order tosimplify the equation, thpressure effects are ignoredestimatehow

the velocity is changg without thermal motion change into accaunt

Q0 Q o Q Q& Y
Qo Qo (03 Qa (59)
[O)] 6 Q p
Q w ‘Q wo (60)

As the electron moves across region one to region two, the magnetic field decreases
across the boundary, resulting in a negative azimuthal gradient in the magnetic field. This
negative gradient increases the azimuthal drift velocity of electrons frormsehjim 2, as
per Equation60. According toEquation46, changes irthe azimuthabrift velocity can

cause variations in the axial velocitytbg electrons.
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Due to the negative gradient introduced in the channel, the electrons' axial velocity
increases as they traverse region 1 to regiofh2refore, the azimuthal magnetic field
gradient in the HET channel can influence the axial motion of electrons, which can lead to

modifications in the plasma parameters.

The electron's temperature does not increase to the same extetiteapriesence
of a uniform magnetic fieldthus decreasing the electron's overall temperature. The
electron interactions that lead to ionization are diminished due to the electrons' lower
overall energy, which is insufficient for collisions to induce ionization. The &bioia
region in the azimuthal gradient region shifts locally upstream teatie anode in
comparison to the region where a uniform magnetic field is present as a result of the
increase in the axial velocity of the electron due to the presence of thetadignadient
in the channel. This localized shift in the location of the ionization region results in an
increase in the length of the acceleration region at that location, which in turn causes non
uniformities in the axial location of the ionization aetcation region in the channel. The
voltage loss increases as the ionization region moves upstream at the gradient location,
resulting in the ions being lost to the wall rather than being accelerated out of the channel.
Therefore, théncreasen voltage bss reduces the overall acceleration voltage experienced

by the ion particle. The decrease in the available acceleration voltage leads to a decrease
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in the ion velocity, affecting the thruster's performance due to a gradient in the azimuthal

magnetic field

Equation 36-42 establishesa correlation between the thruster performance
parameters and the plasma parameters. Introducgngdient in the channel leads to an
overall increase in electron velocity, increasing the discharge current. A reduction in the
ion velocity and acceleration voltage leads to an overall decrease in the ion beam current.
Introducing the gradient in the air@el contributes to the overall decrease in the current
utilization efficiency, as the discharge current and ion beam current fluctuate. The
variations in the ion velocitglso contribute to a reduction in the thrust and specific impulse
that the ion impds at the thruster operating configurationjlastrated inEquation37.
Thereduction in the acceleration voltage leads to a corresponding decrease in the voltage
utilization efficiency, as indicated by threlationships inEquation(43). Examiningthe
stability equation, when the axial electron velocity increases, the second component of the
eguation becomes more negative. This reduction leadsiéaraaseén overall stability,

causing the thruster to operate in an unstable state.

The background iowledge of the variations in the plasma properties as the
gradient is introduced is provided by the relationships established by the model to analyze
the effect of introducing the azimuthal magnetic field gradient, which in turn affects the
thruster perfanance parameters. An experimental test campaign is conducted on HET to
substantiate the established relationship and address the research question for the thesis.
The experiment involves the introduction of an azimuthal magnetic field gradient of
varying magnitudes into the channel, and the effect of this gradient on the thruster

performance and plasma parameters is observed.
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CHAPTER 4 EXPERIMENT SETUP AND DIAGNOSTICS

This chapter provides a comprehensive summary of the test campaign, including
details about théhruster utilized as the test article, the testing facility, and the diagnostics
employed for the thesis experiment. The purpose of this chapter is to address the research
guestion posed in the thesis. The chapter acquaints the reader with the experimental

configuration and protocol employed to accomplish the aim of the present study.

4.1 Experiment Overview

The present study aims to comprehend the influence of azimuthal magnetic field
gradient on the performance of a HET. In order to achieve the objectisesritcial to
observe the impact of modifying the magnetic field on the performance of the HET. The
model describedn section 3.2.2 helps to estaidh the correlation between plasma
properties and magnetic field and hatwaffects the performance of the HETs. The
homogeneous magnetic field was altered for the initial experiment test to establish
experimental justification. The baseline conditfonthis investigationwas the operation
of the thruster at a fixed discharge voltage of 80With a fixed anode and cathode mass
flow rate of5.61 mg/and0.44 mg/srespectively. The inner coil current was Gand the
outer coil current was A. The firsttest matrix involved reducing the magnetic field from
145 G to 93 G to monitor the effects on the performance paramefer&W Bell
Gaussmeteb080 was utilized to measure the magnetic field in the thruster chdimeel.
plasma parameters and thruster operational characteristics were measured using a variety

of diagnostics, including Faraday, Langmunetarding potential analyzer (RPA),
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oscillosope measurement, and an inverted pendulum thrust stand. The plasma parameters
were estimated using féield measurements at a radial distance of 1m, as it was not
feasible to conduct these measurements within the channel due to the facility and
experimenal constraints. Variations in the magnetic field are believed to affect the location

of the ionization and acceleration region, as demonstrateddtion3.2.2 .In order to
determine whether these assertions contained observable evidgtical] emission
gpectroscopy (OES) was employed to monitor the fluctuations in the plume's light intensity
as the magnetic field's magnitude was altered. Clsanmgdight intensity can assist in
predicting the direction in which the ionization acceleration region moved without direct

measurements inside the channel and in establishing thkefiettdeductions.

After examining the impact of magnetic fields omgha properties and thruster
performance, we proceed to address the research questions of this research. The effect of
azimuthal magnetic field gradient on thruster performance is investigated by introducing a
deliberate azimuthal gradient in the magnéetd. The magnetic circuit of the HET is
divided to enable the control of various sections of the outer circuit using distinct power
supplies, which can regulate the magnitude of the gradient in the magnetic field, as

illustrated inFigure16.

The magnetic circuit was divided into two sections, with two coils operating
independently with the assistance of two power supageg3C2 and OC3 coll circuitShe
remaining & exterior coils were connected in series and operated by a separate power
supplyas OC1 coil circuit The thruster was operated at 30@vith anode and cathode
flow rates of5.61 mg/sand 0.44 mg/s respectively. At the baseline condition of the

thruster, the inner coil power supply give&®f current, while all three power supplies
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are utilized for the outer circuit supply™ The azimuthal gradient in the magnetic field is
generated by changing the operational capacity of the outer coilslLf0% to 0%. The
highest azimuthal gradient in the magnetic field for the current operation is introduced
when two coils in the outer magnetic circ¢@C2 and OC3)re entirely turned off,

resulting in an extreme condition of 0% capacity.

Outer Coil 1 (OC 1) Vacuum

Power Supply | Chamber I?(;l;:rcs‘f]l; pll §0C1)
Discharge
Power ——
Supply T
Discharge
RC Filter
tner Coil 1C) L [ | Tl
Power Supply
Outer Coil 3 (0C3) ——
Outer Coil2 (0C2) L Power Supply T
Power Supply ‘
—
Outer Coil 3 (OC 3) T Outer Coil 2 (0(:2)—[
1 u 1

P 1
ower Supply Power Supply

Figure 16 7 Electrical schematic oftest setup of P5 (left) and magnetic circuit
breakdown for the current research(right).

