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Be strong and courageous! Do not be afraid; ddeatiscouraged, for the Lord your
God will be with you wherever you go.

Joshua 1:9
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SUMMARY

Helicon plasma sources are devices that are camdibddficiently producing high
density plasmas. There is growing interest inziif) helicons in space propulsion as an
ion thruster or a component thereof. Howevers mot yet known if the helicon plasma
source is able to function as both an ion soura# ian accelerator, or whether an
additional ion acceleration stage is required. older to evaluate the capability of the
helicon source to accelerate ions, the acceleradimh ionization processes must be
decoupled and examined individually. To accomptlsl, a case study of two helicon
thruster configurations is conducted. The firsamselectrodeless design that consists of
the helicon plasma source alone, and the secamtiésicon ion engine that combines the
helicon plasma source with electrostatic grids usetn engines. The electrodeless
configuration is used to examine the structurehefglasma plume and the resulting ion
acceleration the plume generates. The griddedigrgation is a unique design that
utilizes a magnetically shielded anode to bias tliecharge plasma potential and
electrostatic grids to accelerate the ions. Thigfiguration separates the ionization and
ion acceleration mechanisms and allows for indigldevaluation not only of ion
acceleration, but also of the components of powgeediture and the ion production
cost.

In this study, both thruster configurations are riizdted and experimentally
characterized. The metrics used to evaluate i@ela@tion are ion energy, ion beam
current, and the plume divergence half-angle, @sethcapture the magnitude of ion

acceleration and the bulk trajectory of the aces#ésr ions. The thrust of each
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configuration is also measured to compare withestenated thrust contribution from the
accelerated ions. The electrode-less thrusteaurtbdr studied by measuring the plasma
potential, ion number density, and electron tenmpeeanside the discharge chamber and
in the plume up to 60 cm downstream and 45 cm ltgdutward. The two
configurations are tested across several opergitargmeter ranges: 343-600 W RF
power, 50-450 G magnetic field strength, 1.0-4.53raggon flow rate, and the gridded
configuration is tested over a 100-600 V dischargiéage range. Most of the operating
conditions selected are identical between confijuma to allow performance
comparisons, although there are several cases wnereonfiguration is tested beyond
the other to determine operating parameter effects.

Both configurations are found to have thrust anficiehcy below contemporary
thrusters of similar power, but the distinctionveeén the performances is in the ion
acceleration mechanisms and degree of the powsedosFor the gridded variant, the
primary losses are under-focusing of the ions dudotwv grid voltages and poor RF
coupling to the plasma. Despite this, the gendraie beam current is in the range of
65-120 mA with ion energies in the hundreds of watt a collimated beam. In contrast,
the loss mechanisms in the electrodeless configuraaffect all three performance
metrics. The beam current is generally less titam2, which demonstrates few ions are
accelerated. Furthermore, those ions that ardexated have low energies in the range
of 20-40 V, restricted by the change in plasma modeacross the plume. Finally, these
ions are highly divergent due to the formation @fions of high plasma potential that

create radial electric fields. In total, few iom® accelerated, while those that are have
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low energies and do not form a collimated beam, cdllwhich is prohibitive for
propulsive application.

Another basis of comparison between the two condigons is the degree of
parametric control of the ion acceleration. Iniparformance evaluations can often be
mitigated by demonstrable control over the ion bred¢ion, as it suggests the behavior of
the device can be improved through optimizatioraridhce of the operating parameters
of the gridded configuration demonstrated a higlgree of control of all three
performance metrics. A set of modifications isedetined using extrapolation of the
empirical data that should increase performancematch other ion engines of similar
specifications. In contrast, the electrodelessfigaration ehibits negligible control of
the performance metrics. There are fewer operaktiparameters available for variation
compared to the gridded configuration, and optitndraof one metric often adversely
affects another. Furthermore, while ion trajectisrympacted primarily by the magnetic
field, it has negligible effect on the beam diverge half-angle. Rather than collimating
the plume, an increase in the magnetic field deflens at large angles. Therefore while
the initially poor performance of the gridded cagpfiation is mitigated by the fact that
parametric optimization will yield significant ganthe electrodeless configuration has
not such clear pathway for improvement.

A primary benefit to using the gridded configuratim this study is that it separates
the ionization and ion acceleration mechanismsadloavs for accurate measurement of
both. Using measurements of the plasma structutbeohelicon plasma source along
with performance measurements of the gridded cordigon, the ion production cost of

the helicon plasma source is estimated. Thisdaditht work where ion beam current is
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directly measured without the use of Faraday or gbamr probes, which can

overestimate the ion current and lead to large @icgies in the ion production cost.
Discharge efficiency was found to range from 132-2V/ion for argon, the lower bound

of which is comparable to the 157 eV/ion in contenapy DC discharges. The upper
bound is generally due to high ion loss to the svahd high discharge plasma
temperature. Optimization of the discharge chanberedicted to further decrease the
ion production cost below that of DC discharges.

There are three unique contributions of this wofllhe first is the development and
testing of a gridded helicon ion thruster that usesagnetically shielded anode to bias
the thruster discharge plasma. This approach géeeuthe ionization and ion
acceleration processes and allows for individuangration of each. The second is
estimation of the ion production cost of a helicplasma source as an integrated
component of a gridded engine. The third contrdyuts measurement of the structure of
the plasma plume of an expanding helicon plasmathadimpact of region of high

plasma potential on ion trajectory.
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CHAPTER |
INTRODUCTION

1.1 Rocket Propulsion

1.1.1 Chemical Propulsion

The basic premise of rocket propulsion is to acea#te a working fluid (the
propellant) away from the vehicle along the axiglesired motion. By Newton’s third
law, as the propellant is accelerated away fromvéiecle, the vehicle is propelled in the
opposite direction. There are several ways tolacate the propellant, but the ubiquitous
rocket archetype is the chemical engine, which ukescombustion of one or more
propellants to generate a high enthalpy fluid whigtaccelerated through a nozzle to
produce thrust. The specific impuldg, of an engine is defined as the thrust per unit

mass of propellant normalized by the acceleratioatd gravity at sea level.

sp

=L (L1)
mg

The specific impulse is directly related to thetexelocity of a gas. A fundamental

limitation of chemical rockets is that the enerdytloe exhaust is extracted from the

energy of the chemical bonds in the propellant,ciwhplaces an upper limit on the

exhaust velocity. Therefore, if a rocket with higpecific impulse is desired, another

method must be used to accelerate the propellant.



1.1.2 Electric Propulsion
Electric propulsion (EP) is the concept of usingcéical energy, rather than

chemical energy, to accelerate the propellant. r&lage three categories of EP devices
based on the method of propellant accelerationctrelnermal, electrostatic, and

electromagnetic. Electrothermal thrusters use ©hmeiating through a resistor or an
electrical arc to increase the enthalpy of the ellapt and expand the gas through a
nozzle to create thrust. Electrostatic and elecagnet thrusters ionize the propellant
and use either electric fields or the Lorentz forespectively, to accelerate the ions and
generate thrust. A common example of an electiiodtaruster is the ion engine, which

uses a series of aligned metallic grids to accedamn. Figure 1 shows a picture of a
typical ion engine. The common premise in all EERices is that the exhaust energy of
the propellant is not extracted from internal egergut instead is deposited from an
external power source. This implies that the dmecnpulse has no limit, although in

practice it is limited by spacecraft design and eoallocation.

Figure 1. 13-cm Xenon lon Propulsion System (XIPShruster.*



For electrostatic and electromagnetic EP devices,ab the most critical components
is the ion source. Since the most acceleratiorhar@sms in EP devices only affect ions,
such as an electric field, the overall acceleratbrthe propellant is dependent on the
ionization efficiency of the ion source. The vasajority of EP devices use collisional
ionization between a cathode and an anode asnhsoiarce. Electrons are created in the
cathode and are accelerated towards the anodeaheidpellant is fed into the discharge
where the energetic electrons collide with the radsit creating ions.

While collisional excitation is well understood,etle is potential for improvement
over anode-cathode discharge plasmas by movingnmra efficient and flexible ion
source. Helicon ion sources offer increased etion efficiencies and the ability to
operate over a wide range of operational parametedsgases. Helicon sources also
offer a key capability to adjust electron energyhickh can alter the collisional cross
section and selectively ionize specific chemicalcips® This capability is of particular
interest in dual-use propellant systems, where eamatal engine is paired with an EP
system that share a joint propellant source. Acbelsource would allow for a more
efficient method of ionization that could ionizeetimolecular propellant and avoid
dissociating the propellant into multiple fragmentsd waste power. Despite the great
potential of helicons and their observed high eficy as a plasma source, there is
limited understanding on the behavior and perforreaf helicons as part of a

propulsion system.



1.2 Helicons and RF Thrusters

1.2.1 Helicon Source

A helicon plasma source is a highly efficient devicapable of creating a high
density, low temperature plasma using RF wavesinitted from an antenrZ. The RF
waves couple to the helicon wave that propagatesigin a plasma, depositing energy
into the plasma. The RF energy is deposited inoftee plasma electrons, creating an
energy distribution within the electron populationThe electron energy distribution
function (EEDF) can be manipulated by changingowsioperational parameters, such as
RF power, RF frequency, and applied DC magnetild fgrength. Electron-neutral
collisions where the electrons have energy exceetlfie neutral atom ionization energy
result in the creation of an ion-electron pair. ugHor a mixture of propellants, the ion
species produced by the helicon source can be tbgealtering the EEDF to target

specific ionization energies.

1.2.2 Helicon Thrusters

A helicon thruster is a device that uses a helgmurce to create and accelerate ions.
There are two approaches to helicon thrustersnglesistage device that creates and
accelerates ions simultaneously, or a two-stagécedhat separates ionization and ion
acceleration. Most attempts to create a helicamstbr have focused on the single-stage
approacH®? The advantage to this configuration is that & ha electrode exposed to
the plasma, and thus erosion, which is one of thregpy lifetime determining factors, is
greatly mitigated. The problem with this thrustisign is that every test has been

characterized by a few millinewtons of thrust affeciency below 3%. Since the helicon



plasma source has a high efficiency, the low thefistiency is likely created in the ion
acceleration stage of the helicon thruster.

In addition to the propulsion research using helgctocused on the helicon source as
the entire thruster, there has been some invesiigatto two-stage helicon thrusters that
use an additional ion accelerator in conjunctiothvai helicon source. The first research
efforts were not directed toward propulsion, butéad focused on ion beam generation
for general applications using single aperture p=tt*® Recently there has been
development of thruster systems that combine thedme plasma source with an
additional acceleration stage for the explicit msg of thrust generatidi?® By
separating the ion generation and the ion accaaratechanisms, the two-stage design
potentially preserves the high ionization efficigraf the helicon source and avoids the
low efficiency apparent in most helicon thrustess.greater degree of development has
been done for two-stage engines that use an ind@uBt- discharge instead of a helicon
dischargé’?*® Figure 2 shows two examples of RF thrusters. i@, research into

application of a helicon plasma source in a twgethruster design remains limited.




As a result of the lack of research in the are&alicon thrusters, there is limited
experimental measurement of the ion production.cddtus while the helicon plasma
source is theoretically a very efficient ion sourtkere is very little experimental
confirmation. Investigations into the ion prodocticost is further complicated by the
fact that for single-stage helicon thrusters thenmeo accurate method to directly measure
the ion beam current. Previous research reliecheasurement of the beam current using
multiple planar Langmuir probes downstreZhor through measurements of the helicon
plasma density using a Langmuir probe and assusonte overall ion diffusioft The
difficulty with the first approach is that probestmn a plasma form a plasma sheath,
which tends to increase collection area and ovienagt overall ion current. The second
approach neglects the plasma structure, which girampacts ion diffusion rates, and
assumes an ion exit velocity without direct measwas. Even research into two-stage
helicon thrusters has met with difficulty in deteémmg the ion production cost, as the
Hall thruster stage allows electron backstreammthé anode, which prevents accurate

measurements of the beam curr@nt.

1.3 Problem Statement and Research Aim

While research has been conducted on both singlévamstage thruster approaches,
there has been no evaluation of the relative céipalfor ion acceleration. Most
experimental development has focused on one comedpe other without determining
the relative merits of each approach. The one eleifof concurrent work that does
examine both single-stage and two-stage helicarstérs does not fully examine the ion

acceleration mechanism of the single-stage cordigur. Therefore, the goal of this



work is to determine whether a two-stage thrusesigh is a more effective design

approach to developing a helicon thruster.

1.4 Research Methodology

In order to evaluate the ion acceleration capgbdit helicon thrusters, two thruster
configurations, single-stage and two-stage, areridated and tested. The first
configuration is a single-stage, electrodelesshelthruster (EHT) that consists solely of
the helicon plasma source. In this device, theypred ion acceleration mechanism is a
current-free double layer that forms near the pbahe of the helicon. While the double
layer is reviewed in Chapter Il, the mechanismifitsenot studied; instead the resulting
ion acceleration is the subject of interest. Ttieepconfiguration is a two-stage gridded
helicon ion thruster (GHIT) that combines the haligplasma source with electrostatic
grids to accelerate ions. A magnetically shiel@adde is placed within the helicon
plasma to collect electrons and bias the dischaigema. The ion acceleration
mechanism in this configuration is the electrostgibtential drop between the helicon
plasma and the downstream plume plasma and the&ieléeld between the grids. In
order to make the comparison between the two cordtgpns as accurate as possible,
both devices utilize the same helicon plasma soufdeus the only difference between
the two thrusters is the addition of the accelerasitage of the two-stage variant.

Device feasibility is determined by comparing twaaltities: the performance of each
thruster and the degree of control over the perdmice by manipulating operating
conditions.  Thruster performance provides seveliaéct quantitative metrics for

comparison, while performance control is a morelitpiave figure of merit that can be



used to compare the relative difficulty to optimthe thruster. As an example, a thruster
with substandard performance that demonstrateghdyhpredictable degree of control is
still a feasible design, as it can easily be optedi for a different set of operating
conditions. Conversely, a thruster that has higleeformance with a much lower degree
of control over the thruster behavior can be ailitglfor design and mission planning
purposes.

The chosen ion acceleration performance metricstter case study are the ion
energy, the beam current, and the amount of dinesgef the ion beam created. The ion
energy quantifies the amount of acceleration eanhundergoes, while the beam current
demonstrates the number of ions that can be aateter The beam divergence describes
the overall trajectory of the ions and degree anbecollimation. While other metrics,
such as thrust or specific impulse, are measuredst of the performance evaluation,
they are not used in comparing thruster feasibilityhis is due to such metrics being
large scale qualities that do not capture how adlice accelerates ions, as it is ion

acceleration that is the function of interest.

1.5 Research Contributions

This work makes several novel contributions toftelel of electric propulsion. The
first is the development of a gridded helicon itmuster that utilizes a magnetically
shielded anode to bias the thruster discharge plasWhile inductive RF ion engines
have already been developed, this is the first meogse of an ion engine that
incorporates the architecture of a helicon plasmace to create the discharge plasma.

Likewise, while magnetically shielded anodes hagerbused in standard ion engines,



this is the first use of one in conjunction witthelicon plasma source. The presence of
the grids separates the ionization and ion acdedargprocesses and allows individual
evaluation of the two.

As a result of the GHIT’s unique design, the secoortribution this work presents is
an accurate estimation of the discharge efficiesfcg helicon plasma source. Generally
such calculations are difficult to perform, asetjuires measurement of the beam current.
While such measurements can be done using a Fapadbg, discussed in Chapter V,
they are often inaccurate and lead to high unceitsi. The use of grids on the GHIT
restricts ion and electron flow such that the beamrent can be accurately measured
using grid and anode currents. These currenegjdition to measurements of the plasma
density and potential structure, allow for accunaiedeling of the discharge efficiency
and ion production cost of the helicon plasma saurc

The final contribution of this work is a 2-D mapgiof the plasma characteristics of a
helicon plasma inside the discharge chamber andhe plume, as well as the
determination of the primary ion acceleration medtra in a single-stage helicon
thruster. lons are found to be primarily accelkdlacross a decrease of the plasma
potential as the plasma expands downstream ohtlister. Radial electric fields result
in high beam divergence. In addition, conical oegi of high plasma potential form off
of the discharge chamber wall at higher magneglddi that cause the ions to oscillate

along the radial position and lead to increaselisamhal damping of ion energy.



1.6 Organization

There are four primary sections to this dissenatimackground material (Chapters Il
and IIl), presentation of thruster configuratiofegilities, and diagnostics (Chapters IV
and V), performance evaluation and analysis of BRI (Chapters VI and VII), and
performance evaluation and analysis of the GHITafiZérs VIIl and 1X).

Chapters Il and Ill provide a brief review of theterial to familiarize the reader with
the subjects discussed in this work. Chapter Ylec® helicon plasma sources, helicon
wave propagation, coupling modes, and the poteittiabacceleration mechanism of the
double layer. Chapter Il gives a brief reviewi@i engines, plasma sheaths, gridded ion
optics, and calculation of the discharge efficiency

Chapters IV and V present the design and operatfoall experimental hardware
used in this work. Chapter IV details the desidgnthee two thruster configurations
studied, including the helicon plasma source comnhbatween the two and the
components added to convert the EHT into the GH$Twell as a performance model for
the GHIT. Chapter V describes the vacuum facdlitised to conduct the experiments, as
well as the diagnostics used to characterize tletinusters. Review of each diagnostic
instrument includes a summary of the general thespgcifications of the construction,
instructions on operation, and calculation of theartainty.

Chapters VI and VII present the performance evalnadf the EHT and analysis of
the ion acceleration, while Chapters VIII and Dégent the same for the GHIT. Chapter
VI entails overall EHT performance such as thrgpecific impulse, beam divergence,
and ion energy, as well as 2-D spatial mappinghef helicon plasma characteristics.

Chapter VII covers the analysis of the ion energasswell as the effects of the plume

10



electric field on the ion trajectories at differenagnetic fields. Chapter VIl contains the
discharge analysis of the GHIT to determine derenity temperature, as well as a study
of the ion optics as a function of the operatingditons. Plume divergence and thrust
are also measured. Chapter IX presents severalficabdns that can increase the
performance of the GHIT. An analysis of the disgeaefficiency is also performed.
Finally, Chapter X compares the two thruster canfigions and suggests several

areas for future work.
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CHAPTER Il

HELICON PLASMA THEORY

As the aim of this research is to evaluate thedoceleration capability of helicon
thrusters, the helicon plasma source is a fundahesdmponent. In both engine
configurations it generates the ions utilized teate thrust, and for the EHT it is also the
source of the ion acceleration. Therefore, an tstdeding of the physics of a helicon
plasma source is required to properly design, apernd characterize either thruster
configuration. This chapter serves as an intradocto the four key areas of helicon
source design and operation. The first sectioniges a definition of helicon waves, a
description of a helicon plasma source, and a sumofahelicon wave propagation. The
second section covers energy deposition of RF weNesa plasma, the various coupling
modes between the antenna and the plasma, andtiséions between modes. The third
section describes Trivelpiece-Gould waves and tbeengial implications to helicon
plasma sources. The fourth section discuses etktgss helicon thrusters and the

current-free double layer as the assumed ion aetele mechanism.
2.1 Helicon Waves
2.1.1 Definition of Helicon Waves
There are many types of waves that can propageiagh a plasma, such as plasma

waves, electrostatic waves, electromagnetic waaresjon acoustic waves. One subset

of electromagnetic (EM) waves is called a whistheve, which is a right-handed,

12



circularly polarized wave that has a frequency mleds than the electron cyclotron
frequency. Helicon waves are bounded whistler watiat have a frequency above the
lower hybrid frequency such that the electron ggrats neglected and electron motion
consists only of the motion of the guiding cerftefhe imposition of a radial boundary
condition by the discharge chamber wall changesntitare of the helicon wave from
electromagnetic to partially electrostdticPlasma sources that use helicon waves for
ionization are capable of efficiently creating higlensity, uniform plasmas in low

pressure conditions without direct contact of theeteodes to the plasnia.

2.1.2 Helicon Plasma Source

A helicon plasma source consists of several comusna discharge chamber, an
antenna, and a DC magnetic field source. Figush@vs a diagram of the helicon

plasma source and its constituent components.

Discharge Z] Antenna Z] <+— Solenoids

Chamber l
\
Propellant_E Exhaust
Flow

= || =
Transmission Line

Connection

Figure 3. Diagram of a helicon plasma source.
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2.1.2.1 Discharge Chamber
The discharge chamber is generally an insulatiigasr open at one end and closed

at the other except for a propellant inlet. Theulating walls contain the plasma radially
while allowing the RF waves to penetrate into thesma. The size of the discharge
chamber generally sets the axial length of the REmna used, and thus the wavelength
of the helicon wave propagated. The diameter efdischarge chamber also affects the
transition from capacitive coupling to inductive upting, more of which will be

discussed later.

2.1.2.2 RF Antenna

The antenna is a conductor wrapped around theiexter the discharge chamber,

generally made of copper. Four common types adrards, shown in Figure 4, that are
used in helicon research are: three Nagoya typeolifigurations (straight, right 180°
helical, and left 180° helical) and the double $adzhtenna. The different antenna
configurations excite different helicon wave mod&iraight Nagoya Ill antennas excite
the m = 0 mode; the right and left Nagoya Il ants excite the m = 1 and m = -1
modes, respectivef# and the double saddle antenna excites either thédrar the m = 1

mode, depending on the operating conditions.
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Figure 4. Helicon antenna configurations. (a) Naga llIl, (b) Nagoya lll R, (c) Nagoya Il L, (d)
Double Saddle. Current paths of the antennas areemhoted by the arrows.

2.1.2.3 DC Solenoids

The DC magnetic field is supplied by two or morderoids placed around the
discharge chamber. The DC magnetic field servesdtict electron radial mobility and
direct the plasma towards the outlet of the disphahamber. Reducing radial electron
mobility is generally desired to limit wall neutiztions, as this is a loss mechanism that

reduces the efficiency of the plasma dischargeadbfition, the helicon wave requires the

presence of an axial DC magnetic field in ordeprimpagate.

2.1.3 Helicon Wave Propagation

The propagation of the helicon wave is determimethfthe dispersion relation of the
wave. The dispersion relation relates the longmaldvave number of the helicon wave,
k, to the plasma densityy, DC magnetic field strengtiBo, RF angular frequencyy,
discharge chamber radiug, and the mode number of the wawve, The dispersion

relation for a uniform density plasma column witleatron mass neglected is given
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below in Equation (2.1) with a full derivation inppendix A, which describes the

parameter&,, andon, that are derived from Bessel functions.

2 72
@ Fo®lh :ll[ ka +sz +k2a2] (2.1)

A helicon wave, like all other EM waves, contains éectostatic and a magnetic
component. For the simplest case where the elentass is neglected, the axial electric
field is zero and the radial and azimuthal eledigtds are related to the magnetic fields

as shown in Equations (2.2) and (2.3) taken from AfpeA.

_&
E, = By (2.2)
(2.3)

At each point the magnetic field is orthogonal te tiectric field. The magnetic field

components are given by Equations (2.4) and (2.5),

B, =C,J . (Tr)+C,3,,.(Tr) (2.4)

B, =ic,J, ,(Tr)-ic,J,.,(Tr) (2.5)

whereC; andC, are constants[ is the transverse wave numbeis the radial distance

from the centerline axis of the discharge chaméed,J is Bessel's function of the first

16



kind of order denoted by the subscript. Substtutof Equations (2.4) and (2.5) into
(2.2) and (2.3) results in the components of teetat wave.

M (€31 (T1)=C.d, (1) 26)

£y =~ (CudT1)+ C.3,.,(17) @7

Since these functions describe waves, the valudiseofield strengths oscillate in space
and time. Equations (2.4) through (2.7) descriteeamplitude of each wave component;
the time-dependent value of each wave is definedthgy real component of the

exponential perturbation. ThisandB can be described by Equation (Z3).
f= fei(m€+kz—ax) (28)

In general there are only three mode numbers efagst, m = -1, 0, 1. Mode numbers
beyond this range are often difficult to generatel are not as efficient for plasma
production as the other three modes. For the ml=modes, the field patterns do not
change with position but rather with the valuekf. The field shapes of the m =+ 1
modes are shown in Figure 5. As the wave propagkes the axis of the device, the
wave pattern rotates in the posit@elirection for m = 1, and the negatigalirection for

m=-1.
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Figure 5. Cross section of the field structure of élicon wave in for (a) m = 1 and (b) m = -1 modes.
Solid lines denote magnetic field lines, dotted les denote electric field lined®

In contrast, the wave shape in the m = 0 mode clsaalgag the axis of propagation.
When the quantityki — wt) is zero,E, vanishes and the wave becomes purely magnetic.
When the quantity equals/2, the field becomes purely radial and the wave is
electrostatic. For other values, both qualitiessteand the wave structure is spiral.
Figure 6 shows the progression of these structigeseawave propagates down the axis

of the discharge chambr.

18



Figure 6. Electric field structure of m = 0 modé®

2.2 Energy Deposition

2.2.1 Overview of Wave Coupling Modes
The formation of a plasma in a helicon source ciaf several steps, as there are

several coupling modes of plasma operation thapassible’** In the first mode, the

RF wave is called a capacitively coupled plasma (C@Mere the electrostatic field

generated between the leads of the antenna stapale from the propellant gas. The
electric field accelerates these free electrons lwthien collide with other neutral species
to cause additional ionization. This process edpminantly driven by the voltage drop
between the electrodes of the antenna (a produtiteopower transmitted through the
antenna) and thus creates only a low density plafknased at the edge of the

containment vessét.
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The second mode occurs when the oscillating magrietid from the antenna
couples to the plasma current, creating an indelsticoupled plasma (ICP). The
antenna thus induces current oscillations withinglasma that deposit energy into free
electrons. ICPs have a higher plasma density @ms though the plasma is still
focused at the edge of the containment vessel wherenajority of the wave energy is
absorbed? In an ICP plasma only the radial and azimuthahponents of the RF
magnetic field couple to the plasma, while the ag@hponent cannot penetrate into the
plasma.

The final mode, the helicon wave mode, is charam#drby the RF wave coupling to
the helicon wave propagating down the axis of thdcgevPlasmas heated by helicon
wave coupling differ from CCPs and ICPs by having ttensity profile peak at the
center, rather than at the walls. This results riad#l density profile that is parabolic in
appearance with a peak in the center. Figure 7 skogsaphical comparison of the

density profiles of the three coupling modes.
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Figure 7. Qualitative radial ion density profilesin a cylindrical plasma chamber for a CCP, an ICP,
and a helicon plasma. CCP and ICP tend to have dgiier densities near the wall, while the helicon
mode peaks along the centerline.

Originally it was thought that the power depositiomechanism was Landau
damping®**"° Landau damping is a collisionless process whes@wee interacts with
particles that have similar energy as the wave. paoticles with slightly more energy
than the wave, the wave gains energy at the expantdee particles; for particles with
slightly less energy than the wave, the particles gaergy at the expense of the wave.
Since electrons in a helicon plasma generally lmavaxwellian distribution, more of the
electrons have low energies than high. Thus then@¥e couples to and drives the
helicon wave, which is damped by the plasma thrdugidau damping, depositing the
RF power into the plasma.

While the above theory about Landau damping wagsitiminant explanation for the
efficient operation of the helicon for over ten ggat is now thought Landau damping is
insufficient to explain the high energy depositiate in helicon plasmas. Recent work
shows that electrons accelerated by Landau dangmgoo sparse to explain the high

ionization raté’® Equations (2.1) through (2.7) are derived undemgsimption that the
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electron mass is negligible. This requires tBais equal to zero, which is not satisfied
during operation. There are two approaches to cotines: the first is to allow for finite
electron mass while enforcing the zétpcondition, called the transverse electric (TE)
approximation; the second approach is to allowtdilectron mass and a nonzé&p

which gives rise to radial electrostatic waves, called Tpigee-Gould (TG) wave$:

2.2.2 Coupling Mode Transition
The transition from one coupling mode to anotheueg when conditions within the

plasma change the dominant mechanism for powersitepo between the antenna and
the plasma. These different modes are reached rsti)lyeas the plasma forms and the
transitions between them can be described by tbldshin the device operating

parameters.

2.2.2.1 CCP and Plasma Ignition

The first transition is the ignition of a neutralsggto a CCP. Prior to ionization, the

propellant gas acts as a dielectric medium, whidhnet attenuate the RF wave and thus
no energy will be absorbed. Suppose a free ele@nters a region of an oscillating

electric field produced by the antenna. The elecwwadergoes successive cycles of
acceleration and deceleration as the electric tefdllates with time. The time-averaged
result is that the electron gains no net energglgetng the case of an electron cyclotron
wave). However, if the electron collides with a mauttom before the electric field

reverses energy is transferred from the electeid fio the gas. Therefore energy is only
deposited if the electron-neutral mean free pathess than the distance the electron

travels before the electric field reverses. The mean &tegan be modeled as
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where s is the collision cross section amg is the number density of the species the
electron is colliding with (in this case neutrab@ts). The neutral number density can be
related to the pressure using the Ideal Gas Law,

p=nk,T (2.10)

whereT is the temperature of the gas dgds Boltzmann’'s constant. The probability of

an electron colliding with a neutral within a cémtdistancey, is as follows.

f(x)=1-¢ (2.11)

Substituting Equations (2.9) and (2.10) into (2.)i¢lds a relation between the

probability of a collision and the neutral pressure

f(x) :1—ex;{_ prJ (2.12)

It is seen from Equation (2.12) that there is espuee dependence of the ability to
ignite a plasma from a neutral gas. One requirénf@nignition is that the neutral

pressure is above some minimum threshold. It ssippte to reduce this threshold by
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increasing the power of the wave propagated byeaming the voltage across the
antenna, and thus the electric field. As the aledield increases, the probability of
electron field emission from neutral atoms increasehich also increases the amount of
free electrons, and thus the amount of energy pbear Full ignition occurs when a
sufficient number of free electrons exist such thatenergy absorbed from the incident
wave balances the energy lost due to wall collsi@n ion-electron neutralization

collisions.

2.2.2.2 ICP

While a CCP attenuates some of the RF wave to hlmwergy, most of the wave is
still transmitted through the plasma. Transitiorah ICP occurs when the majority of the
RF wave is absorbed by the plasma. Treating thenph as a simplified conductor, as the
gas is progressively ionized, the conductivifyf the plasma increases, which means the

skin depth of the plasma, decreases according to Equation (Z'4.3)

5= (2.13)

wheref is the frequency of the RF wave anis the permeability of the medium (in this
case the plasma). The skin depth is a measurewefidr through the medium the wave
penetrates before it is absorbed. Quantitativatgr a distance af into the plasma the

amplitude of the electric and magnetic fields hdeereased by a factor of 1/e (36.8%).

However, a helicon plasma is not a simple conduatat is neither homogenous nor
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isotropic, which means the conductivity and pernigglare no longer scalar. A more

appropriate definition for skin depth of a plasma i

5=~ (2.14)

wherec is the phase velocity of the RF wave,s the RF angular frequency, aag is

the plasma frequency, defined as

2\ %
w, :( e j (2.15)

E,m,
whereg is the permittivity of free space and is the mass of an electron. The plasma
frequency describes sinusoidal oscillations oftetexs around an equilibrium position in
a plasma relative to the ions. These oscillatianse from perturbations in the plasma
displacing the electrons from the equilibrium positand the restoring electric field
causing the electrons to overshoot the equilibrppmsition, shown in Figure 8. The
plasma frequency is not dependent on the wave nymibéch meanslw/dk (the group

velocity) is zero. Therefore, in the absence dfisions, this characteristic plasma

oscillation does not propagate.
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Figure 8. Diagram of plasma oscillations

Returning to the previous discussion, once the diepth is the same order as the
diameter of the plasma column, the magnetic figJdaerated by the antenna induce
oscillating currents in the plasma. As additiofrgle electrons become available, a
positive feedback loop occurs, which increasesplasma density until the entire RF

wave is absorbed by the plasma. This marks theitran to the inductive mode.

2.2.2.3 Helicon Mode

The transition to helicon mode does not yet havdear demarcation due to the
ambiguities in the coupling mechanism. A commardgd definition for the transition to
helicon mode is when the wavelength of the heliwane is on the order of the length of
the antenna, or equivalently of the device it&&ff. However, if the primary power
coupling mechanism is not related to the heliconenraut to something else, such as TG
waves, then this criteria would be inaccurate. sTtmefore any meaningful exploration of

helicon mode transition can take place, the TG waust be examined.
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2.3 Trivelpiece-Gould Waves

2.3.1 Boundaries, Collisions, and the Rise of Triigiece-Gould Waves

Whistler waves are classified as unbounded elecgmetic waves, yet for plasma
sources an unbounded geometry is impossible. Tieapy impact of a radially bounded
system is it changes the structure of the wavepggating in the device. Past work by
Trivelpiece and Gould (for whom the TG waves armed) found that the presence of a
radial boundary caused the propagation of radiatsfcharge (aka electrostatic) waves
to occur*® This becomes particularly important when the abibundary is insulating
(as is common with most helicon plasma sources) iagposes a boundary condition in
which the radial current vanishes. In order fas tio be possible, a second wave must
arise at the edge of the plasma that cancels eutthial current at the plasma boundary —
the TG wave.

To begin an investigation into the nature of TG agvone must first remove two
erroneous assumptions: zero axial electric field aaro electron mass. As a result,
electrons can now carry and transfer RF energye rilachanism for this energy transfer
is the collisions of electrons with other electroas well as with neutrals and ions.
Electron collisions change the physics of the plsmseveral ways; first, the form of
Ohm'’s Law changes in the derivation of the helidispersion relation. The use of this
modified Ohm’s Law, (derived in Appendix B) bringdout an interesting scenario.

Instead of a single solution, two solutions appeach with a distinct wave numbgr

_1¥1-4ay

f=""

(2.16)
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with

(2.17)

(2.18)

(2.19)

whereve is the collision frequency of an electron in tHasma andw. is the electron

cyclotron frequency. Whilex corresponds to the wave number derived from the

collisionless plasma derivation,is a collisional damping term, andl, is the electron

cyclotron frequency. The electron cyclotron freome is the frequency electrons will

gyrate on a magnetic field line.

A more thorough exploration into the two solutidesdone in Appendix B. As a

quick summary, the first solution corresponds te ttelicon wave, while the second

represents a radial electrostatic wave - the TGewaVhe operating conditions of the

plasma itself determine whether the helicon wavd@rthe TG wave can propagate.

2.3.2 Propagation Conditions

In order to examine the boundaries for which eadcivencan propagate, the

assumption of a collisionless plasma is resufféd. With that assumption, the wave

numbers must be a real number. The wave number is condpafsSBvo components: the
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longitudinal componentk, which is parallel to the magnetic field, and tin@nsverse

componentT, which is orthogonal to the magnetic field.

2 =K2+T? (2.20)

The longitudinal wave number must also be reait, issquantized by the discharge vessel

lengthL,

kO= (2.21)

[N

If both the longitudinal and the total wave numbeas real, it follows that the transverse

wave number must also be real. Equation (2.16}laefore be rewritten as

- [1_ 2 a2
sz _ (1+1/1 4ay) 4y°k (2.22)

4y?

Equation (2.22) reveals that there are two requerds) that must be met for the
transverse wave number to be real. First, theidigtant must be positive, and second,

is that the right hand side of the equation betp@si

1-4ay =0 (2.23)
- [1_ 2 a2
(1+1/1 4Zy2) 4y°k >0 (2.24)
i4
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Solving for the case of the helicon wave and sulistg in Equation (2.18) foy, the

first requirement is found to be

1
—— <= 2.25
4 (2.25)

The second requirement is found by taking a firsteo Taylor approximation of the

radical of Equation (2.24) and solving the ineqyali

951 (2.26)
k
Solving the second requirement for the TG wavedgi¢he following.
& a (2.27)
w Kk

Since the electron cyclotron frequency is much tgirethan the driving frequency while
a is of a similar order t&, Equation (2.27) can be considered always truguswhile
the helicon wave has two requirements for propagathe TG wave only has one.

Using the longitudinal refractive indeM, defined as

N = (2.28)
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two parameters can be used to describe the propagainditions.

_[ % 2 2.29
%= 5 (2.29)
B, = ‘““’aijz (2.30)

Substituting Equation (2.29) into (2.25) and (2.B129 (2.26) yields the final propagation

conditions.

a, <% (2.31)

B, <1 (2.32)

Helicon wave propagation requires fulfilment oftlbbaequirements, while a TG wave
only needs to satisfy Equation (2.31). These dandi create boundaries for regions of
wave propagation in the space of plasma densitynaaghetic field strength for a fixed
axial wave number and angular frequefityFigure 9 shows a qualitative illustration of

the propagation boundaries for both waves.
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Plasma Density

While the helicon plasma source has mostly beeatiesias an ion source for various
applications, there is growing interest in its asean electrodeless thruster.
primary limiters to thruster lifespan is electragl®sion, so a thruster configuration with
no electrode would conceivably have an unlimitéesjpan. The primary concern with
such a design would be whether the thruster hasmgeric control of the ion energy.
Most electrostatic thrusters use electrodes inammnwith the plasma to create a drop in
electric potential that accelerates the ions. dnt@ast, the most likely ion acceleration
mechanism for the electrodeless thruster is thebldolayer.

configuration is reliant on passive control of fba acceleration using variation of the

Plasma opaque to both /
helicon and TG waves Helicon and TG

0> Ya K wave propagation
/ fo<1

P e TG wave
R propagation only

e ﬁo >1

Magnetic Field Strength

Figure 9. Wave propagation map for fixedk and o.*°

2.4 Electrodeless Helicon Thruster
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operating conditions. Therefore, the performarfahe thruster is dependent on how the

double layer mechanism responds to changes in topgionditions.

2.4.1 Double Layers

The next chapter introduces the topic of plasrhaaths, which describe the
interaction between a plasma and a boundary, ssiem @ansulating wall or a conductive
electrode. At this boundary, a thin region of pitesma shifts in potential to maintain net
zero charge flux out of the plasma. If, insteadaofvall or electrode, the boundary is
another plasma at a different potential, then abtisided sheath would form as thin
regions of both plasmas adjust their potentialhis Tdouble sheath, also known as a
double layer, creates a continuous transition efpibtential between the two plasmas.

In such a system there are four main particle ggoupgh potential ions and
electrons, and low potential ions and electronBe Righ potential ions and low potential
electrons are accelerated by the double layer asd into the other plasma. In contrast,
the low potential ions and high potential electralezsnot have the energy to pass the
potential barrier and are trapped. In most cakeset trapped populations have some
finite temperature and thus have some particlesn ftbhe high energy tail of the
distribution that can pass through the double ldxemly. A qualitative illustration of a

double layer and the particle groups is shown gufé 10.
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Figure 10. Double layer structure™

Assuming that the free portion of the trapped iand electrons is negligible, quasi-
neutrality breaks down within the double layertlasion and electron current flux differs

by a factor of the square root of the mass f4tio.

Je = 1 (2.33)

3

This is often the case when the double layer octues current driven device, where a
current source is located on one side and a cusirekton the other. A classic example is
a cathode placed upstream of a constriction of diseharge chamber. Inside this
constriction the ion loss rate to the walls is ¢gedahan in the larger section of the

chamber. Therefore in order to maintain quasiHiaditit, a sheath must form between

the two regions to impart additional energy to &t@ts to increase the ionization réfe.
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Another type of double layer is the current-freailnle layer, which does not have
any net current passing through the system and dbas not violate quasi-neutrality.
This would arise in situations where one side ef dlouble layer does not have any net
current sources or sinks. Therefore in steadyestiie net current flow through the
sheath for this one side must be zero. A helidasrmpa source is an example of such a
device; the discharge chamber consists of onlyirtkalating wall, the inlet, and the
outlet. Since the inlet carries only neutral gasg the wall cannot accept a non-zero
current as it is floating, then the outlet musogbgss zero net current. If the helicon
plasma is expanding out of the inlet into a lowenglty plasma, then a double layer
should form at some point downstream of the exénel and likewise have no net
current’* Such a double layer would have the high poteiia$ limited by ambipolar
diffusion in order to accelerate additional highgrdial electrons through the potential
barrier. Similarly, low potential electrons wowddcelerate trapped ions into the double
layer. A net mass flow exists if the energy of ttapped electrons of the high potential
plasma exceeded the energy of the trapped ionkeofow potential plasma, allowing
more ion-electron pairs from the high potentialspta to pass through the double layer

than from the low potential plasma.