The same diagnostics atmiwereemployed to compare to the uniform condition
for measuring change in plasma parametdifse measurements are performed by
systematically moving the probe arm in a radial direction, ranging f86frto 9C°, while
maintaining a constant distance from teuster center. Due to the presence of an
azimuthal gradient, the plume of the HETIwbt be uniform; hence, it is essential to take
measurements depicting the plume accurately. A {tireensional mapping of the plume

enables the observation of changes in the plume resulting from the introduction of gradients
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in the magnetic field. DeVeping a sweep probe apparatus was necessary to monitor the
fluctuations in ion beam current and generate a ttir@ensionamappingof the plume.

The thrust vector locatiowas presumed to be altered by introducing a gradient, and the
sweep probe appatmt o©uld track the thrust vector for the thruster. The OES
configuration, which takes measurements along a line parallel to the exit plane, cannot
observe the localized shift in the ionization acceleration zone for the azimuthal magnetic
field gradient beause the gradient was imposed in a specific section of the channel.
Consequently, the uniform magnetic fields in the initial test were adjusted to reduce the
magnetic field by the same magnitude as that observed in the azimuthal gradient region.
This magnéc field variation permits the estimation of the localized shift in the ionization

and acceleration region resulting from the gradient's introduction.

4.2 Test Article and Equipment

The experiment presented in this study was conducted usiAg/Na I&boratory
HET P5, builtin 1997, through a collaboration between the Air Force Research Laboratory
(AFRL) and the University of Michigan. The PET was used for the experiment due to
its comparablg@erformance capabilities tmmmercial HETE9]. P5 features a stainless
steel anode with 36 slot holes, a ceramic discharge channel, an inner magnetic core, and
eight odside magnetic cores that generate the magnetic field necessary for the functioning
of the HET. The thruster comprises a boron nitride and silicon dioxid&iBY M26
grade channel with an outside diameter of 173 mm and breadth of Z2/%@} A hollow
cathode of EP1500 was positioned at a distance of 2.2 cm downstream of the P5 exit plane

and 7 cm above the centerlifog thruster operatigras depicteth Figurel?.

62



Figure 171 P5 HET installation in Vacuum Test Facility (VTF-2)

The thruster was operated at a discharge voltage of 300 V, with an anode flow rate
of 5.61mg/sand a cathode flow rate 6i44 mg/sof krypton. MKS GES50A mass flow
controllers were utilized to keep the anode and cathode mass flow consistent. The Mesa
Labs DryCal 800 calibrated mass flow to endina the mass flow uncertainty remained
below 2% throughout the test campaign. TDK LamB&adN power supply was utilized to
power the magnetic circuit associated with the HET. We employed a TopCon Quadro

Programmable DC power supply to operate the thruster discharge.-pdwghr RC filter,
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which consists of a 0.58/resistor bank and a 166G capacitor, is installed in the circuit
between the thruster and the discharge power supply to safeguard the discharge power
supply from discharge current disturbances. A 1 GHzbif,l2up to 2.5 GS/s Teledyne
LeCroy HDO6104 oscilloscope was employed todrart timeresolved discharge current
measurements. The discharge current and oscillations were measured with a Teledyne
LeCroy CP150 current probe rated for DC up to 10 MBizeof the four channels with a
sampling frequency of 100 MS/s and a +50 ms cbtlacintervalwas usedo observe
thrustertelemetry time traces comprising the oscilloscope's discharge current

characteristics.

4.3 Testing Facility

The thesis experiment occurred at Georgia Institute of Technology-Rtigler
Electric Propulsion LaboratoryiVacuum Test Facility 2 (V). As shown inFigure
18, the facility comprises a stainlesgeel cylinder with domed end caps with a diameter
of 4.6 m and a total Igth of 9.2 m. In order to replicate the space environment, a high
vacuum is necessary for the operation of HETs. The chamber of2\fFBates a high
vacuum environment in two stages. Initially, the facility's base pressure is raised from
atmospheric condins to approximately 2.5x¥0Torr by a singlestage, rotary vane
SOGEVAC SV630 B mechanical pump, which is supported by a Leybold RUVAC RA
5001 root blower. After the chamber outgasesl thdeak rate has decreased to less than
0.1 mTorr/min, the compssor and mechanical pump assembly are deactivated.
Consequently, ten liquid nitrogemooled CVI TM1200i cryopumpsonnected to two
Stirling Cryogenics SP@ compressors are activatiedachieve a high vacuum with a base

pressure of less than 1x40Torr-N.. A Stirling Cryogenics SP@ closedoop,
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recirculating nitrogen liquefaction system supplies liquid nitrogen (LN2) to each cryopump

at temperatures ranging from 90 to 110 K via vacyarketed feed lines.

Figure 181 Vacuum Test Facility (VTF-2) at HPEPL

The pressure is measured using two MKS Granville Phillips 370 Stahbijjauges,
which are situated 0.3 m downstream of the thruster departure plane and 0.6 m from the
thruster centerline, and one Agilent Bayadgert (BA) 571 hotfilament ion gauge on the
chamber flange. The Agilent XGE0 Gauge Controller is employed to modulate the outer
ion gauge. In contrast, the Granville Phillips 370 Controller provides precise pressure

measurements for the ion gauges within the dwmrhe XGS600 controller's facility
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pressure readouts were digitally collected using LabView software at two data samples per
second. During testing, the two ion gauges inside the chamber showed nominal operating
pressures of 5.9 x FOTorr-N2 and 1.1x 10° Torr-N2. The facility maintained a base
pressure of 2.55 x 0Torr-N; and an operational pressure of 3.1 ® T0rr-Kr throughout

the experiment.

4.4 Diagnostics

The diagnostics employed to quantify various plasma parameters inclSdedp
probe apparatus, Faraday Probe, Langmuir Probe, RPA, OES, and inverted pendulum
thrust stand. Th&weep Probe Apparatus, Faraday Probe, Langmuir Probe, and RPA are
mounted on a radial arm driven by a Parker Daedal 200RT rotary motion stage and
positioned 1m fromhte thruster output plane. The OESupis situated on a Parker Daedall
406XR precision linear motion stage with a 208 operating length, 0.5 m from the
thruster centerlineFigure 19 depicts the P5 HET placed in V3ZFwith all diagnostic

probes in the frame.
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Radial arm diagnostics : Sweep probe OES Collimator
apparatus, Faraday, Langmuir, RPA

Figure 1971 Experimental test setup providing a full view of all the diagnostics utilized
in the study.

4.4.1 Sweep Probdpparatus

Several investigations have been carried out to examine and study the three
dimensional plume measurements and thrust vectoring capabilities of the thrusters during
operation. Various thrust vector measurement systems have been developed th#izin
Faraday probe, double Langmuir, cylinder rods, and retarding potential analyzer (RPA)
[71i1 76]. Though the studies conducted demonstrated promising retwdi® were

limitations due to complex electronic setups with multiple probes and less coverage of ion
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beamHenceaSweep probe apparatus is designed to provide the characteristics of a three
dimensional plasma beam, offering a comprehensive measurseteptfor plasma nen
uniformities and potential use in studying the thrust vectoring capabilities of thrusters. The
equipment sweeps a Faraday Probe verticaipss the HET plume while spanning
radially using a radial arm to gather thhdiemensional iorcurrents.The objective of the
current hemispherical sweep probe apparatus is to provide-dimeasional plume
characterization of the HET plasma plume in terms of the ion beam current. The three
dimensional mapping of the ion beam current is providétguwe Faraday probe as the
primary ion beam current measuring device in the apparatus. For this undertaking, the
following objectives and requiremerdseidentified:

1) The diagnostic apparatus enables precise and repeatable characterization to

facilitate plume measurement.