2.4.2 lon Acceleration and Propulsive Applications

Recent work has investigated performance of eldetess helicon thrusters by
measuring the ion energy profiles of the ion b&dfand direct thrust measuremetfs.
20 These works measured beam voltages that ranged15-30 V and no greater than 5
mN of thrust. However, these works were primaatysingle operating conditions and

did not examine the plasma characteristics in defdus, it remains to be seen what the
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parametric effects are of operation and how theaimmal behavior of the thruster varies
at different operating conditions.

The two key requirements to the efficacy of a tteusire its performance and the
controllability of that performance. For an eleckeless double layer thruster, this infers
that beyond providing adequate performance in te&ios of thrust, specific impulse,
and efficiency, the device must also demonstraeathlity to alter these metrics through
the variation of the operating conditions. Foredectric propulsion device, a critical
control parameter is the amount of energy depositeal each ion. The ion energy
determines exit velocity, which contributes to gtrand specific impulse. Furthermore,
since the primary thrust generation mechanismasattteleration of ions, control of the
ion trajectory is equally important. Should theattodeless thruster lack control over
either of these two mechanisms, it would be indiffecas a propulsive unit. Therefore
the metrics for evaluating an electrodeless thruste the values and controllability of

the ion energy and ion trajectories.

2.5 Conclusions

To conclude, the helicon plasma source is an iamcgothat functions by coupling
RF power in the antenna to the plasma electronkis process is dependent on the
following operating parameters: axial magneticdistrength, RF power, RF frequency,
propellant flow rate, and discharge chamber gegmeéftihe first four parameters can be
varied during operation, and thus are the paramebet will be used during testing to

control EHT performance. Since the GHIT utilizedielicon plasma source as an ion
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source, these parameters are also a subset ofotitelcparameters of the two-stage
thruster configuration as well.

The two functions of the helicon plasma source @¢oelaluated are ion production
and ion acceleration. The characteristics of thlecbn plasma source that describe its
performance as an ion source are the ion numbesitgleand electron temperature. The
presumed ion acceleration mechanism is the cufreatdouble layer, which can be
measured as a change in plasma potential throggplélsma expansion plume. Thus, the
characteristic of interest for ion acceleratioma ispatial map of the plasma potential. The
measured change in plasma potential can then beareah against direct measurement

of the ion energy distribution to verify the preeid source of the ion acceleration.

37



CHAPTER 1lI

ION ENGINES & GRIDDED ION EXTRACTION

While the first helicon thruster configuration issentially a helicon plasma source
alone, the second configuration utilizes metallilg) to extract ions from the helicon
plasma inside the discharge chamber and accelénate to produce thrust. This
separates ion acceleration and ionization into dvgtinct stages that can be individually
examined. lon acceleration is performed by thelsggriwhich extract the ions from
discharge plasma through a plasma sheath that foffnghe grids. The ions are
accelerated as they pass through this grid sheatfioam an ion beam downstream of the
grids. The grids also force an equal number oftedas to be collected at the thruster
anode, and since the grids prevent electron bazksing, this allows for an accurate
measurement of the ion beam current. With the baament accurately known, a model
of the thruster discharge chamber can be used¢ond@e the ion production cost.

This chapter gives a brief overview of ion engiaesl the physics of ion extraction.
The first section presents a brief history of iogi@ees and how they operate. The second
section reviews the physics of plasma sheaths amdthey interact with the grids and
the discharge plasma. The third section detais iom engine discharges operate, both
DC and RF. A model of ion engine discharge effickeis presented as a means to
calculate the ion production cost. This value sesras a performance metric to evaluate

the helicon plasma against DC collisional dischatggmbers.
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3.1 Overview of lon Engines

lon engines are a subtype of electric propulsiondiers that utilize electrostatic ion
acceleration to produce thrust. What distinguisibesengines from other electrostatic
thruster configurations is that ion engines useldgd ion extraction rather than bulk
plasma acceleration. There are two main conseggencsuch an approach. The first is
extraction of a non-neutral plasma through griddpdrtures is limited by the repulsion
of similarly charged species. This effect is dhflee space-charge limitation and defines
a maximum ion current that can pass through anueefor a given geometry and set of
operating conditions.

The second consequence of using gridded extraistithre ionization and acceleration
stages of the thruster are distinctly separated.a &Aomparison, in a Hall effect thruster
the propellant is ionized by an electron currentfeeed in the downstream portion of the
discharge channel. The location of this Hall catreverlaps the region where the
electrostatic potential decreases, causing theation and acceleration regions to merge
slightly. It is advantageous to separate these dtages, as it allows for individual
optimization of each stage, as well as avoidingrisie of propellant ionization occurring
partially through the acceleration region and aydining a fraction of the total energy.

lon engines are composed of three primary compsnéme discharge chamber, the
grid assembly, and the neutralizer cathode. Thetion of the discharge chamber is to
ionize the propellant and serve as the ion sowcéhe engine. The grid assembly then
extracts ions produced in the discharge and aatekerthem to generate thrust. The
purpose of the neutralizer cathode is to emit edest to neutralize the ion plume. As

previously mentioned, grid assemblies only extracts from the discharge, which
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necessitates a pathway for the electrons to eritdischarge and rejoin the plume to
avoid a buildup of electric charge on the spacécrifgure 11 shows a schematic of an

example ion engine.
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Figure 11. lon engine schematic.

While the concept of electric propulsion dates biack906 with Robert Goddard and
independently in 1911 with Konstantin Tsiolkovskie first ion engine was only
developed in 1959 by Dr. Harold KaufmanThe early ion engines used cesium or
mercury as a propellant due to the low ionizatiostand high mass. Over time the
design was altered to use less reactive propellaush as xenon. Several other
modifications made over the evolution of the iorgiee include: replacing the axial
confinement magnetic field with a cusp field geamea three-grid assembly that used a
domed architecture, and the semi-conical dischahgenber shape shown in Figure 11.

Commercial use of ion engines began in 1997 withl#tunch of a Hughes Xenon lon
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Propulsion System (XIPS), while NASA launched thistfdeep-space mission using an
ion engine in 1998 on Deep Space 1. Since thew ties been a rapid increase in the use
of ion engines, such as the 25 cm XIPS shown inr€id 2, and Hall effect thrusters on

geosynchronous satellites for station keeping.

Figure 12. Photograph of 25 cm XIPS thrustef.

3.2 Electrostatic Gridded lon Acceleration

lon engines generate thrust by accelerating iomautfh an electric field generated by
a set of biased grids. The force on the spaceisrétiie reactive force of the electric field
on the grids as they accelerate the ions. Thesttttee primary functions of the ion
engine are to: create ions in the discharge chanebéract ions from the discharge
plasma at the grids, and accelerate the ions aiecthrust. In this section, the extraction
and acceleration of ions are discussed, while aium and the discharge plasma are
covered in Section 3.3. One of the key design idenations with electrostatic grids is

that the grids extract ions through a plasma sheAtiditionally, the size and placement
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of this sheath affects the ion trajectory in thiel @nd defines the ion optics of the grids.
Therefore, a thorough consideration of the plasheath formation is required in ion

engine design.

3.2.1 Plasma Sheaths
The basic function of a gridded ion acceleratdoigxtract ions from a plasma using

a biased electrode. If the ion extraction elecrdat a lower electric potential than the
plasma potential, ions are accelerated along thetred field lines and can be exhausted
from the engine to produce thrust. There is a tatign to view the plasma-electrode
from a fluid mechanics analogy: the potential dé#fece between the plasma and the
extraction electrode is the pressure head, thea&en ion plasma is the fluid flow, and
the electrode geometry is the pipe geometry. Ftioat viewpoint one could say that
increasing the potential drop between the plasnththa extraction electrode should
increase the ion current. However, this statensemicorrect as it erroneously assumes
the bulk plasma and the extraction electrode hayeadaect interaction.

Suppose there is a volume of plasma with somerarpiboundary, shown in Figure
13. In the interior region of the volume, quasiHmality requires that the electron
number density be equal to the ion number densiy.the boundary there will be
diffusion of both charged species out of the voluriiée ratio of the fluxes of electrons

and ions is the ratio of their thermal velocities.
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i
Equation (3.1) assumes the plasma is in thermalilegum and that ion temperature is
equal to electron temperature. However, in moasmh discharges, especially those
used in ion engines, energy deposition is primdabused on electrons rather than ions.
Furthermore, the residence time and ion-electrdirsmm frequency is sufficiently low to
prevent thermal equilibrium between the ions amttebns. Therefore, ion temperature
is often much lower than the electron temperatardéth DC® and helicof® discharges.
Thus, the velocity of the electrons and the curflent out of the plasma volume is much
higher than that of the ions. This would resultibuildup of positive charge within the
plasma as electrons exit the volume at a faster réherefore, in order for there to be a
steady-state quasi-neutral plasma, a boundary tomdnust exist that reduces electron
velocity and increases ion velocity at the boundary

Now suppose this plasma volume is contained bynaaolating wall. Initially the

electron flux into the wall is higher than the ithmx, which leads to an accumulation of
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negative charge on the wall, creating a potentiégrénce between the wall and the bulk
plasma. The parameter describes the difference in potential from onenpao the
potential in the bulk plasma. The convention addgtere is thap is zero at the plasma
potential,Vp, which meang will generally be negative. As the wall potentigicreases,
it begins to accelerate ions and repel electréghsength scale for this effect is called the

Debye length,

%
A, = (%J (3.2)
ne

whereT, is the electron temperature of the plasmasgrnsl the permittivity of free space.
Assuming that the ions at the plasma potential megdigible velocity, the ions must be
accelerated to at least the Bohm velocity, defing@rms of the electron temperature and

ion massm.

e (3.3)

Under the convention where the sheath edge is dbatibn at which the ions have

reached the Bohm velocity, shown in Figure 14 siveath potential at this location is

KT
=-—be 3.4
¢Bohm 2e ( )
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where the value dF. is from the bulk plasma.

Pre-sheath
region

le— |, —>]

X Sheath edge
Figure 14. Wall sheath structure.

Outside the plasma sheath the plasma is still ensadiral; therefore the plasma density at

the sheath edge, is limited by the electron number density.

—_ e¢Bohm
n. =n,exp —= | = 061In 3.5

b'e

Here it is assumed that the electrons have a Mdiawednergy distribution. Substituting

Equations (3.5) and (3.3) into the ion flux portmin(3.1), the Bohm ion current flux is

%
oo = 0-61em[%j 36)

The electron current density is determined in dlamfashion, but uses the RMS value of

the electron velocity for a Maxwellian distributiand the potential drop to the wal}.>°
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%
o1 8k, T, @,
le = 43%[—7”] j ex;{ j (3.7)

In order for a steady state solution to exit, thie and electron fluxes into the sheath

must balance. Equating Equations (3.6) and (3el)ly

_ KT, |2rm,
== In{0.61 = J (3.8)

For sheaths with a thickness on the order of theyBéength, called Debye sheaths,
it is assumed the potential drop across the shisa#mall compared to the electron
temperature. This assumption allows for a finikecton flux into the sheath, and is
typically employed where electrically floating saces are used. Another case is when
the potential drop across the sheath is much lalger the electron temperature, which
causes the electron flux to become negligible attogrto Equation (3.7). Sheaths of this
type are called Child-Langmuir sheaths. The maxmmion flux through a Child-

Langmuir sheath is

jmax=ﬂ[§j s (3.9)
9 {m

2
i l e

wherele is the sheath thickness. Since no electrons fhasagh the sheath, Equation

(3.9) also describes the total current densityughothe sheath.
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If no assumptions are made, a general equatiorridegr the sheath can be found
using Poisson’s equation in one dimension, whiathoigse in Appendix C. Regardless of
the assumptions chosen, a plasma sheath will fartwden the bulk plasma and the
surface of any disturbance, such as an electrddas will enter the sheath at a rate
largely independent of the potential between tlasmpl and the electrode, although the
electron current is a function of this potentiabmlr Since it is within the sheath that ions
are accelerated, the sheath is the region of stteveen designing extraction electrodes
for ion engines. These electrodes, and the fogumml acceleration of the ions, is called

ion optics.

3.2.2 lon Optics
The most common ion extraction electrode is a gasl,it offers both high ion

transparency and small apertures that can be gzerhtch the plasma sheath. Most ion
extractors consist of two grids: the screen grid #re acceleration (accel) grid. The
accel grid is the actual extraction electrode witiich the plasma sheath interacts. The
screen grid is biased slightly below the plasmampiodl and shields the accel grid from
any ions that are not aligned properly with theehgeid apertures. lons exiting the grids
occasionally collide with neutral atoms in chargetenge collisions. These collisions
result in low energy ions that are accelerated kagkards the accel grid and cause
sputtering of the grid. A third grid, the deceteya (decel) grid, is often placed
downstream of the accel grid to shield the accel jom these charge-exchange ions in
much the same manner as the screen grid. In tinly she decel grid is neglected for
simplicity. Figure 15 shows a qualitative diagrash a three-grid setup and the

corresponding electric potentials through the gadembly.
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Figure 15. Example of a three-grid configuration ad electric potentials.

The ideal configuration of the two-grid setup ishtve the sheath between the accel
grid and the bulk plasma and extend just pastdhees grid apertures. This prevents any
ions that are misaligned from accelerating aloregdtectric field and striking the accel
grid, causing erosion. Once past the accel dgneljdns return to the plasma potential of
the plume, which means the total acceleration gelts set by the potential difference
between the discharge plasma and the space pdtembia the difference in grid
potentials. The potential difference between thésgs the total potential drop through
the sheath and thus sets the maximum current giehsit can pass through. Since the
potential difference between the accel grid anddiseharge plasma is generally very

large compared to the electron temperature, thatlsharound the grid is a Child-
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Langmuir sheath. The current density is therefoomprised solely of ion flux.

Substituting the grid potentials into Equation j3/@lds

— 4"E‘O [Ej% (VS _Va)% (310)

e =g \m) W
whereVs andV, are the screen and acceleration grid potentllben designing the grid
assembly, the goal is to match the sheath thickhgssith the actual distance between
the grids. Since the sheath will form a slight @oas it extends past the screen grid

apertures, the desired sheath thickness is therefor

1, =40, +ts)2+75 (3.11)

wherely is the distance between grids,is the grid thickness, and; is the aperture
diameter of the screen grid. Figure 16 showslastiation of the approximation with the

relevant parameters.
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The design of a two-grid system for a given disghachamber focuses on four
design parameters: the screen grid aperture diantleéeaccel grid aperture diameter, the
grid thickness, and the distance between the gfid® screen grid aperture diameter has
a maximum value of an order of magnitude highen tth@ Debye length. The accel grid
aperture diameter and the grid separation distareeot as clearly defined and require
simulation to determine. The ions are alignedhgydcreen grid to pass through the accel
grid apertures, and the electric field betweenti grids focuses the ions, allowing the
accel grid apertures to be smaller than thoseestiieen grid. The ion focusing creates
a duality of the grid transparency: for ions thengparency is determined by the screen
grid, while for neutrals the transparency is settbg accel grid. Therefore, it is
advantageous to maximize the transparency of theescgrid while minimizing the
transparency of the accel grid and prevent neufrata escaping. However, there is a

lower bound to the accel grid aperture diametdremtise high energy ions will collide
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with the grid and erode the material. Similarlye toptimum distance between the grids
is smaller than the screen grid aperture diameiilr aiminimum separation of 1 mm per
2.4 kV of potential difference between the gridptevent electric breakdown and arcing
between the grids.

Thus far the only potential difference used haslibe difference in potential of the
two grids. There is another potential to considlee: plasma potential of the discharge
relative to the plasma potential of the plume, ethlthe space potential. The total
potential drop that accelerates the ions is thiemihce between the discharge potential
and the space potential, called the beam voltdgeFigure 17 shows a qualitative plot of
the potential from the discharge chamber to thenplu The potential drop between the
grids generally exceeds the beam voltage, as tbel acid is generally biased below
common. The negatively biased accel grid repeleindtream electrons from the
neutralizer cathode entering the discharge chartfiveugh the grids, a process called
backstreaming. Electron backstreaming causes lbetr@an current to be recycled
through the discharge anode to the neutralizerodathwhich is a source of inefficiency.
Furthermore, this recycled electron current prevextcurate measurement of the beam
current using the anode and grid currents. Thegefbiasing the accel grid below
common to eliminate electron backstreaming improeéfgciency and enables easy

determination of the beam current.
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While maximizing the potential drop between thedgrmaximizes the current that
can be passed through the grids, having a largepgtential drop relative to the beam
voltage can cause ion impingement on the acceladlimit thruster lifetime. This is

represented by the voltage rafi,which is typically designed to be between 0.8%0.9

(3.12)

The design parameters discussed so far encomplstheryrid assembly. However,
the actual acceleration mechanism is the plasmatlsiieat forms between the grid and
the discharge plasma. Equation (3.2) and Appe@dskow that the thickness of a sheath
is dependent on the temperature and density of flakkma. Therefore, the trajectory of
the accelerated ions is not solely dependent oel#wrode geometry, but also dependent

on the shape of the plasma sheath. The shape shtath is not fixed, but rather varies
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with the potential drop through the grids compa@the bulk plasma parameters. This

variance is described by a parameter called theepace.

3.2.3 Perveance

Perveance is a measure of how much current isexetetl through an aperture for a

given potential drop, defined as

|
Vi

P= (3.13)

wherel is the total current transmitted through the aperandVy is the total potential
drop through the aperture. The maximum perveahmaugh a round aperture can be
found by using Equation (3.9) for the current dgnand equating the total potential drop

to the sheath potential.
¥ 42
P :ﬂ[ﬁj ds (3.14)

The above equation sets an upper bound to thentutinat can pass through an
aperture for a given voltage drop. A useful desggd characterization tool is to
normalize the perveance by the ratio of the squafethe aperture diameter and the
sheath thicknes¥, as this allows an easy comparison of the pervetmtee allowable
limit. Since Equation (3.14) describes the pereeafor a single aperture, Equation

(3.13) must also be divided by the number of apestiN..
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Prommax = %[%J (3.16)

The perveance serves as a measure of the sheadmglat in relation to the screen
grid. In the ideal case the sheath extends thraglscreen grid aperture and forms a
convex “lens” to focus the ions through the smadlecel grid aperture, shown in Figure
18. This only happens for a certain match betwberdischarge plasma and the applied
potential on the grids. There are two competingupeters that set the location of the
sheath edge: the incoming ion current and the patdntial drop across the sheath. The
ion current, described by Equation (3.6), has tvemiable components: the electron
temperature and density of the bulk plasma. Asdhlmarameters vary, the location of the
sheath edge can move either back into the dischalaggma, or further into the grid

assembly.

Screen grid Accel grid

lon trajectory D |:|

Sheath edge

Figure 18. Optimum perveance.
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An increase in the discharge plasma density (oreduation of the electron
temperature) for constant grid potentials redudes sheath thickness and pushes the
“lens” further towards the accel grid. This causeme of the ions to have insufficient
focusing and increases ion impingement on the agdel In this condition, the
perveance is higher than the optimal case, calw@r:perveance,” shown in Figure 19.
Similarly, an increase in the potential drop acribesgrids increases the sheath thickness
and extends the boundary towards the dischargenplasn this scenario, called “under-
perveance,” the ions are over-focused and will Trogsjectories with neighboring

apertures, shown in Figure 20.

Screen grid Accel grid

lon trajm\;\_/'
//‘L‘—/_
Sheath edglg|

Figure 19. Over-perveance where some ions are ingigfently focused

Screen grid Accel grid

lon trajectory |:| |:|

|

Figure 20. Under-perveance and over-focusing of i@n

Sheath edge
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The determination of the optimal perveance can é&dopmed experimentally by
varying the grid potentials and measuring the ioment into the accel grid. The optimal
perveance occurs at a minimum of the ratio of teebkgrid current to beam current as a
function of the normalized perveance. A generaigletarget is to operate at half the

maximum perveancg.

3.3 Plasma Discharge

The primary function of the plasma discharge isupply the device with a source of
ions that can be accelerated by the grid assenflyecondary function of the discharge
chamber is to bias the plasma above the downstspate potential, which sets the net
ion energy and ultimately the specific impulse. efiehare two types of discharges that
can be used: DC and RF discharges. The distindi@iween the two groups is the

methods used to ionize and confine the propellant.

3.3.1 DC Discharges

DC discharges create a plasma through electromaileatlisions where the electrons
are supplied by a cathode inside the discharge lsbamAn anode is placed inside the
chamber (or more commonly the walls of the discbarigamber are the anode) with an
applied potential drop between the anode and theda. As electrons are emitted by
the cathode they are accelerated by the differenpetential and collide with neutral gas
fed into the chamber. Given sufficient electrorergly, the electron-neutral collisions
result in the ionization of the gas. The ions m&tl are then accelerated through the

grid assembly, while the electrons are collectedth®y anode and fed to the external
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neutralizer cathode to neutralize the exhaust plunfégure 21 shows a qualitative

illustration of an ion engine discharge chambengisirgon gas.
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Figure 21. Conceptual DC plasma discharge chamber.

While the anode creates the potential drop thattbet electron energy and provides a
pathway for electrons to the ion plume, the andde ereates a source of inefficiency.
Every electron that reaches the anode that doesaraeéspond to an extracted ion is
passed through the discharge cathode and re-eéheerdischarge. Should an electron
pass from the cathode to the anode without collidiith a neutral and create an ion, the
energy spent accelerating the electron is wastdw most common solution is to create
a magnetic barrier that causes the electrons tatgyround the magnetic field lines. By

creating a magnetic field roughly parallel with theall (which is approximately
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perpendicular to the electric field to the anodeg, path length for an electron to the wall
is greatly increased. For a given mean-free gaghresults in a greater chance that an
electron will collide with a neutral before reaahithe wall. There are many different

configurations possible for the magnetic field; tree depicted in Figure 21 is a system

of ring cusp magnets that are wound around theiexif the discharge chamber.

3.3.2 RF Plasma Discharges
RF discharges are similar to DC discharges in thatprimary goal is to energize

electrons to collide with neutrals and cause idiora Whereas DC discharges rely on
electron acceleration between a cathode and anear®d discharges primarily use
oscillating electromagnetic fields in the Mediume&uency (MF) and High Frequency
(HF) bands to deposit energy into the electrons.coMmon approach is to create an
inductively coupled plasma discharge using an RiF wapped around the discharge
chamber as the antenff&>! An ion engine that utilizes such a dischargdassified as

a radiofrequency ion engine (RIT).

There are several ways the behavior of RF disckadiffers from that of DC
discharges. The first is that in an ICP the etewrgain energy in proportion to the
amplitude of the incident wave. However, since plesma is a conductive medium it
will attenuate the wave as it passes through, asritbed by the skin depth. Generally,
RF discharges are designed so that the skin depih the order of the diameter of the
discharge chamber. With the RF coil located onetkterior of the discharge chamber,
energy deposition, and thus propellant ionizatiwill, mostly occur near the discharge
chamber wall and not in the center. The secon@rdiice from a DC discharge is that

RF discharges often do not have a DC magnetic feettbnfine electrons, instead relying
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on an oscillating axial magnetic field induced Ine tRF coil. Another other major
distinction is that since ionization is not depemden a cathode-anode discharge, the
walls of the discharge chamber no longer have neesas the anode. In fact, in order for
the RF wave to propagate into the discharge charmbell, the chamber wall must be
insulating. An anode is still required to bias thecharge plasma and provide a pathway
for discharge electrons to be emitted into theptume, but the size and location of the
anode are more variable than in the case of a B¢hdrge.

One final consideration for an RF discharge is ¢beditions required to ignite the
plasma discharge. As already discussed in Se2t@, an RF discharge can be ignited
given sufficient neutral gas pressure and RF powtawever, such an approach requires
high power transmission through an antenna withnit@l load. In RF discharges the
plasma itself is the load for the RF signal, anel thliance on high power to ignite the
plasma requires the RF system to either supply payher at mismatched impedance, or
to include a variable impedance tuning circuit ttova for changing the system
impedance after the plasma is ignited. Since tnating high power across mismatched
impedances is generally undesirable, the latteroopts usually required, which is
covered in Appendix D. An alternative is to use tieutralizer cathode as a free electron
source by placing no bias on the grids and drawirthe electrons using the anode. The

excess electrons then reduce the power neededite ige plasma.

3.3.3 Discharge Efficiency
The discharge efficiency is a ratio of the powesabed by the plasma from the RF

systemP,ps to the beam current created,
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Ny =— (3.17)

Discharge efficiency has units of W/A, or more coamty eV per ion. The discharge

efficiency, also referred to as the ion productost, is a useful metric for evaluating an
ion engine discharge chamber. The discharge efiitgi is higher than the ionization

energy, as not only is power expended to firstteré¢he ion, but also in various loss

mechanisms, such as recombination, collisionaltation, and wall neutralization. Thus

the discharge efficiency is a measure of the eneogy to create and transport an ion to
the grids taking these losses into account. Gépdle discharge efficiency is about a

factor of ten greater than the ionization cbost.

While there is only one way for energy to enterdiseharge, either through a DC or
RF source, there are several pathways for energkitothe discharge. The primary
energy expenditures are: neutral ionization, néwxaitation, ion current flow to the
grids and discharge chamber wall, ion current ®kbam, electron flow to the wall, and
electron collection by the anode. Since a Childdrauir sheath exists at the grids, the
electron current to the grids can be assumed tadgdigible. In the steady-state the

power absorbed by the plasma must equal the poutpu which can be written as
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(3.18)

wherel” is the rate of neutral excitatioh,is the ion current to the screen griiglis the
ion beam current, is the accel grid curreni,; is the rate of ion loss to the wallg,e is
the electron loss rate to the wallg,is the electron current to the anodds energy of
ionization and excitation, ang; is the potential difference of the sheath betwten
discharge plasma potential apdvherej is s, w, or a for the screen grid, the wall, or the
anode, respectively.

The ion production rate can be expressed as aifunot the ionization cross section
of the neutral particleg;, the volume of the discharge chamb¥y, and the electron

velocity, Ve.

I, =n.n(ov,)V, (3.19)

The term in the brackets denotes the product aedrager the Maxwellian distribution
of the electron velocity distribution function. &lmeutral excitation rate can similarly be

expressed as
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17=n,n (0", )V, (3.20)

with a total excitation collision cross section #rl5 eV electron and a neutral argon
atom is approximately 0.1xdm?.>
Ideally, the beam current is the Bohm current itt® open area of the screen grid,

which is the grid areag, multiplied by the screen grid transparenty,

I, = 061n,eA, TVgonm (3.21)

The transparency is defined as the ratio of thencgrea of the grid to the total area

occupied by the grid.

T, = Dooser (3.22)

This is a reasonable approximation for the sheadh, &ince the slightly convex shape of
the sheath does not appreciably add to the sudiazecompared to the open area of the
grids. However, Equation (3.21) assumes ther® i®n impingement on the accel grid,

which is not always the case. Instead, it is nam®&irate to state that the Bohm current is

equal to the combined accel grid and beam currents.

I, +1, = 061neA T.Vgn, (3.23)
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Similarly, the screen grid current is the Bohm eatrinto the closed area of the

screen grid.

Is = OGlrbGAb (l_Ts)vBohm (324)

The possibility exists that the anode will stillllest an ion current from the discharge
plasma. This occurs when the area of the anodenngparable to the area of the grids, or
when the anode does not draw a very large currdssuming that the anode collects
both ions and electrons, the currents to the acadebe found using Equation (3.6) and

Equation (3.7), as well as the area of the andgle,

%
_1 8kae e%
| e = 4er1)Aa( m ] ex{kaeJ (3.25)
%
ai = 0616%%(‘%} (3.26)

The ion and electron currents to the discharge tleawall differ from the other
currents into a sheath due to the presence ofxilaéraagnetic field. The magnetic field
does not limit electron mobility parallel to the gmetic field, such as to the anode;
however, it does limit transverse electron mobhilguch as electron flow to the wall.
Electrons are thus confined to the magnetic figldd and can only achieve transverse
diffusion via collisions. The ion gyroradius is ofularger than the electron gyroradius,

and ions are much less confined than electronsrder to maintain quasi-neutrality ions
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must exit the discharge chamber (in this case loyrakzing at the wall) at the same rate
as electrons, which requires ion mobility to berdased. As a result, an electric field
arises that accelerates electrons and decelerass a mechanism called ambipolar
diffusion. The transverse velocity for an ion deotron for ambipolar diffusion is

expressed as

kT, O
A =#‘[ED +£ﬁ] (3.27)

wheregeis the transverse electron mobili§,is the applied magnetic field strength, and

v is the collision frequency, with the subscrigi’denoting electron-ion collisions, and

“e’ denoting electron collisions with either ions peutrals. Figure 22 shows the
transverse velocity and the associated componermation to the axial magnetic field

of the helicon discharge.

Figure 22. Transverse diffusion velocity components

The above terms are defined as

64



U, = (3.28)
meVe
Ve = Ven + VEI (3'29)
Vi = N0V, (3.30)
while the electron-neutral collision frequencyis

kT
v, =5x10"n, |22 (3.31)

m

e

The average electron collision velocity is a fuoetiof the reduced massy, so the

following can be said.

v, = |t (3.32)
v,
o __ mm
= ~ 3.33
=™ (3.33)

For collisions between charged particles, calledul@ob collisions, electrostatic
forces cause the impact parameter to be higherjtisathe radii of the particles. Instead,

the cross section is

e*lnA

g, =— 3.34
o = lemakeT? (3.34)
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where In\ is the Coulomb logarithm, defined in terms of Bebye length/p.

A=12m X (3.35)

Substituting Equations (3.32) through (3.35) intu&tion (3.30) yields

4

e
v, =n Infl2m A2 (3.36)
e2(32m,) 2 (7k,T, ) ’
The ion and electron wall currents are thus
li = 1ue = NEAVS (3.37)

The anode sheath potential is defined in relatmrihe discharge temperature by
enforcing charge balance and equating the ion otg® the electron currents, shown in

Figure 23.

lae tlye = 1o+, FleHl+1, (3.38)
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Figure 23. Discharge chamber currents.

Substituting Equations (3.23), (3.24), (3.25), 63,2and (3.37) into Equation (3.38)

yields

wa:@m(o.alA”Ag 2”"6} (3.39)
e A \m

Thus, unless the grid area is much larger tharattoele area, Equation (3.39) contains
the natural log of a quantity less than one, wlyielhds a negative anode sheath potential.
This confirms the earlier assumption that the anslggath collects ions in addition to
electrons. Physically, this is due to the highelogity of the electrons creating a larger
electron current incident on the anode than isirequo balance the grid currents. In
order to maintain charge balance, the anode shmast repel some of the electrons,
which necessitates a negative sheath potentialhencollection of ions.

The sheath potential to the screen grid can bedfdayrrelating the anode and screen

potentials to the anode sheath potential.
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o=0-V,-V,) (3.40)

If a cylindrical discharge chamber is assumed &ithaxial magnetic field, and the only
insulating wall condition is on the radial boundatizen the ion and electron wall
collision rate is already equal due to ambipolafifudion across a magnetic field.

Therefore no wall potential is required to ensurasi-neutrality ang,, is zero.

3.4 Conclusions

From the information presented in this chapterglage several additional operating
parameters that control the GHIT beyond previousigntioned the helicon plasma
source operational parameters of RF power, RF &ecy; magnetic field strength, and
propellant flow rate. These additional paramesgesthe voltages of the screen and accel
grids, and the voltage of the discharge plasma msipect to the cathode. This does not
include the grid aperture geometry, as this cameoeasily modified during operation.
However, the impact of the grid voltages on ionrastion and acceleration is also
affected by the discharge plasma density and teatyrex. Thus it is more accurate to say
that ion extraction and focusing is dependent enchmbination of the discharge plasma
characteristics and the grid voltages, a quan@ytured by the perveance. Thus the
GHIT has a greater number of variable operatioaghmeters that can be used to control
ion acceleration. Additionally, the separation tbé ionization and ion acceleration
mechanism allows for separate characterizatioraoh ggrocess. These processes can be
captured with measurements of the component grideots, discharge plasma

characteristics, and the beam divergence angle.
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Furthermore, the discharge efficiency model dessriltne ionization of the discharge
chamber in relation to the various power lossessiptss The model reveals that
measurements of the plasma structure inside thehalige chamber are necessary to
calculate radial ion losses. However, such measemés are already required for the
EHT in order to evaluate electrodeless ion accttera Therefore, the ion production
cost can now be calculated more accurately utdizancombination of measurements of

both the EHT and the GHIT.
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CHAPTER IV

THRUSTER CONFIGURATIONS

The goal of this research is to examine ion aca@tar in helicon thrusters and
determine the necessity of a separate ion acceteraln the previous chapters the
experimental methodology is established as a cdsdy sbetween two thruster
configurations and the ion acceleration mechanisfnsach is reviewed. Additionally,
the operational parameters that can be used taotosdich thruster configuration is
determined, along with the key performance charistites and evaluation metrics.

This chapter outlines the design, fabrication, amkration of the two thruster
configurations. The first is an electrodeless du#li thruster (EHT) that consists of a
helicon plasma source exhausting a plasma intoverging magnetic field to produce
thrust. The second configuration is a griddeddoaliion thruster (GHIT) that uses an
identical helicon plasma source to create a plagdis@harge and a two-grid ion extractor
to accelerate ions to produce thrust. Both thrustanfigurations share the same
configuration of the helicon in terms of discha@mber size, solenoids, and antenna.
There are several additional components that coriierEHT to the GHIT. The first
section of this chapter details the design of ti#l Eand the RF system. The second
section introduces the additional components ofGR#T: the anode, grid assembly, and
cathode. Additionally, the integrated thrusterpresented along with a performance

model to predict thrust based on the operating itiond.
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4.1 Electrodeless Helicon Thruster

The helicon consists of a Pyrex discharge chamBe3 2m long and 14.0 cm in
diameter. The axial magnetic field is providedtwp 725-turn solenoids 7.6 cm wide
with a 19.7 cm inner diameter. The solenoids éeqal 10.2 cm apart. Figure 24 shows
the on-axis magnetic field strength for the foulesoid currents used. The magnetic
field strengths are referred to by the strengtthatcenter of the antenna; thus while the
device is tested at solenoid currents of 3.76,,68285, and 11.25 A, it is referred to as
150, 250, 350 and 450 G, respectively. Contoursyadghe 150 G and 350 G cases are

shown in Figure 25 and Figure 26, respectively.
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Figure 24. Measured centerline axial magnetic fidlat four currents.
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Figure 25. Helicon magnetic field contour at 3.76 A150 G). Cross section of the solenoids denoted
by black boxes, and discharge chamber wall by whiténes.
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Figure 26. Helicon magnetic field contour at 8.76 A350 G). Cross section of the solenoids denoted
by black boxes, and discharge chamber wall by whiténes.
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Figure 27 shows the geometry of the helicon plasowaice and a schematic of the RF
system. The RF signal is provided by a Yaesu FIT13E transceiver and amplified by
an ACOM 2000A linear amplifier. A LP-100 RF watttee monitors the RF power
transmitted and measures the standing wave raiiR(Svith an uncertainty of +1 W for
power and +0.05 for the SWR. The signal is matchgd n-type matching network
described in Appendix D. RF power is transmitteahf the transceiver to the matching

network through RG-8/U coaxial cable, and from thatching network to the antenna

using RG-393.
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Figure 27. Helicon configuration and RF schematic.

The antenna is a double saddle antenna designddrjrito the type used by Chi and

|°

Boswell>> The antenna is 20.3 cm long and 15.9 cm in diamelhe antenna composed

of copper strips 1.25 cm wide and 0.318 cm thickde® together. A gap of 0.635 cm
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separates the two terminals that are connectdtetodax cable. The antenna is wrapped
in fiberglass tape to prevent direct electricaltach between the antenna and any stray
plasma or the solenoids. A CAD model of the am&éeis shown in Figure 28.

=)

-l | ]
?——
ExhauV
u lcm

Figure 28. CAD model of the double saddle antenna.

Every connector, cable, and device has a charsiitermpedance of 5@. The
procedure for determination of the attenuationhwf transmission line is discussed in
section D.4.3, but the following results summatize findings. The matched-line loss is
0.8 and 1.5 dB at 11.9 MHz and 13.56 MHz, respebtjvfor the helicon thrust
measurements. For all other tests the attenuaiOr65 dB, which includes attenuation
caused by the feedthrough. During thrust testirg $WR ranged from 1.01 to 1.10,
which results at most in an additional 0.003 ar@9.dB of attenuation for 11.9 and
13.56 MHz, respectively. For all other testinge t8WR did not exceed 1.04, which
added an additional 0.0004 dB of attenuation. @&upe of the EHT is shown in Figure

29.
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Figure 29. Electrodeless helicon thruster

4.2 GHIT Configuration

There are three main sub-systems to the helicarstéem. The first is the helicon
plasma source described in Section 4.2, the seicaihé electrostatic grid assembly, and
the third is the neutralizer cathode. The heliptasma source ionizes the propellant gas
to create a plasma, the grid assembly acceleragesons to provide thrust, and the
cathode neutralizes the ion plume to prevent chbaugdup and back streaming. Within
each sub-system are multiple components, such ametia solenoids and power

supplies. A schematic of the thruster is giveroteih Figure 30.
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Figure 30. GHIT electrical schematic.

4.2.1 Helicon Discharge Additions

When the helicon is integrated into the thrusigg &dditions are made: an anode and
a third solenoid. The anode is a 6.5 mm thick $384c with a 13.85 cm outer diameter
fit at the back of the interior of the dischargactber. A 1.59 mm diameter, 25 mm long
stainless steel rod is welded to the back of tredarand extends through a hole in the
back of the discharge chamber to allow for an alsdtconnection to the anode. The
additional solenoid has 525 turns with an innenditer of 17 cm and is aligned with the
previous two solenoids. The new solenoid is plaaethe rear of discharge chamber
such that the center of the anode coincides welcénter of the solenoid.

As discussed in Chapter lll, there are two reasonthe inclusion of the anode. The
first is to allow a connection between the neutalicathode and the discharge plasma.
As ions exit the discharge chamber, they leaverkttieir corresponding electrons; if

left unchecked, this would create a buildup of niegacharge in the discharge chamber.
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Thus by including the anode and connecting it ® mieutralizer cathode, the excess
electrons can be collected and used to neutrdizén plume.

The second purpose of the anode is to set the plastential within the discharge
chamber. The net energy of the ions leaving thiaster is determined not by the
potential drop across the grids, but by the neemwl drop between the discharge
plasma and the space potential, called the beatageol The potential drop between the
grids only determines the maximum current densifif tan pass through the grids. Even
if the acceleration grid provides a steep dropoteptial, the ions would have to come
back up the potential hill to end at the spacem@k Thus the anode is required to push
the potential of the discharge plasma above theespatential so a net potential exists to

accelerate the ions. A qualitative illustratiortlws is shown in Figure 31.
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Figure 31. Qualitative plot of potential along thruster axis.

accel

The third solenoid is added to provide variable n&dig shielding of the anode to

control the flow of electrons to the anode. Anr@ase in the axial magnetic field
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strength near the anode would create a magnetimmaffect that should decrease
electron mobility to the wall. Since electrons miesch the anode to maintain discharge
neutrality, the electron energy distribution wilis to a higher energy to allow sufficient

electrons to pass through the barrier. Thus, ihypothesized that increasing this
magnetic barrier should increase the electron teatpe of the discharge. Figure 32

shows a sample simulation of the magnetic fieldmwie anode coil is included.
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Figure 32. Magnetic field simulation of the primary solenoids at 3 A and the anode coil at 4 A. The

cross section of the anode is represented by theegr boxes, the solenoids by the black boxes, the
chamber wall by the white lines, and the grids byhe dashed grey lines.
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4.2.2 Grid Design
The grid design assumes an ion number density 402xm® and an electron

temperature of 5 eV. The screen grid aperture eli@ams set to be ten times larger than
the Debye length from Equation (3.2), yielding tn. The accel grid aperture diameter
is chosen to be 1.2 mm, with a grid thickness 685.mm and a grid separation of 1.0
mm. Both grids are laser-cut from SS 316 withdpertures arranged in a 60° hexagonal
pattern with a 1.75 mm pitch.

The grid assembly starts with a base piece falmictom polyether ether ketone
(PEEK) sized to fit on the end of the dischargenacber. The screen grid is mounted on
the base where four protrusions extend from the bas fit into side holes of the grid to
restrict rotational motion of the grid. An imbeddeluminum electrode allows
connection to the screen grid through the siddnefiiase. Two 0.5 mm thick mica rings
are placed on top of the screen grid to maintaendbsigned 1.0 mm grid separation
distance. The accel grid is set within a PEEK &aplthat contains protrusions similar to
the base for the same reason. The PEEK holdehalsdwo protrusions on the side that
match two recessions on the final piece, the greds The grid press is also fabricated
from PEEK and bolts to the base part. The gridpierves two functions: sixteen set
screws compress the grid stack together, and tdepgess covers the sides of the grids,
preventing arcing around the mica. The combinatibthe nested protrusions maintains
aperture alignment. One of the set screws is etigmith a hole in the accel grid holder
that allows electrical contact to the accel griébur screws mount the entire assembly to

the discharge chamber. Figure 33 shows an explGddaiview of the grid assembly.
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Grid press

Accel grid mount

Figure 33. Exploded view of the grid assembly.

4.2.3 Neutralizer Cathode
The function of the neutralizer cathode is to deawess electrons from the discharge

plasma and eject them into the exhaust plume. a&kisvs for the ions to neutralize
downstream of the thruster and prevent charge lppiichd back streaming. The cathode
of choice for this thruster design is a lanthanuexaioride (LaB) hollow cathode
following the design of the Moscow Aviation Instiéu The cathode consists of a pellet
of LaBs as the electron emissive material placed in a ba@gum holder. A coil of
tungsten is wrapped into a helical spring to fig ttaBs in place while also serving as the
heater. A thin sheet of molybdenum is bent to f@araylindrical radiation shield that
extends along the length of the heater coil. Tdwkation shield serves two purposes: it

reduces radiation losses from the heater coil @tglas an electrical connection between
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the heater coil and the heater connection rod ¢ktgnds out the back of the cathode.
Ceramic spacers fix the position of the radiatibielsl and heater connection relative to a
center threaded rod that serves as a common catuouhection. The center assembly
then fits inside a titanium shell with molybdenumil fwrapped around it, while a
tantalum disc with a center bore is placed in frohtthe pellet; these both serve as
thermal insulation to prevent the titanium shetnfr melting. Once the LaBpellet
reaches its operating temperature it emits elestroy flowing a gas through the cathode
the number of electrons emitted is increased bgrsary emission via collisions of the
primary electrons into the neutral atoms. An ecttoa wire called a keeper is placed just

past the center orifice to aid in electron generatiA schematic of the cathode is shown

in Figure 34.
Heater Connection Cathode Common
/
Gas Inlet
Ceramic Spacers
Molybdenum Foil
- Radiation Shield
Heater Coll
LaBg Pellet | Pellet Holder

Tantalum DiSC—==
Figure 34. Cathode schematic.
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4.2.4 GHIT Operation
Pictures of the fully assembled thruster are shimwFigure 35 and Figure 36.

Cathode Anode coil
Discharge Antenna
chamber
Cathode
Grid
assembly

Figure 36. Front view of the GHIT and grid assembly
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GHIT operation is begun by first starting the calbo The cathode is purged for 10
minutes with 5 sccm of argon. The cathode is msgjvely heated by running 5, 9, and
then 11 A through the heater coil in 15 minute é@meents. When the heater current is at
11 A the gas flow through the cathode is increase8 sccm and the keeper is then
biased to 100 V to start the electron extraction.

The next stage of the engine startup is to segiticepotentials and the axial magnetic
field. The screen grid is biased 35 V below thedm) the voltage empirically found to
repel all electron current to the grid. The acgedl is biased 150 V below cathode
common; this potential is low enough to preventctetns from the cathode back
streaming into the discharge yet not low enoughdéuzrease the voltage ratid
considerably. The discharge supply is initially 82100 V in order to reduce total ion
energy for any ions that might strike the accet gturing RF startup. The discharge
propellant flow is then opened. The RF dischargdliti by matching the system
impedance and then spiking the power up to 1.2 #i&/;power is rapidly lowered to the
desired operating point, and the matching netweneituned to the new load impedance.
The discharge supply is set to the desired voltdggure 37 shows a picture of the GHIT
operating at 600 W RF power, 150 G magnetic fiéld) V discharge, and 1.5 mg/s

argon flow rate.
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Figure 37. GHIT operation at 600 W, 150 G, 600 V,.5 mg/s argon.

4.2.5 Performance Model

The thrust,T, produced by an engine is

T = Yy, +myv, ) (4.1)

wherey is the plume divergence facton, andm, are the ion and neutral exit mass flow
rates, respectively, ang andv, are the ion and neutral exit velocities, respetyiv

Assuming the ions have negligible velocity inside tischarge chamber, the ion velocity

is

v = 2% (4.2)
m

The ion mass flow rate can be related to the baamet as
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=11, (4.3)

The beam current through the grids is dependemivomprocesses: the current flux from
the discharge plasma into the grid sheath andgheescharge limitation. Therefore the
total beam current is the product of the ion curdemsity over the transparent area of the

grids.

b — jiTsAg”o (4.4)

Substituting Equation (4.4) into (4.3),

M =L T A (4.5)
. T
ji — {J.Bohm’ J Bohm J max (46)
Jmax’ JBohm > Jmax
The definitions ofgonmandjmaxare given below from Equations (3.6) and (3.10).
b
kT
[T 0.61er1)[£) (3.6)
Boh m
% -y )
Jmax = ﬁ[ﬁj V) \2/3) (3.10)
9 (m s
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It should be noted that in Equation (4.5) the tpamency used is the geometric
transparency, which does not take into account tbas pass the screen grid and then
strike the accel grid. Therefore an ion opticscedhcy term is included in the ion mass

flow definition to correct for this occurrence.

n, =0 @.7)

By Equation (3.6), the thrust varies with the desgje plasma density and temperature

with a maximum allowable value set by the giver grotentials.

T = 069Ny T A, 2K TV, e (4.8)

(Vs —Va )%

2
le

32
Tmax = Vel oTsAg avb (49)

Note that the thrust is independent of the mashefpropellant used. Instead, the choice
of propellant is important in the discharge, whigxe ionization cost and collisional cross
section is important in determining the di'schaeféciency. Equation (4.8) is an
expression of the thrust in terms of the beam geltand beam current with the beam
current defined in terms of the discharge plasmiarpaters. However, it is still useful to

conceptualize the component terms together asdhm lwurrent, shown below.

2mV.
T=ly % (4.10)
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4.3 Conclusions

The two thruster configurations that make up theecstudy are presented. The EHT
and GHIT both share the same helicon plasma sowtdeh allows for measurements of
the plasma structure inside the EHT discharge cleanabalso be utilized with the GHIT.
As outlined in Chapter lll, this is advantageous,gaadients of the ion number density
and plasma potential are required for the dischaffjeiency model. With the two
configurations fabricated, the next step is to eiee the diagnostic equipment required

to measure the selected performance metrics.
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CHAPTER V

FACILITY AND DIAGNOSTICS

Thus far this dissertation has introduced the dtaen of evaluating the ion
acceleration mechanisms between a single-stage aamgo-stage helicon thruster,
reviewed the physical processes of both acceleratiechanisms, and presented the two
thruster configurations. In order to evaluate tlve configurations, several figures of
merit have been selected that encompass how wahl tbauster accelerates ions: the ion
energy, the beam current, and the beam divergeradtamgle. Direct thrust
measurements are also desired to verify the pestigérformance to the actual results.

In order to measure these quantities, several degninstruments are required. The
beam divergence half-angle, as well as beam cuaofetite EHT, is determined using a
Faraday probe, which measures the current densifjlgs across an angular sweep of
the plume. A retarding potential analyzer is delécto measure the ion energy
distributions, as it can selectively measure thange in ion current as a function of
repulsion potential, much like a high pass filtdgfinally, thrust is measured using an
inverted pendulum thrust stand.

Additionally, in order to evaluate the ion accetena of the EHT, measurements of
the plasma plume structure are required to comagaénst the measured ion energies.
The plasma structure inside the discharge chansbalso required to calculate the ion
production cost of the GHIT. There are three pkasparameters that capture the

structure of the plume: plasma potential, ion nundensity, and electron temperature.
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These quantities can be determined using a condwmaf an emissive probe and a
Langmuir probe. This chapter details the desigd aperation of each of the above

diagnostic tools, as well as the vacuum system deadg the experiments.

5.1 Vacuum Facility

All experiments are conducted in Vacuum Test Rycili (VTF-1). VTF-1is a
stainless steel vacuum chamber 4 m in diameterir? leangth. Two 3800 CFM blowers
and two 495 CFM rotary-vane pumps evacuate the bbato a moderate vacuum (about
30 mTorr). High vacuum is reached by using six dBfusion pumps with a combined
pumping speed of 485,000 I/s on argon. The presehoptical baffles at the inlet of the
diffusion pumps reduces the effective pumping speed25,000 I/s. The chamber
pressure is measured with a BA-571 ion gauge cdedd¢o a Varian SenTorr controller
with an accuracy of 20%5. An MKS type 247 four-channel readout in conjuomtivith
an MKS 1179 mass flow controller regulates the fiaw into the helicon with an
accuracy of 1%’ The base pressure of VTF-1 for these experimients1x10® Torr.

Figure 38 shows a schematic of the VTF.
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Figure 38. Schematic of VTF-1.

Operating pressur@,, is derived by a correction of the pressure messby the ion

gauge, given by

Po="—"—"""%P (5.1)

wherepy is the pressure given by the ion gauggeis the base pressure, ants the gas
correction factor, which is 1.29 for argon. Allegsures presented in this work, save for
base pressures, are corrected for argon.

VTF-1 has a two-axis linear motion system and kottble that enables the
traversing of plasma diagnostics for spatial magpiihe linear tables are 1.5 m long
model of the 406XR series by Parker Automation wvétipositional accuracy of +134
microns and a bidirectional repeatability of +3.@crans. The rotary table is a 200RT
from Parker Automation with an accuracy of +10 mmc+ and a unidirectional

repeatability of +0.5 arc-min.
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5.2 Thrust Stand

The thrust of the helicon is measured using a typk inverted pendulum thrust
stand®® This type of stand maintains the thruster atxeadiposition with a solenoid
surrounding a center magnetic rod. By varyingdheent through the solenoid with a
PID controller, the restoring force on the thrustnsl, and therefore the thrust of the
device, can be correlated to the solenoid currértie thrust stand is calibrated by the
application of a series of known weights which alla curve fit between solenoid current
and applied weight. A water-cooled copper shraudosinds the stand components to

maintain a constant device temperature.

Figure 39. (eft) Thrust stand; (right) copper shroud
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Due to the design of the helicon, which includesR&nantenna, there are two issues
that must be addressed during setup to ensureaedurust measurement of any device
using the helicon. The first is drift of the thrgsand due to thermal expansion of the RF
cable. As RF power is propagated through the célibepower attenuated by the cable is
absorbed into the cable by Ohmic heating. As Hidectemperature increases, the cable
expands, pushing on the antenna which in turn pusimethe device and ultimately
deflects the thrust stand. To prevent this, thierara is physically separated from the
rest of the device and mounted to a three axisryanount, shown in Figure 40. This
fixes the antenna in place such that it contacttheethe discharge chamber nor the
solenoids, while allowing device to move smoothlgng the axis of the thrust stand.
Additionally, the RF cable makes a roughly 270tadb the antenna, allowing the cable

to thermally expand along the arc, rather thanctlyento the device.

Antenna
mount
Antenna:
Thruster
mounting
plate

Thrust stan
shroud

Figure 40. RF antenna mounted on brace above thrtistand.
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The second issue with measuring the thrust of a&drelon a thrust stand is the
elimination of any RF pickup in the thrust stangnsil lines. Originally, it appeared as a
DC offset to the measured thrust stand null corfent required to maintain the thrust
stand position whenever the helicon was turnedTdre problem occurred even when the
helicon was removed from the thrust stand and gdlacethe floor of the chamber a meter
away. This phenomenon is indicative of a grounmpleaused by faulty RF shielding
between the thrust stand electronics and the Rfersys The solution is to separate the
electronics ground from the RF ground and to shile&electronics and associated data
lines from the RF signal. Inside the chambersajhal lines are isolated from chamber
ground while providing additional grounded shielglinside the chamber to prevent RF
pickup. Outside the chamber, the signal linesssitleisolated from chamber ground, but
the cable shielding is connected to the thrustdstactronics common ground. Each
electronic component of the thrust stand is placed grounded enclosure tied to the
common ground, which is ultimately connected to ¢ineund of a single wall outlet.
This removes all RF offset during helicon operation

There is a large amount of uncertainty in the thmmeasurements due to the
sensitivity of the thrust stand to vibrations. Tbad spring used in the thrust stand is one
variable to control vibrations, with a looser sgrito reduce vibrations. However, for
heavier loads a stiffer load spring is needed #iric thrust stand deflection, which
increases sensitivity to vibrations. Generallys tisi mitigated by the fact that a heavier
thruster produces higher thrust. In this caséhtiieon source has a mass of about 35 kg,
which is comparable to a Hall effect thruster bithva much lower thrust. As a specific

comparison, a T-140 Hall thruster has 200 mN afighwith an uncertainty of £2.3 mN,
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which is only 1.1% of the measured vaffiehe helicon has an average thrust of 3 mN
and an uncertainty of £1.7 mN, which is approxirhat % of the measured value. For
this study, thrust stand uncertainty is definedhes standard deviation of the null coil
output from the mean value for the sample set tsetbtermine the null coil position at

each point.

5.3 Faraday Probe

A Faraday probe is a well-known diagnostic that sne@s ion current density in
thruster plumes®®® The primary function of the Faraday probe is &tedmine the
plume shape in terms of the location of the plureanb current along a circular arc
centered on the exit plane of the thruster. Tlagehs quantified by the beam divergence
half angle, the angle from the center of the pluhe captures 90% of the ion beam
current, as illustrated in Figure 41. Ideally ttieergence angle should be as low as
possible, as this signifies a highly collimatedrbeahere minimal ion energy is spent on

radial motion and axial velocity is maximized.
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Hemispherical
plume

90% of |,

Figure 41. lllustration of 90% beam divergence hdtangle. Blue shaded region denotes 90% of
beam current content®®

5.3.1 Probe Construction

A Faraday probe consists of two primary elementlkector and a guard ring. The
collector is biased negatively to repel electramiich ensures that the current collected
by the probe is solely due to ions and not redumed partial electron collection. As the
collector is biased a plasma sheath forms aroumd piobe to transition from the
negatively biased probe to the plasma potentiatodcern is that as the sheath forms the
edges of the sheath are curved, which enlargeftaetige ion collection area. It is for
this reason the guard ring is present. By biasinegcollector and guard ring to the same
potential, the sheath is extended so that the Isredmive the collector is parallel to the
plane of the collector, and only the guard rindeatb ions from the edge of the sheath.

Since the collector is isolated from the guard rihg effective collection area is equal to
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the area of the collector, giving a more accuragasuarement of the current density. An

illustration of this effect is shown in Figure 42.

lon Current

w OVl o 000 7

_ N D 1 D
T Sheath '\/'

Collector Guard Ring

Figure 42. Guard ring effects. Probe on the leftalects additional ion current from the curved
edges, while the probe on the right has the guardmng to extend the plasma sheath and collect the ion
current from the edge.

The collector is a tungsten coated aluminum disk 22m in diameter and 6.05 mm
thick. The guard ring is 25.2 mm in outer diameté&h a thickness of 0.75 mm and is
5.52 cm long. A threaded rod is attached to thek lod the collector and passes through
the back of the probe, serving as the electricaheotion. Inside the probe the threaded
rod is separated from the guard ring by a cerapacer. A schematic and picture of the

probe are shown in Figure 43 and Figure 44, resdygt

Ceramic
Insulator

\

Guard Ring  Collector

Figure 43. Faraday probe schematic.
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gure . HPEPL Faraday pr.

5.3.2 Divergence Angle Calculation
The current density is measured along a semicwile the exit plane of the thruster

at the center. The total beam current can thenabmilated by integrating the current

density across the surface area of the hemisphere,

_ 2
| = %[;/zj(a,go)r sinad@lg (5.2)

where the angle® andg are defined in Figure 45.

S
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Figure 45. Current density integration geometry. Dashed circle represents differential area, and the
ions exit in the positive z direction.
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Assuming that the plume is radially symmetric, tiwerent density is only a function
of the angled. With this assumption, the integration can beceptualized as the
summation of a series of infinitesimally thin cil@urings of radiugsing and thickness

rdd. Equation (5.2) becomes
l, = JZZZHZj(H)SinéUQ (5.3)

Since the data is collected at discrete intenthksintegral can be converted into a series

summation.

7
I, => 2m?(0)sin6(A0) (5.4)
%

The divergence half angleg, is arbitrarily defined as half of the sweep regdito

contain 90% of the beam current. Mathematically ih stated as

09I, = azdzﬂ 2j(8)sino(n8) (5.5)

-ay

The beam divergence factor quantifies the loststhcaused by radial ion velocity in the
plume, as radial velocity in a symmetric plume haset force contribution. Instead, the
net force on the thruster is the axial componentth&f velocity. Thus, the beam

divergence factor is defined as
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y =cosa, (5.6)

5.3.3 Measurement Circuit and Uncertainty
Both the collector and the guard ring are biasadgua Xantrex XPD 60-9 power

supply. The positive terminal of the XPD is groaddwhich biases the probe below
chamber ground. The two electrodes of the proleeb@sed using separate coaxial
cables to eliminate RF pickup. A 99shunt in the collector line is used to measure the
current using a 34970A data acquisition unit (DA@®).schematic of the probe circuit is

shown below in Figure 46.

Ceramic
Insulator

\

Guard Ring  Collector

99.4Q
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Figure 46. Faraday probe circuit.

There are three sources of uncertainty associatddtiie use of a Faraday probe:
secondary electron emission, the area of the prabe,the measurement circuit. The
first source of uncertainty with the probe is tlodgmtial for secondary electron emission
(SEE). SEE is the phenomenon where a particlkestra surface with sufficient energy
to induce the emission of an electron from theaaaf The probe therefore collects a
positive charge and emits a negative charge, widchndistinguishable from the

collection of two positive charges and results ninirsaccurate measurement. In order to
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reduce this occurrence, the aluminum collectoroated in tungsten, which has a lower
SEE coefficient of 0.1 electrons per ihwhich gives an uncertainty of +10%.

The other source of uncertainty within the probéhis effective collection area. In
theory, the collection area should be the aredefface of the collector disc. While the
purpose of the guard ring is to enforce this caitecarea, it is possible for ions to strike
the collector along the edge in between the caleahd the guard ring. The effective

collection area f§%°

Aqef'f = A& +/(g (5.7)

whereA. is the area of the face of the collector, agpts the gap correction term,

27 h
k. =nlr?-r?) e 5.8
o n(s “2mh, +2mh, (5-8)

wherer and h are the radius and height of the collector andradyuang, denoted by
subscripts ands, respectively. The effective area is 418 huompared to the collector
face area of 394 mwhich gives an uncertainty of +6.29%.

The uncertainty of the measurement circuit is ddpah on the uncertainty of the
shunt resistance and the voltage measurementuridetainty of the DAQ is £0.0045%,
while the uncertainty of the resistance is £0.4%ombining the uncertainties yields a

total uncertainty for the divergence angle of +12%.
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5.4 Retarding Potential Analyzer

The retarding potential analyzer (RPA) is a diagicowol that measures the ion
energy distribution function of a thruster plufié® A basic RPA consists of two grids
and a collector coaxially aligned within, and igethfrom, a stainless steel cylinder. The
first grid, termed the electron repulsion grid,nisgatively biased relative to ground to
repel plasma electrons while the second grid, dale ion repulsion grid, is positively
biased to retard ions. The electron repulsion grievents electrons from the plasma
from reaching the collector and reducing the effectollection current. The potential of
the ion repulsion grid determines the energy thes ineed to pass through. Thus the
probe acts as a high pass filter, allowing onlysiomith energy higher than the ion
repulsion grid to pass through to the collectory ®veeping the potential of the ion
repulsion grid, a plot of the collected ion currasta function of the applied potential can

be created.

5.4.1 Theory of Operation

The ion currentl, collected by the RPA is defined as

|, =qeAd (5.9)

whereq is the charge state of the ianis the charge of an electrof,is the area of the
collector, and® is the ion flux incident on the collector surfac&he ion flux is a

function of the ion number density and the aveiagerelocity given by
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®=n(v) (5.10)

It should be noted that it is not the total averag®city that should be used but the
average velocity orthogonal to the plane of théectdr. As long as the axis of the RPA
is aligned with the plume the two velocities are game. However, if this is not the
case, there is an additional 8derm that must be included, whetés the angle between

the axis of the RPA and the axis of the thrustam@. From here on it is assumed the
RPA is aligned with the thruster plume so thefdctesm is equal to one. The average

velocity is defined as

(vi)=[ v fv)ay, (5.11)

wheref(v) is the velocity distribution function of the ianSubstituting the definitions of
the average velocity and ion flux into the ion emtr collection equation yields the

following.
l; =qeAn f v, f(v, ) (5.12)

The lower bound of the integral has been reset,tpas only certain velocities of ions
can reach the collector. At the very leagf, must be greater than zero, as a negative

velocity would indicate an ion traveling away frahe collector.
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Since the RPA operates by varying ion repulsionempidl, it is worthwhile to
perform a change of variable from velocity to pon This is accomplished by relating

the kinetic energy of an ion to electric potenéaérgy.

v = 298V (5.13)

Substituting into the above equation and settirgaolwer bound t&/,, yields

20eV 1 |2ge
|, =qeArn fv)= |[==dv
=geAn [ | m V3

q’e’An
| ==—"20 [0 f(v)av (5.14)
m 'Cﬂmin ( )

whereVnin is defined as the minimum potential an ion musteexl to pass through the
repulsion grid to the collector. In practice thasthe potential of the ion repulsion grid.
Assuming the distribution function is finite as goes to infinity, both sides of the

equation can be differentiated to yield

___m d
f(v)=- o
v) q’e*An dV

(5.15)

Thus with a sweep over a range of ion repulsioremtidls, the generated plot of ion

current versus potential can be used to deterrhim@n energy distribution functidfi.
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One item to note with an RPA is the electric patdrngnergy is a function of the
charge statg. Since the ion is repelled as a function of gmdyential energy, the RPA
cannot distinguish two singly charged ions at s@eteenergy or one doubly charged ion
at that same energy. Therefore the presence dblylaharged ions can potentially
inflate the population of a certain energy in tmergy distribution function. It is also
possible that a doubly charged ion can be partradiytralized by a single electron after it
is accelerated but before it reaches the RPA, husd have twice the energy-to-charge
ratio expected. This would appear in the energtribution function as a secondary peak

at high energy, generally around twice the averagenergy expected.

5.4.2 Probe Construction

A more advanced RPA has four grids, rather thanthestwo previously mentioned.
In order from the aperture towards the collectaytare the floating, electron repulsion,
ion repulsion, and electron suppression grids. fldeging grid has no active potential
applied and becomes charged to the plasma potetms$ serves to reduce perturbations
in the plasma caused by the presence of the othgedgrids. The electron suppression
grid has a negative potential relative to the pkasim repel any secondary electrons
emitted due to ion collisions with the ion repufsigrid.

The RPA used in this study is a four-grid desigavah in Figure 47. Each grid is
203 um thick 316 stainless steel 3.15 cm in diameteh wit31% transparency, 22
aperture diameter, 394m pitch with a hexagonal hole pattern. The grids separated
by Macor spacers; the thickness of the spacersagdgoom right to left in Figure 47, is
1.588 mm, 3.175 mm, 1.588 mm, 6.350 mm, and 6.380 niihe collector is a 3.15 cm

diameter copper disc 0.8 mm thick. Electrical wiege spot welded to each component
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and run down a groove machined into the side ofgité-spacer stack. The stack is
housed in a Macor tube which is placed inside amaium housing. The diameter of
the aperture in the front face of the housing #8@.cm. A photograph of the RPA used

is shown in Figure 48.

Electron Electron
Collector  syppression  Repulsion
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Figure 47. RPA cross-section schematic.

Figure 48. HPEPL four-grid RPA.
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5.4.3 RPA Operation
A circuit diagram of the RPA is shown in Figure 4Fhe potential of the electron

suppression and repulsion grids is negatively biasgative to ground and jointly
supplied by a Xantrex XPD 60-9 power supply. Asamide, while it is possible to
control the two electron grids separately, it wasnid to have no real advantage. The ion
repulsion potential is biased above ground by atey 2410 SourceMeter. The current
from the collector is measured by a Keithley 648&08&mmeter. The voltages of both
power supplies are measured by an Agilent 349704 daquisition unit. The current
measured by the picoammeter is translated intonatog output by the unit which is
measured by the DAQ. In order to eliminate RF pp;keach signal line to the RPA is an
RG-58 coaxial cable with the shield grounded todhamber if inside the chamber, and
the electronics ground if outside the chamber. s®ffectively isolates the electronics
from the RF signal while maintaining a continuobgekl around the signal line. The

feedthroughs used do not connect the shield oBNME connector to the chamber.
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Figure 49. RPA circuit diagram.

Before any measurement of an ion energy distribut@an be done, there are several
preliminary steps that must be taken. The firstatermination of the electron repulsion
and suppression grid voltages sufficient to elirten@lectron current. This is done by
placing the RPA at the desired location for measerg with no grid voltages applied.
The ion current on the collector grid is then meaduas the electron suppression and
repulsion grid voltages are increased. The desepdlsion and suppression voltage is
that which causes the collection current to be m&ed, which demonstrates that

electron current to the collector has been elineidat An example sweep is shown in

Figure 50.
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Figure 50. Example saturation sweep 50 cm downstrea 343 W RF power and 350 G.

The next step is to take a high voltage scan witrger voltage interval to determine
the maximum voltage needed on the ion repulsiod gi capture the entire energy

profile. This ensures that voltage sweeps coverntiremum required voltage range
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needed, and allows for a smaller resolution whilgueing that no features of the energy
profile are missed. As an example, for the sweepvshm Figure 51, the required

voltage range is 0-100 V to fully capture the energyilero
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Figure 51. Example high voltage sweep 50 cm downsam. 343 W RF power and 350 G.

Once these preliminary steps are completed, six voltagepswaae taken of the range
of interest at intervals of 0.5 V with a delay of 400 ms aheasitage. The multiple
scans are found to have excellent agreement that demonstrdiggh alegree of
repeatability. Figure 52 shows an example plot of three such. s€amg the voltage
sweeps, the output of the picoammeter and the bias on the grids argedeavery 300
ms. This creates several instances of multiple measureiettiie same voltage, but
these are subsequently averaged together to ensure one curremtemeat for a given
ion repulsion voltage. The six scans are then averaged togethgraased through a

locally weighted scatter plot smoothing algorithm (LOESS)dmove irregularities.
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While this process does introduce a small measure of uncertdingy,required to

eliminate small perturbations that are magnified when calculating thextiesi

100

£
o T O

Collected Current (n#
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Figure 52. Example of three similar RPA voltage swaps 50 cm downstream. 343 W RF power and
350 G.

The derivative is then numerically calculated ushgwton’s Difference Quotient.
For terms not at either end of the sweep, the dereves calculated as shown in Equation

(5.16).

(ﬂj LT TP (5.16)
dV )i Vig—Viy

For terms at the beginning and end of the sweep the deevatcalculated as

(ﬂj - Ll (5.17)
dv ), Vv, -V,
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(ﬂj SNl IV (5.18)
R

An example of a LOESS-smoothed I-V trace and tkaltent derivative is shown below

in Figure 53.
100 — | —— LOESS _
< || -dI/dV .
< 80—
o —5 &
E 60— -4 2
S 4 2
3 40- ~3 3
3 -2 =
§ - -1
0 i 0

0 20 40 60 80 100
lon Repulsion Voltage

Figure 53. Example LOESS smoothed |-V trace and redtant derivative 50 cm downstream. 343 W
RF power and 350 G.

5.4.4 Uncertainty Analysis

The first source of uncertainty is the measuring instrumenie 2410 SourceMeter
has a voltage source accuracy of 0.02% with an additional £ 10&mi¥ in the 1000 V
range’® The 6485 Picoammeter has an accuracy of 0.2 % with an additid@apA in
the 200 nA range, and 0.15% with an additional + 100 pA in ilo& Zange’* The DAQ
has an accuracy of 0.0045% Combined, the instrument uncertainty at its highest is less
than 0.25%. The next source of uncertainty is caused by LOESS-sngpotihich is

calculated below in Equation (5.19).
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NZ(I LOESSi Ii)2
E\ oess = \/ Z ]

(5.19)

whereN is the number of points in the sweepislthe average current at pointand
lLoess,iiS the current at pointof the smoothed trace. This uncertainty is essentially the
standard deviation of the LOESS curve compared to the averagermrmalized by the
average current. The final source of uncertainty is deternbipedmparing an RPA to a
45° parallel plate electrostatic energy analyzer, which fouB@% discrepancy in the
location of the most probable voltafe® The total uncertainty of the RPA is thus the

combination of all the components, shown in (5.20).

Erpa =+/0.0025 + EZ s+ 0038 (5.20)

5.5 Emissive Probe

Emissive probes are a category of internal plasma diagntisiitsise an electron-
emitting surface to measure the plasma potefitil. The general form of this emitting
surface is a thin metal filament heated to thermionic emisBjopassing a current
through it. There are two methods for using an emissive probe: aghan emitting
collector, or as a pure emitter. The first method applies admake emitting probe
relative to ground and measures the current emitted by the prob®vedping the probe
bias much like a Langmuir probe, the plasma potential can be measutbd probe
potential at which emission ceag&s.This method is known as the inflection point

method. The second approach to emissive probes is to heat the fitareemssion and
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allow the probe to float. If the filament wire is heatedat sufficient temperature the
probe will float at the plasma potential; this method is caltledloating method. Due to

the simplicity of the approach, the floating method will be used.

5.5.1 Theory of Floating Operation
The basic premise of a floating emissive probe is to removepldsma sheath

between the probe and the bulk plasma. Suppose a floating electroderisd into a
plasma. Since electrons are more mobile, they will collecheretectrode faster and
reduce the potential. As the potential drops, more electrons pederke and ions
attracted until the rate of charge collection is balanced;hwisi the basis of the plasma
sheath. The electrode is now at the floating potential.

Now suppose that this electrode is a thin filament that is istiveselement of a
floating DC circuit. When heated, the filament thermionicallyits electrons into the
sheath, which reduces the net electron current into the filament and increasesrthal pot
of the filament away from the floating potential. As the amountwfent passed
through the filament is increased, the electron emission and pradgipbare likewise
increased. At a sufficient heater current, the filamentsanbugh electrons to remove
the plasma sheath and the probe floats at the plasma poteritigs; @bint the probe has
reached saturation. Any additional heating past saturation progeigekttle additional
emission, as the probe is now at the plasma potential and any addterteons must
overcome an adverse potential gradient. From another perspective, theeepnse tip
maintains charge flux balance by emitting the same numbdedfans that the plasma

sheath repelled, thus removing the need for a sheath to formre Bigshows a diagram
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of how the non-emissive and the emissive tips interact withpliema and how the

potential varies therein.

v
x

v
X

t— Vp~

Figure 54. Emissive probe tip interacting with theplasma. The non-emissive tip with a plasma
sheath (left) and the emitting tip at saturation (ight) both collect zero net current. The non-emisge
tip repels excess electron current using the plasmaheath, but a sheath potential separates the
plasma and tip potentials. The emissive tip collég any incident electron and emits a current equal
to the excess, and with no sheath, the tip potenties equal to the plasma potential.

While the above method is simple and easy to perform, there i©noern that must
be addressed. In the presence of large magnetic fields taerdéec space charge
limitations that can restrict emission and create a diffaxren potential between the
saturated probe and the plasma. This can be avoided by havitegnant with a
diameter smaller than the Larmor radius of an electron. Titesion is described by the

relatior*
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.
B << 4.8\/_‘3 (5.21)

whereB is the magnetic field in gausks is the electron temperature in eV, ahds the

flament diameter in cm.

5.5.2 Probe Construction

The probe tip is constructed using a 0.127 mm diameter thoriated emngse
filament inserted into a 12 cm long double bore ceramic tube wittb anm outer
diameter and 0.375 mm diameter bores. The filament is bent arourisl mm. diameter
stainless steel rod to ensure a rounded edge. A drawing of the tgrajeometry is
shown in Figure 55. Inserted in the other end of both bores is 28 gappger wire with
Kapton insulation, which is wedged against the tungsten to createechanical
connection. The ceramic tube is inserted into one bore of a 4.6%uten diameter
double bore tube with a bore diameter of 1.5 mm. This larger cetabecis then fed
into a G-10 tube that is 14.3 mm in outer diameter and 4.76 mm in inmeetdia The
G-10 tube fits inside an aluminum sleeve that is welded to acoR¥pensation box and
secured with a set screw. The interface between tubesalisdsusing fiberglass tape
covered with ceramic paste. The total length of the probe is 3®amthe tip to the RF

compensation box.
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Figure 55. Emissive probe tip geometry.

The RF compensation box serves to choke any AC signal from coatangirthe
probe signal while allowing any DC signal to pass unimpeded. Whédeplasma
potential is expected to oscillate in an RF plasma, it igithe-averaged DC component
that is responsible for ion drift and therefore is the value ofést€ The two copper
wires from the emissive probe tip are connected to a customtdmgberature terminal
made of aluminum and Teflon. The other side of the terminal is ctathéo two 22
gauge high temperature wires that are wrapped around fermtielsdo create an RF
choke. Each choke consists of a 1.27 cm inner diameter, 2.54 cm outer diameter series M
ferrite from National Magnetics Group with 25 windings of thenalgwire. At 13.56
MHz each choke provides an impedance of 5600 Ohms. Selection ofrtteedrd the
calculation of the impedance are detailed in Section 3.3 of AppendiP other end of
the high temperature wire is connected to a BNC jack thatolatésl from the box
chassis. Figure 56 shows a picture of the interior of thecdtRpensation box. The
chassis itself is left floating, and the compensation box is mowmedG-10 bar with a
2.54 x 2.54 cm cross section that is 60 cm long. The G-10 bar is then moonaad
aluminum arm mounted on the two axis motion table. G-10 is used ie pfaa
conductive material to eliminate the impact a grounded conductor woulddmatiee

plasma. Figure 57 shows a picture of the complete emissive probe.
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Figure 56. RF compensation box.

Figure 57. Complete RF-compensated emissive probe.

5.5.3 Measurement Circuit
The two leads of the emissive probe are connected to a DC pop@y shat is

floated using an isolation transformer. A 25W, Q.tesistor is placed in series on each
leg of the probe to provide for a low resistance current shumetasure the heater
current. A resistor is placed on both sides of the circuit to miaistmilar resistance on
each. The potential of each side of the probe is measurededtaground through a 1

MQ load resistor using an Agilent 34970A data acquisition unit that hasternal
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resistance of 10 KA. The probe potential is calculated as the average of the gvo le

potentials.

1 MQ

—_—> Probe tip
Iheater
Chokes

1 MQ

Vv

heater

DAQ
Figure 58. Emissive probe measurement circuit.

5.5.4 Data Analysis

Ideally, the emission of electrons from the tungsten filament dhelirhinate the
sheath around the probe tip. In practice, the temperature of ttieceaiectrons is set by
the temperature of the wire, which is much lower than the ete¢emperature of the
plasma. This creates two electron populations: cold emittetkaie and hot plasma
electrons. The two populations create a double sheath at the probitip,reflects
some emitted electrons back into the probe and some plasma elestraygrom the
probe. The result is that the measured probe potential is gctligitly below the

plasma potential. This can be corrected Uding
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The uncertainty of the corrected plasma potential is +0.9ek¥"° An additional
uncertainty is added by the presence of a finite potential drogsathe filament to drive
the heater current. The value varies with each probe due to diifesences in probe
construction. The voltage drop ranges from 6.59-10.3 V, which gives sagavan

uncertainty of +4.36 V.

5.6 Langmuir Probe

A Langmuir probe is a conductive electrode inserted into a pldsmdiagnostic
purposes. While Langmuir probes have many variations in elecrape and number,
the simplest form is a single cylindrical rod. Langmuir probrespaimarily utilized by
applying a varying bias on the electrode and measuring thectedllplasma current.
From this |-V trace the plasma density, temperature, and poteatiabe determined.
However, this process is time-consuming to conduct and calculatiemsive to process.
A floating emissive probe can measure the plasma potential noorwgately and
conveniently, but cannot alone determine density or temperature. Howk\an
emissive probe is used in conjunction with limited Langmuir probasorements, the

parameters can be determined.

5.6.1 Theory of Operation
To determine electron temperature and density, there are tasuneenents that are

needed: the floating potential and the ion saturation current. Tatenfigpotential is the
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potential the Langmuir probe reaches in the plasma with no applisdobipath to
ground. The electron temperature can be estimated by comgpherplasma potential
measured by the emissive probe to the floating potential, sinciffitrence in potentials
is the sheath potential of the sheath surrounding the probe tiptit@uizsthe difference

of the plasma potential and the floating potential into Equation (3.8) yields

vV, -V, :—@m(om 2"“‘*} (5.23)
e | m

The uncertainty with this method is +17%.

The ion saturation current is the current the probe collects whés liased
sufficiently negative relative to the plasma such that atitedbns are repelled. Since the
electron temperature ranges from 2-12 eV, the probe is satasafedg as it is at least
60 V below the plasma potential. Since the ion current collectdtei8ohm current
through the sheath from the bulk plasma, the plasma density can baideteusing

Equation (3.6) multiplied by the area of the prohe,

b
I, = O.61erbAp[krﬂ-eJ (5.24)

5.6.2 Probe Construction

Since each point of data from the Langmuir probe must correspond tatne
location for each point of the emissive probe, the Langmuir probe theesmissive

probe architecture and simply replaces the tip. Instead of thedanijament and the
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1.5 mm diameter ceramic double-bore tube, a 0.76 mm diameter 30d Xtends out
of the same bore of the 4.65 mm diameter double-bore ceramic Thieerod is soldered
to a wire that runs to the RF compensation box, passes through deeR#i thokes, and
is connected to a shielded coax cable. In order to have a definedapeabenly 7.37
mm of the rod is exposed to the plasma; the rest is insulatedKesntgn. The probe is
mounted to the motion table in the same manner as the emissiveaptbbeasurements

are taken after completing emissive probe measurements withourgattex setup.
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CHAPTER VI

EHT PERFORMANCE

The EHT is intended to evaluate the ion acceleration capabilityedielicon plasma
source as a single-stage device. Chapter Il revealed thetinggrarameters that can be
used to control the EHT are RF power, RF frequency, magnetic dtedthgth, and
propellant flow rate. Furthermore, the characteristic oféstefor evaluating the plasma
plume structure compared to the ion energy distribution is the plastential.
Additionally, measurements of the ion number density and electron tetumgeiside
the discharge chamber are needed to calculate the ion production cost of the GHIT.