The objective emphasizes the need for precise and dependable measurement with
less than 2° deviations. The criteria are derived from the guidelines outlined in the
recommended practices for precise measurements utilizing the Faradaly/ Ardthis
criterion restricts measurement uncertainty to lédsmn 2°, enabling the translating
mechanism to operate with minimal tremble and optimum position control.

2) Orthogonality must be maintained between the probe collector surface and the ion
beam.

The current objective necessitates that the probe collectidacsuremains
orthogonal to the plume to maximize the surface area for ion beam current collection.
Additionally, it promotes the reduction of sheath potential effects that occur when ions

interact with the collector plate.
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3) Capability to provide continugu sweep measurements throughout extended
periods of testing.

The objective enables the probe setup to be used for many tests over a long period
of time, with the ability to withstand considerable temperature and pressure variations in
the vacuum facility evironment. The requirement necessitates that the probe instrument
possesses robustness and longevity to ensure its sustained utilization in the future.

4) The impact of the probe's presence in the plume on the floating potential of the
thruster is negligible

This objective aims to provide guidance for designing the sweep probe apparatus
to minimize its impact on the plasma and the thruster operating conditions, ensuring
accurate plasma performance characteristics.

5) Capability to regulate the frequency of mea@snent or data sweeps of the plume.

The capacity to regulate the frequency of measurements facilitates the acquisition
of comprehensive and spatially specific data at the intended locations of interest. The
sweep probe apparatus enables the operator ltectcanore extensive data sets in
concentrated areas, such as the centerline for thrust vectoring or plume endpoints for
facility effects.

6) A lightweight, simplistic design featuring minimal back sputtering.

The simplistic, lightweight design of the sweeplpe apparatus allows for easy
installation and utilization of the setup for various testing conditions. It also increases the
data collection capabilities of the testing facility, aiding in the advancement of the

understanding of the plasma plume.
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The design objective provides a detailed requirement needed to be fulfilled by the

sweep probe apparatus for successful validation and utilization. These goals are

accomplished by the current apparatus consisting of a geared face curved framework/track,

amotion-controlled gear, a probe mount, and probe electronics incorporated into the sweep

probe apparatus to enable the probe to be swept across the plasma plume. Due to its

adaptability and simplicity, the design permits the attachment of diverse praumpitce

plasma properties at distinct locations within the plume. The current design utilizes a

Faraday probe to detect the io@am current across the plume.
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Figure 201 Schematic of Faraday probe sweep path for theweep probe apparatus

The apparatus consistsatircular framework with a radius of 1 meter, constructed

from lightweight aluminum, as depicted figure21. The flamework is composed af

geared track on one side and a curved flat surface insulated from the plume using graphite

fragments on the other side. A slot is created in the aluminum structure to accommodate
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motion bearings and preserve the orthogonality @fpitobe while moving along a curved
trajectory. The bearing linked to the probe mount guarantees that the probe remains in the
correct orientation while sweeping through the plume. The geared track framework
currently ranges fromd1 to 46 °, providing a sasurement span of 87 ° of the plume. The
framework can be extended to 180° span in facilities without spatial restrictions such as
floor and the thruster mounthe probe mount is fabricated utilizing a combination of
aluminum and graphite components. Bhaninum brackets are connected with the motion
gear as well as the stepper motor employed for motion control. As depidtegline 21

the Nema 17 motor with a 50ratio planetary gearbox is utilized to translate the probe
along a 1m radius path via a motion gear. The stepper nmatang a step size of 1.8° per
step,enables accurate gear movement along the track and provides positional control over
the probe. Thegraphite component of the mount serves the purpose of connecting the
Faraday probe to the mount while guaranteeing electrical isolation and reduced interference
during measurements as seeffrigure22. The construction of the Faraday probe adheres

to the recommended principles, utilizing a stainless steel casing that is 1 inch in length and
a collector coated with tungs{&i@]. The Faraday probeonsists 0f2.31 cm diameter
collector and a 2.54 cm outer diameter guard vt a wall thickness of 0.074 crAn
aluminum collector electrode is tungsten coated to reduce the effect of secondary electron
emission (SEE). The collector and guard ring are electrically isolated from each other using

Macor ceramic spacers.
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Figure 211 Detailed rendering of the 2m Curved Sweep probe apparatus with its
components a) Stepper motor b) Motion control gear ¢) Gear framework dyaraday
probe, and e) Aluminum and Graphite Mount components.
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Figure 221 1-m Curved Sweep probe apparatus installed in VTR2.
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The Ni motion controller MID7604/7602 allowed for the adjustment of the motor's
speed during operatio stepper motor is employed in conjunction with limit switches
positioned at the endpoints to monitor the probe's location as it moves along a curved path.
At -45° and 50° from the track, highrecision limit switches are arranged so that the probe
mount contact can activate the limit switch circuit and halt the stepper's motion. The entire
sweep probe apparatisspositioned on a radial probe arm, so that theeelim distance
between the probe collector and the thruster exit plane ir2/H5 seen in Figure 3. The
radial probe arm is designed to undergo a sweeping motion, startingfddrand ending
at 90° with a velocity of 0.63° per second. The probe armntalled by a Parker Daedal
200RT series rotary table, which has an accuracy of 787 as depicted ifrigure 23.

The angular transverse motion and the stepper raoiteen vertical motion of the Faraday
probe are controlled by Agilent 34970A Data Acquisition Unit (DAQ). LabVIEW Virtual
Instrument is used to record both the probe locatiornttamibn beam current gathered by

the Faraday probe.
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Figure 237 Schematic of thesweep probe apparatus orientation with respect to P5 in
VTF-2 chamber.

The guard and collector of the Faraday probe are bias€Da¥ based on the
recommended practicgs7]. While taking measurements using hemispherical apparatus,
threeangularverticalsweeps of the Faraday prodreperformed consecutively in opposite
directions {41 to 46°, 46 to -41° and again4l to 46j to elimnate any systematic
inaccuracy caused by the motion control systeofiowing threevertical sweepwith the
sweep apparatus, the probe arm is repositioned in a radial direction to condttated
scanat the next horizontal positioMeasurements amollected at intervals of°an the
horizontal direction irthe main plume, near tleenterline The multiple scans conducted
using the hemispherical apparatus yielded a standard error »fLD.§ indicating highly

repeatable measuremenifeduration to perform the mapping of the enptemeregion
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is two hours.The collected data is subsequently examined utilizing the correction factors
and methodologies outlined by Brof¥A]. The method mentioned has an error of around

5% for the beam current and 1.5% for the plume divergencehgl§77, 80]. Thesample
measurements obtained using the sweep probe apparatus for the baseline configuration of

P5 operating at 300V is shownhigure24.
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Figure 24 i Sample measurements of a) Thredimensional ion current density
variation with horizontal and vertical sweep b) Contour map of ion currentdensity
with marking of the plume center.

4.4.2 Faraday Probe

Faraday probes are flat electrodes specifically designed to measure ion current. The
electrode is negatively biased about the local plasma potential, resulting in the collection
of only ions. In conegntional testing, the Faraday probe crosses the HET plume at a set
radial distance, resulting in a spatially specified ion current density distribution function.
To estimate the ion beam current and beam divergenceutglé, —iv, the ion current
densiy distribution function is first determined and then integrated across space under the

assumption ofaxisymmetriccondition. As previously mentioned, the current research

76



involves mounting the Faraday probe on a rotary table and sweeping the plasmatplume a
a radial distance of 1 m to create a semicircle with the thruster at its degtee 25

illustrates the conventional Faraday probe's standard trajectory sweep.