This chapter presents the performance evaluation of the EHT aasurements of
the plasma characteristics inside the helicon discharge chanblethe downstream
plume. The ion acceleration performance metrics used are iagyer®r beam current,
and beam divergence half angle. The measured plasma chatiasteaie plasma
potential, electron temperature, and ion number density. Thrust, spegiitse, and
efficiency are also measured to quantify thruster performeagability and to compare
against the contribution by ion acceleration. The EHT has an avVieeage divergence
half angle of 82°, beam currents in the range of 7-47 mA, ar 20/ ion energy. The
downstream plume structure is highly dependent on the axial madiedd strength.
Conical regions of high plasma potential and electron temperatumedff the discharge
chamber wall and extend downstream. The size and intensity ofrdggsas increases

as the axial magnetic field increases. Further analystses€ regions is done in Chapter
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VII, but initial estimates of the thrust contribution due to ions shaw very little power
IS spent accelerating ions. Instead, the EHT most likely prodbogst through thermal

expansion of the propellant collisionally heated by the plasma.

6.1 Thrust Performance

The first steps in evaluating thruster performance are touredlse thrust of the
device and calculate the specific impulse and thrust effigierithese parameters are
used to characterize the energy expended accelerating ions ednipaon production
and thruster losses. In the specific case where a helicon daybtethruster is under
evaluation, there is considerable interest in the thrust eftigisimce the design has no
direct control over the acceleration mechanism. Thereforejnpsrtant to determine
what effect the operating parameters have on the efficienglyat®ould suggest which

parameters could control the ion acceleration mechanism.

6.1.1 Thrust Measurements
To begin, a preliminary survey is conducted varying RF frequencyd®fer, axial

magnetic field strength, and mass flow rate. The resthitsyrs in Figure 59 and Figure
60, reveal two observations. First, there is little discernelfidage in the thrust as the
operational parameters are varied, given the average uncertdinil.9 mN. The
observed effects of the magnetic field or mass flow raeabnost completely within the
measurement uncertainty. Only varying the RF power hasrapgct greater than the
measurement uncertainty. The second observation is thrushés laiv for the power

used. As a comparison, the thrust-to-power ratio of a T-220 Hall Effectehrsisit least
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50 mN/kW?* while the observed thrust-to-power for the helicon thrusterbgsttaround

8 mN/KW. To confirm whether this is an indicator of low ion aaegien, the thrust

efficiency must be examined.
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Figure 59. Helicon thrust with varying RF power and magnetic field at 11.9 MHz [eft) and 13.56
MHz (right) with 1.5 mg/s argon flow rate.
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Figure 60. Helicon thrust with varying RF power andmagnetic field at 11.9 MHz with 3.0 mg/sléft)
and 4.5 mg/s (ight) argon flow rate.

6.1.2 Thrust Efficiency
The thrust efficiency of the thruster is defined as

(6.1)

M = 2P
whereT is the thrustm is the mass flow rate, ari®}, is the total input power. The total
input power consists of the RF power propagated through the antenid; geaver lost

in the transmission line, and the power used to run the solenoids. Tdretwal are

dependent on the specific experimental setup used, so for the sakepafisomto other
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work only the transmitted RF power is used in Equation (6.1). As @dem the
transmitted RF power is determined by measuring forward pawtdre amplifier and
correcting for power losses in the cable up to the antenna.

Figure 61 through Figure 63 show the calculated efficiencies expected from the
low thrust-to-power ratio, efficiency is very low and suggdsas very little of the power
expended is spent accelerating ions. Another observation is ithathe exception of
two cases at high RF power and 450 G and one case at low paiv@b@rG, thrust
efficiency is largely independent of every operating paramet&Vhile a weak
relationship between the thrust efficiency and either magrfetld or power is
observable, it is within the uncertainty of the data. This furthggests that the ion
acceleration mechanism for the helicon is at best only weéiidgtad by the operating

conditions, if at all.
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Figure 61. Helicon thrust efficiency as a functionof power and magnetic field. 1.5 mg/s argon,
2.0x10° Torr-Ar, 11.9 MHz.
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Figure 62. Helicon thrust efficiency as a functionof power and magnetic field. 1.5 mg/s argon,
2.0x10° Torr-Ar, 13.56 MHz.
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Figure 63. Helicon thrust efficiency as a functiorof argon mass flow rate. 350 G, 11.9 MHz, 2.0-
2.6x10° Torr-Ar.

6.1.3 Helicon Specific Impulse

The other performance parameter of interest ispleeific impulse, defined as

sp

IL (6.2)
Mg
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whereg is acceleration due to gravity. The specific ifspwof the device is shown below
in Figure 64 through Figure 66. As before, spedifnpulse is largely independent of
operating conditions except for mass flow rate.e Tkb mg/s cases at RF power above
600 W show an increase in specific impulse thaeigond the range of uncertainty. This
suggests two possibilities: either the amount @&rgy deposited into the ions increases
as the mass flow rate decreases, or the ion emetgsgely unaffected and the increase in

specific impulse is caused by reducing the amotineatrals that are never ionized.
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Figure 64. Helicon specific impulse as a functionfoRF power and magnetic field. 1.5 mg/s argon,
2.0x10° Torr-Ar, 11.9 MHz.
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Figure 65. Helicon specific impulse as a functionfdRF power and magnetic field. 1.5 mg/s argon,
2.0x10° Torr-Ar, 13.56 MHz.
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Figure 66. Helicon specific impulse as a function ass flow rate and RF power. 350 G, argon, 11.9
MHz, 2.0-2.6x10° Torr-Ar.

In order to determine how the ions are acceleratad,thus determine the cause for
the low thrust and thrust efficiency, the downstmeplume of the thruster must be
investigated. While the specific impulse can detee average exit velocity, it cannot
determine the actually ion energy distribution.r Fos, a retarding potential analyzer is
used. Prior to this, the structure of the plumesthe determined in order to determine

the direction of the ion velocities. While an iti#aruster has the majority of the ion
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beam focused on the device centerline, this isyabtonfirmed. Hence, measurements

of the beam current density are required.

6.2 Plume Beam Current Density

Figure 67 illustrates the geometry of the Faradepb@ sweeps, while Figure 68
shows a plot of the plume current density profileRather than the central peak of a
collimated beam, the plume of the helicon is vemyabl with peaks at the wings, located
at approximately 60° and -70°. The current dendisgribution is characterized by
asymmetry, not only in the angular location of fmeaks, but also in the height and
number of the peaks. The 600 W, 150 G case hasom@ peak at -70°, while the 600
W, 50 G case has three distinct peaks: 60°, -H@Paa additional peak at -26°. The 343
W, 150 G case has no distinct peak at all and ap@saa broad dispersion. Furthermore,
where the 60° peak is observed, it is the largé@siis is marginal in the 50 G case, but

quite pronounced for both cases at 350 G.
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Figure 67. Faraday probe sweep geometry.
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Figure 68. Current density profiles as a function & power and magnetic field. Probe is 50 cm
downstream, 13.56 MHz, 1.5 mg/s Ar, 1.6x10Torr-Ar.

Quantifiable metrics to describe the beam divergeare difficult to obtain in this
situation, as a beam half-angle generally assumamntal plume structure. A central
assumption in the analysis procedure outlined icti®e 5.3 is radial symmetry. Figure
68 shows that neither assumption is valid for taeadtollected. Likewise, the Faraday
probe generally overestimates beam current dubamge-exchange effects. However, in
the absence of any alternative for qualitative cangon, these metrics will suffice. The
beam half angles and beam currents for the fiveabipg conditions are shown in Table
1. While the half-angle is not an ideal metrictins circumstance, the large values
observed demonstrate quantitatively the broad stre®f the plume. More importantly,
the calculated beam currents show that the helio&s create an ion beam of significant
size, especially considering that the Faraday piskaready overestimating the beam

current.
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Table 1. Beam half-angle and beam current.

Case B (MA) g (deg) Uncertainty (%)
343W,150G 7.20 84 12.2
600 W,150G 124 83 15.5
343 W 350 G 17.2 79 21.1
600 W 350 G 20.2 80 18.8
600 W 50 G 46.7 83 12.9

The lack of a centerline peak and the presendargé peaks on the wings strongly
suggest that the ions are accelerated with a hegjte@ of divergence. However, one
consideration that must be taken when using a Bgradobe is the effects of charge-
exchange collisions. A charge-exchange (CEX) siolfi occurs when an ion collides
with a neutral and transfers charge while maintajrkinetic energy. This is problematic
in thruster plume measurements, as a fast ion asidwaneutral become a fast neutral
and a slow ion. The CEX collision also resultsainandom direction of travel for the
slow ion, which statistically will favor the winggather than the centerlif{e.

For devices where the current density peaks oncéimter, such as an ion engine,
CEX causes the measured current density on theswimdpe higher and slightly lower
along the center. However, since no discernibigerne peak exists in Figure 68, the
goal is to determine to what extent the measureeudensity at these peak locations is
due to CEX collisions. The most direct approactoimeasure the energy distribution of
the ions at these locations. lons that are actelérfrom the helicon at the wide angles
measured will have an energy corresponding to titenpial drop from the helicon to the
location of the probe. In contrast, CEX ions W# closer to the plasma potential, since
they are ionized further downstream and do not hheekinetic energy of the incident

ion. Therefore, RPA measurements at the above tmgles, along with the centerline
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for comparison, are needed to quantify the contioibuof CEX to the current density at

the wings.

6.3 lon Energy Distributions

The ion energy distributions are plotted below igufe 69 to Figure 73 at each
angular position of interest. A key value in enedjstributions is the most probable
energy, which is the voltage where the IEDF is llgcanaximized. Each relative
maximum corresponds to an ion population distriduabout that specific energy. The
energy distributions for the helicon generally h&we such relative maxima, or peaks.
The first peak in each distribution correspondshio plasma potential at the location of
the RPA collectol**"*° Since the collector is grounded, ions at themkapotential will
be accelerated by the potential drop between tasnm and the collector, despite not
contributing to the ion beam. Higher potential kea&orrespond to accelerated ion
populations. For each test case, the potentigh@ffirst peak is very similar between
angular positions. Since each position is 50 crwrdtream of the exit plane, this

suggests that the plasma potential should be appately radially symmetric.
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Figure 69. lon energy distribution at varying angubr positions 50 cm from the exit plane. 343 W,
150 G, 1.5 mg/s Ar, 1.6x1DTorr-Ar.
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Figure 70. lon energy distribution at varying angubr positions 50 cm from the exit plane. 600 W,
150 G, 1.5 mg/s Ar, 1.6x1BTorr-Ar.
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Figure 71. lon energy distribution at varying angubr positions 50 cm from the exit plane. 343 W,
350 G, 1.5 mg/s Ar, 1.6xI0Torr-Ar.
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Figure 72. lon energy distribution at varying angubr positions 50 cm from the exit plane. 600 W,
350 G, 1.5 mg/s Ar, 1.6xI0Torr-Ar.
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Figure 73. lon energy distribution at varying angubr positions 50 cm from the exit plane. 600 W,
50G, 1.5 mg/s Ar, 1.6x1® Torr-Ar.

A notable trend is the distinction between the eddht magnetic fields. For both
powers at 150 G the first ion population is muchgéa than the accelerated ion
population. At 350 G the accelerated ion poputaigoof a similar size or larger than the
plasma potential population. The 50 G case diffgmsatly from the other tested
conditions, with a large population near groundaidition to the two populations
corresponding to the plasma potential and the acteld ions. The 50 G case is
examined individually at a later point, and is exigdd from the following discussion.

A closer examination of the most probable ion \gitg shown in Table 2, yields two
additional trends of interest. For the same magfietd, the first peak, representing the
most probable voltage of the plasma potential, ppreximately constant across both
angular position and RF power. The maximum vamadmong the set is 5.5 V, which is
only about 2 V larger than the uncertainty of theasurements. Similarly, for the same
RF power, the second most probable voltages agesigiilar and within the uncertainty

of the RPA. The exception is that the most probalbltage on the centerline is
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approximately 10 V higher than on the wings. ldliidn, for both cases at 350 G, -70°,
a third ion population is observed at the samegnas the ion beam on the centerline.
This third ion population is smaller than the othgo and suggests that the mechanism

that reduces the ion beam energy on the wings miatessffect a portion of the ions on that

side.

Table 2. Most probable ion voltages 50 cm downstrea

Pre (W) B(G) 0 (° Vinp1 (V) Vimp2 (V)
0 445+1.7 81.0+3.2
150 60 450+18 71.0+x29
343 -70 495+2.6 73.0 £3.8
0 605+23 87.0+x34
350 60 57.5+24 765+3.2
-70 55.0+22 74.0+3.0
0 475+18 89.0+x34
150 60 475+2.1 81.0+3.6
600 -70 50019 805%x3.1
0 56.5+2.3 905x3.7
350 60 605+24 81.0+3.2
-70 57.0+2.2 80.0x3.1

6.3 Plasma Potential

As outlined in Section 5.5 and 5.6, the most adeunaethod to measure the plasma
potential with a floating emissive probe requireaection for the electron temperature.
The electron temperature is estimated by compdhegneasured plasma potential to the
floating potential measured with the Langmuir proli¥ensity can likewise be estimated
using the measured ion saturation current andldutren temperature. Since calculation
of these parameters involves multiple measurensritse same position, the position of
the measurements must be consistent between exmsim All three measurements —

plasma potential, floating potential, and ion sation current — are taken every 2 mm in
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the radial direction at different axial positionsA graphical representation of the

measurement locations is shown in Figure 74.
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Figure 74. Spatial representation of probe measureemts. Red lines denote radial sweeps with
measurements taken every 2 mm.

Contour plots of the plasma potential of each dpegacondition are shown below in
Figure 76 through Figure 80. With the exceptionhef 50 G case, the plots all share the
following similarities. Inside the discharge chamlthe plasma potential is minimized
near the centerline of the device and maximized theawalls. Radial profiles at the exit

plane, which run closer to the walls, show thatglesma potential decreases just before
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the wall, which is consistent with the pre-sheaijion of the wall plasma sheath. Figure
75 shows three example radial profiles of the plgutential at the exit plane of the

discharge chamber.
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Figure 75. Radial plasma potential profile at the it plane as a function of RF power and magnetic
field. 1.5 mg/s Ar, 1.6x10 Torr-Ar.

Another similarity between the first four operatiognditions is the highest plasma
potential is located near the exit plane close lte walls of the discharge vessel.
Downstream of the exit plane, the potential profiléfuses to a far-field value of
approximately 59 V with negligible radial variatiolBeyond these similarities, there are
several varying characteristics in the contours tha be grouped by the axial magnetic
field. The 50 G case is unique and shares vty litith the other four cases beyond the

diffusion of the plasma potential downstream.
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Figure 76. Plasma potential contour at 343 W, 150 @.5 mg/s Ar, 1.6x106 Torr-Ar.
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Figure 77. Plasma potential contour at 600 W, 150 @.5 mg/s Ar, 1.6x106 Torr-Ar.

The two cases at 150 G share a similarity whereréggon of highest plasma

potential is focused more towards the centerlinghef device. This creates a convex

region of high plasma potential immediately doweain of the exit plane. The primary

difference between the two cases is that in the B0@ase the plasma potential is

typically higher than in the 343 W case, with deténce in maxima of approximately 20

V.
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Figure 78. Plasma potential contour at 343 W, 350 @.5 mg/s Ar, 1.6x10 Torr-Ar.
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Figure 79. Plasma potential contour at 600 W, 350 @.5 mg/s Ar, 1.6x106 Torr-Ar.

In contrast to the convex region of high plasmapbal seen in the 150 G test cases,
the 350 G data demonstrates a diverging annulagybfplasma potential around the exit
plane of the discharge. This creates a convergivgrging structure out of the plasma
potential centered on the exit plane of the devides before, increasing the power

increases the plasma potential while maintainiregatverall shape.
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Figure 80. Plasma potential contour at 600 W, 50 @,.5 mg/s Ar, 1.6x16 Torr-Ar.

The 50 G case is distinct from the others in thatd is no overall structure to the
plasma potential either at the exit plane or doveash of it. Aside from some radial
asymmetry inside the discharge chamber, the patentenly diffuses downstream in an
approximately spherical manner. Another differehetween the 50 G case and the
higher magnetic field tests is the far-field plagnagential is nearly 20 V lower for the 50
G condition.

Measurements are also taken along center lineeodiéivice in 2 mm intervals at each
operating condition, shown in Figure 81. The axyabfiles demonstrate the same

approximate shape between tests at the same mafjeleti The cases at higher power
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show a higher plasma potential at each positionpewed with the lower power case at
the same magnetic field. This further suggests e magnetic field sets the plasma

potential shape, while the RF power controls thgmitade.
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Figure 81. Plasma potential along the center lind,.5 mg/s Ar, 1.6x16 Torr-Ar.
6.4 Electron Temperature

The floating potential, and thus the calculatedtets temperature, is determined at
the same measurement locations as in Figure 74.e ddmtours of the electron
temperature, shown below in Figure 82 through FgB8, reveal the following traits
common between all operating conditions. The 8istilarity is that inside the discharge
chamber the electron temperature has a similareshapgthe plasma potential, in that the
radial profiles have the minima near the centerraagdima near the walls. The second is
that the electron temperature is lower inside tisetdirge than downstream of the exit
plane. The third is that in all five contours teenperature is high in the region near the

wall of the exit plane of the discharge chamber amd conical region outwards and
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downstream of the exit plane. As with the plasrateptial, further comparisons of the

electron temperature contours can be made foratme snagnetic field.
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Figure 82. Electron temperature contour at 343 W, 50 G, 1.5 mg/s Ar, 1.6x1® Torr-Ar.
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Figure 83. Electron temperature contour at 600 W, 50 G, 1.5 mg/s Ar, 1.6x18 Torr-Ar.

The two 150 G cases are distinguished by the doearstregion of high temperature
extending radially inward 100-200 mm downstreanthef exit plane. It is worth noting
that the 600 W case does not have the same defgradial symmetry in this region as
displayed by the 343 W case. The region immediatelvnstream of the exit plane for
negative radial positions has a lower electron tepre compared to the positive radial
guadrant. Furthermore, the negative radial quadtarresponds to negative angular
positions in the Faraday probe scans. It is oleskthat the 343 W, 150 G case has no
observable peak in the current density distribytighile the 600 W, 150 G case has no

peak at positive angles, and one peak at -70% ddymmetry in the electron temperature
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at 600 W could potentially explain the observantcenty one peak, as any affect that the

electron temperature has on ion trajectory favoes side over the other.
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Figure 84. Electron temperature contour at 343 W, 30 G, 1.5 mg/s Ar, 1.6x1® Torr-Ar.
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Figure 85. Electron temperature contour at 600 W, 80 G, 1.5 mg/s Ar, 1.6x18 Torr-Ar.

In contrast to the 150 G cases, the two cases @t&@Hhave no regions of high
electron temperature along the centerline. Wihiéetemperature still increases along the
centerline from within the discharge into the pluyrttee centerline always maintains a
lower temperature than the radial region of 60-1&@®. For the 350 G cases, the
parabolic shape of the radial temperature profitesde the discharge is maintained
downstream. The only change in the radial profiléth axial distance is as the axial
position increases, the centerline increases wihdeedges decrease as the profile relaxes
to approximately uniform. As is noted with the gfaa potential, at both magnetic fields

increasing the RF power has the effect of increptfie electron temperature.
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Figure 86. Electron temperature contour at 600 W, 8 G, 1.5 mg/s Ar, 1.6x18 Torr-Ar.

Figure 87 shows the axial profiles of the electtemperature along the center axis of
the device. All five profiles show the same basi@ape of the electron temperature
starting at relatively low values that increaselfar downstream. At some point past the
exit plane, the electron temperature peaks, afthiclwthe temperature decreases
monotonically as the axial position increases. Tnefiles that share the greatest
similarities are again those with the same magrietid. Increasing the RF power has
two observable effects on temperature: it incretiseglectron temperature relative to the

lower power condition at the same magnetic fieldg & decreases the axial position
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where the temperature peaks. It is worth notirag the 150 G profiles peak closer to the

exit plane than the 350 G profiles.
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Figure 87. Electron temperature along the center fie, 1.5 mg/s Ar, 1.6x18 Torr-Ar.

6.5 lon Number Density

Figure 88 through Figure 92 show the electron nundeasity contours for the five
operating conditions tested. All five operatinghditions share similar radial profiles
inside the discharge chamber seen before, excepth maxima are located along the
centerline of the device, similar to Figure 7. Aubhally, the electron nhumber density
rapidly decreases downstream of the exit plane dgerthan an order of magnitude. The
50 G case is an exception to this, as the plumendstfurther downstream than the other
four cases. As a quantitative comparison, the pliemgth is defined as the distance
along the centerline from the exit plane where henber density is 10% of the exit
plane density. Under this metric, the plume leadtr the 150 G and 350 G cases range

from 157 to 172 mm, while the 50 G case has a pltiraeis 542 mm long, shown in
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Table 3. The density at the maximum distance dowas

higher for the 50 G case compared to the otheiscase
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Figure 88. Electron number density contour at 343 W150 G, 1.5 mg/s Ar, 1.6xIdTorr-Ar.
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Figure 89. Electron number density contour at 600 W150 G, 1.5 mg/s Ar, 1.6xIDTorr-Ar.
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Figure 90. Electron number density contour at 343 W350 G, 1.5 mg/s Ar, 1.6xIdTorr-Ar.
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Figure 91. Electron number density contour at 600 W350 G, 1.5 mg/s Ar, 1.6xIdTorr-Ar.
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Figure 92. Electron number density contour at 600 W50 G, 1.5 mg/s Ar, 1.6xI8Torr-Ar.

Table 3. Helicon Plume Lengths

Operating Condition Plume Length (mm)
343 W, 150 G 162
600 W, 150 G 157
343 W, 350 G 167
600 W, 350 G 172
600 W, 50 G 542

The contrast in the electron density between tis¢ fiour cases and the 50 G case can
be clearly seen in Figure 93, which shows the aprafiles of the electron number
density. While the most similarities between desfiare for the same magnetic field, the

150 G and 350 G profiles exhibit a higher degresimwilarity to each other as compared
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with the 50 G profile. In addition to the higheergity, the 50 G profile has a larger
decrease in density before the exit plane with ahmamaller decrease downstream of the

exit plane compared with the other profiles.
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Figure 93. Electron number density along the centeline, 1.5 mg/s Ar, 1.6x10 Torr-Ar.

6.6 lon Thrust Contribution

In order to evaluate the EHT compared to the Glthé&,thrust contribution due to ion
acceleration must be determined. Using Equatiob),(the thrust generated through ion

acceleration can be defined as

T=y—1,9 (6.3)

where the average ion velocity is calculated fromibn energy distributions
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v, =X m kv, =V} (6.4)

i 100
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j=k+1

In Equation (6.4)V; is the voltage of thg" step of the voltage sweep, aqds the value

of the probability distribution function at thatltege. The overall average ion velocity
of each operating condition is the mean of the ayerion velocity at the three angular
positions. Using the average ion velocities alartl the results in Table 1, the thrust

contribution by ion acceleration is calculated ahdwn in Table 4.

Table 4. lon thrust contribution and component paraneters.

Operation Conditions o (deg) b (MA)  Viavg (km/s) Tion (UN)

343 W, 150 G 83.5 7.20 5.97 2.02
600 W, 150 G 82.6 12.4 9.15 6.08
343 W, 350 G 79.0 17.2 7.56 10.3
600 W, 350 G 79.9 20.2 8.16 12.0

The results show that ion contribution to thrusseseral orders of magnitude lower
than the measured thrust. As a comparison, threegas thrust of the various propellant
flow rates is in the range of 0.5-2 mN, as showFigure 94. This shows that very little
of the power coupled to the helicon is transfetedxial ion energy. Even if the beam
divergence factor is neglected, the ion thrust oution only increases by a factor of 5-
8, which still results in a negligible thrust cabtrtion. The average ion velocity yields
an expected specific impulse of approximately 600-8, but in practice the ionization
fraction and beam currents are so low the thrusitritution from the ion beam is

negligible. It is much more likely that the prigahrust contribution is a combination of
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collisional heating of the neutral propellant ahd tesulting thermal exhaust, along with
electron back-pressure on the discharge chafib&he mean free path between ions and
neutrals for momentum transfer would be on the roofl@a few centimeters, so significant
thermal exchange between ions and neutrals shaglar.o However, ions typically have

less thermal energy than electrons in helicon péssii®and thus thrust remains low.

.44 e 15mg/s |
3 _ = 3.0 mg/s

§ 3 _ i A 45mgls T
<

- i A
% 2 I r 3
o r N
3 1- ¥

O T

ot

[ [ [ [ [
15 20 25 30 35 40 45

Propellant Mass Flow Rate (mg/s)

Figure 94. Cold gas thrust contribution of multipletests as a function of mass flow rate.

From these findings, it is clear that the EHT id effective as a thruster. It is
possible that the EHT could be redesigned as atretkermal thruster where the helicon
plasma source is used to couple RF power to a plakscharge to collisionally heat the
propellant and expand it through a nozzle. Howeygearen that ion temperatures are
generally below 1 eV, this is very little energypdsited into the ions compared to the
15.76 eV required to ionize argon. This wouldl sgbkult in a thruster characterized by
low specific impulse and efficiency. If a doubdgér is the ion acceleration mechanism,

then it is characterized by small ion beam genamatarge beam divergence, and low ion
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energy. Therefore, unless there is a way to dyr@dter the ion acceleration mechanism

to adjust these parameters, the EHT is unsuitabléhfuster application.

6.7 Potential Trivelpiece-Gould Mode

The 600 W, 50 G case has so far been removed froaom of the analysis. This is a
result of the irregularities of the RPA measuremaitthe ion energy distributions. The
other four operating conditions have RPA |-V plttat are generally constant until the
plasma potential, and then decrease in two majioss, denoting the two ion energy
populations. In contrast, the 600 W, 50 G casehigracterized by an initial large
decrease in ion current at low voltage, then arsatrop in current without a clear
region that would denote a distinct ion energy pafan. Figure 95 shows a comparison
of the 600 W, 50 G case and the 343 W, 150 G dhse)atter of which is more

representative of the expected behavior.
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Figure 95. Comparison of |-V sweeps between expedtdehavior (black line) and unusual behavior
at 600 W, 50 G (blue line).
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The initial drop in collected current in the 600 &) G case is unusual, as it would
suggest that there is a large population of ionsecko chamber ground. This stands in
contrast to the emissive probe measurements, wshichv a plasma potential much
higher than ground. Another possible explanatothat the 600 W, 50 G case has a
much higher plasma density 50 cm downstream cordgaréhe other four cases, which
might adversely affect the RPA grid sheaths. Haweeven if this is the case, it does
not explain the current decreasing at low voltag&s.an example, if the sheath was too
small on the electron repulsion grid, the RPA wowtd properly repel ions. As the ion
repulsion grid voltage increases, the sheath othefion repulsion grid would expand
and merge with the electron repulsion grid sheathalow for design electron repulsion.
Yet this would cause the current to increase astreles are repelled, not decrease.
Likewise, if the ion repulsion grid is too smalldaexpands as the voltage on the grid
increases, it would only repel ions with energysldsan the repulsion grid voltage. This
would still imply that a large number of ions atese to chamber ground.

Likewise, even supposing the initial drop in coiézt current is due to some adverse
reaction of the RPA and is ignored, there would &g two distinct drops in the
collection current that denotes the two ion popaolet at the plasma potential and the
beam potential. Since these two populations cabeatlearly distinguished, analysis of
the ion energy is difficult to perform and therents definitive beam voltage that can be
determined.

Despite this, the 600 W, 50 G case is unique intti@plasma density is much higher
than the other four operating conditions despitedhserved trend of a higher magnetic

field yielding increased ion density. The mostelik explanation is this operating
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condition is in a Trivelpiece-Gould coupling modes TG coupled plasmas generally
arise during operating at low magnetic field sttes§*® By operating at 50 G, the
electron cyclotron frequency is decreased to ctosan order of magnitude higher than
the RF frequency, which is a threshold to TG couplf Further investigation of low
magnetic field operation of the helicon plasma seus required to confirm TG coupling,
but this mode shows potential for higher efficienggeration compared to higher
magnetic field operation. Figure 96 shows a comparof operation at 600 W at 50 G
and 350 G. One interesting observation from Chiayki is that the GHIT operating at
50 G does not observe a similar increase in iorsiten Therefore, it is likely that this
mode is inhibited by the presence of the gridssibbg due to requiring quasineutral
plasma flow out of the discharge chamber. Desihite potential possibilities of this

coupling mode, the beam current is still insuffitieo justify the EHT as a thruster itself.

Figure 96. Operation of EHT t 600 W and 50 Gléft) and 350 G (ight). The discharge plasma at 50
G is demonstrably brighter and the plume does notdllow the magnetic field lines.
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CHAPTER VII

HELICON ION ACCELERATION

In the preceding chapter, the ion accelerationgperdnce of the EHT is presented
and found to be characterized by low beam currdemt, ion energy, and high beam
divergence. The next step in the evaluation ofitheacceleration capability of the EHT
is to determine the mechanisms responsible forotteerved performance. Since the
EHT couples ionization and ion acceleration intsiagle stage, the most effective
method is to examine the plasma plume structuréh®primary mechanisms that act on
the ions. The plume structure is captured in amstof the ion number density, plasma
potential, and electron temperature, measuredeiptévious chapter. The first task is to
compare the plasma potential structure to the iergy distributions to confirm ion
energy is dependent solely on the change in plgsotential. The second task is to
identify the primary forces acting on the ions dgriacceleration and compare them to
the observed ion acceleration performance metrics.

This chapter examines the measurements of the ptimeture from Chapter VI to
determine the source of the ion energy and anyngatdosses. Calculation of the beam
voltage using the ion energy profiles and the ckanglasma potential measured by the
emissive probe is found to be in agreement. Thgelkheam divergence is found to be
caused by radial electric fields downstream of éki plane of the discharge chamber.
These electric field lines follow the conical regsoof high electron temperature and

increase in intensity as the magnetic field iseased. Simulation of the ion trajectory
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using the measured plasma plume characteristicar ghat an additional effect of
increasing the magnetic field is to cause radiaillasions of the ions. These oscillations
arise from competing electric forces from the cahiegions of high plasma potential
that form off of the edge of the discharge chambat. As the magnetic field increases,
the potential in these regions increase and canseeased radial motion, which
ultimately increases the ion path length. Theaegvhere this is most prevalent overlaps
the region of highest neutral density, which ledsollisional dissipation of ion energy.
Ultimately this leads to a performance tradeoffrmtite magnetic field, as increasing
the magnetic field increases ion density and beamnegt, but also increases beam
divergence and collisional dissipation of ion enerdg-urthermore, the beam divergence
is not strongly impacted by any other operatingapaater, which demonstrates that the

EHT does not have clear and direct control oveidhdrajectories.

7.1 lon Energy Analysis

For propulsive application of the helicon, there @vo primary operational metrics of
interest: the beam current and the beam voltade bEam current is the number of ions
accelerated out of the thruster per unit time and measure of the ionized propellant
flow rate. As such, thrust is directly proportibb@the beam current. The beam voltage
is the total potential drop experienced by the ianselerated out of the thruster and
describes the energy deposited into each ion. eTaldlom Chapter VI shows that the
beam current from the helicon at every operatingddmn tested never exceeds 25 mA.
The beam voltage, determined as the difference aterpial between the two ion

populations in the RPA scans, is found to be withimrange of 19-42 V. The maximum
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thrust possible from ion acceleration using theakias would be less than 0.15 mN,
which suggests that the measured thrust is dueaptjmto electron pressuf® and
thermal expansion of plasma-heated neutral gaspnatcceleration.

While the performance metrics demonstrate thath#igEon plasma source is not an
effective thruster, examination of the ion energgeworthwhile in order to determine the
cause of the substandard performance comparettiady sized thrusters. The map of
plasma potential for each operating condition ptesian expected value for the beam
voltage. The decrease in potential as the plastpanels downstream creates an electric
field equal to the gradient of the potential. Natiy, a plasma shields electric fields that
occur using a sheath such that the bulk plasma aesncounter the electric field. In
the case of the plume, the plasma is expandingednteally contact the chamber wall (or
disperse if in space) and can be thought of adavge sheath. More specifically, electric
fields are present in regions of the plasma thatirgeracting with a boundary condition,
and the plume is the interaction between the digehplasma and the vacuum chamber
wall (or the void of space) boundary condition. tlis circumstance, quasi-neutrality
might not apply and is instead replaced with theady-state requirement that the
divergence of the flux of ions is equal to thaetdctrons. By Poisson’s Equation, given
as Equation (C.1), the change in plasma potertigiaused by small variations in the
balance of the electron and ion number densities.

The result is that the downstream structure ofplaema potential creates a favorable
potential gradient that accelerates the ions. @&leetrons are accelerated through
ambipolar diffusion in order to maintain equivalgoarticle flux divergence, which

applies an equivalent retarding force on the ioi3ue to the large mass difference
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between the ions and electrons, the change innergyg is negligible. Therefore, the ion
energy should be similar to the change in plasnantal from inside the discharge
chamber to the measurement location of the RPAceSno measurements of the plasma
potential are made in the radial direction beyo®@ mm, radial symmetry is assumed
and the plasma potential at -70° is equal to that0& While the plasma inside the
discharge chamber is not fully symmetric, at 50 dawnstream the contour is
considerably more symmetric, justifying the assuamt The origin point for the plasma
potential is selected as the point on the centey faxthest into the discharge chamber,
which for most cases is -200 mm upstream of thé plene. The beam voltage is
calculated as the difference in voltage betweensémnd and first peaks in the ion
energy distribution in Table 2. Table 5 gives ammary of the beam voltages and the
changes in plasma potential, and Figure 97 showes data with respect to the
measurement uncertainties.

The second value ientbasis for the beam voltage in

Table 5 denotes the beam voltage of the third @djou observed in those two locations.

Table 5. Beam voltage and change in plasma potenitizetween discharge chamber and RPA location

Pre(W) B(G) 6(9) Vb (V) AV, (V)
0 36.5+3.6 32.4+9.3
150 60 26.0+3.4 27.2+95
343 -70 23.5+4.6 31.9+8.8
0 265+4.1 28.9+8.6
350 60 19.0+4.1 243+9.1
-70 19.0 (30.0) £3.7 24.2+8.6
0 41.5+3.9 39.5+9.6
150 60 33.5+4.2 41.8+9.4
600 -70 30.5+3.7 28.9+8.8
0 34.0+4.4 42.6 +9.0
350 60 20.5+4.0 46.7 + 8.5
-70 23.0(355)+3.8 43.8+8.1
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Figure 97. Beam voltage and change in plasma potéalt between the discharge chamber and the
RPA location as a function of RF power, magnetic éld, and angular position. Closed markers
denote beam voltage measurements using the RPA, angen markers denote the change in plasma
potential measured by the emissive probe. Angulgositions for all measurements are either -70°, 0°,
and 60°, separation of data points at these positie is done for clarity. 1.5 mg/s Ar, 1.6x10 Torr-Ar.

There is overall agreement, as the differences dsiwhe beam voltage and the
change in plasma potential for most cases aremiti@ uncertainty of the measurements.
In particular, there are two observations: firesg beam voltage measured by the RPA is
lower at -70° and 60° than on centerline by 8-13d€pending on the operating
conditions. Second, the change in plasma poteistiaddependent of angular position
within the measurement uncertainty, except for@dé W, 150 G case. This suggests
that for ions exhausted at an angle, some of teeggrgained from the drop in potential
is dissipated. For all but the 600 W, 350 G c#ss,loss of energy ranges from 1-8 V,
which is within the uncertainty of the measurementsthree cases at 150 G, the beam
voltage measured by the RPA is 1-4 V higher thaatvid measured with the emissive
probe. These cases demonstrate the systemic aintgdssociated with conducting the

same experiment at the same conditions but atréifte¢imes. In contrast, the 600 W,
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350 G is a clear example where the difference betwibe measured beam voltage and
the change in plasma potential is larger than thasurement uncertainty. This supports
the hypothesis that an energy loss mechanism otmuiens at -70° and 60°, particularly

at 350 G. The cause for the energy loss for imtelarated at an angle can be further

investigated by examining the electric field in ffileme region.

7.2 Electric Field Effects

Since the primary source of the ion energy coma® fhe plasma potential structure,
the accelerating electric field can be determinexinfthe negative gradient of the
potential across the area of the contour. Thetrédefteld is calculated using Newton'’s
Difference Quotient of the measured plasma potentince the plasma potential is
given in two dimensions, the radial and axial comgras of the field are solved

individually.

Er i - Q+1 B wl—l (71)
Y fiva ~ i

Ezi - ¢|+1 B W—l (72)
L Zn T4y

Under the assumption that the plume is radially regtnic, there is no azimuthal
variation of the plasma potential; therefore thisr@o azimuthal electric field. Even if

the plume does not have perfect radial symmetry, \ariation iné should be small
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compared to variations in andz. Thus, only the radial and axial electric fielae
considered.

An example of the calculated electric field lindst{ed over the plasma potential
contour is presented in Figure 98. One item t@ hiam the overlay is the electric field
has very strong radial components near the exiteptd the discharge chamber and in the
region wherer is greater than 100 mm. The presence of thesal rakéctric fields
potentially explains the high degree of divergewdahin the plume, as an ion exiting the
discharge chamber would encounter a large radedtrét field unless it is near the

centerline of the device.
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Figure 98. Plasma potential and electric field line at 600 W, 350 G, 1.5 mg/s Ar, 1.6xE0orr-Ar.
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One particular structure in the electric field occat the radial position 75 mm, and
axial position between 100 and 150 mm. At thismpdhere is a cluster of electric field
lines that turn from purely axial to mostly radiahd some field lines turn back towards
the thruster. The cause of this field line clusten be seen by overlaying the electric
field onto the contour for the electron temperatstgown in Figure 99. The field line
cluster occurs at the high electron temperaturenegbserved in the previous chapter.
This region is most likely formed from high energhgctrons escaping confinement on
the magnetic field lines. The lower energy elatsreemain confined and are turned back

towards the thruster, which pulls the electricdikhes back in thez-direction.
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Figure 99. Electron temperature and electric fieldines at 600 W, 350 G, 1.5 mg/s Ar, 1.6xE0Torr-
Ar.

169



The above field structure would explain the higlyree of beam divergence in the
600 W, 350 G case, and by extension the 343 W,@%@ase, as the two have similar
electron temperature contours. Any ion that ertegshigh electron temperature regions
would be accelerated radially outwards, and fotapemregions receive a negative axial
component as well. Conversely, at 150 G the higbt®n temperature regions are more
broadly spread across the radius of the plumeh@asrsin Figure 100. This suggests the
electric field lines are more evenly distributedhielhh promotes a wide plume with ions
emitted evenly across all angles. The gap intitgh electron temperature region in the
negative radial position most likely explains whguarent density peak occurs at -70° for
this operating condition and not at 343 W, 150 @Giclv has a more symmetric electron
temperature contour. Unfortunately, since measangsnare not available for that side of

the plume, the exact nature of the electric fieldd are unknown.
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Figure 100. Electron temperature and electric fieldines at 600 W, 150 G, 1.5 mg/s Ar, 1.6xE0rorr-
Ar.

This mechanism also explains the current densisyridution of the 50 G case.
Recall that while the 50 G case has distinct pedhes,relative values of the peaks
compared to the centerline current density areasdlisparate as in the 350 G cases. At
50 G, the electrons are only weakly magnetized @mlgt a very small region of high
electron temperature forms near the exit plane.léthese regions still direct some ions
radially outward, it is much less pronounced. Thhues current density distribution is
generally even with a few regions of higher currefithe cause for the -26° peak is

difficult to determine, as no data is available float side of the plume. However, it is
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most likely the result of asymmetry within the étea temperature distribution. It is
worth noting that the central region of low eleatri@mperature favors that side of the

plume, so it is possible that this asymmetry catises26° peak.
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Figure 101. Electron temperature and electric fieldines at 600 W, 50 G, 1.5 mg/s Ar, 1.6xF0Torr-
Ar.

Thus far the discussion has been limited to a taiale assessment of the observed
contours of the plasma potential and the eleceamperature with overlays of the electric

field lines. While the electric field is an impant component in determining the ion
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path, it does not describe the pathlines of the.iohherefore, in order to quantitatively

discuss the effects of the operating conditions,idin trajectories must be determined.

7.3 lon Trajectories

There are two general approaches to modeling tparskon of the plasma into the
plume: an Eulerian approach of solving the plasima tising the magnetohydrodynamic
(MHD) equations, and a Lagrangian approach of aglthe momentum equations for a
single ion in the plasma flow. The Eulerian appfoavolves solving the equations to
determine the entire plume structure and ion veéscusing boundary conditions of the
experimental data. This method is difficult to dant, as it requires solving a system of
simultaneous equations for each point across thieeearea of the plume. Even if
simplified to a 2-D problem, this would be a ditfictask. The Lagrangian approach is
simpler, as it uses the data already measuredIte soee momentum equations for a
single ion placed at the exit plane of the discharigamber. The momentum equations
can be iteratively solved through discrete timgstentil the ion reaches the edge of the
measured data set, recording the position at eéaehstep. This generates a pathline for
the ion, and by solving for multiple starting pamits, a sample of the ion trajectories can
be generated.

For this model, all variations in the azimuthalediion are neglected, as radial
symmetry is assumed. The ions are considered tesdibermal at 0.1 eV. The

momentum equation from the MHD equations is
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nm[%"'(vi * D)vi:| =en (E+\7i x B)_D(r]ikb-l-i)+mnivin(\7n _vi) (7.3)

Electron-ion collisions are neglected, as the lamgess disparity results in negligible
impact on the ion velocity. The term on the leihtl side of the equation is the material
derivative, which is only used in the Eulerian aygmh. This is easily converted to a
Lagrangian system utilizing the definition of thetal derivative. The example below is

for the radial component of the term.

ov.

i,r

2
+V. aVlr +Vi,6' aVlr +V. av', _Vi,e :avi,r Y

ot "Toor r 98 " 0z r ot YToor "t 0z

aVir aVlr aVir dr aVlr dZaVir dvlr
— +V. L= 4 4 = .

ot o Yoz At dt or dt 9z  dt

The resulting radial and axial momentum equatioas a

dv = an,
Yo _Cp _ &, g _Kklon (7.4)
d m m mn, or

dv. - on,

Wiz :EEZ _ivi B, __ka' ﬂ (7.5)
d m m mn, 0z
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The collisional term is dropped since it appliesatdulk fluid element, not to an
individual particle. While ion-neutral collisiorsge no longer captured in the trajectory
model, they should not be removed from qualitatomsideration. The azimuthal
magnetic field term is also neglected; since tHersmds provide no azimuthal magnetic
field, this field would only be induced by plasmarrents. The induced azimuthal

magnetic field can be estimated using Ampere’s law.
OxB=y,] (7.6)

Isolating thez-axis component and substituting ion and electdor for the current

density,

- = v, -nv,,) (7.7)

Ambipolar diffusion of the plasma exhaust requizeset zero charge flux, and since
radial diffusion requires crossing magnetic fieides where electrons are bound, the
diffusion rates of electrons and ions should ber@pmately equal. This results in
negligible azimuthal magnetic field. As an uppeubd estimate, even if the charge
fluxes were not equal, the largest value the neeaticould reach is the case where both
ions and electrons are at their thermal velocfiies ions are not accelerated, thus giving
a large disparity in velocities). As an exampigegration along the centerline through

the range of measured axial positions for the 343180 G case results in an upper
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bound for the total induced magnetic field of appmaately 8.5 G. In practice, ambipolar
diffusion results in a much lower value.

Additionally, only motion in the-z plane is modeled, as under the radial symmetry
assumption any ion that drifts out of the plan¢hefpage will be replaced by one drifting
into the plane. Furthermore, tl&B drift is small compared to the magnitude of the
electric field, which means any azimuthal drifhigligible. In essence, the model is a 2-
D projection of the ion pathlines through the plume

Equations (7.4) and (7.5) are solved iterativelyinme steps of s, and the values of
the plasma parameters are interpolated from thesuned data using bilinear

interpolation. The interpolated value of some peeterf at a position ofr(2) is given by

f(r’ Z) = ( )[f (rl’ 21)(r2 - r)(22 - Z)+ f (rZ’Zi)(r - rl)(zz - Z)

r, - rl)(zz —4

+f (rl' Zz)(rz - r)(z— 21)"' f (rz’zz)(r - rl)(z_ 21)] (7.8)

wherer, >r >r;, andz, >z >z, and the numbered coordinates correspond to positf

measured data points. The position and velociityagemented each step by

1 dv

== — (&) +v, & 7.9

S &) (7.9)
1dviz 2

==L (&) +v, A& 7.10

> g (&) v (7.10)
dv

L =— & 7.11

I,r dt ( )
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dVi z
N, =—=2& (7.12)
’ dt

Most parameters of the model are set by the medsiata of the plume, but there are
a few assumed initial conditions. The ions aremaesl to start at an initial axial position
of 5 mm past the exit plane of the discharge chamidis allows enough calculation
space to determine if ions backstream into the hdigge chamber or accelerate
downstream. A sample set of ions are modeled vatking initial radial positions, from
-60 to 60 mm in 10 mm steps. The ions are assumadve an initial velocity equal to
the average thermal velocity at 0.1 eV (approximya®0 m/s) in both the radial and
axial velocity components. lons with a negativéiahradial position are initialized with
a negative radial velocity, and ions with a posgitiaitial radial position have a positive
radial velocity. All ions are assumed to have aitpee axial velocity. Variation of the
initial velocities shows that the model is gengrahlisensitive to initial ion energies
within the range of reasonable estimates (less thaX) due to the large electric fields.

Figure 102 shows an example of the effects ofahion thermal velocity.
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Figure 102. Variation in simulated ion pathlines de to initial ion thermal velocity for 343 W, 150 G.

The trajectories for a sample of ion initial pasis are shown in Figure 103 through
Figure 105. Only one simulation per magnetic fisldshown, as the shape of the data
contours is strongly set by the magnetic field atiter parameters are less significant.
At 50 G the trajectories are evenly spread, thaogh placed close to the walls near the
high electron temperature region have highly rattigkectories. As the magnetic field
increases, the trajectories begin to be focuse@ maatially outwards, until at 350 G very
few trajectories are primarily axial. Some of timms are found to be immediately
accelerated back into the discharge chamber. Shtaised by the ion’s initial position

being placed near an adverse potential gradient.
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There are several noteworthy observations regarthiegsimulations. Firstly, the
momentum equation is heavily dominated by the etedield. The temperature and
density of the ions are low enough such that tleegure gradient term is smaller than the
electric field term for the entire trajectory. $adly, the effect of the magnetic field on
ion trajectories explains the behavior of the aotridensity profiles in Figure 68. At low
magnetic field strength, the ions have a much newen distribution of resultant path
angles. lons at the center tend to exit at aneanghd combined with a density
distribution that peaks on the centerline, thisultssin current density peaks at these
angles. However, these current density peaksmadles relative to the average current
density compared to what is observed at other tpgraonditions. At higher magnetic
fields the ion trajectories become much more foduse these off-center angles, which
results in the formation of large peaks relativéi® average.

A third observation is that the predicted trajeie®rare at angles less than the 60° as

determined by the Faraday probe. However, thisreljmncy is due to the exclusion of
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ion-neutral collisions in the model. These callis are most prevalent inside the
discharge chamber and just beyond the exit pldvgng a simulation of the neutral gas
expansion out of the discharge chanfi&r the ion-neutral mean free path grows from
approximately 50 mm at the exit plane to 150 mnb@tmm downstream of the exit

plane. After this point the mean free path rapigigreases until the plume becomes
effectively collisionless. A plot of the mean frpath as a function of position is shown

in Figure 106.
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Figure 106. Simulated ion-neutral mean free path fol.5 mg/s argon flow.

lon-neutral collisions will dissipate ion energyther through momentum exchange
or charge-exchange, although the momentum exchemigsion cross section is larger
for momentum exchand®. As a result, the majority of collisional dissijoet of ion

energy will occur within the first 100 mm from tlegit plane of the discharge chamber.
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A closer view of this region for the three opergticonditions is shown in Figure 107

through Figure 109.
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The region near the exit plane shows negligibleragéial motion. For the 50 G case,
this is a result of the electric field having nedbie radial components immediately
downstream of the exit plane, excluding the smedions near the walls. For the 150 G
and 350 G cases, this is a result of the ionsatifig between the regions of high plasma
potential that extends from the walls downstrearhe 350 G case in particular subjects
ions to multiple reflections. Thus ions in thiggi@n generally undergo a net axial
acceleration, while any radial components are pilgnadded further downstream near
the regions of high electron temperature that oa&@rmm downstream of the exit plane
and beyond. Therefore, as ions exit the dischelngenber, collisional dissipation of ion
energy primarily impacts the axial velocity of tlems. This has an impact on the ion
trajectories by increasing the relative size of théial component, which increases the
trajectory divergence angle from the centerlinehergfore, the high beam divergence

angle observed is most likely caused by a comlmnatf radial electric field lines
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downstream of the exit plane and collisional dia8gn of axial energy close to the exit
plane.

The oscillatory trajectories in the 350 G case asgplain another discrepancy.
Recall from Table 5 that the operating conditiohattsaw the greater disagreement
between the beam voltage measured by the RPA andifference in plasma potential is
at 350 G. As seen in Figure 109, the 350 G is wafsere the greatest amount of radial
ion reflection occurs near the exit plane of thecdarge chamber. The electric field is a
conservative force, which means the total energyeghbby the ion is independent of the
path taken. This is quantified by the change aspia potential between the inside of the
discharge chamber and 50 cm downstream at the RFAvever, collisional dissipation
IS non-conservative, which means that as the matbth of the ion trajectory increases
inside the region close to the exit plane, the amofl energy dissipated increases. The
ions accelerated out of the discharge chamber @G5ave a much longer path inside
this collisional region than at 150 G or 50 G. fHflere, a greater amount of energy is
lost, which explains why the ion that reaches tiR&ARas a lower energy than predicted

solely by the plasma potential.

7.4 Conclusions

There are three conclusions that can be drawn dbeubn acceleration capability of
the EHT from the measured behavior. Firstly, thergy of the accelerated ions is equal
to the change in plasma potential between the digehchamber and the location at
which the ion energy was measured. This suppbetsassumption that the double layer

is the ion acceleration mechanism of the EHT. Addally, ion energy can be dissipated
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through ion-neutral collisions near the exit plasfethe discharge chamber. This is

particularly prevalent at higher magnetic fieldfiere radial motions of the ions increase
the total path length inside this collisional reglzefore the ions exit at large angles to the
axis of the device.

The second conclusion is the gradient of the p@tehts a strong impact on the
direction of the resulting ion velocity. The electfield in the plume structure is the
primary force acting on the ions and is responsible the large beam divergence.
However, the shape of the plasma potential, and tha electric field, is set by the
magnetic field. It is the magnetic field that detenes the shape of the plume structure,
while RF power is observed only to impact the istgnof the plume structures.

The first two conclusions in combination yield tird conclusion: the EHT has very
limited control of the ion acceleration using theaiéable operating parameters. While
each operating condition has a demonstrated effedhe ion acceleration, the set of
operational parameters available do not form asb#sat can clearly control each
performance metric. A clear example of this ishie beam divergence half-angle, which
only has a demonstrable dependence on the madimtc At low magnetic field
strengths, the plume diverges approximately evanlpss all angles. As the magnetic
field strength increases, the ions are progressideflected at large angles from the
centerline. Thus while the magnetic field can iotghe ion trajectory, it cannot be used
to optimize the performance metric of interest, theam divergence half-angle.
Furthermore, as multiple device characteristics aestrate a dependence on the
magnetic field, there is a tradeoff between opegatparameters. As an example,

increasing the magnetic field strength is foundhtowease the ion number density, but at
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the cost of decreasing ion energy and increasignbéivergence. Thus, even if one
performance metric could be optimized, it would uieg the other two metrics to be

suboptimal.
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CHAPTER VIII

GHIT PERFORMANCE

While Chapters VI and VIl covered the performanod sn acceleration mechanism
of the EHT, the next two chapters present the pedoce evaluation and analysis of the
GHIT. The inclusion of the grids in the device aegtes the ionization and ion
acceleration processes, which now allows for imtligl evaluation of each. In addition
to the selected quantitative ion acceleration rogtof ion energy, ion beam current, and
beam divergence half-angle, there is considerabpoitance to the qualitative metric of
parametric control through the device operatingddgmns. The design of the GHIT
provides three more operating parameters that earmsed to control the ion acceleration
with the goal of achieving greater performance mpalation than what is observed with
the EHT.

This chapter presents the performance measureroktite GHIT, both in regard to
the discharge chamber and the ion plume. The l@ha¥ the discharge chamber
ionization is quantified in the first section byetaverage ion number density and electron
temperature that is estimated using the screenagid planar Langmuir probe. The
second section contains measurements of the ingivitiruster currents that are used to
determine beam current and quantify behavior ofgtieéion optics. In the third section,
the beam divergence is measured using a Faradbg poeevaluate beam collimation and
overall ion trajectory. The final section providdsect thrust measurements that are

compared to the estimated thrust due to ion acusber
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Thrust is found to be lower than predicted, prifyadue to large ion losses to the
grids. The relative accel grid currents and sctteesnode current ratios demonstrate that
optimal grid perveance is only achieved for onerafneg condition at the lowest plasma
density. The under-focusing of the ions is a tesu&n insufficient potential drop across
the grid and a spatially varying discharge plasmasdy. However, those ions that are
successfully focused into the ion beam are fountbeosuccessfully collimated into a
cohesive ion beam. The beam divergence half-amgléound to have a strong
dependency on discharge voltage, which shows fuititeeases in beam collimation can
be achieved with further increases in the discha@&age. The operating conditions

also demonstrate a high degree of control over lootization and ion acceleration.

8.1 Discharge Analysis

While a thorough examination of the performancehef helicon plasma source has
already been performed in Chapter VI, the ion nundemsity and electron temperature
measurements determined are not entirely accurathd gridded thruster configuration.
This is due to the grids decreasing the effectixié @ea for the propellant, thereby
increasing the discharge pressure and the elengatral ionization collision frequency.
However, these two parameters describe the plasmditons inside the discharge, and
as is discussed in Chapter lll, the interactiorween the discharge plasma and the grid
potentials determine the ion optics. Thereforey neeasurements of the ion density and
electron temperature are required at each thragterating condition in order to allow

for meaningful comparison of the ion optics.
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8.1.1 Analysis Methodology
The most direct method is to directly measure iBehéirge plasma parameters using

an emissive probe or Langmuir probe, though thegmee of the grids greatly increases
the complexity of taking such a measurement. Owossiple solution is to create a
duplicate set of grids with a section removed tovalprobe entry into the discharge.
However, due to time and resource constraints, suclapproach is not feasible. An
alternative approach is to use the screen grid psraar Langmuir probe to create an
averaged estimate of the ion number density ancelihetron temperature. Using this
approach, the measurement can be done during the &sst as thruster performance
measurements and only requires sweeping the sgmerpotential and measuring the
current collected by the screen grid.

As discussed in Chapter lll, when an electrodamimersed in a plasma, a sheath
forms. If the screen grid is biased below the lthsge plasma potential, only a fraction
of the electron flux incident on the sheath willvaasufficient energy to traverse the
adverse potential gradient and reach the scraenoritrast, Equation (3.6) shows that the
ion flux is independent of the sheath potentialhu§ as the screen grid potential is
progressively biased below the anode potentialdhecurrent will be constant while the
electron current will decrease. Assuming a Maxaelkelectron population, the electron

current flux can be described as

. . eq.
Je = Je, exp ——- (81)
’ F{ka J

e
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wherejq o is the electron flux when the screen grid colle&s net current, angl is the

screen grid sheath potential. The screen gridtshesential is defined as

o =-\.-v,) (8.2)

whereVs is the bias applied on the screen grid, ®his the screen grid bias required to
collect zero net current (called the floating pah In Equation (8.2), the screen grid
bias and the floating potential are defined as lalbswalues to mimic what is observed
on the screen grid power supply using the thrusteuit in Figure 30. While these two
potentials are treated as positive quantities ifapkcity, the screen grid sheath potential
is a negative quantity by definition.

As mentioned earlier, the ion flux to the sheatimisariant with the sheath potential
and is equal to the Bohm current given in Equaf®6). The total current flux collected

by the screen grid is thus

L eq,
=ji—-j . ex S 8.3
Js J| Je,O ﬁ{kb-l— J ( )

e

The ion saturation current,, is the ion current collected by an electrodehim absence

of an electron current and is the maximum currefiected by the screen grid at the end
of the I-V sweep. Since the electron flux at tleating potential must equal the ion flux
in order to collect zero net current, Equation Y&&n be rewritten using Equation (8.2)

to be

190



(8.4)

The electron temperature is then estimated thrdligluse of a least-squares curve fit of
the |-V sweep of the screen grid to Equation (8.4he ion number density is then
determined using Equation (3.6). Due to quasifiadityt, this value also describes the
electron number density. However, since the gotemptial is much lower than at its
designed point at full operation, the sheath is adull Child-Langmuir sheath and
therefore does not extend into the apertures.edasstthe discharge plasma extends past
the screen grid and is present on both sides o$dheen. Therefore the total collection
area from the screen grid is unknown. Instead,diseharge plasma density can be
estimated using the anode current and collectiea at the same screen grid voltage.
This is sufficient, as the current to the anodetnegsial the current to the grid sheath to

maintain charge balance, and the anode area isrkaod invariant.

bz
s (”‘ j (8.5)

An example set of |-V sweeps at 150 G for sevemalg@wers is shown in Figure
110. The saturation current can be clearly seetheasalue asymptotically approached

by each curve as the screen grid bias increases.
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Figure 110. Screen grid current as a function of dd bias at 150 G, 1.5 mg/s. Note that the screen
grid potential is below anode potential, but is défied as a positive quantity.

It is important to note that this process only gates a single value each for the
electron temperature and the ion number densitgwe¥er, as the results in Chapter VI
show, the density and temperature are not nechssarnstant along the exit plane of the
discharge. Therefore this methodology only resual&n estimate of an effective average
of the temperature and density. There still remahe possibility that there is a finite
density gradient along the plane of the grids dmgs tthe perveance is not constant
throughout the grid assembly. This effective ageris still sufficient for quantifying the
change in discharge performance between operatinditions, as the spatial average

determines the maximum possible beam current Hrabe created from the discharge.

8.1.2 Discharge Results

There are four parameters that are varied to cbtiie discharge plasma: the RF
power, the axial magnetic field, the propellantwiloate, and the current through the

anode coil. While not every permutation of opemgttonditions is tested, the sample set
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includes variations of each parameter with all ottenditions constant. The discharge
test is performed with the anode biased 100 V altoeeathode and no potential applied
to the accel grid. Figure 111 through Figure 1h6ws the results of the discharge

analysis for each operating condition.
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Figure 111. Discharge ion number density as a funicin of RF power and magnetic field. 1.5 mg/s
argon, 1.6x10° Torr-Ar chamber pressure.
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Figure 112. Discharge electron temperature as a fution of RF power and magnetic field. 1.5 mg/s
argon, 1.6x10° Torr-Ar chamber pressure.
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Figure 113. Discharge ion number density as a funicin of RF power and argon flow rate. 150 G, 1.4,
1.6, and 1.7x10 Torr-Ar chamber pressure for 1.0, 1.5, and 2.0 mg/flow rates, respectively.
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Figure 114. Discharge electron temperature as a fation of RF power and argon flow rate. 150 G,
1.4, 1.6, and 1.7xI® Torr-Ar chamber pressure for 1.0, 1.5, and 2.0 mg/ flow rates, respectively.
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Figure 115. Discharge ion number density and eleain temperature as a function of anode coll
current. 500 W RF power, 150 G, 1.5 mg/s argon florate, 1.6x10° Torr-Ar chamber pressure.

Across the tested operating conditions, the ion remuensity ranges from ¥0to
10'" m™ and the electron temperature varies between 5/10T@e magnetic field has the
largest impact on the ion number density, with ppraximately linear correlation. The
magnetic field also has a strong effect on the telactemperature, but it is not
monotonic. Increasing the RF power provides sligbteases in both ion number density
and electron temperature. Increasing the massrétevdecreases the ion number density
while also having a non-monotonic relationship witle electron temperature. The
anode coil has the smallest effect on the dischplggma, with a four-fold increase in
magnetic field increasing the density by approxetyal0%. The electron temperature is
increased by a similar amount across the same range

The observed parametric effects on discharge pedoce are as expected.
Increasing the magnetic field has such a stronganpn the ion density for two reasons:
the first is that it decreases radial electron ritgbivhich reduces electron losses to the

walls. The second reason is that confinement efdlectrons to gyrations along the
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magnetic field lines increases the overall patlytleriraveled by an electron relative to
axial distance traveled. This increases the pritibathat an electron will collide with a
neutral before reaching the anode. Both of thesehamisms serve to increase ionization
efficiency and the ion number density. Conversglgreasing the propellant flow rate
increases neutral density and thus increases atbeotutral ionization collision
frequency. However, the increased neutral denslyo increases ion-neutral
neutralization collision frequency, as well as trexjuency of electron-neutral collisions
which increase radial electron mobility to the walDue to these competing effects,
increasing the neutral pressure does not affectlideharge to the extent of a change in
magnetic field.

The fact that the anode coil does not greatly eeedischarge density or temperature
is most likely due to the reliance on a magnetioonito restrict electron mobility to the
anode. For a given electron confined on a magfietat line, it has a magnetic moment,

defined as

— meVD (86)

where v, is the velocity of the electron orthogonal to thagmetic field line. If the
electron is restricted to the same magnetic field, the magnetic moment is invariant; as
the magnetic field strength increases, the orthalg&metic energy increases at the
expense of axial velocity. The electron is remkléhen the axial velocity reaches zero.
At this point, the orthogonal kinetic energy is abio the total initial kinetic energy. The

invariance of the magnetic moment therefore shows
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5 _VYo -V _ginzg (8.7)

where the prime denotes values at the point oflseguandé is the pitch angle of the
electron rotation around the magnetic field livn electron can pass through the barrier
if the pitch angle is smaller than this criticallu@ In velocity space, this creates a
conical region of electron velocities that resalescaping the mirror, called a loss cone.
The anode coil has such a small impact due toabedollisions can alter the electron
velocity and cause a confined electron to enterdle cone. Inside the discharge, the
mean free path of an electron is on the order cérdimeter, which means collisions are
likely to mitigate the effectiveness of the anodé.c

One important note is that the discharge analygs&ldo useful for determining the
ideal screen grid voltage required to prevent edecpassage to the screen grid and
ensure saturation. From the data collected, aescgeid potential of 35 V below the
anode is sufficient across all operating conditiam&l is used for all further GHIT

operation.

8.2 GHIT Electrical Circuit

The operation of the GHIT can be conceptualized agcuit with currents flowing
through the various sections that correspond twroglectron collection. One advantage
that ion engines have over Hall effect thrusterdusng operation the beam current can
be explicitly known from the currents in the therstircuit. In a Hall thruster, the

current collected by the anode is a combinatioaroklectron current corresponding to
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ions accelerated into the beam, and an electrormufrom the cathode that failed to
collisionally ionize a neutral atom. This secomnurent is recycled through the discharge
circuit and returned to the cathode, creating ioefficy and preventing an accurate
determination of the beam current from the dischangrent. In an ion engine however,
the presence of the negatively biased accel grevgmts any electrons from the
neutralizer cathode from entering the dischargemtde. Therefore any electrons
collected by the anode must correspond to ionsngxithe discharge, either through
collection at the grids, or through acceleratioto ithe beam. Measurement of the
thruster currents is therefore an accurate methatktermine the beam current, which is

an important metric of thruster performance.

8.2.1 Electrical Circuit Measurement and Uncertainy

The thruster circuit is a conceptualization of sthematic shown in Figure 30. The
discharge plasma is treated as a conductive eletm&ntonnects the grids and the anode.
The grids and the anode act as direct connectimm the discharge plasma to the
respective power supplies that provide the compopetential. The anode is assumed to
collect only electrons, which results in a positoegrent into the discharge. The grids are
assumed to collect only ions, and thus are depieedositive currents out of the
discharge. Any ion current that is not collectgdelither the screen or the accel grid is
assumed to enter the plume as part of the ion béans ion current must be neutralized
by an electron current of equal magnitude from dathode, which is connected to the
discharge supply. This electron current is represkas a positive current flowing to the
discharge supply from the cathode. The individuatents collected by the anode and

the grids are determined by measuring the voltagesa three resistor shunts. The
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resistances of the shunts for the anode, scrednard accel grid are 5.085, 5.095, and
5.079Q, respectively. Figure 116 shows the thrusterudirc It should be noted that
while the screen and accel grids are biased bdi@nahode and cathode, respectively,

they are reported by their magnitudes.

Plume

l'A |

§ Cathode
I Vs

«— T — V,

Discharge
I, T

Wy

Figure 116. GHIT thruster circuit.

Using Kirchhoff’'s junction rule at the dischargbetbeam current,,lcan be defined

from Figure 116 as

(8.8)

The voltage across the resistor shunts are measused) three Fluke 83 V
multimeters. The Fluke 83 V has an uncertaintg@B% of the measured value for the
measurement range used. The shunt resistanceaisumed with an Agilent U1733C
RLC meter with an accuracy of +0.7% + 0.0Q8for the 20Q range used. The total

uncertainty of the current measurements is +0.9%.
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8.2.2 Thruster Electrical Circuit Results

Figure 117 shows an example plot of the individimlster circuit currents as a
function of discharge voltage. The anode currentelatively constant throughout,
increasing by only 2% across the range of the digghvoltage. This is due to the anode
current consisting only of electrons that are atéld to balance the drift of ions into the
grid sheath. Whether the ions impact with the gid contribute to the ion beam is
irrelevant for the purposes of determining the @nodrrent, as the electron current must
equal the ion current to maintain quasi-neutrali§ince the ion flux into the sheath is
independent of discharge voltage and is set onlythy discharge density and
temperature, the anode current is expected to bstaat. The small increase is a result
of the accel grid sheath progressively extendingt plae screen grid as the perveance
decreases. Recall from Chapter Il that perveatemeases as the total potential drop
across the grids increases. Figure 18 throughr&igQ illustrate this small increase in

sheath surface area.
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Figure 117. Thruster circuit currents as a functionof discharge voltage. 600 W RF power, 100 G
magnetic field, 1.5 mg/s argon, 35 V screen grid,50 V accel grid, 1.6x18 Torr-Ar chamber
pressure.

Of the information presented in Figure 117, there tavo performance metrics of
interest: the beam current and the relative acadlayirrent. The beam current is useful
as it can be used to determine thrust using thatemushown below. The relative accel
grid current, defined as the ratio of the accetl gnurrent to the beam current, is an
important metric that describes the performandaheion optics. One of the goals of ion
engine design is to minimize this value, as ion bardment on the accel grid not only
reduces beam current, but is also a leading catiseael grid erosion and thruster
failure. Since the relative accel grid currendépendent on the ion optics, it is plotted as
a function of the normalized perveance, definedEquation (3.15), though the only
parameter varied is the discharge voltage.

For the sake of brevity, only a sample of the dataresented. Figure 118 provides
an example of how the beam current varies as gahdige voltage and the RF power are

changed. For all test cases, increasing eitheanpeter increases the beam current,
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though the effect does not always appear as liagdne case in Figure 118. Figure 119
shows the relative accel grid current plotted agfathe normalized perveance for the

same operating conditions used in Figure 118.
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Figure 118. Beam current as a function of dischargeoltage and RF power. 100 G magnetic field, 1.5
mag/s argon, 35 V screen grid bias, 150 V accel grilas, 1.6x1¢ Torr-Ar chamber pressure.
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Figure 119. Relative accel grid current as a funatin of normalized perveance and RF power. 100 G
magnetic field, 1.5 mg/s argon, 35 V screen grid4s, 150 V accel grid bias, 1.6xT0Torr-Ar chamber
pressure.

202



The first observation of Figure 119 is the relateeel grid current is not constant for
the same normalized perveance. As discussed ipt@hidl, the ion optics is determined
by the placement and shape of the accel grid shedibh is set by the perveance. Even
though the discharge plasma density and temperahaeges with the RF power, this
would be captured in the normalized perveance ahamge in beam current. The
expectation is that the ion optics, representethagatio of extracted ions striking the
accel grid to beam ions, should be constant for giwen normalized perveance.
However, this assumes that the perveance is namedakat each aperture, or that the
discharge plasma conditions are uniform acrosgytitss. As mentioned earlier, this is
unlikely to be a valid assumption since the ion bamdensity in the helicon without
grids is not constant along the radius of the pkanhe and the presence of the grids is
unlikely to remove that radial dependency. Thetniksly explanation is that as the RF
power increases, the radial ion density and elactesnperature distributions change,
altering the distribution of local perveance atleaperture. The change in normalized
perveance captured in Figure 119 reflects the ahangverall ion optics as the discharge
plasma changes with RF power.

An example of where this effect occurs to a muclalemextent is shown in Figure
120 and Figure 121. In this data set, there isvstiiation of the beam current with RF
power and discharge voltage, but the relative aggel current as a function of
normalized perveance is much more consistent. $ctbe five magnetic fields tested,
50, 100, 150, 200, and 250 G, the degree of siityilaetween the relative accel grid

currents at the same magnetic field strength vari€his suggests the change in the
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discharge plasma density and temperature spatstilditions is a function of the

magnetic field.
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Figure 120. Beam current as a function of dischargeoltage and RF power. 150 G magnetic field, 1.5
mag/s argon, 35 V screen grid bias, 150 V accel grilas, 1.6x1¢ Torr-Ar chamber pressure.
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Figure 121. Relative accel grid current as a funatin of normalized perveance and RF power. 150 G
magnetic field, 1.5 mg/s argon, 35 V screen grid4s, 150 V accel grid bias, 1.6xT0Torr-Ar chamber
pressure.
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Further evidence of the effect of the magnetiadfieh the ion optics can be seen in
Figure 122, which shows the relative accel gridenirfor each magnetic field at 600 W.
The five curves are quite disparate and show nergétrend with the magnetic field. In
contrast, Figure 119 and Figure 121 show eitherlyedentical shapes, or a distinct
similarity between lines corresponding to differiRg power. The marked difference in
the response of the relative accel grid currenthi two parameters shows that the
magnetic field has the greater impact, while thep@®er only slightly alters the shape of
the plot, if at all. Continuing the line of thougthat variance in relative accel grid
current for the same grid geometry is a resulthainges in the discharge plasma spatial
distribution, this suggests that the magnetic fiebds a greater impact on shaping the

discharge plasma than does RF power.
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Figure 122. Relative accel grid current as a funatin of normalized perveance and magnetic field.
600 W RF power, 1.5 mg/s argon, 35 V screen gridas, 150 V accel grid bias, 1.6x10Torr-Ar
chamber pressure.
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The magnetic field dependency of the ion opticsodis the impact the magnetic field
has on the ion beam compared to expectations sadelg on the results of the discharge
analysis in Section 8.1. As an example, the beamewt for the same operating
conditions as in Figure 122 is plotted in Figuré8.1Zrom the data in Figure 111, and
since ion current into the grid sheath is lineaplpportion with density and only
proportional to temperature by the square rootvauld be expected that beam current
should be monotonic with the magnetic field. Hoes\the data in Figure 123 shows
that the beam current at 100 G is larger than 8@ and 200 G cases. This is not due
to a larger than expected impact from the electremperature variance with the
magnetic field, as the ion current extracted byghds (whether it strikes the accel grid
or enters the beam) follows expectations much notosely, as shown in Figure 124.
Despite having relatively low ion extraction frohetdischarge plasma, the 50 and 100 G
cases have a relatively larger beam current duedio low relative accel grid current
compared to the other cases. Since proportioffiedlser ions are lost to the accel grid
compared to the higher magnetic field cases, thansl0100 G cases have a higher beam

current than expected.
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Figure 123. Beam current as a function of discharggoltage and magnetic field. 600 W RF power,
1.5 mg/s argon, 35 V screen grid bias, 150 V acegld bias, 1.6x10° Torr-Ar chamber pressure.
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Figure 124. Extracted ion current as a function ofdischarge voltage and magnetic field. 600 W RF
power, 1.5 mg/s argon, 35 V screen grid bias, 150 &ccel grid bias, 1.6x18 Torr-Ar chamber
pressure.

The impact of the propellant flow rates on the beammment and the relative accel grid
current is shown below in Figure 125 and Figure.1d®e beam current trend closely
follows expectations based on Figure 113. The 0.@% rwase is performed as a test to

determine if the trend of increased beam curreminfdecreased propellant flow rate
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continued, although such is not the case. This stigdkat as the propellant flow rate
decreases beyond a threshold, the two competinghanexns of electron-neutral

collisional ionization and electron-neutral coltistinduced wall losses begin to favor the
electron-neutral collisional ionization. Thus as neutealsity is decreased from 1.0 mg/s
to 0.73 mg/s, the ionization efficiency decreases dindharge density (and thus beam
current) decreases. Considering that the 0.73, 1d&,2ah mg/s cases have nearly
identical ion optics and 1.0 mg/s is rather uniqueisilikely that at 1.0 mg/s the

ionization efficiency is high enough to transitimanother coupling mode. This change
in the coupling mode would alter the spatial disition of the discharge plasma density

and temperature, and therefore explain the change inllaeeraptics.
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Figure 125. Beam current as a function of dischargeoltage and argon flow rate. 600 W RF power,
150 G magnetic field, 35 V screen grid bias, 150 &tcel grid bias, 1.4, 1.4, 1.6, and 1.7xiTorr-Ar
chamber pressure for 0.73, 1.0, 1.5, and 2.0 mglew rates, respectively.
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Figure 126. Relative accel grid current as a funabin of normalized perveance and argon flow rate.
600 W RF power, 150 G magnetic field, 35 V screenig bias, 150 V accel grid bias, 1.4, 1.4, 1.6, and
1.7x10° Torr-Ar chamber pressure for 0.73, 1.0, 1.5, and . mg/s flow rates, respectively.

A final observation is that at all operating comahts there is a sizeable accel grid
current. The minimum relative accel grid currens@ted is 0.23 at 600 W RF power,
50 G, 600 V discharge, and 1.5 mg/s. Figure 122 shbuatsfor all other operating
conditions the relative accel grid currents ardnig The first cause for the high relative
accel grid currents for most operating conditiogssthie relatively low potential drop
across the grids compared to the ion current froendischarge plasma. As discharge
voltage increases, the total potential drop betwbenscreen and accel grids increases,
which decreases the perveance. Since the relaticel grid current decreases as
perveance decreases, the thruster is clearly opgratithe over-perveance condition.
The expectation is as perveance is further dealeése relative accel grid current would
reach a minimum, and then increase. This minimumidvaark the optimum perveance
of the grids for the given discharge plasma. Howetrds minimum is generally not

observed, which indicates that further increasethéndischarge voltage are required to
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reach optimum perveance. This increase in dischastjage would reduce the relative
accel grid current.

While optimal perveance is not reached in generad, likely that optimal perveance
is reached for the previously mentioned case atVBF power, 50 G, 600 V discharge,
and 1.5 mg/s. The last two discharge voltage potusesponding to 550 and 600 V,
have nearly equal relative accel grid currents. sTduggests that optimal perveance
occurs either at 600 V, or very close thereto. Hawgethis implies that even at optimal
perveance the accel grid current is 23% of the ion bearantuwhich is still too high for
long term operation. This implies that a secondseaor the high accel grid current
exists, most likely the spatial variance of the k&ége plasma density and temperature.
The normalized perveance is an average over the gmid assembly, which only gives
the true perveance if the spatial distributionghed discharge plasma temperature and
density are uniform. Since this is not the case,nhenalized perveance is a spatial
average of the perveance of each aperture. Thus thieeelative accel grid current as a
function of the normalized perveance is minimizedher than optimizing the perveance
of every aperture individually, only a majority tfie perveances is optimized. The
nominal optimal perveance is thus a combinatioapdrtures at optimal perveance and
others at the condition of over- and under-perveand herefore, uniform grids will
always have a sizeable accel grid current when ustda spatially varying discharge
plasma, even at the best perveance possible. Timgosails to design the grids to include
a spatial variance in aperture diameter to matehgsipatial variance in the discharge
plasma temperature and density such that optimakpace is achieved simultaneously

for as many apertures as possible.
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A second indication of the grids not functioningdesigned can be seen in Figure
117. Despite the non-transparent portion of theestigrid only occupying 33% of the
grid area, it collected 40% of the total ion fluxon$ are only extracted from the
discharge through a plasma sheath from either trees grid or the accel grid
(neglecting ion losses to the discharge chambek).wdlhis shows that the screen grid
sheath surface area accounts for 40% of the toéath surface area, which is larger than
the non-transparent grid area. This suggests beattcel grid sheath does not fully
extend to the screen grid, which enables the sgedrsheath in the apertures to collect
additional ions that would have passed throughhto accel grid sheath. Figure 127
illustrates conceptually why severe over-perveamaeld cause excessive screen grid ion

collection.

Screen grid Accel grid

Screen grid Accel grid
sheath edge  sheath edge

Figure 127. Conceptualization of severe over-perveae.

This problem of screen grid over-collection is aule of increased perveance. In
terms of operating parameters, as the dischargatylémsreases, the discharge voltage

must be increased simply to maintain perveance.thAglischarge density increases at
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constant grid voltage, the accel grid sheath lenigitreases and the accel grid sheath
withdraws from the screen grid aperture. If thecllsge density is progressively
increased, the surface area of the accel grid sloeatimues to decrease and the ratio of
the screen grid current to the anode current isei®a This effect is countered by an
increase in the discharge voltage, which incredseslieath potential between the accel
grid and the discharge plasma, thus increasingttbatls length and extending the accel
grid sheath towards the screen grid. Figure 12&slibat these parametric effects hold:
as discharge voltage is increased, the screen gridnbde current ratio decreases,
representing a decrease in screen grid collectnmhbgy extension, an increase in accel
grid sheath surface area. Increasing the magnelit; fvhich has already been found to
increase discharge plasma density, increases taersgrid current collection relative to
the anode. Furthermore, this data shows that o’ly5th G cases at higher discharge
voltages came close to reaching optimal perveankeremhe screen grid collected only
about a third of the total ion flux. This demonstrates thtatréuoptimization of the GHIT
will require higher discharge voltages at magnéetds higher than 50 G to ensure

proper accel grid sheath formation and optimal perveance.
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Figure 128. Screen grid to anode current ratio as &unction of discharge voltage and magnetic field.
600 W RF power, 1.5 mg/s argon, 35 V screen gridas, 150 V accel grid bias, 1.6xI0Torr-Ar
chamber pressure.