The conventional use of the Faraday probe on the radial arm, as illustraigare
25,adheres to the same design principles as the Faraday Probe affixed on the 3D sweep
probe apparatus. The collector and guard ring are bias@@® &f relative to the ground
using a Keithley 2470 Socemeter. A Parker Daedal 200RT series rotary table with a
positional accuracy of £0.17° is employed to scan the probe across the plasma plume at a
velocity of 0.63°/s, passing fror®0° to +90°. We conducted three scans per operating
condition to reduce easurement errors and predict uncertainty. The rotary table encoder
position and current measurement from the sourcemeter were captured using a LabVIEW

VI program, which also recorded the ion beam current at the respective positions.

Figure 251 Faraday probe installed on VTF2 radial arm for horizontal ion current
measurements
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4.4.3 Langmuir Probe

The Langmuir probe ist diagnostic tooltilized to assess the condition of the
plasma at a specific spot. Plasma parametatscomprise the state of parameters include
the plasma potentialjp, the floating potential, the electron number density, and the
electron temperaturde. An alumina ceramic tube measuring 6.4 mm in diameter and 65
mm in length encases a tungsten tip in the Langmuir probe design. The Langmuir probe is
positioned on the radial arm so that the tungsten point is diremteadthe thruster. A
Keithley 2470sourcemeter was used to bias the probe fréhV to +60 V, in 0.1 V
increments, with respect to ground and measuring the current. The current is collected at
the centerline of the thruster at an angular position°efith respect to the thruster plume
cener through three consecutive voltage sweeps. A LabView program recorded the
Keithley 2470 data output and calculated the lodAtharacteristic curve at the centerline.

Figure26 displays an image of a Langmuir probe utilized in this experiment.

Figure 261 Langmuir probe installed on VTF-2 radial arm for plume measurements.
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The data analysis performed utilizing thé/ Itrace followed the underlying
theories: 1) conventional, thisheath approximation for Langmuir probes embedded in the
HET plume, or 2) thicksheath, orbital motictimited approximation for Langmuir probes

immersed in the background plas{Ba].

4.4.4 RPA

The RPA is a diagnostic consisting of four electrostatically biased grids that
function as a higipass energy filter, selectively filtering ions bdon their energf82].
The RPA is utilized to quantify the ion energy distribntwithin the thruster plume. The
RPAs consist of four grids: the floating grid, the electron repulsion grid, the ion repulsion
grid, and the electron suppression grid. The floating grid is oriented to face the plasma
plume. In order to protect the plasfmam the perturbations caused by the probe's presence,
the floating grid is permitted to float electrically. The electron repulsion and suppression
grid are biased teB0V relative to the ground to prevent plasma electrons anddrighgy
secondarelectons fromreaching the collector. The accumulated density function of the
ions in the plasma is measured with a Keithley 24@@rce meterwhich measures the
current that has been collected. The numerical derivative is agplitee voltage and
current sveep to derive the ion energy distribution function. In order to impede the motion
of the incident ions and subsequently filter the ion population based on directed kinetic
energy, the ion repulsion grid is scanned with a bias voltage ranging from O\o Wb
a voltage spacing of ¥ relative to the ground. The RPA is affixed to the radial arm to
obtain a measurement of the centerline location witrem@ular position about the thruster
plume. Three successive voltage sweeps are conducted to amcdtetuncertainty and

variability in data. The RPA measurement of the ion energy distribution peak between
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scans of the same condition exhibited a variability of H5ifure27 displays an image of

the RPA utilized in this investigation.

Figure 271 RPA installed on VTF-2 radial arm for plume measurements

4.45 Inverted Pendulum Thrust Stand

A null-type, watercooled inverted pendulum thrust stand is employed to measure
thrust based on the thrust stand design developed by the NASA Glenn Research Center
[83]. The thrust stand is composed of a pair of parallel platesectethby a series of four
flexures. These flexures support the upper plate and allow it to deflect in response to an
applied force as shown irigure 28. The upper m@te's position is monitored by a linear
voltage differential transformer (LVDT) and regulated by two electromagnetic actuators.
During operation, a pair of SIM 960 Analog proportieimaegratderivative (PID)
controllers regulate the current through eactuator by modulating the current through

the actuators based on the LVDT signal. This process eliminates any vibrational noise
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(damper coil) and maintains the upper plate stationary (null coil). The current through the
null coil, necessary to maintaingthipper plate's stationary position, is directly proportional

to the thrust. The thrust stand is actively waieoled to facilitate the chilling of the null

coil circuit during thruster firings in order to preserve thermal equilibrium. An-1¥00
VWR Intemational 1173 refrigerated recirculation chiller supplies the cooling water,

which does not fluctuate by more than 5 °C compared to the thnfst@ndition.

The thrust stand is calibrated by employing a collection of weights that are well
known and cwer the entire range of anticipated thrust values. In order to provide a
measurement of the thrust at an operating condition, a linear fit is established by correlating
the null coil current to the force applied to the thrust stand. The thruster wasatfrfued
each of the three consecutive thrust measurements. Following the calibration, the thruster
was reactivated, and a thermal steady state was achieved by allowing a change in
temperature of less thar0.5 °C/min before the subsequent set of measunésnd his
study's average thrust stand uncertainty was approximagI,N (2.6% full scale),
defined as the variability associated with the calibrations conducted for each scan at an

operating condition.
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Figure 281 VTF2 inverted pendulum thrust stand

4.4.6 Oscilloscope for Tim&Resolved Measurements

A high-definition, fourchannel oscilloscope was employed to capture -time
resolved measurements of the P5 discharge current. Thegsoleed measurements for
the discharge curreiid, the peako-peak variation of the discharge currérfiopk and the
root mean square measurement of the discharge cuigrtwere captured using a
Teledyne LeCroy HDO6104A oscilloscope. This oscilloscope has ai DIC GHz
bandwidth and a resolutiasf 12 bits. The oscilloscope was configured with a time base
of £5 ms and a sampling rate of 50 MS/s, with a maximum discernible frequency of 20
MHz. The characteristics of thdischarge current oscillations were measured using a
Teledyne LeCroy CP150 cemt instrument. The CP150 has a maximum rated current of
300 A and a D@ 10 MHz bandwidth. In order to monitor the oscillations generated by

the HET plume, the CP150 sensor was installed at the power feedthrough that corresponds
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to the anode power line sfpeam of the RC filterThe frequency measurements for the
current study were observed below 38z allowing for low losses in the discharge
current measurements using the CP150 selbeaverage values of the discharge current
characteristics acroshd five traces were determined by capturing a minimum of five
oscilloscope traces for the HET discharge at each operating condition. The measurements
were employed to illustrate the thruster's stabilitgraoperating point and to comprehend

the effect otthe sweep probe apparatus insertion in the plasma plume on the stability and

operation of the HET.

\
NN

- -
Figure 291 Teledyne LeCroy HDO6104A oscilloscope used fohe study.