8.3 Plume Divergence

Thus far two performance metrics of the thrusterehlbeen discussed: beam current
and the relative accel grid current. The formea imeasure of the ion production of the
discharge plasma and how effectively the grid asberaxtracts ions, while the latter
guantifies how accurately the ion optics focuses itins through the grids. Equation
(4.10) contains another parameter that, while it iegs relative importance, must still be
considered, the beam divergence factor.

There are two operational parameters that aredvémieletermine their effects on the
beam divergence: the discharge voltage and thd magnetic field. The discharge
voltage impacts the beam divergence by settinga#i@ kinetic energy and by altering
the value of the voltage rati®, introduced in Section 3.2.2. As the discharge veltag
increases, the total potential drop experiencedhbyidn increases, which increases the

axial velocity component relative to the radial o@ly imparted by the plume jet
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expansion. Increasing the discharge voltage alsease®, which is the ratio of the net
beam voltage to the total potential drop acrossgtis. Since the accel grid is biased
below the cathode, as an ion exits the grids it ent@s an adverse potential gradient.
While the ions have sufficient energy to cross dhedient, the passage imparts a small
radial velocity component. This effect is generaligaller than the impact of the axial
kinetic energy, but still adds to divergence if not taken attwount.

The other parameter of interest is the axial magriield. While the magnetic field
is far too low to magnetize the ions, near the gtigsstill high enough to magnetize the
electrons. If electrons are confined, an ambipodlectac field arises to accelerate the
electrons to the ions and slow the ions. If theted®s are bound to magnetic field lines
that rapidly diverge out along the radial axis, tbmsld lead to an electric field with a
radial component, which could impart a radial velpabn the ions in the plume.
Therefore a comparison of the beam divergence at diffenagnetic fields is required.

Since the primary area of interest is the parametifiects of the discharge voltage
and the magnetic field, current density is measunaty for variations in these
parameters. The current density distributions fmed¢ magnetic fields at varying
discharge voltages are shown from Figure 129 targid31. The first trait that all three
plots share is as the discharge voltage increabes,ntensity of the central peak
increases. This reflects both an increase in ovieealm current and a decrease in beam
divergence. The increase in beam current is duéh@éocombination of previously
observed effects: increased extraction of ions theoaccel grid sheath rather than the
screen grid sheath, and increased ion focusingtmeguh decreased ion collisions with

the accel grid. As mentioned earlier, the increased focusing is caused by the
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increased discharge voltage imparting greater axiadtic energy into the ions and
decreasing the radial velocity component relatveéhe total velocity. This results in a
reduction of ions on the wings and an increas®io$ in the center. This is more clearly

illustrated in a semi-log plot of the data from Figure 180w in Figure 132.

0.07—
0.06—
0.05—
0.04—
0.03
0.02—
0.01—

Current Density (mA/cr%

-90 -60 -30 0 30 60 90
Angular Position (deg)

Figure 129. Plume current density as a function oflischarge voltage 50 cm from the grids. 429 W
RF power, 50 G magnetic field, 1.5 mg/s argon, 35 &treen grid bias, 150 V accel grid bias, 1.6x%0
Torr-Ar chamber pressure.

0.14—
~E

S  0.12-
<

E 0.104
>

= 0.08—
o

2 0.06—
E 0.04—
8 0.02—

-90 -60 -30 0 30 60 90
Angular Position (deg)

Figure 130. Plume current density as a function oflischarge voltage 50 cm from the grids. 429 W
RF power, 150 G magnetic field, 1.5 mg/s argon, 35screen grid bias, 150 V accel grid bias, 1.6xf0
Torr-Ar chamber pressure.
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Figure 131. Plume current density as a function oflischarge voltage 50 cm from the grids. 429 W

RF power, 200 G magnetic field, 1.5 mg/s argon, 36screen grid bias, 150 V accel grid bias, 1.6xt0
Torr-Ar chamber pressure.
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Figure 132. Plume current density as a function oflischarge voltage 50 cm from the grids. 429 W
RF power, 150 G magnetic field, 1.5 mg/s argon, 35screen grid bias, 150 V accel grid bias, 1.6xf0
Torr-Ar chamber pressure.

The overall effect on the beam divergence is beantified by calculating the beam
half angle, defined in Equation (5.5) and plottedrigure 133. Increasing the discharge

voltage decreases the beam half angle as expectetcbeasing the magnetic field also
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decreases the beam half angle. This suggestshtharaposed mechanism of ambipolar
electric fields creating a radial velocity componen the ion is either nonexistent, or the
effect is negligible compared to another effectsealiby increasing the magnetic field.
One of the effects of increasing the magnetic fisldncreasing the discharge plasma
density. As has been discussed in the previousosethis increases the perveance for
an ion optics system that is already in over-pamgea Increasing the perveance further
would increase beam divergence, not reduce As a result, whatever mechanism is

reducing the beam divergence does so in spite of competamppiena.
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Figure 133. Beam divergence half angle as a functioof discharge voltage and magnetic field 50 cm
from the grids. 429 W RF power, 1.5 mg/s argon, 3% screen grid bias, 150 V accel grid bias, 1.6xf0

Torr-Ar chamber pressure.

Another observation from Figure 133 is that the actpof changing the magnetic
field varies with the discharge voltage. Figured 18rough Figure 137 shows a
progression of the current density profiles for heawagnetic field as the discharge

voltage is increased from 100 V in Figure 134 to 600 V imf@d 37. At 100 and 300 V,
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the profiles at the three magnetic fields are lgrgdentical. The current density at the
wings is still reduced at higher magnetic fieldsthwonly a broadening of the center
peak. The maximum current density at each peatillisgproximately the same value.
At 450 and 600 V the profiles are much more difféigged, with a noticeable increase in
the center peak to complement the decrease initigsvas the magnetic field strength is

increased.
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Figure 134. Plume current density as a function ofnagnetic field 50 cm from the grids. 429 W RF
power, 100 V discharge, 1.5 mg/s argon, 35 V scregrid bias, 150 V accel grid bias, 1.6xI0Torr-Ar
chamber pressure.
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Figure 135. Plume current density as a function ofnagnetic field 50 cm from the grids. 429 W RF

power, 300 V discharge, 1.5 mg/s argon, 35 V scregrid bias, 150 V accel grid bias, 1.6xI0Torr-Ar
chamber pressure.
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Figure 136. Plume current density as a function ofnagnetic field 50 cm from the grids. 429 W RF
power, 450 V discharge, 1.5 mg/s argon, 35 V scregrid bias, 150 V accel grid bias, 1.6x10Torr-Ar
chamber pressure.
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Figure 137. Plume current density as a function ofnagnetic field 50 cm from the grids. 429 W RF
power, 600 V discharge, 1.5 mg/s argon, 35 V scregrid bias, 150 V accel grid bias, 1.6xI0Torr-Ar
chamber pressure.

The reason for this dependency on the dischargegmlis that at low discharge
voltages and higher plasma densities, the gridsrmecgpace-charge limited. As the
magnetic field increases from 50 G to 200 G, thehdisge density increases, which
increases the Bohm current density into the gridatth up to 28.6 A/fmat 200 G.
However, with a 100 V discharge and grid voltagesdushe GHIT performance model
outlined in Section 4.2.5 predicts a maximum allolaturrent density of 9.32 A/fm
Therefore despite the increased discharge plasmsitgeat 150 and 200 G, the grids
limit the size of the ion beam. As the dischargétage is increased to 300 V the
maximum current density allowable reaches 24.6°Almhich allows for some variation
between the lower magnetic fields, but still limitee 200 G case. Once the discharge
voltage reaches 450 V the maximum allowable curdsntsity increases beyond 28.6
A/m? and the maximum possible ion beam from the 20§ ©an be achieved. With

the space charge limitation removed, the 200 and@®Ases are more distinguishable
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from the 50 G case, which is now limited by the flux into the grid sheath from the

discharge plasma.

8.4 Thrust Measurement

The remaining unknown term from Equation (4.1Ghis beam voltage. This term is
the change in potential from the discharge plasrthd plume, and can be related to the

discharge voltage by

(8.9)

whereVspace IS the space potential, which is the plasma pakefar downstream of the

thruster. While the space potential is not measured diyecteasonable estimate is 20 V
based on the space potential for a Hall effectstieri* Estimates of the thrust using

Equation (4.10) and the data already presentecstaoe/n in Figure 138. Since each
parameter of Equation (4.10) is sensitive to tiseltirge voltage and magnetic field, it is
expected that the thrust should be likewise. Ale¢hterms, beam current, beam
divergence factor, and beam voltage, are stronglgrdgnt on the discharge voltage; as

a result, the thrust is most affected by the discharge eoltag
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Figure 138. Estimated thrust as a function of discirge voltage and magnetic field. 429 W RF power,
1.5 mg/s argon, 35 V screen grid bias, 150 V acegld bias, 1.6x10° Torr-Ar chamber pressure.

Since the estimated thrust is low compared to linest stand noise seen in Chapter
VI, a full set of thrust measurements would not leetiawhile. Instead, a sampling of
various operating conditions is sufficient to valiel the estimation in Figure 138. The
measured thrust sample is shown in Table 6 atittem gperating conditions; parameters
not listed in the table are constant between atste600 V discharge, 35 V screen grid,
and 150 V accel grid voltages. The measured tligudightly higher than the estimated
thrust, as estimated thrust only considered throstributions from accelerated ions and
does not include thrust from neutral gas expansiéssuming a discharge pressure of 2
mTorr, thrust due to pressure is approximatelyriM, which is approximately equal to

the thrust discrepancy between the predicted and meabuust
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Table 6. Measured GHIT thrust.
Pre (W) B(G) m,(mg/s) T (mN) Uncertainty (mN)

429 50 15 -0.13 +5.01
600 150 15 2.75 +2.00
429 200 15 2.77 +3.61
429 150 1.0 1.47 +2.19
429 150 2.0 2.28 +2.60
429 150 3.0 1.51 +2.35

Ultimately the low thrust can be increased by iasmeg the beam current and the
discharge voltage. Since thrust increases linaaitly beam current and only with the
square root of the discharge voltage (assuming tiatgrids are not space-charge
limited), it is more effective to increase beam eatr Therefore, while the GHIT in the
current form is a less-than-ideal thruster, the@isdentifiable path for improvement by
identifying all ion losses from the discharge amdedmining the most effective means to

reduce these losses.

8.5 Conclusions

There are two primary conclusions that can be dréwwm the measured data.
Firstly, there are two causes for lower than exmkebtam current: over-perveance of the
grids, and spatial variance in the discharge plademsity at the grids. These limit
performance, as they cause the grids to under-fébasions, which leads to ion
impingement on the grids and beam divergence. Vhemerveance is primarily a result
of low grid voltages relative to the ion number sign which reduces the accel grid
sheath length and retracts the accel grid sheatimdehe screen grid. The spatial

variation of the ion number density is anotherdacas it creates a spatial dependency of
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the perveance. As a result, optimal perveance cdeathieved over the entirety of the
grids unless there is a similar variation of the grid aperiameters.

The second conclusion drawn is that the GHIT digpkhigh degree of control over
the three ion acceleration performance metrics. pibeshe aforementioned issues with
over-perveance, the grid voltages demonstratedrafisant effect on the ion optics and
the ion impingement on the grids. Rather thancatiing that the grid assembly is
ineffective, the observed performance indicates tmdy the GHIT operating conditions
are not optimized. Additionally, the expanded nundfeoperating parameters allows for
individual manipulation of each ion accelerationfpenance metric without adversely
impacting another. As a specific example, an ine@easthe ion beam current can be
achieved by increasing the discharge ion dendityis would in turn cause the perveance
to increase, which would increase beam divergendethizican be offset by increasing
the grid voltages. Thus one metric can be increased witheatiafj the other.

Due to the observed degree of control, the evalnatidhe GHIT would benefit from
an examination of potential modifications that wbumprove performance. Such an
exercise would allow for a more accurate measure of thadoeleration capability of the
GHIT and of two-stage ion acceleration. Anotherl go#o utilize the combination of the
data presented in this chapter with the helicosrpastructure measured in Chapter VI
to determine the ion production cost of the heliptasma source. These two tasks are

accomplished in the next chapter.
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CHAPTER IX

GHIT DESIGN OPTIMIZATION

In the previous chapter, the GHIT is found to haneffective ion optics that result
in a lower beam current and a higher beam divemangle than expected for the given
operating conditions. However, the GHIT displaysighhdegree of control over the
performance metrics through the device operatipashmeters. Thus, it is clear that a
higher ion beam current and a lower plume divergesmagle are possible with further
device optimization. There are two categories ofdifications that are possible:
alterations to the device hardware and changdsetdévice operating conditions. While
the former can offer clear benefits it is diffictit accurately model the affects using the
existing data. Therefore, while there are severggsstions for modifying the GHIT
architecture, the primary approach in this chapgemodeling the ion acceleration and
resultant GHIT performance using through paramedptimization of the operating
conditions. This is conducted using extrapolation of thasmeements in Chapter VIII.

The second goal of this chapter is to determinadheyroduction cost of the helicon
plasma source. The ion currents through the gndsaaode are known and allows for a
more accurate determination of the ion productete of the helicon plasma source. A
combination of this and the helicon plasma striectmeasured in Chapter VI is used in
the discharge efficiency model in Chapter Il tdcoéate the ion production cost of the

helicon plasma source. The model also enablesifidation of the primary power
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expenditures and parametric analysis of the iomlyction cost to assist in determining
optimal operating conditions.

lon production cost is found to be in the range of 132-2Ae. The primary losses
in the discharge chamber are due to ion loss todibeharge chamber wall and high
sheath potentials at the plasma boundaries. Thmoged solution to increase discharge
efficiency is to increase the magnetic field stténtg decrease ion diffusion to the walls
and decrease the electron temperature of the dgehalasma by manipulating the
electron energy distribution using the helicon plassource. The final source of
inefficiency is approximately only 15% of the tram#ed RF power couples to the
plasma. The remaining power is likely coupled te fiolenoid mounts to create eddy
currents, capacitively coupled to the thrust stand grounded, or is coupled to the
plasma through RF excitation of photon emissiort thanot included in the discharge
model. Reduction of this RF power loss would inseedhe device efficiency and

potentially increase the ionization fraction of the désge plasma.

9.1 Component Optimization

The primary cause for the low thrust observed irafiér VIl is the low beam
current extracted from the discharge. The beamentirs the numbers of ions extracted
from the discharge and accelerated per unit tifileerefore if the beam current is low,
the amount of propellant accelerated is low, resglin low thrust. Increasing the beam
voltage is an alternative method to increasingstriut there are two disadvantages to
substatially increasing beam voltage. The firgesn in Equation (4.10), where thrust is

only proportional to the square root of the beanitage, compared to the linear

226



proportionality to beam current. Hence, it wouddkd a much larger increase in beam
voltage than beam current to generate the samesaserin thrust. The second
disadvantage to the beam voltage approach ishbatdam power required is linear with
the beam voltage, but as already mentioned thras¢ases with the square root. The
thrust-to-power ratio would then decrease with slggiare root of the beam voltage.
Therefore it is more advantageous to focus on increasirggtima current.

There are two areas of the GHIT that can be immtdeencrease beam current: the
discharge plasma source and the grid assembly. olraprents to the helicon discharge
focus on increasing ion density and mass utiliratibile decreasing ion losses. For the
grid assembly, suggested modifications are meadetoease ion beam impingement on
the accel grid and to match the aperture geometryhé spatial variations of the

discharge plasma density and temperature.

9.1.1 Grid Assembly
Based on the results of the relative accel grideruras a function of normalized

perveance, it is clear that discharge plasma chaisiits are not uniform across the exit
plane of the discharge. The first modificationtie grid assembly would be to spatially
match the aperture geometry to the discharge plas@aacteristics. Assuming the grids
enforce a radial symmetry to the discharge plashm,streen and accel grid aperture
diameters would be a function of radial position.

The second modification to the ion optics is ta@ase the electric field between the
grids. The previous chapter demonstrates testirigeoGHIT almost completely occurs
in the over-perveance condition. Over-perveancasléa excessive ion collection by the

screen and accel grids and degrades both thrutgeme and performance. The two

227



options to decrease the perveance are to eitheeakerthe ion flux through the grids or
increase the potential drop across the grids. Shmeastated goal is to increase the beam
current, the first option is not feasible. Furthereyahe sought increase in beam current
will require even higher grid voltages in order attain optimum perveance. An
alternative to increasing the potential drop actbeggrids is to decrease the grid spacing,
as this will increase the electric field for a ctamg grid gap. The primary drawback to
decreasing the grid spacing is it increases the likelitoddlae grids shorting.

Now that the second modification has been specdg@n increase in the potential
drop across the grids, there are two potentials ¢hat be varied. The screen grid
potential is determined by what is sufficient tsere ion saturation of the grids, and is
therefore not available for modification. The figgition is the accel grid, as biasing it
below cathode will increase the potential drop ssrthe grids without an increase in
specific impulse and decrease in the thrust-to-poreéo. However, the accel grid
cannot have a large portion of the total voltaggpdas this would drop the voltage ratio
R below the design goal of 0.8. This requires thehdisge voltage to be increased.
While this does decrease the thrust-to-power rati@an be offset slightly by also

increasing the accel grid voltage to maintain

9.1.2 Helicon Discharge
There are two ways to increase the beam curreatease the ion flux to the grid

sheath and increase total grid area. The mosttamethod to increase the grid area is to
increase the diameter of the discharge chambers dpproach has multiple effects, as
the discharge chamber geometry impacts severaimga#ess. The intended effect is to

increase the grid area by which to extract ionsweéier, this also increases the volume
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of the discharge chamber, which would decrease thveeip density of the discharge,
neglecting all other effects. The power densitylddae increased by decreasing the
length of the discharge chamber. One potential @onts if there is a minimum length
required for adequate ionization, as the dischargsnm data in Chapter VI did
demonstrate an axial dependency. Another advaniaged be a decrease in the
discharge surface-area-to-volume ratio and the reswgogease ion loss to the walls.
The other method to increase beam current is tcease the ion flux to the grid
sheath. In essence, this requires increasing the disgblasyea density and temperature,
as increasing either characteristic increases tbbnBcurrent. The results of the
discharge analysis show that increasing the magfietd beyond 250 G offers the most
effective means to increase the density. Likewiaga dhows that decreasing the neutral
propellant flow rate to 1.0 mg/s would increase rthenber density. Before a set of new
design operating conditions can be defined, an aisalgf the GHIT discharge in
conjunction with the helicon plasma measurementsi@eded to identify any other

sources of potential losses.

9.2 GHIT Discharge Efficiency

There are three functions that the GHIT performat tban be optimized: ion
production in the discharge chamber, extractioion$ from the discharge chamber into
the grids, and collimation of the ions into a conétgeam. In Chapter VIII both beam
collimation and ion extraction are discussed. Beaotlimation is found to be as
designed, while ion extraction suffers from sevevergerveance caused by low grid

voltages. What remains is an analysis of the efficy of the helicon plasma source as
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an ion source. This can be determined by calcgahe discharge efficiency using the
average ion number density and electron temperatloag with the thruster currents

during operation.

9.2.1 Discharge Model
The discharge model used is outlined in Section 3.3The helicon and GHIT

operating conditions overlap at 150 G, thus the rhisdealculated using data from both
thrusters at 343 W and 600 W at 150 G and a digehanltage of 600 V. Ambipolar
diffusion into the walls is assumed; ions diffuaéially into the discharge chamber wall
at the same rate as electrons. For simplicity éfudations, the plasma is assumed to
have averaged characteristics represented by & sialyie each for density, temperature,
etc. The ion number density and electron temperatine taken from the discharge
analysis performed in Chapter VI, and likewiseuster currents use the measured
values presented earlier. Gradients of the digghplasma characteristics are calculated
from the measurements of the helicon dischargan@asithout grids taken in Chapter
VI. While there is a difference in the plasma characteribt&een the helicon with and
without the grids, it is assumed that the shape h&f plasma contour for each
characteristic is constant. This assumption, whileideal, is sufficient for a first order
approximation of the power expended in the disahagd for the estimation of wall
losses. Additionally, an ion temperature of 0.2 eV is assumed

Since the model uses measurements of both the EdThe GHIT, there are only
two cases where the operating conditions overldpe résults of the model for these two

cases are shown in Table 7. The discharge effigimnmodified to use the total ion flux
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to the grids as the beam current in Equation (3.43)otherwise the inefficiency of the

ion optics in over-perveance would be included in the drgehefficiency calculation.

_ abs 9.1
I, +1,+1, (©-1)

114
Therefore, the discharge efficiency represents tieggy cost to create and transport an
ion to the grid sheath. The discharge efficiencyigher than what is common, as a
standard DC discharge chamber using argon hashadge efficiency of approximately
150 eV. The reader should recall that dischargeieficy can be considered as an ion
production cost, thus a high discharge efficienaydsdesirable. For the sake of clarity,
all further comparative discussion on the dischaeffeciency will use the alternate

nomenclature of ion production cost.

Table 7. Estimated discharge performance parameterat 150 G, 600 V discharge, 1.5 mg/s Ar.
Pre (W) Ip (MA) 1w (MA)  Pans (W) 74 (€V)
343 80.8 201 46.3 185
600 88.8 225 67.3 201

One consideration is there is no magnetic shielding ofrtbdeafrom ions for most of
the data collected. Standard ion engine dischargesdgravynagnetic shield of the anode
to reduce ion collection and reduce power lossesdesgign concern for future work
would be to incorporate an improved magnetic shigidthe anode, either through
improving the current magnetic mirror concept or utiligan alternate design that creates

radial magnetic field lines near the anode.
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The ion loss rate to the walls is found to be adesibly larger than the beam current,
which demonstrates that wall losses are a sigmifidaaction of the ions created,
approximately 27%. This is a consequence of thehdige chamber geometry that had a
large surface-area-to-volume ratio. lon lossesbeareduced by increasing the discharge
chamber diameter and decreasing the length, aglélci®ases the area the plasma can
contact. However, further analysis will assume tamtsdischarge chamber geometry of
allow use of the previously measured plasma chamatits in subsequent analysis.
Discussion of the effects of varying discharge changeometry is presented in Section
9.1. Instead, discussion will proceed to two pararaaitthe discharge plasma that have
a strong impact on the ion production cost: the me#ig field strength and the electron

temperature.

9.2.2 Magnetic Field Effects
The first effect of the magnetic field is to incseathe ion number density of the

discharge plasma, as has been observed previously. Trhaddeadreased ion extraction
and the resulting thruster currents, as well asas®d power absorption by the discharge
plasma. While this has some impact on the ion priociu cost, ignoring any changes to
the spatial distribution of the density and resgjitchanges to the perveance and ion
optics, the magnetic field has a greater effectamloss to the walls. The radial ion
velocity can be reduced by increasing the magnietid, which reduces radial ion
mobility to the wall by Equation (3.27). A reductiof the radial ion velocity leads to
decreased ion losses to the walls, which decreasemm production cost. Figure 139
shows that increasing the magnetic field from 15 @50 G greatly decreases the radial

ion velocity and the ion wall current. These caltioins involve interpolating some of
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the data from the EHT measurements, as such d&0aG or at RF power other than

343 or 600 W is not available.
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Figure 139. lon current and radial ion velocity asa function of RF power and magnetic field.

Since each ion lost to the wall is an expenditdrenergy that does not produce an
ion for extraction and acceleration, decreasingitimewall loss also decreases the ion
production cost. At 200 and 250 G the ion produrctiost is much closer to what is
generally seen in DC discharges, as seen in Figure 14theFincreases of the magnetic
field would decrease the discharge efficiency bel®@ eV, but the ion loss rate to the
walls becomes too small to have a discernible effectt iheot to say this is a clear case
of diminishing returns, as thus far increasing thagnetic field demonstrates only
positive enhancements to performance: increased density, decreased beam
divergence, and decreased ion production cost. Henvéfvfurther decreases in ion

production cost are desired, there is another safreaergy loss that must be examined,

233



one which also explains why the 200 G cases hdoeer ion production cost than the

250 G cases — the discharge chamber sheaths.
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Figure 140. Discharge efficiency (ion cost) as ariation of RF power and magnetic field for 1.5 mg/s
argon.

9.2.3 Electron Temperature Effects

The two largest expenditures of power in the disghare ionization of neutrals, and
acceleration of ions and electrons through the Oapn plasma sheaths. The first
consists of the cost to create the ions that ama&ed by the grids, plus an additional
amount of power spent creating ions that are lostdll neutralizations. The previous
section has demonstrated that while consideraldeedses in the ion production cost can
be attained by decreasing wall losses, it is incigffit to decrease the ion production cost
below that of standard DC discharges. The seconorpawer expenditure occurs when
ions and electrons pass through the sheaths dtotlnedaries of the discharge chamber.
Across each sheath exists a potential drop thatisepsufficient number of electrons to

balance the ion flux incident on the sheath. Haohor electron that passes through the
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sheath has electric work done on it, which expem#sgy from the discharge plasma.
Therefore, decreasing the sheath potentials willdye further decrease in the ion
production cost.

Equation (3.39) shows that the sheath potential @dmear dependency on the
electron temperature. This arises from the fact tha sheath potential must repel a
certain amount of electrons, and the repulsion fopeses the thermal kinetic energy of
the electron. Higher temperature electrons havegheh kinetic energy than lower
temperature electrons, and thus require a largaatishpotential. Therefore, decreasing
the electron temperature of the discharge plasmeedses the anode sheath potential as
well as the ion production cost. This is the cdosehe 200 G cases having a lower ion
production cost than the 250 G cases, as the 200ageschave lower electron
temperatures (5-7 eV compared to 7-9 eV) despitengaa higher ion loss rate to the
walls. Figure 141 shows an example of this effdaoéne the 600 W condition at 150 is
modeled assuming arbitrary electron temperaturebile\the electron temperature is not
a free variable that can be altered without otlfiexcts, it demonstrates the impact of the

electron temperature of the discharge efficiency.
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Figure 141. Discharge efficiency (ion cost) and ade sheath potential as a function of electron
temperature. The average discharge efficiency of @C discharge chamber is shown for comparison.

The results of the discharge model show that wiibst of these initial experiments
show a higher ion production cost compared to D&&ldirges, a lower ion production
cost is possible at certain operating conditiondhe P00 G demonstrate a discharge
efficiency of 132-159 eV, which shows that such apfieg conditions are possible.
These values are still higher than observed witlerotwork using helicon plasma
sources*! but such experiments were performed at a highanetic field strength.
The primary impact of such operating conditionthes increased confinement of the ions,
which would not only reduce wall losses, but alsstriet radial and azimuthal velocity
and reduce ion collisions and the associated losadslitionally, the total beam current
in the other work was determined using planar Lamgprobes, which can overestimate
the ion current in the same manner of Faraday grob&he results of this study
demonstrate that even without magnetization ofitims, the helicon plasma source is
capable of a superior discharge efficiency compaséth DC discharges. Further

improvements to the discharge efficiency shouldoime® examining how to use the
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helicon plasma source to tailor the electron eneligyribution function to favor lower

energy electrons that are still sufficient to ionize treppHant.

9.2.4 RF Power Losses
A greater concern with the results of the dischangelel is that the predicted power

absorbed by the plasma is only approximately 15%hefRF power transmitted to the
antenna. While this model is only a first order ragpmation, it demonstrates that a
significant amount of power does not couple toglesma. Another way to quantify the
problem is comparing total ion current to the pitgme mass flow rate. For the 600 W
case, total ion production is estimated to be 44Q witich is equal to 2.8xtdions per
second. The mass flow rate of 1.5 mg/s yields araletate of 2.3x18, which yields an
ionization rate of about 12%. The amount of powesded to ionize all the propellant at
the same discharge efficiency is approximately ¥@0which again demonstrates that
sufficient power is available yet is not absorbed by themh.

If only a fraction of the RF power is absorbed bg plasma, it is likely that the RF
power is coupling to something else in additiontlte plasma. Several possibilities
include capacitive coupling with the thrust starftotigh the solenoids mounts,
inductively creating eddy currents within the saleh mounts, or coupling to the
chamber at the feedthrough. In the 600 W, 150 @,cthee skin depth according to
Equation (2.14) is approximately 5 cm, so it is nbe case that the plasma is
insufficiently opaque to the RF wave. One method to ingatithis further is to attempt
to measure the directionality of the double sadditenna. The solenoid mounts are a
likely object for the antenna to couple to, as they very close to the antenna and the

aluminum cylinder that the wire is wrapped aroumdvles a continuous loop radially
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around the antenna. This loop provides a pathwayhi® antenna to induce a circular
eddy current that can resistively dissipate the RF enefbgg solenoid mount also is only
separated from the thrust stand mount by four 0.6tliok PEEK spacers. This gap
creates a small capacitance, which allows the RfRansolenoid mount to capacitively
couple to the thrust stand mount, and from there to ground.

One method to test this is to replace the solenmdnts with ones fabricated from
insulating materials. This should both eliminate ¢ircular path with which to induce an
eddy current, and remove the capacitive path torgtouAnother method to reduce RF
losses is to use the in-vacuum matching networkyRtem configuration from Appendix
D. This would reduce any potential coupling betwgenRF system and the feedthrough
that might arise due to the feedthrough being a pathe matching circuit. If the
matching network is relocated inside of the vacuamamber, this is less likely to occur.
This would also reduce the length of transmissime Ithat is a component of the
matching circuit, which might eliminate RF couplibgtween the transmission line and
vacuum chamber surfaces.

Another consideration is that it is unknown how much pasepent in RF excitation
of neutrals and ions. The discharge efficiency rmadeudes a term for collisional
excitation, but this term is too small (on averageW) to justify the visual intensity of
the light emitted by the plasma. Therefore it ighly likely that additional power is
expended in RF excitation of photon emission fréma &rgon species in the discharge

chamber.
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9.3 Proposed GHIT Operation

With the primary causes for the observed GHIT pentnce identified, a proposed
set of operating conditions can be determined festtnapolation of the measured data.
While increasing the discharge chamber diameterldvbave several benefits that have
already been outlined, such changes will be neglecteorder to maintain use of the
measured data. For the same reason, the effectsferent propellants will not be
considered. The following modifications to GHIT evption are proposed and the
resulting performance is modeled using the ionrmgind discharge efficiency models
outlined in Chapter IlI.

The first modification is to correct the grid aped diameters to match the spatial
variation of the plasma density. The aperture diarsewere designed with a plasma
density of 2x1€° m3, which is accurate only for the 50 G cases. Sirngleen magnetic
field operation is desired, the aperture diametésulsl be decreased for regions of
higher ion density. The spatially varying grid apegs should reduce the relative accel
grid current to a goal of 0.05.

The second modification is to the discharge plasamancrease in the magnetic field
to 350 G and decrease electron temperature to @&¥Wis increases ion density and
decreases ion production cost. This assumes thahdlicon plasma source operating
conditions are altered in such a way to enable deigease in temperature, which still
must be explored. The data for the 600 W, 350 G helicon plasmmaddadetermine the
gradients, and extrapolation the GHIT dischargeyamalyields the average ion number

density.
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The third modification is to increase the grid agks in order to decrease the
perveance. There are two reasons: first, increasagotential drop between the grids is
required to maintain perveance as the density ase® along with increasing perveance
to reach the optimum condition at all. The secaa$on for increasing the grid voltages
is to extend the accel grid sheath fully into tbeesn grid aperture and reduce the screen-
to-anode current ratio and ensure that the iorsparency of the screen is not less than
the physical transparency. To that end, the disehaniage is increased to 1500 V, and
the accel grid potential to -300 V relative to common.sMailue is extrapolated from the
screen-to-anode current ratios measured in Chaptiérto ensure a ratio of 0.33.
Likewise, the beam divergence half-angle is extragol from the data as a function of
discharge voltage. A summary of the proposed GHbdrating conditions and estimated
performance parameters is shown in Table 8. Theiefty calculation still assumes a
total RF power of 600 W, which can probably be daseel by eliminating sources of

extraneous RF coupling.

Table 8. Proposed GHIT operating conditions and prdicted performance.
I:)nominal 1160 W

Prre 600 W
B 350G
Vb 1500 V
Vs 35V
Va -300 V
T 12.3 mN
lsp 8670 s
n 48.6%
a 23.5°
la 599 mA
ls 203 mA
Ia 18.8 mA
lb 376 mA
lw 35.8 mA
Nd 159 eV
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The performance listed above is much more in linta wommercially available EP
thrusters. Even further performance improvements ba made using the two
modifications not modeled: discharge chamber gegneetd a change of propellant. A
larger discharge chamber diameter and a shortgthamould decrease ion-wall losses,
as well as allow for larger grid areas and higheugt. Using a higher-mass noble gas as
a propellant would also increase the thrust-to-pokatio as well as decrease the ion
production cost due to the reduced ionization gnerthis confirms the GHIT is still a
valid concept as a propulsive unit, despite inifmtist and efficiency that are lower than

contemporary thrusters.

9.4 Conclusions

In the preceding chapter, the GHIT demonstrateceicdvan expected beam current
and higher than expected beam divergence. Howenkkeuhe EHT, the performance
of the GHIT can be clearly modified through opergtparameter manipulation. Using
the performance models developed in Chapters dilrand extrapolating the data from
Chapter VIII, the above modifications to the opergtconditions and grid assembly are
estimated to improve the performance of the GHITsitoilar levels of commercially
available ion engines. Further improvements camade by changing the propellant to
xenon for decreased ionization cost and a higherstio-power ratio. Likewise, the
thrust of the device can be further increased lairsg up the diameter of the discharge
chamber to increase grid area and ion extracti@ugh this would require an increase in
power to accommodate the larger discharge plasrarefore, while initial performance

of the GHIT is less than optimal, there is a clearly idexdipath to improvement.
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Additionally, analysis of the helicon discharge phasreveals that the helicon plasma
source is capable of exceeding DC discharges mstaf reducing the ion production
cost. The two key operating parameters in this optimizatierthe magnetic field, which
controls ion loss to the walls, and the electron perature, which sets the sheath
potentials at the discharge chamber boundariesth®&n concern is that only 15% of RF
power that is transmitted to the antenna is acealfdr in the discharge model. While
some of the power must be spent in RF excitatiomeaftrals and ions, as collisional
excitation is insufficient for the given luminosityhere is still a large amount that
remains unaccounted for. It is likely that this rgyeis coupling to other conductive
surfaces near the thruster and transmitted to gkodius two key areas for future work
are determining how to set the electron temperabiirthe discharge chamber plasma
through manipulation of the electron energy distiitn produced by the helicon plasma
source, and elimination of external RF coupling. siwill further increase the discharge

efficiency of the helicon plasma source and decreaseihgroduction cost.
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CHAPTER X

CONCLUSIONS

The goal of this dissertation is to comparativelalaate the ion acceleration
capability of a single-stage and a two-stage helitwuster. The two-stage device also
serves to separate the ionization and acceleratages and permit individual evaluation
of each process. Chapters VI and VIl presentedotme@cceleration performance of the
single-stage EHT, which is characterized by low émergy, low ion beam current, and
high beam divergence. Chapters VIl and IX covefezlperformance of the two-stage
GHIT, which demonstrated higher ion energy, higheanbecurrent, and a more
collimated beam despite suboptimal operating cant The ion production cost was
also determined using a discharge efficiency madel a combination of measurements
of the EHT and the GHIT.

There are two primary conclusions that can be drfa@m this work. The first is that
a helicon plasma source functions as an ion sonatean ion accelerator. The second
conclusion is that the ion production cost of aidwmel plasma source integrated into a
thruster can match that of DC discharges, and eeeamduced further. From these two
conclusions it is seen that a helicon plasma solw@® great potential in electric
propulsion devices, but as an ion source integrated a larger device and not as a
single-stage ion accelerator. Future work is algggsested that can further improve the

use of a helicon plasma source in an integrated componagropulsion system.
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10.1 Comparison of lon Acceleration

A helicon plasma source functions essentially asicem source and not an ion
accelerator, for the purposes of propulsion apptinat There are three performance
metrics used to evaluate ion acceleration: ion ggnebeam current, and the beam
divergence half-angle. The EHT demonstrated sabesird ion acceleration according
to all three metrics. The ion energies observedegsumed to be a result of a current-
free double layer caused by plasma expansion frbigtadensity region in the discharge
chamber to a low-density region in the plume. Tdnfy results in a beam voltage in the
range of 20-40 V. Assuming an average ion prodoatiost of approximately 150 eV,
this results in an inherently inefficient thrusteinere the majority of the power is spent
creating ions rather than in acceleration. The beam cusrafso very low, as the double
layer allows only a limited number of ions to exit the disgeathamber.

Likewise, the plume structure creates a highly djeat ion beam. At low magnetic
field strengths, the electric field disperses fribra discharge chamber in a broad pattern
that imparts large radial velocities to much of tlbes. This leads to a relatively
symmetric plasma expansion and a diffuse plume \&itheven distribution of ion
trajectories. At higher magnetic field strengthee electric field lines are concentrated
through regions of high electron temperature tbamfoff the discharge chamber wall.
This creates a distribution of electric field lindgat are much more focused at large
angles, rather than towards the centerline or adbraage of trajectories, which cause the
ions to be deflected off centerline at these large angles.

Beyond the fact that all three performance mestosw the EHT to be ineffective at

ion acceleration, there was negligible performammeeiase from varying the operating
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conditions. The second figure of merit for an iaceerator is the ability to control the
acceleration process through the variance of therabipg conditions. None of the
performance metrics could clearly be manipulatadguthe operating parameters. One
example is the beam half-angle, where the magnetld tould affect the current
distribution but not decrease overall beam divecgenThis demonstrates the inherent
weakness of indirect ion acceleration, as thereigeafinitive method to set the plasma
potential contours to dictate ion energy or tragect The ion acceleration is heavily
dependent on the presence of downstream plumegtegcof high plasma potential or
high electron temperature. These plume structuoes fas a result of the plasma
expansion, the size and intensity of which are datexd by the magnetic field. Despite
this dependency on the magnetic field, there tie Idemonstrable control over the shape
of these regions using only the magnetic fieldrgjtie, and thus negligible control over
ion acceleration.

An additional factor is the shape of the magnegtdf The regions of high electron
temperature are created by the separation of hdtcahd portions of the electron
population due to confinement on the magnetic fieles. Therefore the location of
these regions can be adjusted by altering the sbijple magnetic field divergence
downstream of the discharge chamber. One posgibibuld be to extend the magnetic
field lines so they remain axial further downstreafmthe exit plane of the discharge
chamber. This should prevent the regions of higittedbn temperature from forming
near the walls of the discharge chamber. Additignédlthe magnetic field lines diverge
more gradually, then separation of the higher enelggtrons should be less pronounced

and the formation of these regions of high electeonperature should be reduced. This
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should lead to fewer radial electric field linesdaless radial divergence of ions.
Alternatively, if the magnetic field shape could manipulated such that a region of
higher electron temperature can be formed onlycgatbe centerline, then potentially the
electric field lines will be focused axially, leading to arecollimated beam.

This is contrasted by the GHIT, where the grid geometdyaperating conditions can
directly control the grid sheath structure, the wg@ing potential, and the resulting ion
energies and trajectories. The comparison betwa@ister configurations can be made
even clearer using the calculated thrust contrdoutrom the ions. The GHIT, despite
the severe under-perveance of the grids, still pexi2 mN of thrust compared to the 12
uN of thrust from the EHT. Furthermore, the GHIT derstrated a high degree of
control over the performance metrics, as the bearargince angle, ion energy, and
beam current could be directly manipulated using ¢perating conditions. While
variance of an operating parameter does affectiphellperformance metrics, there are
multiple methods to alter each parameter, grantingrge degree of control over the
thruster performance.

It can thus be concluded that the application bé&lécon plasma source in propulsion
requires the use of a second stage for the actieleraf ions. A helicon plasma source
alone demonstrates limited ion acceleration andigibg control thereof. However, the
helicon plasma source can clearly be integratguhésof a thruster system to replace the

DC plasma discharge system.
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10.2 Helicon Discharge Efficiency

The helicon plasma source demonstrates an ion ptioducost in the range of 132-
212 eVlion, which at the lower bound confirms thiatis capable of meeting and
exceeding the discharge efficiency of DC dischargdde primary parameters that
determine the discharge efficiency are the magniéid and the discharge plasma
electron temperature. This dependency on the eletémperature yields an additional
strength of the helicon plasma source, as it is ldapaf adapting the electron energy
distribution to alter the electron temperature. sTeature should be the focus of further
work, as reduction of the electron temperature furither reduce the ion production cost.
Further gains can be attained by adapting the helicempl@ource into a geometry more
suited to use with an ion engine, such as decredBaglischarge chamber length and
increasing the diameter. As a result, it can belcmied that helicon plasma sources can
be used to replace DC plasma discharges giverciunifioptimization to bring it to the

same level of development.

10.3 Future Work

There are two primary areas that are recommendeflifiore work. The first is to
identify and correct the cause for the low RF coupto the plasma, as this is the most
likely cause for the low ionization rate. A diregiproach to determine the cause would
be to replace the solenoids with ones wrapped araumon-conductive material, as this
would avoid creating a pathway for eddy currentfoten. Likewise, it would remove a

capacitive pathway to ground through the thrushdta Another modification is to
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reconfigure the RF system to the in-vacuum matchigtgvork configuration. While this

increases the probability of matching network conesd failure, it should reduce
coupling to the vacuum chamber through the feedtjitcor transmission from the coax
cable to the ambient plasma.

The second area for future work encompasses matiifics to the GHIT in order to
improve performance. The first is to vary the gajgerture diameters as a function of
radial position to match the grid geometry to tbe number density variations in the
discharge chamber. The second is to reduce thbailge chamber length and increase
the diameter. This serves to decrease the wadl @nd reduce ion losses to the wall, as
well as allow for a larger grid area to enable bigheam current extraction. Another
suggestion is to examine GHIT operation at highexgmetic fields and discharge
voltages, both to increase plasma density and deegerveance. These two changes in
operating parameters should increase the ion dubsehoth increasing discharge plasma
density and decreasing ion collection by the scesghaccel grids. Exploration of these
areas should lead to improved performance of théTGéithe point where it can produce

easily discernible thrust.
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APPENDIX A

UNIFORM DENSITY, COLLISIONLESS PLASMA DISPERSION RE LATION

This derivation is included as it contains the figrivation of the dispersion relation
with all intervening steps shown. It serves notyaad an educational tool to explain the
origin and assumptions of the dispersion relatia,also as a stepping stone for future

adaptation. The derivation begins with Maxwell’s equatfon

nxg=-28 (A1)
ot
- oE
OxB =) +ﬂo£oE (A.2)
E= ]xi (A.3)
en
OeB=0 (A.4)

whereBy is the equilibrium magnetic field arilis the perturbed magnetic field. These

magnetic parameters are defined as
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With this definition,B rotates clockwise alonigfor positivem. Several assumptions are
made: displacement current is negligible, plasmaeatiiis carried only by thExB drift

of the electrons, and that the plasma has zero resistivitgnt@atively, this means that

&, —=0
,Uooat

th KKw<< a)ce

Taking the divergence of Equation (A.2) and substitutingatieve assumptions,

OeOxB=0¢ (1)
uOD-T:D- 1682_68Z . aBr_aBz é+£ irBe—aii
r 08 o0z 0z oOr rior 0o
- _10(0B, 0B, 10[08r asz 0 1[0 6Brj
e e R e e e R
ror\ 08 0z rog\ oz or o0z{ r\or 0o

-~ _1(e°B, 9B, 9°B,| 10°B, 10°B, 10B, 10°B, 10°B
Moo | =— Z - -r += . — LA += -= r
r{ioro@ o0z 0zor roz rord8 r 0z r 0rdz r 02060

0eJ=0 (A5)

Substituting the form dB into Equation (A.1),
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Substituting Equation (A.3) in fdg,

Using the results of Equation (A.5),

o= 0B
en,
Go_1 OB
iaen, 0z
B=—J) kg,
iaen,
§= KB
w en,
Substituting Equation (A.2) into (A.7),
B = kii(m B
wer, Hy
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where
o = @ HEh (A.8)
k B,
This yields
aB=0xB (A.9)
Taking the curl of Equation (A.9),
OxaB=0x0xB
a[oxB)=0(0- B)-(0- D)8
Substituting in Equations (4) and (9),
0°B+a’B=0 (A.10)

Expanding the Laplacian in Equation (A.10) for the z-conepbn
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0°B, . 10B,
+ —

or?

From the definition 0B,

19°B, 0°B,
+— +

X 2 +a’B, =0
r or r° 06 0z

2
a BZZ :_mZBZ
06

2
a BZZ :_kZBZ
0z

(A.11)

Substituting this into Equation (A.11) and denotely radial derivatives oB with a

prime,

whereT is the transverse wavenumber, defined as

T2=qg?-k?

(A.12)

Equation (A.12) is in the form of Bessel's equatiom order to solve (A.12), the

Frobenius Method is used. Therefore let the solution tak®threof
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B! = i a, (k +n)(k +n—1)r 2
k=0

Substituting these quantities into Equation (A.12),

00

Z a, (k + n)(k +n _1)r ken-2 i a, (k + n)r ken-2 i akTZr k+n _ iakmzr k+n-2 _ 0
k=0

k=0 = =

Rewriting the third series so thahas the exponent cf%n-2),

had o

z a, (k + n)(k +n _1)r ken-2 z a, (k + n)r k#n-2 Z.o: ak—zT 2r k+n-2 _ i a, mzr k+n-2 _ 0
k=2 k=0

k=0 k=0
Fork=0,

n(n-1)a,r"2 +na,r"? -ma,r"? =0

a,(n(n-1)+n-m?)=0
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If n=m,

i[(k + m)(k + m—1)+ (k + m)_ mZ]akr kem-2 i-l- 28T kem-2 _

k=0 e~
o

Z k[(k + Zm)]akr keme2 iT 2ak_2r km-2 _
k=2

k=0

(1+ Zm)alr m-1 + Z.o: (k[(k + Zm)]akr k+m-2 +T Zak—zr k+m—2) =0

k=2
If mis not equal to -z then,
a =0
_T2
a, =#ak_2 fork=2,3, ...
k(k +2m)

Thus all odd indexed coefficients are zero. Therefore, for even indices, of
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T4

a4:4[$(m+1)(m+2)a°
vy

* 4*(123)(m+1)(m+2)(m+3)
1)

Substituting into the equation f8,

i ( ) T2k 2k+m
k

=2 m+k)'

o ( )k (Tr)2k+m
o, =2 LU

(m+ k)'

Bz = C3'Jm (Tr)

(A.13)

whereC;s is a constant, andl,(Tr) is Bessel’s function of the first kind of tmé" order.

To find ther andé components of Equation (A.9),

aB=0xB
_10B, 0B,
"Tr o6 oz
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_ 0B, 0B,

r

77 3z - or
aB, =ikB, - 0B,
or

Substituting Equation (A.15) into (A.14),

a8, = LimB, —ik[lkB’ _lasz
r a aq or
a8 = %imB, + k2B, +ik %
r or
9B,

(e? -k*)B, = ZimB, +ik
r or

728 = Zimg, +ik 22
r or

Conversely by substituting (A.14) into (A.15),

aB. =i imB, _ ikB, _ 0B,

¢ ra o« ar

a’B, =- Mk, | k*B, —aaBz

r or
(0'2 —kZ)BH __ mkB, _aaBZ
r or
2B, __mkB _a,aBZ
r or
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Taking Equations (A.16) and (A.17) and substitutingA.13) for B, and letting radial

derivatives of Bessel’s function be denoted with a prime

B

r

=i_lc_:—23(ar—me(Tr)+ k],’n(Tr)j (A.18)

B, = _TC3 (k—me(Tr)+aJ,’n(Tr)j (A.19)

The recurrent relations for Bessel’s function are

30(T1)= 25 (31, (T1) 3, (17)

Using these relatior®: andBy can be written as

B, =22 200 (11)# 2010+ X (0,,(70) -3, (17)
B, =22 (@+ K3, () (@ = K)3,,,(r) (A20)

B = 2 00 10)# 3010~ 0, 70) - 3,,(7)

By = (@ + k)3 (Tr) - (= K)3,.,(T1) (a.21)
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Now let the amplituded, be defined as

Substituting the amplitude into Equations (A.20) &A®1), and rewriting (A.13) for the

sake of completeness,

Bz = C3‘Jm(Tr)

B, =CyJy(Tr)+Cyd,(Tr) (A.22)

B, =iC,J,,(Tr)-iC,J,.,(Tr) (A.23)
where,

C, =(a+k)A

C, =(a-k)A

C, =-2TA

To get the components of the electric field, start with EqngA.7) and rewrite,

ol
11
o
o
\_.l

el=
o
>
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B,

IX B =£)el’b é)( B
en, k B, en,
E:ﬁ)éx_o

k B,

E=%Bf-%“B&
k k
Thus,

7

Er :?Bg
7

E,=-—B

g k r

E,=0

Substituting Equations (A.22) and (A.23) into (A.24) and (A.25)
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£y == (Cua (T1)+ C,3,a(T1) (A27)

The boundary conditions for the wall can eitherimsulating or conducting. For an
insulating boundaryj; = 0 atr = a, wherea is the radius of the discharge chamber. From
Equation (A.7), this leads #® = 0 atr = a. For a conducting boundariyy = 0 atr = a,
which also leads t8, = 0 atr = a. Thus for a simple helicon the choice of boundary
conditions is irrelevant. However, it is unknown wWiex the solenoids surrounding the
discharge chamber (a conductive boundary) dominates the Pyrex discharge vessel
(an insulating boundary). Therefore the effectiadue ofa changes depending on the
nature of the boundary condition, but the formhaf €quations remains the same. Figure

142 shows the two possible boundary conditions.

Pyrex,
insulating

Solenoid}
conductive

Figure 142. Possible helicon wave radial boundaryonditions.

Substituting this boundary condition into Equation (A, 18
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B, =iTC—;(@Jm(Tr)+ kJr'n(Tr)j

O:a—;nJm(Ta)+ K’ (Ta)

Let the following variables be defined as,

Equation (A.28) can be rewritten as

In(2)=""3,(2)

Taking a Taylor expansion df,(Z) aboutZ,

whereZ,, is the solution to the equation
J.(Z,)=0

Thus,
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In(2)=(2~-2,)3,(2.) (A.30)

Now assume that a variahtg can be defined from an approximation of Equation (A.29),

Substituting this into Equation (A.30),

K
K 3(z,)=(2-2,)3.(z
o n(Zn)=(2-2,)3(2,)
z=" 7
a.m
where

a. :i(z; ok (A32)
a =§(z2 +k?)? (A.33)

Using Equation (A.8) and substituting in foresults in the plasma dispersion relation.

2 b
WHeh LI KA g ) kg2 (A.34)
k B, allam " '

m
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APPENDIX B
UNIFORM COLLISIONAL PLASMA DISPERSION RELATION DERI  VATION

Like Appendix A, this derivation is included so tteafull derivation of the problem.
A full solution is not included, as it requires numal integration using the boundary

conditions. However, a full definition of the problem andstants are presented.

B.1 Derivation of the Modified Ohm’s Law

The derivation starts with Faraday’s Law,

m—:—e(E+\7>< éo)—m?v (B.1)

wherem andv is the mass and velocity of an electron, respdgtieds the charge of an
electron,E is the electric fieldB is the magnetic field, and is the electron collision
frequency. Since the speed of the electrons is nguehter than that of the ions, the
contribution to current flow via ion motion can lbeglected, resulting in a current

density,j, of

—
I
|
>
2

(B.2)

The resistivityy, is defined as
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n= (B.3)

Substituting Equations (B.2) and (B.3) into Equation (B.1)
m? - —{E +LXBOJ - ne’n (B.4)

Assuming the velocity oscillates as a complex exponenicil that
v=vexp-iat)

Equation (B.4) can be written as

—im:—e E+L><B(J]_rbe2,7\7

. ijO
ne

]—rbe2/7\7+iam7

Substituting Equations (B.2) and (B.3) in placer ahdm, respectively

- = - 2 g
OI—{E—LBOJ"'%GZU I e )
ne vV ne
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E:LBO"'U(]-‘EJT (B.5)
14

Note that ifm goes to zera; goes to zero and Equation (B.5) becomes identical to (A.3).

B.2 Problem Definition

Begin with Maxwell's Equations like before, but ugithe modified Ohm’s law in

Equation (B.5).

nxg=-28 (B.6)
ot
_ - oE
DxB:,qu +/'IO£OE (B-7)
E:JXB+0@—EQT (B.8)
ne v
O«B=0 (B.9)

Again, neglect the displacement current and lgbetturbations be complex exponentials

of the form

f = f exp(i(mé + kz— at))

Taking the curl of Equation (B.8),
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DxE:liTx |§0 +/7(1—£)ij]7
ne %

Substituting Equations (B.6) and (B.7),

iD><J7>< I§0+/7(1—£)ijDxl§:iaB
ne v

Note that the cross products of the first term can be wrigten a

OxjxB, = j(ikB,)- EO(D' Sis Bj
Mo
Ox ] xB, = j(ikB,)
Ox jxB, =ikB, HxB
Hy
Substituting Equation (B.9) into (B.8),

ikB ] x §+,7(1_£JJM_M§,=O
Hohe v Ho

T (w+iv)OxOxB- KB x4+ vaB =0
Ho Hohe
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Substituting Equation (B.3) for the resistivity,

MW (w+iv)oxOxB- KB B +vafi=0
Hove Hohe
2
(w+iv)IxOx BBy g4 WEHPE_ g (B.10)
m m

Repeating the definition ef from Appendix A for convenience,

_ W HEhy
k B,

a (A.8)

a can also be written in terms of the plasma frequemw,, and electron cyclotron

frequencyw., and the speed of the wawe,

(B.11)

For convenience, the definitions of the plasmaudesgy and the cyclotron frequency are

repeated below.
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Substituting (B.11) into (B.10),

(w+iv)dxOxB-kw,OxB+akw,B=0 (B.12)

Now let Equation (B.12) be factorable into the form

(B,-0x)(B8,-0x)B=0 (B.13)
where
BB, = ach (B.14)
WtV

The general solution to Equation (B.13) is

s )]
11
L0
+
le

where

OxB, =B, 0OxB, = 5,8, (B.15)
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This means that the solution is the compositiortvad different waves, each with a
distinct total wave numbef. Note that the general solution to Equation (B.\i/Bgn

substituted into Equation (B.13) results in the following.

(131 -0 x)(ﬂz -0 x)él + (151 -0 x)(ﬁz -0 X)ég =0

Taking the curl of Equations (B.15),

OxOxB, =0x%B,B, OxOxB, =0xf,B,
0o- 8,)-0%, = 876, 0. 8,)-0%6, = g28,

Adding the two equations together yields

D(D' éz)_Dzéz = ﬂlzél +1322§2

=
|:|
.
—
|
Ol
N
a
+

__D2B1 _ﬂlzél = Dzéz +/822§2

)
oo (8, +B,)-0%6, - 8?8, = 0%, + 526,
)_ +02B, + B2B, = —(Dzéz +,522§2)

Dzél +ﬁ12§1 = _(Dzéz +ﬁ22§2)
SinceB; andB; are different functions they must vanish individually. rEfiere,

0%B, + BB, =0 0%B, + BB, = 0 (B.16)
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In order to determine the value/@fandp,, use Equation (B.14) to giyg in terms off..

ake (B.17)

P (e iv)

Comparing Equations (B.12) and (B.13), it can be ghah when Equation (B.13) is

expanded and set equal to Equation (B.12) it leads to therelat

_ ko,
BitB,= (@+iv) (B.18)

Substituting Equation (B.17) into (B.18),

ﬂz_ "~ .

(w+iv) Bw+iv)

2 - ﬁzkwc _ akwc
2 (w+iv) (w+iv)

(w+iv)B2 = B,kw, - aka,

0=(w+iv)B; - Bk, + ake,

B = ke, i\/kzwf - Agka, (w+iv)
a 2w+iv)

For convenience, let
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_ativ
ke,

(o}

(B.19)

Substituting this into the equation of the solution of thadgatic yields

_1tyl-day (B.20)

Pu=—",

Applying a second-order Taylor expansion to the discrami yields

1% (1- 2ay - 2a°y?)
2y

Po = (B.21)

Note the similarity between Equations (A.9) and (B.139he equations are of the
same form and can be solved in a similar mannes;ntieans that andf are analogous
parameters. From this it can be seen that Equédib) thus describes two different
waves, each one related to a correspongditegm. To further examine these two waves,

a closer look af; is illuminating.

B =a+a’y (B.22)

Now suppose that the assumption that the electiassman be neglected is brought back
into use. Ifm, goes to zero, the cyclotron frequency becomesiiefinvhich makes

approach zero by Equation (B.19). This would crédaedentity off; = a, which would
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make the first portion of Equation (B.15) identi¢dal Equation (A.9). Thereforgi;

corresponds to a helicon wave. Examinfagow yields
1 2
B,=——a-a‘y (B.23)
4

For small magnetic fields, the following inequality is true.

day <<1
This means that
1 kw,
B, 0== .
y wtiv

Assume for a moment that collisions are neglected. Thus,

kw
B, =—

w

k
wW=—w,

B,

Now recall thafs, like a, is the total wave number of the wave, &n1d the longitudinal

(or axial) wave number. This means

273



Kk
w=—", = w, cosl

ot

Verbally, this means thgf, corresponds to an electron cyclotron wave, which is
identified as the Trivelpiece-Gould wave.

Since Equations (A.9) and (B.15) are of the same thiey can be solved in the same
fashion, which means that their solutions are afralar form. The two differences are:
o is replaced withs, and there are now two waves and solutionspfand T. These
observations combined with Equations (A.13), (A.18)d a(A.19) result in the

components of the magnetic field of b&handB,,

B,; =C;,3,(Tr) (B.24)
5, = 52 A0, ) ) .25)
j
_ G5 (km .
B, = T2 (TJm(Tjr)+,[>’ij(rjr)) (B.26)
i

wherej indexes the solution considered and takes theevalone or two, for the helicon

wave or TG wave, respectively. The transverse wave nufjbex defined as

sz = ,3,2 -k? (B.27)
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Equations (B.25) and (B.26) can also be expressetladynto Equations (A.20) and

A.21) using the recurrent relations.

aJ;%%+@%Jw%@f@%Jw» (B.28)
o =S (g o) (6 - plr) @29

J

At this point it should be noted that since thene tavo waves to solve, there are too
many degrees of freedom for the single boundaryition used in Appendix A to be
sufficient. Additional boundary conditions requegamining the behavior of the wave
beyond the insulating boundary. Generally thereaigap between the insulating
boundary of the discharge chamber and the condustirface of the magnetic solenoids
where there is no plasma, yet the RF waves campsbiiagate. This region is called the

vacuum gap and requires an additional solution of Malsaedjuations.

B.3 Vacuum Gap

Starting with Maxwell’s equations,

O«E=0 (B.30)

Oe«B=0 (B.31)

nxg=-28 (B.32)
ot
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S oE
OxB= ] + Hoo

= (B.33)

The one major change in the vacuum gap is that motplasma there can be no current,
forcing j to be zero and the curl & to be entirely drift current. As before, let the

magnetic field be of the form
B = Bexdi(mé + kz— at)]
Substituting this into Equations (B.32) and (B.33) yields

OxE=iaB (B.34)

OxB = —ia&,E (B.35)
Taking the curl of Equation (B.35) results in
OxOxB = -iaue,0%E

Substituting in Equation (B.34) for the curlBf

-[0%B = &’ £,B
25, O 5 _
2B+ B=0
C
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0?B+kZB=0 (B.36)

wherekg is defined as

=
11
ol

(B.37)

It can be seen that Equation (B.36) looks very simib Equation (A.10) except for the
difference betweeky anda. In this casekyis the total wave number inside the vacuum
gap. One can then make the assumption that an equivalguetion exists that is a

counterpart to Equation (A.9). To determine this, assumeubhata equation exists as

k,B=0OxB (B.38)

Taking the curl of both sides yields

Oxk,B=0x0OxB
k,OxB=-0°B

0°B+kiB=0

which matches Equation (B.36) and confirms the apsiom of Equation (B.38).

Expanding the Laplacian in Equation (B.36) for the z-corepgn
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2 2 2
0B, 108, 10°B, 0%B, 4op
o2 ror r?o6* 922

(B.39)

From the definition 0B,

2

a BZZ :_mZBZ
06

2
a BZZ :_kZBZ
0z

Substituting this into Equation (B.39) and denotadfradial derivatives oB with a
prime,

(B.40)

whereT is the transverse wavenumber defined as
T?= k02 -k?

Equation (B.40) is identical to Equation (A.12) solvediear What has changed is tHat

is much larger thaky which makes the transverse wave number imaginary.
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Here the subscript of three to refers to the vacgam while one and two still refer to
the helicon and TG wave solutions, respectively. udfign (B.40) is thus Bessel’s

eguation with an imaginary argument, the solution of whsch i

Bz :Cll m(T3r)+C2Km(T3r)

For the vacuum gap case, we need a solution thiaites (specifically zero) as goes to

infinity, in which case only the second term is applicable.s Tésults in the solution

B, =C,K, (T,r) (B.41)

whereK,, is the modified Bessel function of the second lkofidrderm. This solution is

similar to the ones already seen fy with a slight change due to the nature of the

transverse wavenumber. Expanding the cuB of Equation (B.38) yields

k,B=0OxB
g =108, 08,
r 08 0z
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k,B, =LimB, —ikB, (B.42)
r

0B, 0B
kB, =———-——2
7% 9z or
. oB
k,B, =1kB, ——= B.43
0-é r ar ( )
Substituting (B.43) into (B.42) gives the following.
K, B, :EimBZ —K[ikBr - aBZj
r Ko or
kZB, :ﬁimBz +k?B, +ik 9B,
r or
(kOZ _kz)Br - I(kom BZ +kaBZj
r or
~T2B, = (kom B, + kasz
r or
iC :
B =5 (@ K, (Tr)+ ka(Tsr)j (B.44)
r
3

Substituting (B.42) into (B.43) results in

k,B, = K(EimBz —ikng _ 98,
ko, \ r or
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(k¢ -?)e, = [mks 0"65;}

z(ka ﬁ4)+%K;ﬁJﬂ (B.45)

A distinction to note between Equations (B.25) aBd26) and those above is the
presence of an additional negative due to the ifieiinof Ts. The recurrence relations

for the modified Bessel function of the second kind are

K1) =2 (s (1) = £ K ()

EoK 1) = 25 (s 1) = € K a(T7)

where

Simplifying the above results in

Kn(Tar) =~ (ﬂﬁwmmm» (B.46)
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o

Km(T3r) =~ r (Km—l(T3r) - Km+1(T3r)) (847)

2|

Substituting Equations (B.46) and (B.47) into (B.44) and9B.4

iC komT,r T;K
Br3 =" T35’;3 |:_ (:, Z_in(Km—l(TSr)_Km+1(T3r))_L2(Km—l(T3r)+Km+l(T3r))j|

8,2 = 22 (K1) = KT )4 (K () K (1)

3

B, =22k, + KK (et )~ = K)K ()] (549

3

C kT.r T
Be,s = T}S {_mTﬁ(Km—l(Tsr)_ Km+1(T3r)) - ko Es(Km—l(T3r)+ Km+1(T3r)):|

By, = = IR 1) K)o ) K ()]

O

2 [(k + K)K s (Tar) + (ko = K)K (T )] (B.49)

Bos =~

3

B.4 Boundary Conditions

To summarize the above findings, there are two regiof interest: the discharge
chamber I( < @) that contains the plasma and the vacuum gapaj where it is assumed

that no plasma exists. In the discharge chambee thee two possible solutions that

correspond to the helicon wave and the TG wave,enthié vacuum gap contains only
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one possible solution for the RF wave. These three spkiire given the indices of one,
two, and three respectively. The two quantitiesntérest aref; andf,, which can be
used in Equation (B.20) to relate the plasma praserto device parameters and

operating conditions. Reintroducing the definition of aheplitude of the wave as

A =—2 (B.50)

the unknown quantities at this point &ef», and the thregy values.

To solve for the above quantities, boundary conaétionust be introduced. The
insulating boundary condition for the wall of thisacharge chamber still applies, but the
presence of multiple waves requires additional blamy conditions. Three additional
boundary conditions are set by the continuity ef tadial, azimuthal, and axial magnetic

fields through the insulating boundary. The insulatingidauy condition requires that
Ji 1,=a=0 (B.51)

Substituting the definition of the current dendityo Equation (B.51) and taking into

account the presence of two possible waves yields

(jr,l + jr,z)lrza: 0

ﬁBr,l +&Br,2 =0
Ho Ho
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BB . +[B,B ,=0 (B.52)

Together the four boundary conditions require that

(8.B..+8,B,,)|,-.=0 (B.52)
(Bu*+B2)lea=B s lma (B.53)
(Bos*Bo2)l-a= Bos | (8.54)
(B, +B..)l == B,z |- (B.55)

Substituting Equations (B.24), (B.28), (B.29), (B.4(B,48), and (B.49) into the above

four boundary conditions results in

BAZ +B,AZ; =0 (B.56)
AZ+AZ; =AZ; (B.57)
AZ +AZ;, =AZ; (B.58)
T,AJ(Ta)+T,AJ,.(T,a) = T,AK,, (T,a) (B.59)
where
2t = (B, +k)3,.(T,a)+ (8, -K)3,.(T,a) (B.60)

Forj =3,/ goes td andJ goes taK. From Equation (B.56),
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__p BZf
A, = Aiﬁzzg (B.61)

Substituting Equation (B.61) into (B.57),

AZs = AZ] +AZ,

- + IB].Zf
Z, =AZ -A+L
A, A A 3
A=A ;1_ (1——le (B.62)

Substituting Equations (B.61) and (B.62) into (B.58),

AZ; +AZ, = AZs

az; -A L4 7, =Aiz—f[1—ﬁ z:

BZs Z;\ B,
+= - Z+Z+
z; -Phl: Lt (1—ﬁ (B.63)
ﬂZZZ ZS ﬂZ

Similarly, substituting Equations (B.61) and (B.62) into @.gields

TlAiJm(Tla) + TzAz‘Jm(Tza) =T;AK,, (Tsa)

T2, (Ta)-TA B2, 1) =TA 2 1= e, ()
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T3,(Ta)-T, glii 3,(T,a8) =T, ;1_ [1—ﬁJKm(T3a) (B.64)
22 3 2

Equations (B.63) and (B.64) combined with EquatiBr6() and the definition of thus
define the value of; andp, in terms of the device geometry. The two equatiare
nonlinear equations that cannot be solved analltidaut instead must be solved
numerically for a given device configuration. Orhbese values are calculated they can
be substituted into Equation (B.20) to generatepthsma dispersion relation for both the

helicon and the TG waves.
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APPENDIX C

DERIVATION OF GENERAL SHEATH EQUATION

The convention for potentiap, used is that in the bulk plasma the plasma peteisti

the zero point. Quantitatively, at= 0,¢ = 0. Beginning with Poisson’s equation,

%0 -n,) (1)

wheregg is the permittivity of free space, is the charge of an electron, is the ion
number density, and. is the electron number density. The electron nurndeesity is

proportional to the exponential of the potential, given as

eQ
n. =n,ex C.2

wherek, is Boltzmann’s constant, ang and T, is the electron number density and the

electron temperature of the bulk plasma, respegtivelThe ion number density at a
certain potential in the sheath is determined loydontinuity from the sheath boundary

ion flux.

nszohm = ni ((D)VI ((0) (CB)
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The sheath boundary values are

e
n, =n, exr{%) (C.4)
b
2e
VBohm = [_ %Ohmj (CS)
m
KT
=-—=° C.6
ohm 2e ( )

Assuming that the ions in the bulk plasma haveigidge thermal velocity, the velocity

of the ions at a given potential is found using conservati@mergy,
—mv’ =-ep (C.7)
which when substituted into Equation (C.3) results in

n = o.em{%j% (C.8)

Substitution of Equations (C.2) and (C.8) into (Cyields the second differential of the

sheath equation.
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Equation (C.

dg
dx?

_&h
£

%
O.G{Mj - ex;{ €9 j] (C.9)
(0 kae

9) can be non-dimensionalized by utiedgollowing substitutions.

—
= C.10
X KT, (C.10)
= _ewBohm
=——— C.11
XBohm kae ( )
2 \%
gziz{ ne ] (C.12)
AD gokae

The substitution of the second derivative of theepbal is done using the Chain Rule.

0¢ _

9¢ _0¢0x0¢
0y 0¢ 0x
0 0p\ox 9 (0 0x|0¢o< | (6 6{)6(00)(
axa)( o0& 6x axaf dxy ox \0x0x /oy o

“lox e Jacox \axafaf)ay ax )y o&

_[g—kaeJa_xg 0f 8 9x)opas (0 1 )ogoy
0x 0& 08 ) Oy Ox ax)l

(af 0 6)(j6¢65

&0_50_5 dx ox

2
= ia_)z( @i (C.13)
A, 067 ) e A
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Substituting Equations (C.10) through (C.13) in@a9) yields

2 %
Kol doy__eny [0.61[)(3;“"‘] —exp(-)()]

el? dé? &,
2 b
a X — XBohm _ _

Multiplying both sides by the first derivative pfand integrating yields

2 72
XX 0_616)(()(Bohmj _X exf- )
0§ 0¢ AN 0¢

19 (ay 9 9
291240 = 1212 I exd-
265 af ag XXBohm+a£eXd X)j
19 (ay) ) 9
29192 = 1202 I exg-
265 af _E( ag XXBohm-I_afeXd X)j
1oyl

X _ ¢ ¢
E(_a gj 0 = 121/ XX aonm| + XP= X)

The bulk plasma has no electric fields, which makes first derivative of the

potential zero at = 0. Furthermore, by conventignand thug, is zero ak = 0.

a 2
(a_)gj =24 XXBohm + ZeXd— X) -2
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g_i; = (24 XXBohm + ZeXd_ X) - 2)}é (C15)

Further integration must be done numerically tohesthe potential.
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APPENDIX D

RF SYSTEM DESIGN

The purpose of the RF system is to generate amatieg voltage across the antenna
that will propagate RF waves into the helicon disggachamber. The RF system
consists of a Yaesu FT-540 high frequency transcdiveproduce the RF signal, an
ACOM 2000a linear amplifier to increase the signalveg an LP-100 power meter to
monitor the output power, a pi-type matching netwiorktuning the system, the antenna
to transmit the signal into the plasma, and the tRiRsmission line to connect the
components. The transceiver and amplifier arectdeto provide the desired frequency
and power of the RF signal, while the antenna desiget by the size of the discharge
chamber and the frequency of the RF wave to be gedpd. The matching network and
the transmission line both require additional desips the former must account for the

interaction of the latter with the rest of the gyst

D.1 Transmission Lines

Generally speaking, a transmission line is a deslegigned to transfer energy from
one point to another. Specifically, for RF appiicas a transmission line is a device to
propagate an electromagnetic wave within a contratiedium. One of the key design
requirements of RF systems is the transfer of arsigial from the source to the load
without contaminating other devices. Therefore, arfethe requirements of a

transmission line is to contain the RF signal sticht there is negligible far-field
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radiation. Another desired attribute of a transmisdine is to minimize thermal losses

that could decrease transmission efficiency.

D.1.1 Overview of Transmission Lines

From a general perspective, there are two categofigsansmission lines: those
capable of transmitting transverse electromagr{@&tdV) waves and those that transmit
only higher-order wave modes. TEM waves are chaiaete by the electric and
magnetic fields being orthogonal to the directidnpoopagation; in the higher-order
propagation one or both of the components of thesvigin the direction of propagation.
In the vernacular of RF system design, “transmissime” usually refers to the
propagation of TEM waves, while the higher order nsodes propagated by devices
called waveguides. Waveguides are outside theesabfhis work and are neglected for
the sake of brevity; therefore, the use of “trarssmoin line” will refer only to those
devices capable of transmitting TEM waves and netdeeguides.

The most basic theoretical transmission line igstiesn of two infinite parallel plates,
shown in Figure 143. When viewed along the axisropagation, the electric field lines
are orthogonal to the plates, while the magnetid fi@es are parallel to the plates. In
this configuration the wave propagates in part tghotihe medium between the plates, be
it vacuum or some dielectric material. Since TEM/@sare a subset of plane waves, the
components of the wave will extend into the plates @opagate through a portion of the
plates adjacent to the intervening medium. As thll fpenetrates a distanae it is

attenuated by the conductive material accordirgqoation (D.1).
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E lines

\

A 4

| G _ L

B lines

Figure 143. Infinite parallel-plate transmission Ine.
E(x)=E, ex;{— \ /%XJ ex;{— iwl%x] (D.1)

In the above equatiom is the angular frequency of the signalis the permeability of
the conductor, andl is the conductivity of the conductor. Furthermores defined such
thatx is zero at the surface of the conductor with klfsgrength o,. The skin depth is

defined as

_[2_ 1
5= /aw LT (D.2)

Substituting Equation (D.2) into (D.1) yields

E(x)= E, ex;{—gj exp(—i%j (D.3)

Thus when the wave has propagated a distanc& tfe amplitude of the field has

decreased by a factor of 1/e. Since the curreamitieis related to the electric field,
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I(x)=J, exp{—gj exp(— i gj (D.4)

The current per unit width,, of the transmission line can be calculated as

00

|'= I|J(x)|dx

0

y X
['=J exp(——jdx
0 J 5

1'=J,0 (D.5)

While the field will penetrate into the conductaylond the skin depth, the effective area
for conducting current is a layer of material withicknesss. Since the skin depth is
inversely proportional to the frequency, at higfreguencies a smaller portion of the
conductor is used to carry the current. This éffsuses the resistance to be larger

compared to the DC resistance. For example, as@heet of conducting material has a

resistance of

Ry =— (D.6)
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D.1.2 Characteristic Impedance
The transmission line in Figure 143 is an idealiabdtraction, but every transmission

line contains two conductors to propagate the $igiide interaction between the two
conductors gives rise to a capacitance and indoetaetween them. If the line is not
lossless, it will also have a resistance along eamiductor and a shunt conductance
between the two that must be considered. Theffextt®f these components is to create
an impedance through the line. Assuming the clrigtics of the transmission line do
not change along the length of the line, this ingye@ can be represented by a
characteristic impedance of the line. To demotsstthis, suppose one examines an
infinitesimal segment of the transmission line frdagure 143 that is carrying a
harmonically varying wave. As a currdnpasses through a small segment of thedige

a small voltage drop afiV will exist across the segment. At the same timeottage
drop V exists between the two conductors that drivesstgeal. Figure 144 shows an

illustration of the transmission line segment.

o —AM—

T
v c— =c
|

o

Figure 144. Differential element of a two-conductotransmission line (eft), and corresponding
circuit diagram (right).

The series impedance per unit length of the segnwemetermined by the line

resistanceR’, and the inductance,, expressed as

296



Z'= R+ial' (D.7)

The shunt conductanc&’, and the capacitanc€;’, determine the shunt admittance,

defined as

Y'=G+iaC' (D.8)

In both Equation (D.7) and (D.8) the transmissioe characteristics are per unit length.

The voltage droplV across the segment is then

dVv =1Z'dx
N_ iz (D.9)
dx

Likewise, the currentll passed between the two conductors is

dl =VY'dx
a vy (D.10)
dx

Differentiating both Equation (D.9) and (D.10) witspect to yields

dv _ dz' _.d
=|—=+7Z'—
dx? dx dx
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2 1
dV _ 192 7y (D.11)

dx? dx

2 1
d’l :Vd_Y+Y'd_V
dx? dx dx

2 1
d_y9dY vz (D.12)

dx? dx

Since the transmission line is assumed to be unifacross its length, the derivatives of

Y’ and Z' with respect to x are zero. Equationsl(D and (D.12) then reduce to

0= dz\: -Z'VY' (D.13)
dx

0= vz (D.14)
dx? '

Equations (D.13) and (D.14) are the basic wave taaps for a transmission line,

which form a system of two second-order ordinarffedential equations. Assuming a

solution for Equation (D.13) of the form

(D.15)

Substituting Equation (D.15) into (D.13) yields
0=p’e” -2'Y'e”
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0=(2-z'v)e”
0=)2-ZY"

y=+JZ'Y' (D.16)

Since there are two roots, the general form ofktilation is

V =C,explVZ'Y'x)+ C, exp-+Z'Y'x) (D.17)

Equation (D.14) could be solved in a similar fashidut this would result in two
additional constants. Instead, Equation (D.17) lmaulifferentiated with respect xoand

substituted into Equation (D.9)

olav
Z' dx

| = G, ex x/Z'Y'x)— C, exp(—x/Z'Y'x) (D.18)
ZY" Z/Y"

In order to determine the constar@s and C,, Equation (D.17) is evaluated at the

boundary condition at = 0, yielding

V]=C, +C, (D.19)
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In general, the voltage on the line is actually guem of two harmonically varying
voltages of unequal amplitude¥; and V,. Thus the constant€; and C, can be

considered as corresponding to the voltay§gsand V.. Since the constants are
independent ok, but are harmonically varying with respect to tirttegy can be written

as

C, =V, e“ (D.20)

wherek is either 1 or 2. Substituting (D.20) into Eqoas (D.17) and (D.18) yields

V = Ve exddZ'Y'x)+V,e“ expl-+Z'Y'x) (D.21)

Vzei(ut

JZUY!

\/lei(ut

JZUY!

exp( Z'Y'x)— exp(— Z'Y'x) (D.22)

Revisiting Equation (D.16); is the propagation constant and is a complex dyanthe
real part is called the attenuation constantand the imaginary part is called the phase

constantf. The propagation constant can thus be written as
y=NZY'=a+if (D.23)

Substitutingz andg into Equations (D.21) and (D.22) yields
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V = Vel 1y g @gll-p) (D.24)

V1 eaxei(ax+ﬁ><)_ Vz

Z/Y" JZY

e gll@-) (D.25)

;

From Equations (D.24) and (D.25) it can be seentti@mvoltage and current are set
by two waves propagating through the transmissiog. | The difference in sign of the
¢’ terms between the two waves signifies that the wapepagate in opposite
directions along. The first term in both equations corresponda teave propagating in
the negativex direction, while the second term corresponds Wwage propagating in the
positive x direction. Additionally, each wave has two expuied factors, one
corresponding to the attenuation constant, andother corresponding to the phase
constant. The different sign of the attenuationstant between the two waves means
that the first wave decreases in amplitude asopg@gates in the negatixalirection, and
the second wave increases in amplitude as it pegpagn the positive direction.

To return to the original intent, the charactecisgtnpedance is the ratio of the voltage
across the line to the current passed for a siwglee. Taking the first wave of Equations

(D.24) and (D.25) this results in

== (D.26)

Recalling Equations (D.7) and (D.8), the definisoof Z' andY’ can be substituted into

Equation (D.26).
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z, = |RHal (D.27)
G+HiaC’

In general the characteristic impedance is compléxR’ and G’ are small, or if the

frequency is large such that’ >> R’ andowC’ >> G’ then Equation (D.27) reduces to
ZO = |— (D28)

In this case, the characteristic impedance isardlcan be thought of as a characteristic
resistance, but in general it is still referredatoan impedance. When the characteristic
impedance is real, the line is considered losslefsR’ and G’ are small but not

negligible, Equation (D.27) can be approximated as

Z, = —[1+i(———ﬂ (D.29)
C' 2aC' ¢l

This reveals that there is a special case in wthieHine can still be considered lossless,

which is called Heaviside’s condition for a disioniess line.