4.4.7 OES Setup

OES is a diagnostic test that detects plasmaosition, electron temperature, and

electron number density without requiring invasive procedi84g¢dn general, OES entails

83



the passive collection of light plasma plumes from the HET using a collimator, which is
then directed through a series of fimgatic cables before being incorporated into a portable
spectrometer. A collimator is an optical dewicat captures the light from the plume at the
desired location by arranging three pinholes. The collimator was equipped with a quartz
lens to minimize the deposition of sputter material on the aperture, enabling the setup to be
used continuously throughbtihe experiment. The collimator is engineered to concentrate
the light collected on the optical fiber, which is then transported to the spectrometer. The
present study employed a 1080n-long collimator with a 0.5nm pinhole, which enabled

an ultimate redation of 3mm. Figure30illustrates that the collimator was mounted on a
custom aluminum extrusion mount, which enabled the measurement to be taken at the
thruster'scenter. The aluminum mount housing is 0.5 m from the thruster centerline and is
on a Parker Daedal 406 XR precision linear motion stage with ar2006perating length.

The linear motion stage enabled spatial measurements at axial distancampbénm,

and 10mm from the exit plane.

Protecting the fiber optic cable from particle collisions and deposition, the FC
UVIR600-3-BX-VAC is a 3mlong specialized vacuwmated fiber cable. After going
through the chamber feedthrough connection, the optical fibeideuthe chamber is
attached to the Ocean Insight HDRR spectrometer. This spectrometer takes in the optical
signal and returns the light spectrum from the plasma plume. The Ocean Insight
OceanView software was employed to visualize and record the sigyibdsted bythe
spectrometer. To carry out the current investigation, the Plasma and Dielectrics Laboratory
provided a loan of an Ocean Insight OCEMDX-XR. With an extended wavelength

range of 200 nm to 1100 nm, this spectrometer can encompass Hedrtli@anticipated
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electron and ion emission wavelengths for krypton. This spectrometer hawalthihalf
maximum resolution of 1 nm and an integration time range of 6 ms to 10 seconds, with a
10-micrometer aperture. The present experiment enttikedcquisition of fivescansat a

100 ms interval. These five scans were averaged across the light spectrum to determine
light intensity at different wavelengths. The OES system was calibrated before each scan
to ensurghatthe saturation intensity renmad at 75% and the integration time was 4000
ms. We measured the three axial positions in the background, 0.5 meters behind the
thruster. The background measurements were employed to eliminate the disturbance

observed in the plume measurements due to btgrsources, such as the ion gauges.

)
7

i .

Figure 307 OES setup collimator (left) and orientation of collimator with respect to
thruster for exit plane measurements(right)
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CHAPTER 5 RESULTS

This chapter presents the findings derived from the experiment to address the
researchguestionposed in the thesis. Initially, an overview of the test matrix is provided
to inform the reader of the operating conditions implemented during the experiment.
Subsequently, the baseline steady state condition for the thruster is established, which will
serve as a basis for comparison as the magnetic field gradient is introduced into the channel.
Following the establishment of the baseline test circumstancedjrsheest matrix
occurred, which involved reducing the uniform magnetic field from G4% 93 G. The
plasma properties, thruster characteristics, and performance parameters were derived using
the diagnostics irsection4.4. The azimuthal magnetic field gradient introduced in the
channel is discussed following the first test matrix. The plasma parameters and thruster
performance with varied azimuthal magnetic figladients are supplied for the reader's

information.

5.1 Test Matrix

As described in sectiod.l, the experiment for the present thruster consists of
dividing the test matrix into two halves. The initial test matrix is created to evaluate the
impact of the magnetic field on the thruster's performance. The second phase of the
experiment involves the intradtion of a test matrix that introduces a varying magnitude
of azimuthal magnetic field gradient into the channel, allowing for the evaluation of its

impact on the thruster's performance. Establishing the baseline condition is the first step in
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establishig a steadystate operating condition for comparison. The thruster was ignited at
a discharge voltage of 30Q with an inner coil current of 8 and an outer coil current of

4 A. The thruster's previous test trials determined that the anode and cathodatél®
should beb.61 mg/sand0.44 mg/of krypton, respectiveljor thruster ignition Iterations

of thruster configurations with varying mass flow and magnetic field magnitude were
carried out to identify a stable operating point. The condition wéhaWwest peaito-peak
discharge current ratio wastablished aa stable operating point. The discharge current's
lowest peako-peak ratio was (52%) at 30Q with an anode and cathode mass f@1

mg/s and 0.44 mggspectivelyand a magnetic circuibofiguration of 6A in the inner coil

and 4 A in the outer coil. Once the thermal stable state was reached, diagnostic
measurements were taken using various instruments such sxgettie probeapparatus
Faraday probe, Langmuir probe, RPA, oscilloscope$S Gind inverted pendulum thrust
stand A thermal steadgtateis a temperature change of less tharfG/fin in the thruster

body. The thruster took approximately three hours to achieve a thermally stable state.

Upon completion of all diagnostic measurense that established the plasma
parameters and thruster performance, the test matrix 1 of the experiment, which
emphasizes the impact of a change in magnetic figlts undertaken. Keeping the
discharge voltage and mass flow conditions consistent with the baseline condition, the test
matrix involveduniformly reducing the magnetic field of the HETable3 illustrates that
the reduction in magnetic field was achieved by reducing the coil currents while
maintaining the same ratio between the inner and outer coils. The magnetic field exhibited
a reduction 08.4% from the baseline, flWwed by a further decrease 2#% to reach the

third working condition. Subsequently, there wels3a®6 decrease and29.6% decrease
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from the baseline. It is essential to acknowledge that the third and fifth operating conditions
indicate the magneticdid reduction during the azimuthal magnetic field measurement.
These conditions correspond to the deactivation of one and two coils, respectively. At each
working state, measurements were obtained for Faraday, Langmuir, RPA, OES,

Oscilloscope, and invertggendulum thrust stand.

Table 31 Operating test conditions of P5 for test matrix 1 with uniform magnetic field
configuration

Test c  Ocl?2
o Condition O B a a and 3
Condiion “Name  (v) (&) (G) (mgls) (mgls) UM Current
No. (A) (A)
1 baseline 300 7.90 145 0.44 5.61 6.00 4.00

2 uniforml 300 8.03 136 0.44 561 5.85 3.90

3 uniform2 300 8.04 130 0.44 561 5.70 3.80

4 uniform3 300 8.01 125 0.44 561 5.55 3.70

5 uniform4 300 8.14 120 0.44 5.61 5.40 3.60

6 uniform5 300 8.36 110 044 561 4.50 3.00

7 uniform6 300 9.20 93 044 561 3.00 2.00

Proceeding to the second test matrix, we examine the introduction of the azimuthal
magnetic field gradient and its effect on the plasma plume and the HET performance. The
outer coil circuit was divided into three sections to facilitate the experimerdotBxvere
connected in series and powered by a separate power supply. In comparison, the remaining

two coils were separated to function as individual coils and powered separately, as
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illustrated inFigure16 in sectiord.1 As shownin Table4, the test matrix commences by
reducing the current in coil circuit 2 by 50%, resulting ;1%1% decrease in the magnetic

field in the localized area. The subsequent operating condition entails a rediudhen
current in coil circuifrom 2 to OA, which leads to a localized reduction in magnetic field

by 9.6%% and an azimuthal gradient @18 G/J. This is one of the primary points of the
study. The subsequent condition necessitated a 50% reduction in coil current in the coil 3
circuit and the complete shutdown of the coil 2 circuit. This operating situation leads to an
augmentation in the gradient and the specific region undergoing the alteration in the
magnetic field. The third operating state i$3a7%0 decreasén the magnetic field. The

final operating condition in test matrix 2 is the complete powesffiguter coil circuit two
(OC2)andouter coil circuitthree(OC3), enabling only theuter coilcircuit one(OC1)to

be operational. A gradient 636 G/J and a reduction in a magnetic field .53 are

the outcomes of this extreme condition for the current resekighre 31 shows the
COMSOL simulation of the magneti®ld line configuration with a single coil and two

coils off. The simulation revealed a decrease in the magnetic field, as illustré&igdria

32 ltis crucial toacknowledge that the gradient introduced and the percentage decrease in
the magnetic field for the two conditions are identical to those observed during the
experiment. However, the magnetic field's magnitude variet8t80%. A possible reason

for this isthenormal wear and tear of thieruster because of the harsh test conditions used

in other HPEPL test campaigns.
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respect to baseline uniform magnetic field conditiofBr(high)]
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5.2 Baseline Condition

5.2.1 SweepProbe Apparatus

The Sweep Probe apparatus is operated feehruser has achieved the thermal
steady state conditioihe apparatugonsists of a Faraday probe toatlects ion current
across a hemispherical area. The colleataf the guard ringf the Faradayarebiased to
-30 V using the Keithley2470 source meter Measurements are conductedth a
continuously sweep ranging from1Jto 46]for the probe with a resolution of Ofar the
measurementfor data analysis. After three consecutive vertical sweeps the sweep probe
apparatus mounted on the radial arm is swept horizontally with an angular splaging
This results in a total of 3orizontally positioned scans ranging fre®®° to 9QJ. The bn
current measurements from ttieeedimensional sweeping of the plume can be seen in
Figure33. An ion beam current a3.60 A with a beam divergence @6J was obtained
from the raw data from the Faraday probe. The starefandassociated with the reading
isof1.8x 107 deeming the measurements to be highly reliable and accurate. In order to
getthe total ion beam current of the pluraéhorizontal scawasconducted with the sweep
probe apparatus with the position of the Faraday prob&iatv@rtical direction resultig
in the probe being situated at tbenterline.The threedimensionalscan yielded 87%
decreaseompared to the horizontal sweeghe measurement of ion beam current due to
the restricted vertical sweep range. The vertical scans were extrapokted the
horizontal scan measurements to determine the potentigchld measurement of the ion
beam current while preserving the trend of ion current density variation across the 37
vertical scans. The data extrapolation resulted in measuremergpdhdtom-90° to 90°

in both the vertical and horizontal directions, thereby enabling the total estimation of the
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hemispherical ion current for P5 at 2.3 kW, as illustratddgnre34. An ion beam current
measurement of 5.71 A and a divergence angle of 33.94° was obtained from the
extrapolated thredimensional ion current. The ion beam current measurements were
evaluated after correcting for secondary electron gomsand charge exchange at
horizontal and vertical angles, yielding a 95% ion beam percentage. The hemispherical
sweep mechanism had a negligible effect on the floating potential of the thkerspeng

it at -5.84V, allowing it to be used without impawg its operation. The measurements
acquired with the hemispherical apparatus were subject to uncertainty. This uncertainty
included a £10% margin of error connected with the Faraday [probend a margin of

error of less than £1% associated with the gear motion control system for vertical scan and

a 2% for thehorizontal motion control system.

Table 57 Calculated ion beam properties at baseline test condition on krypton using
sweep probe apparatus.

Test No Condition ‘0 O — _
' Name (A) (A) © (%)
1. baseline 7.90 5.71 33.94 72.30
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5.2.2 Faraday Probe

The Faraday probe is mounted on the radial arm and swept horizontallySdm
to 9Q) with a resolution of0.17]. The Collector and Guard of the Faraday are biased at
30 V to collect the ion current in the plume. The measurement of the Faraday probe is
subject to the same uncertainty margin+di0% as recommended in Faraday's best
precticeg77]. The radial arm motion control system is subjec systemic error of £2%.
The uncertainty associated with the scan measurementdeteamined by conducting
three consecutive scan3able 6 displays the thruster'surrent utilization, beam
divergence, and ion beam current at the operating condtigm.e35 displays the revised

Faraday probe scan representing the ion cudemsity.
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Figure 3517 Raw and corrected ion current density for a horizontal sweept baseline
testcondition
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Table 61 Calculated ion beam properties at baselingest condition on krypton using
Faraday probe

Test No Condition (O] (O] — -
' Name (A) (A) ) (%)
1 baseline 7.90 411 33.23 52.05

5.2.3 Langmuir Probe

The Langmuir probe is positioned on tlaglial probe arm to collect measurements
at the thruster centerline. The radial arm is positioned at 8 horizontal sweep angle to
allow the measurements to be conducted. The Langmuir probe undergoes three consecutive
scans, sweeping frord0 V t080 V. Table7 depicts plasma parameters such as electron
density, temperature, and potential obtained from the data analysis ©f thace. The4
V traces obtained fronthe HET plume exhibéd characteristics that resemble the
principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron
distribution. The data processifay the trace obtained for the test condition as shiown

Figure36.
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Figure 361 Average I-V tracescollectedby Langmuir probe at baselinetestcondition

Table 7 7 Calculated plume properties at baselinetest condition on krypton using
Langmuir probe.

Test No Condition Y ¢ W
' Name (eV) a ) (W)
1 baseline 4.27 1.99x10° 14.88

5.2.4 RPA Probe

The RPA probe is located on trelial probe arm, and to take measurements at the
thruster centerline, the radial arm is positioned°ah @ horizontal sweep. The RPA was
swept from OV to 450V, and three successive scans were performed. The voltage with the

largest d/dV must be determined to acquire the plasma parameters, which are the
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acceleration voltages experienced by idfigure 37 illustrates that the maximum value

achieved at the current operating conditicas269.80V.
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Figure 371 Average |-V traces collected by RPAleft) and ion energy distribution
function representead by -dI/dV (right) at baselinetestcondition

5.25 OES

The OES scan was performed at three axial positions starting from the exit plane.
The measurements were obtaigdlistances of tim, 5mm, and 1dnm from the exit
plane.Table 8 displays the location and intensity of light at ¢hét plane. In order to
removeany light collected by external light sources, such as the ion gaugeshathber,
the background noise was eliminated from the OES scan. The OES measurement was

obtained at the exit plane, and the background scan is depidigpine 38.
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Figure 38 i Plume light intensity spectrum collected using OES at baselintest
condition

Table 81 Plume intensity measurements for baseline test condition atrim, 5 mm
and 10mm from thruster exit plane.

Distance
Test No. Condition from exit _ 08 6 0lEDE
Name plane (nm)
(mm)
1 baseline 0 811.24 31622.11
1 baseline 5 811.24 2176623
1 baseline 10 811.24 16173.11

5.2.6 Oscilloscope

Table9 shows timeresolved measurements of the thruster discharge characteristics
under operating conditions. In order to eliminate any discrepancies in the meadsreme
that may have resulted from plasma fluctuations, five measurements were recorded over a

two-hour period and averaged to determine the fildharge characteristiodn analysis
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of the oscilloscope's observations of the discharge current oscillation allows us to gather
insights into the instabilities in the HET. The power spectral density was obtained by
performing a fast Fourier transform on the tiresolved discharge currenthd@ peak
frequency was 6.4 kHz +900Hz, as showrFigure 39. The peak frequency exhibited a
magnitude shift of 2 kHz under the raniform test condibins. It is crucial to notice that,
despite a gradient in the channel, the oscillations' peak frequency remains below the
frequently observed breathing mode instability, which ranges from 10 to 30 kHz.
Consequently, the present investigation does not exabneathing mode instabilities but

local plasma lowfrequency instabilities.
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Figure 391 Power spectral density plots of d(t) at 300 V and 7.90 A baseline test
condition on krypton
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Table 97 Time-resovedmeasurements of discharge current at baseline test condition.