G _R
c L

The phase velocity of the wave through the transimisline is defined as
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(D.30)

For a lossless line this simplifies to

(D.31)

The above derivation applies to any given transiomskne, but the exact values for
L’ andC’ are dependent on the geometry and material dfdnemission line. While the
infinite parallel plate transmission line is conigart for calculations, it is impractical for
actual applications. Therefore, more realistioigraission line configurations will have

to be considered.

D.1.3 Types of Transmission Lines
There are two primary geometric configurations foansmission lines that are

derived from the parallel plates. Consider a tnaission line made from finite parallel

plates, shown in Figure 145 (a). Supposing onéhedsto change the geometry by
bending the plates, there are two options: deflgcthe plates in opposing or matching
directions, shown in Figure 145 (b) and (c), retipety. Continuing until the boundaries

of each plate closes, this results in either awive transmission line, Figure 145 (d), or a
coaxial transmission line, Figure 145 (e). The-tmice line is commonly referred to as a
“balanced line,” as the configuration lends itgelfhaving both lines carrying a voltage

with respect to ground that is equal in magnituue, opposite in polarity. The coaxial
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line is referred to as an “unbalanced line,” as Wodtage drop between the center
conductor and ground is equal to the voltage sigh#te line, while the outer conductor

is at approximately ground potential.

Figure 145. Transmission line evolution. a) par&l plate, b) plates deflected in opposing directits,
c) plates deflected in the same direction, d) twoire line, €) coaxial line.

D.1.3.1 Balanced Transmission Lines
Recalling Equation (D.28), the characteristic imgeek, for a lossless line, is a

function of the series inductance and the shunaacgmce between the two inductors.

With a specific geometry and line material this barewritten as

0

2
_1 Hin R+ (Rj -1 (D.32)
T\ € 2a 2a
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whereD is the distance between the centers of the twowtiors,a is the radius of the
conductors, and ande are the permeability and permittivity of the sumding medium,
respectively. This expression assumes that tleeisinossless, or that the frequency is
high enough such that the line can be considergsldss. A simplification can be made

if the distance between the conductors is muclefaittan the radius of the conductors.

Z, =1\/Zln2 (D.33)
TN & a

(Da O
L |
I D "

Figure 146. Balanced line geometry.

A key fact of RF system design, which will be expé&d in further detail in the next
section, is that changes in impedance must be estoid ensure optimal system
performance. From Equation (D.33) it is seen th@lanced lines are sensitive to the
separation distance between the conductors. Sleakttion of the line undergo some
geometric distortion, the impedance of that sectwould change and lead to an
impedance mismatch and a corresponding loss of pove&ommon solution is to attach
non-conducting supports between the two elementanatinterval to constrain the
separation distance. This configuration is refiétrte as a ladder line, although the
support structure does not necessarily have toobéned to that shape. Some smaller

ladder lines are constructed with an insulatingstidaribbon that connects along an

305



insulating sleeve covering each conductor. Anotmrcern with balanced lines is that
while for the far-field condition the line has niggle exterior power radiation, for the
near-field this is not necessarily the case. Tmemns that either the line must be placed
away from other conductors and signal lines, orcaigded shield must be placed around

the line.

D.1.3.2 Unbalanced Transmission Lines

The characteristic impedance of an unbalanceddigesen by
z, =L Kk (D.34)
£ a

where a is the radius of the inner conductor, amds the inner radius of the outer
conductor. Againu ande¢ are the permeability and permittivity of the irening

medium between the conductors.

(D

Figure 147. Unbalanced line geometry.

Like balanced lines, the impedance of the unbaldnioge is sensitive to the
separation distance between the inner and outetuctors. While it is possible to use a

truss frame to constrain the geometry if a vacuuap @ desired, it is much more
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common to fill the region with an insulating mag&drsuch as nylon or Teflon. One
practical consideration when using unbalanced lisgkat the line is not bent through a
small radius of curvature, as this would distod #hape of the line and lead to a change
in impedance. Coaxial lines avoid the near-fieddliation concerns by completely
internalizing the interaction between the two cartdts. Since a wave can only
propagate into a medium an effective distance efskin depth, only the inner region of
the outer conductor passes the signal; the outéacguof the outer conductor carries no

signal and acts as a shield.

D.1.4 Transmission Line Termination

In the discussion thus far, the transmission liag been treated as effectively infinite
with no termination. Since the goal of a transioisdine is to deliver an RF signal from
the source to some load, the effects of connedttiriis load must be considered. As has
already been discussed, a signal propagating cemanhission line can be thought of as
the sum of two travelling waves moving in opposlieections. The first is a forward, or
incident, wave on the load and the other is a cedld wave towards the source, as shown

in Figure 148.

T
Zy Ve Ve Zy

x=0

Figure 148. Transmission line termination.
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Using Equation (D.24), the expressions for the wgasan be written as

Ve =V e%e“ (D.35)

Vi =Vg,e7%e (D.36)

whereVke is the voltage of the forward wawg; is the voltage of the reflected wave, @nd
is the phase shift between the two waves that scatirthe load. The reflection

coefficient for voltagep,, is defined as

VR

P, =
VF x=0
V . V

p, =8¢ =Rz (D.37)
VF,O VF ,0

The net voltage at a point is thus
V=V, (e"X + pve‘yx) (D.38)

Similarly, the current carried in the two componeatves are defined as

e =1 0" (D.39)

I = 1@ e dg (D.40)
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where ¢ is the phase difference between the current aadviitage. The reflection

coefficient for the curreng;, is

,Oi =
IR x=0
I . I

0 = RO i¢ — (RO 0¢ (D.41)
It o leo

| =1, ,e(e* - pe™) (D.42)

The goal of this examination is to determine how biehavior of the wave changes with

respect to the impedance of the line and the |d¢amt.any point on the transmission line

Z, = \Ii =Y (D.43)
F

I R

while at the load

z, =\|/— (D.44)

Separating the current into the two component waves
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Z,
lZIF_IR
Z,
V_Ve Ve
Z. Ly, £,

However, the net wave voltage is the sum of thedamponents, which leads to

Vp +Ve Ve -V,
ZL ZO
Rearranging, this yields
V, Z -Z
—R==t O=-p (D.45)
Ve Z t+Z,

The above equation reveals a special case whemefleeted wave is zero when the
impedance of the load is the same as the impedaintdge transmission line. It also
shows that the reflection coefficient can rangenfrd to 1 in value. Another parameter
used to describe wave propagation through a trassom line is the voltage standing-

wave ratio (VSWR, also referred to as simply theFE§W

SWR= "

min
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V., +V
SWR= ‘2 RO (D.46)

F.0 _VR,O

The SWR can also be expressed in terms of thegel&flection coefficient,

(D.47)

The SWR varies in value from one to infinity, whenee corresponds to no reflection,

and infinity corresponds to complete reflection.lahge SWR can be problematic for two

reasons. The first is that the reflected wave ggagpes back through the transmission
line and is attenuated by the line impedance, wischssipated as heat into the line. The
second reason is a large voltage signal reflecaak lat the source could damage the
equipment. Therefore it is highly advantageoubawe the load impedance equal to the
line impedance. However, in this particular apgtiien the load is often an antenna
coupling to a plasma. Due to the potential for ph@sma impedance to change as a
function of the input power and other operationalgmeters, a fixed load impedance is
not guaranteed. Therefore an additional devicleda matching network, must be

included that can provide a variable impedancensuee the load impedance matches the

transmission line impedance.
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D.1.5 Power Attenuation
While much of the discussion on transmission lihas assumed negligible power

loss, in practice there is always some loss aadssnsmission line that should be taken
into account. Line loss, sometimes referred tacade loss, is the ratio of the power
received at one end of the line to the power trantechat the other end. The cable loss

for a matched lind,y, is defined as

)

x

(D.48)

fine)

x

wherePgy is the received power arly is the transmitted power. It is most common to

see the cable loss given in decibels.

Lyias = 10Iog(%j (D.49)

Rx

This form of the cable loss is called the matched-loss and assumes no reflected
signal. If the SWR is greater than 1, the sigsdurther attenuated by a portion of the

wave reflecting back towards the source beforetiirns. The mismatched-line loss is

a? - o2
L ae = 10|Og( o ag\; j (D.50)

wherea is the matched line ratio, defined as
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I-ML,dB
a=10""%0 (D.51)

One consideration to remember is that in EquatidA?) the reflection coefficient is
at the load. If a directional coupler is used teasure the SWR and is placed near the
source, it will give an inaccurate reading becapag of the reflected wave will be
attenuated by the transmission line. In that sibmathe reflection coefficient at the

source is given by

1+ SWR
A =81 swR

(D.52)

where SWRis the SWR measured at the source.

D.2 Matching Networks

D.2.1 Impedance Matching

A key note from the previous section is maximum powansfer is achieved when
the impedance of the source and the load are e§Maén a change of impedance occurs,
part of the signal is reflected back towards theres®. Once at the source this signal is
reflected again towards the load, eventually sgttp a standing wave between the
source and the load. This situation is undesirdttetwo reasons: a signal reflected
repeatedly through the system passes through @idatigtance of the transmission line
which leads to increased power dissipation intottaesmission line. The second reason

is signals reflected back at the source can darttegemplifier or the transceiver. The
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solution to this is to ensure that every componagihthe RF system has the same
impedance. Most commercially available componestgh as the transceiver, the
amplifier, and the power meter, have impedance®®f). Transmission lines and
associated fittings and feedthroughs also are aail in various characteristic
impedances, including 52. The one component that does not have @ H@pedance is
the antenna.

There are two approaches to designing an RF sydtatrincludes an antenna. The
first is to design an antenna with a set impedatce specific frequency of interest that
matches the impedance of commercially availablépmgent. Since the impedance of
the antenna changes as a function of frequency, édsentially limits the system to a
single frequency, but ensures that there is no dapee mismatch. The second approach
is to design a circuit network consisting of industand capacitors that, when connected
in series with the antenna, creates an equivatepedance that matches the rest of the
system. If the components of this circuit netwark tunable, this allows for a variable
frequency system since the impedance of the cicautbe tuned as the impedance of the
antenna changes with frequency.

As an example, suppose one wishes to match & SOurce to a 22 antenna, as
shown in Figure 149. The simplest impedance matgleircuit consists of a variable
inductor in series with the antenna and a paradebble capacitor shunt to ground. The
placement of the shunt capacitor depends on tlaiwvelimpedances of the source and
the load, as the capacitor is always placed orsithe of the inductor that has the higher
impedance. In this example the shunt capacitgrlased on the source side of the

inductor, as it has a higher impedance than thenauat
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Antenna

50Q

)

20Q

Figure 149. Example impedance matching.

The addition of the matching network serves toease the equivalent impedance
downstream of the source up to@0 The values of the capacitor and inductor nee¢ded
reach 500 can be determined by summing the series impedainte inductor and the

antenna and combining it with the parallel impedaoithe capacitor, shown below.

(D.53)

HereZ denotes impedance, which can be complex. Thedamm of the capacitor and

inductor are

y A (D.54)

Z, =ial (D.55)

Note that sincg is used to denote current density, the standadtredal engineering
convention of denoting the imaginary component withvill be replaced with the

mathematical convention of using Substituting these definitions into EquationgB),
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1
2+ial

i:iac+
Zeq

7 = 2+ial
* " {1-’LC)+i(24C)

(D.56)

To solve the complex division, the numerator andodeinator of Equation (D.56) are

multiplied by the complex conjugate of the denortona

_ 2+l - wPl’C - 4aC)
1 1-2a?LC + & *L’C? + 4a.2C?

(D.57)

The goal of the matching network is to transforne fload into a purely resistive
impedance of 5@2. For complex impedances, the real component denasistive
impedance, and the imaginary component denotediveaicnpedance. For optimal

performance, the imaginary component of Equatio®{[Pmust be zero, yielding

L
C=izea (D-58)

Substituting Equation (D.58) into (D.57) and theided value of 50 foZe, the value of
L is found to be 0.115H. Substituting. into Equation (D.58), the value @fis 1,150
pF. Thus a 22 load is matched to a 5Q source and power transfer efficiency is

maximized.
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D.2.2 Matching Network Types
There are many different configurations of impeaameatching circuits, with the

application of each one depending on relative irapeds between the source and the

load. The three outlined below are the ones masingonly seen in RF applications.

D.2.2.1 L-type:
The network depicted in Figure 149 is a simplifsgtsion of an L-type matching

network with an idealized load. In a real appii@atthe antenna is not solely resistive,
but instead consists of resistive, inductive, aapacitive components. The resistive load
is caused by the finite length of the transmisdilo@ and the antenna, while the inductive
load arises from the shape of the antenna. Thactag component of the load is

partially the stray capacitance between system eadsn but also includes parasitic
capacitance between the system and the surroundirfgsrthermore, as had been
mentioned in the example, there are two configaratifor the network, depending on the
relative impedances of the source and the loagnofe complete representation of an L-

type matching network is shown below in Figure &6@ Figure 151.

W/'

@ :/EC' é Co La ;

Figure 150. L-type matching network, Z, < Zg
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______________

______________

Figure 151. L-type matching network, Z, > Zg

In general L-type networks consist of an inductod &apacitor in series with the
antenna and an additional shunt capacitor in pdrallThe shunt capacitor is called the
load capacitor, while the series capacitor is datlee tuning capacitor. The origin of
these names can be found by repeating the examgptethe previous section, but with
the expanded L-type network. For the sake of duoitp] assume thdt, andC, are both
zero, andR, is still 2Q. Additionally, instead of considering the loadruetuned to the
source impedance, it is the source that is tundgtiddoad impedance. Thus the circuit

becomes as shown in Figure 152.

50Q L

;/f C 2Q

Figure 152. Example L-network revisited.

From the perspective that the 8D source is being matched to the(2load, the

circuit becomes the source in parallel with thedleapacitor, with the combination of the
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two in series with the inductor and the tuning cajpa. Hence, the equivalent

impedance of the source and the matching netwagk/en as

ZsZC,I

Zeq =ﬁ+ZL +ZC,t (D59)
s C,l

Here it is useful to consider the impedance assthm of the resistive (real) and reactive

(imaginary) components,
Z=R+iX

The inductive reactance and capacitive reactaredefined as

-1
Xe=— D.60
c=C (D.60)
X, =ak (D.61)
Rewriting Equation (D.53) in terms of resistancd agactance yields
iX
Z,, :&HXL +iX ¢,
R, +1X¢, ’
RXZ, [ RXg,
Zey=— o5 Tl 5+ X+ X, (D.62)
RE+ X RO+ X,
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The important point to take from Equation (D.56}hat the only real component is
the first term. Since from this perspective theaieglent impedance is being matched to

2 Q of pure resistance, this results in a system ofdguations:

RX¢
e (D.63)
RS+ X¢,
2
X
=%+XL+XCt (D.64)
RS+ X¢, '

Substituting the values fd&s andRa into Equation (D.57) yields a load capacitance of
1,150 pF, which is the same value found previoudlkius for this perspective (matching
to the load, rather than the source) the shuntoitapasets the real component of the
equivalent impedance to match the load, hence dineen‘load” capacitor. The tuning
capacitor gets its name from the fact that it tuttes imaginary component of the
equivalent impedance in conjunction with the inductMathematically, Equation (D.64)
cannot be solved, as there are two unknown vasgabfince this kind of L network is
over-controlled, only one component is theoreticaleeded. In practice the load is
rarely purely resistive. Since inductive and cépar elements have positive and
negative reactances, respectively, a capacitormandductor are used to compensate for

potential presence of capacitive and inductive $paelspectively.

D.2.2.2.n-type:

The primary limitation of the L-type network is thacan only tune in one direction,

for either a higher load impedance than the sowrce, lower load impedance. The
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network solves this problem by joining two L netk®rtogether, overlapping at the
inductor. This allows for matching the impedan€¢he load to the source regardless of
whether the load impedance is greater or less thansource impedance. In this
configuration the capacitors are called “input” dodtput,” where the input capacitor is
placed on the source side of the inductor, andtliput capacitor is placed on the load

side. A schematic ofmnetwork is shown below in Figure 153.

2748

L

:/fc, :/fcoi La |

Figure 153.xn-type matching network.

The flexibility of ther network can be seen by comparing it to an L nétw®hile
the L network matches the load to the source oe viersa, thet network tunes both
impedances to some common point. Considerxntinetwork circuit redrawn below in
Figure 154 with the input and output capacitorsuged with the source and load,
respectively, in parallel. This results in a ser@d three impedances: the equivalent
impedance of the source, the impedance of the toduend the equivalent impedance of

the load (in this case the antenna).
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Figure 154.x network with equivalent impedances.

For convenience, the impedance of the antennalensiaurce can be written as

Z, =R, +iX,

s = Rs

The equivalent impedance can then be written as

1 1 1
= +-
ZeqS Rs 'Xc,l
RXZ, RX¢,

1 _ 1 + 1

Zeq,A R, +iX, iX co

7 - RAXC,O(XA + xc,o)_ RAXAXC,O +i R,ixc,o + XAXC,O(XA + Xc,o)
egA
* Ri"'(xA‘|'xc,o)2 Ri+(XA+XC,O)2
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The impedance matching requirement can be written a

Logs =L Y2y (D.67)

Separating Equation (D.67) into the real and imagirterms and substituting Equations

(D.65) and (D.66),

Rsxc2,| - RAXC,O(XA + xc,o)_ RAXAXC,O
RZ+ X2, R2+(X\+Xcof

(D.68)

Rsxczl =X +RiXC,O+XAXC,O(XA+XC,O)
R+XZ, RZ +(X, + Xco )

(D.69)

Thus the two capacitors tune the real componerthefimpedance of source and the

antenna to each other, while the inductor servéslkance the imaginary component.

D.2.2.3. T-type:
While an network can be thought of as two L networks joia¢d common series

inductor, a T network is analogous to two L netwgoskaring a common shunt capacitor.
The goal of this configuration is similar to thenetwork, as it is capable of matching to
either a higher or lower load impedance comparethéosource. Figure 155 shows a

circuit diagram of a T network.
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Figure 155. T-type matching network.

The equivalent impedance seen by the load is thesssummation of the antenna
reactance, the reactance from the second induatak,the parallel combination of the

capacitor and the first inductor in series with slo@irce.

-1
Zeq: 1 +-1 +i(xL2+XA)
R5+|XL’1 IXc '
“X. X +iX.R
Z = Listc T AAC S]+i(xL,2+xA) (D.70)
R, +i(X,, +Xc)

Separating the terms into real and imaginary corapts

o RXS
) O

Im(Z ): Ré(XC Xt XA)_ XiaXe (XL,l + XC)+(XL,1 + XC)Z(XL,Z + XA)
) RE+ (X, + X

(D.72)
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Since an ideal match occurs when the equivalenedapce is purely resistive and equal

to the resistance of the load,

2
- RXe (D.73)
RS+(XL,1+XC)

A

0=RE(Xc + Xy o+ X )= X aXe (Xey + Xe )+ (X + X (X, +X,)  (D.74)

In a T network the capacitor and the first inductone the real component of the

impedance, while both inductors and the capadaitoe the imaginary component.

D.3 Antenna Connection

D.3.1 Antenna Types
While the matching network serves to maintain darm impedance throughout the

RF system, there is an additional consideratiotoimecting to the load when the load is
an antenna. Limiting the selection to those fedtwyg-conductor transmission lines,
there are two types of antennas: monopole and elipplonopole antennas, often called
aerials, are single lead antennas that use surrayigdounded surfaces as a signal return.
Monopole antennas are commonly used in conjunciigh unbalanced coaxial lines
with the antenna connected to the center condudgpole antennas, in contrast, are fed
with a balanced transmission line with each comatuieteding a symmetric portion of the
antenna. These segments can either be separatghasase of a simple dipole antenna,
or connected, as in the case of a loop antennampbes of these antennas are shown in

Figure 156.
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a) b) C)

Figure 156. Sample antennas: (a) monopole antenmannected to coax line; (b) dipole and (c) loop
antenna connected to balanced line.

The double saddle antenna used in the helicon plasmrce is a dipole antenna, and
thus normally would be fed with a balanced lineoweéver, coaxial unbalanced lines
offer several advantages over balanced lines. fif$tds that the coaxial lines contain the
signal and do not have any near-field radiation.hisTis especially useful when
connecting to an antenna that is part of a thrusthere conductive components would
be placed in the near-field region of the line.a lbalanced line was used, this could lead
to the line radiating to the thruster componenfsnother benefit is coaxial lines can
strongly constrain conductor separation withoutagyelimiting cable flexibility, which
eases thruster and RF system design.

While feeding a dipole antenna with a coaxial traigsion line is an attractive idea, it
does create one problem. Generally when coaxietlare used to feed an antenna, only
the center conductor is used; however, a dipolerenra requires a connection to both
conductors of the transmission line. This necassst connecting one terminal of the
antenna to the shield of the coax line. DiscusgidSection D.1.3.2, however, noted that
the wave propagating through the line passes dmtyugh an inner layer of the outer

conductor. If the outer conductor is connectecome of the antenna terminals, this
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creates a connection between the inner and ouyterslaf the outer conductor, allowing a
portion of the antenna current to pass back albagtiter conductor on the outer surface.
This creates two problems - the first is that theeana is now asymmetrically fed, as part
of the current passing through the inner condust@assed back along the outer layer of
the conductor, rather than the antenna. The semaidem is the outer conductor is now
radiating and acts as a second broadcasting anteBo¢h of these problems make it
more difficult to effectively match the impedan@nd causes non-uniform ionization

within the helicon discharge and within the vacuthmmber as a whole.

D.3.2 Baluns

Despite the difficulties in feeding a dipole antarwith a coax transmission line, the
benefits of using the more flexible coax line ma&alving the issue rather than simply
using a balanced line. The common solution to ifeedlipole antennas with an
unbalanced line is to include a balun between thexdine and the antenna. A balun
converts a transmission line from balanced to warid, (the name balun is derived
from “balanced tounbalanced”). For this kind of application, there awo types of
baluns that can be used: transformer and chokeansiormer baluns use a voltage
transformer to create two output leads that havealegqragnitude of potential from
ground, though in opposite directions. A chokeubaloes not include a DC break, but
instead adds a large inductive impedance on ther adnductor that suppresses the
current passing along the outer layer of the owtmductor. Figure 157 shows a

schematic of the problem, as well as the two sohsti
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Figure 157. Dipole antenna connection to a unbalard coax line. (a) Direction connection with
contaminated outer conductor, (b) transformer balunconnection, and (c) choke balun connection.

The most common form of a transformer balun isiteertioroid with two windings,
one for each transmission line. The number ofsumeach winding is generally the
same, although different turn counts can be useenwd larger or smaller voltage is
desired. Another feature of toroidal baluns id thareates a DC break between the two
lines. An alternative configuration that uses lessding material is an autotransformer
balun. An autotransformer consists of a singledivig around a ferrite rod where the
center conductor of the unbalanced line is conueict@ne end of the coil along with one
conductor of the balanced line. The other condusteonnected to the other end of the
coil and the outer shield of the unbalanced lineneets to a tap on the coil. The exact
placement of the tap determines the relative veltagjep of the transformer.
Autotransformers do not have a DC break betweetvibdransmission lines, but require
fewer windings and can use a smaller ferrite cdmeeither configuration, if a 1.1 voltage
ratio is used, the balun is referred to as a cuipatun, as the input and output currents

are equal. Figure 158 shows both configurationsasfsformer baluns.
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Unbalanced
Balanced Unbalanced

a) b) Balanced

Figure 158. Transformer baluns. (a) 1:1 toroidal b&un and (b) autotransformer balun.

Choke baluns differ from transformer baluns in thia¢y do not fully create a
balanced line where the voltage signal is equallyied between the two lines. Instead, a
choke balun maintains the unbalanced voltage digion and suppresses the current on
the outer layer of the outer conductor by providad¢arge inductive impedance to RF
signals. One of the most common approaches isrg¢atee an inductor out of the
transmission line itself. If the length of thersmission line is large, the line can be
wound into a coil around some insulating body teate an air-core inductor. If the
transmission line length must be minimized, a nmedfective approach is to wind the line
around a toroidal ferrite. Choke baluns are akferred to as current baluns, as the
current through the balun is maintained. In generhout 1,000Q2 of impedance is

recommended to effectively suppress the currehermuter shield.

D.3.3 Ferrite Selection
In both balun configurations the use of a ferriterec is either required or

recommended for optimal performance. Hence, thecsen of ferrite material is a key
component to designing a balun. The defining attarsstic of a ferrite material is the

permeability, defined as
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H=— (D.75)

where B is the magnetic flux density, and is the magnetic field intensity. The

permeability can also be expressed in terms ofdlagive permeabilityy,

U= [ (D.76)

where yo is the permeability of a vacuum. For some materihe permeability is
effectively a scalar constant, but for ferromagnetnaterials the permeability is a
function of frequency and composition. At higheedquencies it is useful to consider

permeability as a complex quantity,

U= [+ (D.77)

wherey’ denotes the inductive component arfddenotes the resistive loss component.
Manufacturers often present the complex permewgbiiia plot of both components as a
function of frequency, as shown in Figure 159. ndssuch a plot with a given frequency
of operation, the values of the components of tohengex permeability can be

determined.
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Figure 159. Complex permeability of type M Nizn ferite.®’

The other key selection parameter of a ferritbésdquality factorQ, defined as

Q= R , (D.78)

where X, is the inductive reactance amlis the resistance of the ferrite. The quality
factor is a measure of how much of the applied mhapee is lossless. A low quality
factor implies much of the countering magnetic ggeis dissipated through resistive
heating. This is particularly important in vacuuampplications where ferrites have
negligible cooling. If the temperature of the fierrexceeds the Curie temperature of the

material, the material will transition from beingrfomagnetic to paramagnetic. This
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causes the effectiveness of the toroid to greaittyirdsh, effectively eliminating the
balun of which it is a component of. Thereforasitdesirable to have a ferrite that
maximizes the quality factor.

The resultant design parameter of interest fofehdte is the inductance, which for a

toroid is given by

- Lianza il 2
L= 2ﬂ|,u|N H In[r j (D.79)

1

whereN is the number of turns around the torditlis the heighty, is the outer radius,

andr is the inner radius of the toroid. The magnitofithe permeability is

=i

D.4 RF System Selection

The direct application of the previous sectionthes design of the RF system. There
are two figures of merit for the RF system: the powattenuation through the system and
the directivity of transmission. Power attenuati®the loss of power through the system
due to resistive losses, the primary cause of whschhe transmission line. The
directivity of RF transmission is primarily concethwith transmission from components
other than the antenna. The directivity of theeant itself is neglected, as the antenna is

selected to match previous research that uses blad@addle antenna. The design
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objective for the RF system is to minimize poweemtation and RF transmission from

the line and other components.

D.4.1 Power Attenuation

The function of an RF power system in this appiarais to deliver an RF signal to
an antenna which couples the RF power to the plasiitee two primary performance
metrics of an RF system are the power attenuatiom fthe source to the load (the
plasma) and the amount of transmission from syst@mponents other than the antenna.
The power attenuation is particularly importantjtatecreases the effective power output
of the RF system and the range of operating canditavailable for testing. There are
two sources of attenuation: resistive losses assigaal propagates through finite
impedance, and reflective losses caused by misméichpedances between components
in the system. The latter is resolved through eraelection of components and the use
of a matching network. The former can only be mized by reducing the number of
resistive components in the line. Generally, #rgést contribution to attenuation is the
transmission line itself.

The propagation constant is defined in Equatior28pin terms of real and imaginary
components. The real component is called the @dtean constant and describes the
resistive power loss through the line. In a lesssl line, where resistance and
conductance are zero, the attenuation constangrs zIn an actual transmission line,
resistance and shunt conductance are low, but eamm-z Furthermore, resistance
increases with frequency, as the current only patest into the conductor a distance of
skin depth. An estimate of the resistance per lemgth of the center conductor of a

coaxial transmission line is
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r=1 [ (D.80)

whered is the diameter of the center conductor.

The attenuation constant for a realistic transmissiine can be estimated by
assuming that the transmission line is close teléss, wher&'/wlL'<1l and G/ wC'<1.
With this assumption, Equations (D.7) and (D.8) substituted into Equation (D.23) and
a first order Taylor expansion is used to simplifg radicands. Assumirig/L’ > G’/C’,

the attenuation constant is

_R[C_R

C_ D.81
2\L 2z, (b-81)

whereZ, is the characteristic impedance of the line. Sulilng Equation (D.80) into

Equation (D.81) yields

a=—1t | (D.82)
2dZ, \ omr

This estimate of the attenuation constant onlygak& account the resistance of the
center conductor, and not the resistance of ther@lnield, or dielectric losses of the line.
As an example, at 10 MHz Equation (D.82) resulta Ime loss for RG-58/U of 0.67 dB
per 100 feet. However, the documented loss foraB®} is 1.2 db per 100 feet. Despite

this, Equation (D.82) demonstrates that even irr¢haively low frequency range around
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10 MHz, power attenuation from excessive cable tlengan be a non-negligible

percentage of the transmitted power.

D.4.2 RF System Variants
Since the primary source of power dissipatiomishie transmission line, one of the

central design points for the system is the metbodonnecting the RF equipment to the
antenna. There are three variants on the RF sys8tatrwere developed that utilized
different approaches to this transmission line eation. The first is designed around
half-wavelength resonance, where a transmission tvat is an odd number of half-
wavelengths long does not contribute to impedancéhe second minimizes the
transmission line length and relocates the matchatwgork inside the vacuum chamber.
The third variant is a hybrid setup of the previtws, where the transmission line length

is minimized, but the matching network remains o@®f the vacuum chamber.

D.4.2.1 Resonant Line Configuration

The design methodology of the resonant line cométion is to attempt to remove the
impedance of the transmission line between the mragcnetwork and the antenna.
Normally when the matching network is separatedanfithhe antenna by a transmission
line, the impedance of the line is added to theeidgmce of the load to be matched. The
fixed line length for a given frequency requiremeéstimposed in order to create a
resonating line that would make the line effectMeksless, thereby removing it from the
impedance matching circuit.

There are three sections to the RF system: thesaabinet, the matching network,

and the antenna. The source cabinet contains suY@E-540 HF transceiver to generate
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the signal, connected with a 0.9 m RG-58 cablent(A\&OM 2000A linear amplifier.
Another 0.9 m length of RG-58 connects the outgduthe amplifier to the directional
coupler of the LP-100A RF wattmeter, which measuhes RF power transmitted and
standing wave ratio (SWR) with an uncertainty oP&%or power and +0.05 for the
SWR. The source cabinet is connected to the nragahetwork with 8.1 m of RG-58.
The matching network is a custatrtype consisting of two 7-1000 pF variable vacuum
capacitors and a 1-381 variable inductor. Three Applied Motion OMHT17®stepper
motors are remotely driven to vary the three conepts of the matching network. The
matching network is connected to the chamber feedtgh by RG-393 of a variable
length as set by the frequency. RG-393 is utilifmdthe higher maximum operating
temperature (200 °C compared to 80 °C for RG-Z8final length of 5.3 m of RG-393
connects the interior side of the chamber feedtjindo the antenna. A schematic of the

resonant line RF system is shown in Figure 160.

Source Cabinet Antenna

Matching Network
Control

Power Meter

1
1
1
1
1
1
1
1
1
1
6 AWG: — @ 1
1
0.25 m: — RG-58 RG-58 I RG-58
| 09m : 81m
1
1
1
1
1

®o e O9ompyl|

HF Transceiver Amplifier Directional

________________________________________ Matching Network

Figure 160. Resonant line RF system configuratioechematic. L denotes variable cable length set by
frequency, 8.3 m for 13.56 MHz.
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The total length of the transmission line is depamicdn the geometric restrictions of
the distance between each section of the RF syatehwhether the resonant criterion is
used for the line connecting the matching netwarl ¢he antenna. The line lengths
connecting the components from the transceiveheéomatching network are due to the
geometry of the RF cabinet and the vacuum chantibetatter of which must be elevated
above the ground to allow space for the diffusianomps. Placement of the source
cabinet on the ground below the chamber is necgssaminimize line length between
the cabinet and the RF ground, which is a 1.3 camdier iron rod driven into the
ground. The length of the transmission line frdm matching network to the antenna is
the section that is set by the resonant line cadit However, the line length inside the
chamber of 5.3 m is the minimum necessary to réewh the feedthrough to the test
setup. Therefore, the section of the transmis$iima where length can be varied by
frequency is between the matching network and ¢ledthrough. There are two 0.25 cm
segments attached to the feedthrough and the magtcleitwork output that terminate in
N-type connectors. Between these two connectiatdifional cable of length is placed
to set the overall transmission line length. Tésonant line condition for an operating
frequency of 13.56 MHz using RG-393 requires a limegth of 5.2 m for the first
harmonic, which is not feasible due to geometrimitiitions inside the chamber.
Therefore the next harmonic must be used, whicls use 8.3 m of additional cable

connected between the matching network and thetfemdyh.

D.4.2.2 In-Vacuum Matching Network Configuration

The alternative design relocates the matching nétwiside the chamber. With the

resonant line condition is removed, the transmis$iilte between the matching network
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and the antenna is again a part of the matchinguitir However, since the matching
network is now located inside the chamber, thie liength is reduced such that the
impedance of the line is negligible compared wite toad. This reduces the power
attenuation caused by the transmission line ance@ses power transmitted into the
plasma. This is called the in-vacuum RF systenfigoration, denoting the placement of
the matching network inside the vacuum chamber.

Relocation of the matching network requires two ifications to the RF system.
The first is to alter the grounding of the matchimework circuit to prevent ground loops
and the formation of a plasma discharge insidentftevork. The original circuit design
grounded the shield of the coax line to the magghmetwork chassis, where the low
potential sides of the variable capacitors are asounded. This is a sufficient
configuration when the matching network is locatetside of the vacuum chamber on a
nonconductive surface, as the grounded chassisaioenthe RF signal. Inside the
vacuum chamber, the low base pressure and thendéstsetween the components and the
chassis of approximately 4 cm allow the formatidraoglow discharge at sufficiently
high powers. The conductive chassis also creatmsng loops either through contact
with mounting hardware, or through ambient plasraaegated from the helicon plasma
source.

The solution to the ground loops and glow dischai@enation is to isolate the
matching circuit from the chassis and ground thassls to the vacuum chamber. The
low voltage terminals of the capacitors are corgwdb the shields of the input and
output coax lines using 10 AWG wire insulated willerglass and mica. This eliminates

the occurrence of generating a discharge betwee=m#iching network components and
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the chassis, as well as eliminates ground loopadsat the matching network and the

chamber. Figure 161 shows circuit diagrams otweematching circuit designs.

Co | Chassis Co |
1 1 L
{1
VA T
L Coax out L Coax out

; - ; RF ground
Coax in Chamber Coaxin g

= ground

Figure 161. Matching network circuit for the resonant-line (Ieft) and in-vacuum configuration ight).

The second modification required for the systertoithe antenna connection. One
result of using a coax line to connect to a loogeana is that it causes the outer shield to
broadcast the signal. In a coax line, the RF sigmapagates between the inner
conductor and the shield, but due to the skin defffilct only the inner surface of the
shield carries the current. When a coax line imirgated at an antenna using the cable
shield, the inner and outer surfaces are shortdoliag a portion of the current to
propagate along the outer surface of the shiekis @an result in the cable broadcasting
into the chamber and create a low density plasmeehdrge around the cable. The third
current also unbalances the antenna and causanagieneous power radiation along the

antenna.
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The first option for removing the outer shield @nt is to connect the matching
network to the antenna with a balanced line. Tiethod is undesirable, as the presence
of conductive surfaces in the near-field regionaobalanced line would inhibit proper
coupling of the RF power into the plasma. An al&ive approach is to use a choke
balun to add impedance along the outer surfacéetbax line and inhibit the exterior
current, discussed previously in Section D.3.2.m8ahoke baluns are constructed by
simply winding the transmission line into a coildeeate the inductive impedance, but a
more effective approach that minimizes line lengthto pass the line through ferrite
toroids, discussed in Section D.3.3.

The goal is for the choke to have at least 1 QG0ff impedance. For the frequency of
interest, 13.56 MHz, the optimal material is NiZype M ferrites from National
Magnetics Group. Due to the stiffness of the RG;3thly two turns through the choke
is possible. Therefore in order to achieve theesgary impedance, sixteen toroids are
used in series with an outer diameter of 8.73 amnaer diameter of 4.45 cm, a height
of 1.25 cm, and a quality factor of 37.5. The ltat@pedance of the choke is 1,020
The total length of coax cable from the matchingmoek to the antenna, including the
turn in the choke balun, is 2.1 m. Figure 162 shéwe schematic of the in-vacuum RF

system.
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Figure 162. In-vacuum matching network RF system adfiguration schematic.

D.4.2.3 Minimized External Configuration

One of the primary drawbacks to the in-vacuum apméition is that the matching
network does not have any external cooling. Fanddrd operating at low power and
SWR the vacuum-rated components can handle then#hdoading. However, during
testing of various operating conditions which dall extensive cycling where the power
and SWR spike during GHIT operation, the lack oblow can lead to component
damage. In particular, the N-type connector ataignput into the matching network is
prone to failure in this configuration. Degradatiof this component generally appears
as an unsteady SWR during operation, which can atasmall perturbations of +0.04
and over time increase to +0.2, at which pointdytem cannot be tuned below an SWR
of 2.0. A third RF system variant is designedrtcorporate the short transmission line
lengths of the in-vacuum configuration while presey the exterior matching network of
the resonant line configuration. This setup islechlthe minimized external
configuration.

The minimized external configuration is essentidlig resonant line configuration

with the resonant line condition removed and thegmission line between the matching
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network and the antenna reduced to only what igired to reach the antenna. The total
transmission line length differs slightly betweehetin-vacuum and minimized
configurations due to the location of the matchmgtwork outside of the vacuum
chamber relative to the feedthrough. A schematic tlee minimized external

configuration is shown in Figure 163.
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Matching Network
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— 1 1
- ! . - i i 1
' HF Transceiver Amplifier Directional |
' Coupler !

Matching Network

Figure 163. Minimized external RF system configurdébn schematic.

D.4.3 RF System Performance
The primary source of attenuation is the transmisdine that connects the source

cabinet to the antenna and the in-line matchingvodt. Therefore power attenuation is
measured between the location of the directionaptay inside the source cabinet and the
antenna. The antenna is replaced with &5@ummy load and the system is tuned to a
SWR of 1.02 or below. The forward power at a fixsdirce output is first measured at
the source by the LP-100A. The power at the lgathén measured by relocating the
directional coupler to immediately before the dumimgd and running the system at the
exact same condition. Attenuation is measuredguiie procedure outlined in Section

D.1.5, which is plotted as a function of SWR fdrtatee variants in Figure 164.
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Figure 164. Power attenuation as a function of SWRnd configuration.

Both the in-vacuum matching network and the minedizxternal configurations
demonstrate a lower attenuation while at the same treducing the length of
transmission line necessary to complete the setdje increase in power that is
transmitted through the line at an SWR of 1.00 ppraximately 13% of the power
supplied by the source. This is an appreciableease in power transmitted to the
antenna and demonstrates that removal of the resdina condition does not impair
operation.

The justification for the resonant line conditiaas that the impedance of the line
from the matching network to the antenna would & zf the line length was an odd
multiple of the wavelength. Thus, even a shorhdmaission line would have greater
impedance than resonant line. However, the resdimancondition assumes a lossless
transmission line, which is not a practical assuompand ultimately the added line length

of the resonant condition increases overall losggmmoval of the resonant line condition
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also enables variation of the RF frequency overewidnges without necessitating a
change in transmission line length to avoid addaig@ower attenuation.

The resonant line configuration was the first systieveloped, and is the design used
during thrust testing of the helicon. Afterwartte tRF system was redesigned with the
two latter variants as possible options. Due ® pgheviously mentioned difficulty with
component longevity of the matching network indige vacuum chamber, the minimized

external configuration was selected for subseqtesting.
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