Condition () JO3 G,
Test No. Name (A) (A) ©)
1 baseline 7.90 4.15 7.92

5.2.7 ThrustStand

Following the completion of measurements with all probes, thrust measurements
were carried out. The average thrust value was determined by taking consecutive thruster
measurements in a row. The thruster was permitted to achieve thermal stable state
conditionsbetween each measurement. The current operating condition yielded a thrust of
78.03 mNwith an error oft2 mN. Specific impulse obtained for the current operating

condition wasl409.56s.

5.3 Uniform Magnetic Field Variation Condition

5.3.1 Uniform1 TestCondition

5.3.1.1 Faraday Probe

The Faraday probe is mounted on the radial arm and swept horizontally9fidm
to 9Q) with a resolution of0.17]. The Collector and Guard of the Faraday are biased at
30 V to collect the ion current in the plume. The radial arm motion control system is subject
to a systemic error of +2%. The uncertainty associated with the scan measurements

wasdetermined by condtiag three consecutive scariable 10 displays the thruster's
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current utilization, beam divergence, and ion beam current at the operating condition.

Figure40displays the revised Faraday probe scan representing the ion current density.
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Figure 407 Raw and corrected ion current density for a horizontal sweep for uniform
1 test condition

Table 107 Calculated ion beam properties atuniforml test condition on krypton
using Faraday probe

Condition O] O — —
TestNo. Name ) ) 8 %)
2. uniform1 8.03 4.08 33.23 50.79
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5.3.1.2 Langmuir Probe

The Langmuir probe is positioned on the radial probe arm to collect measurements
at the thruster centerline. The radial arm is positioned at 8 horizontal sweep angle to
allow the measurements to be conducted. The Langmuir probe undergoes three consecutive
scans, sweeping frord0 V to 60 V.Tablel1ldepicts plasma parameters such as electron
density, temperature, and potential obtained from the data analysis ©f thace. The4
V traces obtained from the HET plume extebitcharacteristics that resemble the
principles of Langmuir probe theory, iasting the presence of a Maxwellian electron

distribution. The data processirfgr the trace obtained for the test conditieshownin

Figure4l.
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Figure 41 7 Average |-V traces collected by Langmuir probe at unifeml test
condition.
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Table 1171 Calculated plume properties atuniforml testcondition on krypton using
Langmuir probe.

Condition Y ¢ W
Test No. Name @) (@ ) (©)
2 uniform1 396 1.90%10° 14.83

5.3.1.3 RPA Probe

The RPA probe is located on the radial probe arm, and to take measurements at the
thruster centerline, the radial arm is positioned air0a horizontal sweep. The RPA was
swept from OV to 450V, and three successive scans were performed. The voltdgthei
largest d/dV must be determined to acquire the plasma parameters, which are the
acceleration voltages experienced by idfigure 42 illustrates that the maxium value

achieved at the current operating conditicas267 V.
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Figure 427 Average |-V traces collected by RPA(left) and ion energy distribution

function represented by-dl/dV (right) at uniforml test condition.
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5.3.1.4 OES

The OES scan was performed at three axial positions starting from the exit plane.
The measurements were obtaiédlistances of Omm, 5mm, and 10mm from the exit
plane.Table 12 displays the location and intensity of light at #het plane. In order to
removeany light collected by external light sources, such as the ion gauges in the chamber,
the background noise was eliminated from the OES scan. The OES measurement was

obtained at the exit plane, and the background scan is depidteguine43.
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Figure 431 Plume light intensity spectrum collectedusing OES at uniform1 test
condition.



Table 127 Plume intensity measurements founiform1 testcondition at 0 mm, 5mm
and 10mm from thruster exit plane.

Distance
Test No. Condition fromexit  _ Ot & 0&lieDe
Name plane (nm)
(mm)
2. uniforml 0 811.24 12057.33
2. uniforml 5 811.24 7510.33
2. uniforml1 10 811.24 4117.89

5.3.1.5 Oscilloscope

Table 13 shows timeresolved measurements of the thruster discharge
characteristics under operating conditions. In order to eliminate any discrepancies in the
measurements that may have resulted fptesma fluctuations, five measurements were
recorded over a twbour period and averaged to determine the final discharge

characteristics.

Table 13 7 Time-resolved measurements of discharge current atuniforml test
condition.

Condition 0 JO3 G
Test No. Name A) (A) ©®)
2. uniforml1 8.03 581 8.09
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5.3.1.6 ThrustStand

Following the completion of measurements with all probes, thrust measurements
were carried out. The average thrust value was determined by taking consecutive thruster
measurements in a row. The thruster was permitted to achieve thermal stable state
conditionsbetween each measurement. The current operating condition yielded a thrust of
77.06mN with an error oft2 mN. Thespecificimpulse obtainedor the current operating

condition wasl392.03 s.

5.3.2 Uniform 2 Test Condition

5.3.2.1 Faraday Probe
The Faraday probe mounted on the radial arm and swept horizontally ff@@fto
90° with a resolution of0.17J. The Collector and Guard of the Faraday are biasetDat
V to collect the ion current in the plume. The radial arm motion control system is subject
to a systemi@rror of £2%. The uncertainty associated with the scan measurewssnts

determined by conducting three consecutive scans.

Tablel14 displays the thrust's current utilization, beam divergence, and ion beam
current at the operating conditioRigure 44 displays the revised Faraday probe scan

representing the ion current density.



T T T T T
— Raw measurement
—— Corrected

—
O_;
T

1

—
(=)
o

lon Current Density, jg (A/mg)
3 3

—
S
w

-80 -60 -40 -20 0 20 40 60 80
Horizontal Sweep Angle (°)

—
S
=Y

Figure 44 7 Raw and corrected ion current density for a horizontal sweep for
uniform2 test condition.

Table 147 Calculated ion beam properties atuniform2 test condition on krypton
using Faraday probe

Test No Condition O O — -
' Name (A) (A) @) (%)
3. uniform?2 8.04 4.04 33.23 50.28

5.3.2.2 Langmuir Probe

The Langmuir probe is positioned on the radial probe arm to collect measurements
at the thruster centerline. The radial arm is positioned’at 8 horizontal sweep angle to
allow the measurements to be conducted. The Langmuir probe undergoes three consecutive

scans, sweeping frosd0 V to 60 V.Tablel5 defcts plasma parameters such as electron
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density, temperature, and potential obtained from the data analysis ©f thacke.The

V traces obtained from the HET plume exhebitcharacteristics that resemble the
principles of Langmuir probe theory, sugtjeg the presence of a Maxwellian electron
distribution. The data processifay the trace obtained for the test condition as shiown

Figure45.
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Figure 457 Average |-V traces collected by Langmuir probe at uniform2 test
condition.

Table 1571 Calculated plume properties atuniform2 test condition on krypton using
Langmuir probe.

Test No Condition Y £ W
' Name (eV) @ ) (W)
3. uniform?2 3.64 1.8810Y™ 14.17
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5.3.2.3 RPA Probe

The RPA probe is located on the radial probe arm, and to take measurements at the
thruster centerline, the radial arm is positioned air0a horizontal sweep. The RPA was
swept from OV to 450V, and three successive scans were performed. The voltdgthei
largest d/dV must be determined to acquire the plasma parameters, which are the
acceleration voltages experienced by idfigure 46 illustrates that the maxium value

achieved at the current operating conditizas266.3V.
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Figure 467 Average |-V traces collected by RPA(left) and ion energy distribution
function represented by-dl/dV (right) at uniform2 test condition

5.3.2.4 OES

The OES scan was performed at three axial positions starting from the exit plane.
The measurements were obtaig¢dlistances of tim, 5mm, and 1dnm from the exit
plane.Table 16 displays the location and intensity of lightthe exit plane. In order to

removeany light collected by external light sources, such as the ion gauges in the chamber,
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the background aise was eliminated from the OES scan. The OES measurement was

obtained at the exit plane, and the background scan is depidtepire47.

Table 167 Plume intensity measurements founiform2 test condition at 0 mm, 5mm
and 10mm from thruster exit plane.

Distance
Test No. Condition from exit _ Ot 6 0 EDd
Name plane (nm)
(mm)
3. uniform2 0 811.24 13677.31
3. uniform2 5 811.24 7937.93
3. uniform2 10 811.24 5042.06
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w) (0]
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@ ]
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Figure 471 Plume light intensity spectrum collected using OES at uniform2 test
condition

5.3.2.5 Oscilloscope

Table 17 shows timeresolved measurements of the thruster discharge
characteristics under operating conditions. In order to eliminate any discrepancies in the

measurements that may have resulted fptessma fluctuations, five measurements were
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recorded over a twbour period and averaged to determine the final discharge

characteristics.

Table 17 7 Time-resolved measurements of discharge current atuniform2 test
condition.

Condition ‘O J@3 Gy
Testho. Name (A) (A) ()
3. uniform2 8.04 5.99 8.05

5.3.2.6 ThrustStand

Following the completion of measurements with all prollesist measurements
were carried out. The average thrust value was determined by taking consecutive thruster
measurements in a row. The thruster was permitted to achieve thermal stable state
conditionsbetween each measurement. The current operatingtioongelded a thrust of
76.8 mNwith an error of+2 mN. Specific impulse obtained for the current operating

condition wasl387s.

5.3.3 Uniform 3 Test Condition

5.3.3.1 Faraday Probe

The Faraday probe is mounted on the radial arm and swept horizontallyoBdom
to 90° with a resolution of0.17°. The Collector and Guard of the Faraday are biased at
30 V to collect the ion current in the plume. The radial arm motion control system is subject

to a systemic error of +2%. The uncertainty associated with the scan emeasts

114



wasdetermined by conducting three consecutive scaaile 18 displays the thruster's
current utilization, beam divergence, and ion beam current at the ogecatndition.

Figure48displays the revised Faraday probe scan representing the ion current density.
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Figure 48 7 Raw and corrected ion current density for a horizontal sweep for
uniform 3 test condition

Table 187 Calculated ion beam properties atuniform3 test condition on krypton
using Faraday probe

Test No Condition O O — -
' Name (A) (A) @) (%)
4, uniform3 801 4.08 32.83 50.88
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5.3.3.2 Langmuir Probe

The Langmuir probe is positioned on the radial probe arm to collect measurements
at the thruster centerline. The radial arm is positionedataDhorizontal sweep angle to
allow the measurements to be conducted. The Langmuir probe undergoes three consecutive
scans, sweeping frosd0 V to80 V. Table19 deficts plasma parameters such as electron
density, temperature, and potential obtained from the data analysis ©f thacke.The
V traces obtained from the HET plume exteblitcharacteristics that resemble the
principles of Langmuir probe theory, suggesting the presence of a Maxwellian electron
distribution. The data processifgy the trace obtained for the test conditieshownin
Figure49.
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Figure 49 7 Average |-V traces collected by Langmuir probe at uniform3 test
condition.
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Table 1971 Calculated plume properties atuniform3 test condition on krypton using
Langmuir probe.

Test No Condition Y 3 @
' Name (eV) a ) (w)
4. uniform3 3.79 1.8%10° 13.94

5.3.3.3 RPA Probe

The RPA probe is located on the radial probe arm, and to take measurements at the
thruster centerline, the radial arm is positioned°ah@ horizontal sweep. The RPA was
swept from OV to 450V, and three successive scans were performed. The voltage with the
largest d/dV must be determined to acquire the plasma parameters, which are the
acceleration voltages experienced by idfigure 50 illustrates that the maximum value

achieved aithe current operating conditiovas266 V.
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Figure 507 Average |-V traces collected by RPA(left) and ion energy distribution
function represented by-dl/dV (right) at uniform3 test condition



5.3.3.4 OES

The OES scan waserformed at three axial positions starting from the exit plane.
The measurements were obtaiédlistances of thm, 5mm, and 10nm from the exit
plane.Table 20 displays the location and intensity of lighttae exit plane. In order to
removeany light collected by external light sources, such as the ion gauges in the chamber,
the background noiseas eliminated from the OES scan. The OES measurement was

obtained at the exit plane, and the background scan is depidtepine51.
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Figure 517 Plume light intensity spectrum collected using OES at uniform3 test
condition.

Table 2071 Plume intensity measurements founiform3 test condition at 0 mm, 5mm
and 10mm from thruster exit plane.

Distance
TestNo. Condtion fr%?;r?édt Tmy OF 0 Qedieac
(mm)
. uniforms 0 811.24  14072.11
. uniforms 5 81124  9379.56
a, uniforms 10 81124 7356
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5.3.3.5 Oscilloscope

Table 21 shows timeresolved measurements of the thruster discharge
characteristics under operating conditions. In order to eliminate any discrepancies in the
measurements that may have resulted fptesma fluctuations, five measurements were
recorded over a twbour period and averaged to determine the final discharge

characteristics.

Table 21 7 Time-resolved measurements of discharge current atuniform3 test
condition.

Condition () Gy G
Test Nb. Name A) (A) ©)
4. uniform3 8.01 553 8.37

5.3.3.6 ThrustStand

Following the completion of measurements with all prollesist measurements
were carried out. The average thrust value was determined by taking consecutive thruster
measurements in a row. The thruster was permitted to achieve thermal stable state
conditionsbetween each measurement. The current operatingtioongelded a thrust of
76.61mN with an error of£2 mN. Specific impulse obtained for the current operating

condition wasl384 s.



5.3.4 Uniform 4 Test Condition

5.3.4.1 Faraday Probe

The Faraday probe is mounted on the radial arm and swept horizontally9om
to 9C° with a resolution of0.17. Thecollectorandguardring of the Faraday are biased
at-30 V to collect the ion current in the plume. The measurement of the Faraday probe is
subject to the same uncertainty margin+df0% as recommended in Faradalyést
practice$77]. The radial arm motion control system iggect to a systemic error of +2%.
The uncertainty associated with the scan measuremastgetermined by conducting
three consecutive scan3able 22 displays the thuster's current utilization, beam
divergence, and ion beam current at the operating condtigm.e52 displays the revised

Faraday probe scan representing thecioment density.

Figure 52 7 Raw and corrected ion current density for a horizontal sweep for
uniform4 test condition
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