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Abstract

The Georgia Institute of Technology (GA Tech) has ampleted a three-phase process
which developed an annular helicon plasma source dnintegrated it into a Hall Effect
Thruster (HET). Phase 1 designed the annular helan source and began plasma
measurements using an RF-compensated Langmuir probePhase 2 extended the operating
conditions of the annular helicon and used a highkgfficient commercial Langmuir probe
unit for rapid data acquisition and development ofdesign criteria for the Annular Helicon
Closed Dirift Thruster (AHCDT) device. Phase 3 tookhe results of Phase 2, developed the
design for the AHCDT, and began performance testing Initial tests of the AHCDT show
that when operated at conditions similar to a HET,the thrust output of the AHCDT is
within 10% of the original HET. Additionally, the AHCDT has shown the capability to
operate at discharge voltages much lower than a HETthus enabling future performance
characterization and optimization at high thrust-to-power ratios.
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[. Introduction

The United States Air Force (USAF) requires a Hdléct thruster (HET) that operates at low specific
impulses and high thrust-to-powdr/P) ratios. To date, the performance goal remairsatisfied by standard HET
configurations. This is primarily due to the irieiiéncy of the DC electron bombardment ionizatisogess of the
HET. The Georgia Institute of Technology High-Pow#ectric Propulsion Laboratory (HPEPL) researcbgpam
seeks to develop and understand a high-densith-dfficiency (~80-90%) annular helicon plasma seuand
incorporate it into an HET. The incorporation of annular helicon device into an HET will effeclivereate a
two-stage HET. Two-stage HETSs, which decouple timization stage from the acceleration stage, caaldeve a
higher efficiency in high-thrust, low specific imiga operation than single-stage HETs. The effigyeaf an
electrostatic acceleration device, which is defined ratio of the thrust power to the input pouwseexpressed as

P h
/7 — _ thrust — ug ' (1)
Pinput 1+ M

Vo

High thrust-to-power operation requires high masw fat a low discharge voltageHowever, Eq. 1 shows that the
efficiency of thruster decreases at a low dischaajtage because a large fraction of energy istspenonization
instead of acceleration. A solution to the probleno replace the DC electron bombardment iororastage with a
more efficient ionization sourde.Two-stage HETSs, which have separate ionizatiah @iteleration stages, have
been investigated in the past, but a helicon souasenever been used as the ionization stagg!’#910.1112.13.14.15

A helicon plasma source is a high density, highcieificy plasma source that sustains steady plasma
production through absorption and propagation dicbe waves® A helicon wave is a special condition of the
Whistler wave mode in a plasma. Helicon wavedauwached by applying an axial magnetic field andpimg an
RF antenna to the plasma column. This processichmore efficient and can provide plasma densitresrder of
magnitude greater than previous inductive methodshe same input powéf. To date, helicon waves have only
been excited in cylindrical sources. Unfortunatalycylindrical source is not suitable for the iation stage of a
HET because much of the plasma will be lost asitetis from a cylindrical source into an annularfdEHowever,
if a helicon plasma is excited in a coaxial confagion, the source can feed a high-density plasma the
acceleration stage of a HET and other coaxial acaelrs® Yano and Walker have shown that it is feasible to
produce helicon plasmas in an annular geoméf%.An annular helicon theoretical model has beeretd@ed and
trade studies have been performed, indicating thenpa number densities required by a two-stage HEET
attainable’® A high density, high efficiency annular helicoaquires dual concentric left-helical antennas to
theoretically excite the helicon (m=1) mode witliie annulus, however experimental verification elidon wave
mode has not been established. HPEPL has desipnitit and operated this device, creating plasafamknown
power coupling throughout the 7 — 15 MHz frequemagge and 0 — 450 Gauss range. Previous works have
indicated the wave mode can be identified by juinp®n saturation currerit. This research effort characterizes
the plasma source as a function of axial and rddéation, RF forward power, and attempts to vetifg mode of
the plasma being producete(, inductively coupled or Helicon wave mode). Ornbe operation of the annular
helicon was been verified, it was be integrated mHET.

An integration of a HET and an annular helicon stimombine the benefits of both thrusters intorayks
device! Thus, an Annular Helicon Closed Drift ThrusterHBDT) will efficiently generate the ions that are
accelerated by the HET stage of the device. Deweémt of such a device presents several uniquéedgals; the
magnetic fields of two separate devices must beboosmd in such a way that each device is able taatpe
optimally. This means the strong axial magnetiddfistrong of the helicon must transition into 8teong radial
magnetic field in the HET. In addition, the phyigortions of the devices must interface in sualaythat
minimizes plasma losses to the device walls ammhallsufficient electron and ion mobility.

The AHCDT is not an entirely original thruster; tHET section of the device is the magnetic cirofithe
UM/AFRL P5 5 kW thruster. The P5 is chosen asdhisra large body of published design, performaace,
plasma data available, thus providing many pointscomparison between the original thruster and the
AHCDT.?#%%2 The design process involved a two-phased appro&ist the magnetic circuit is designed such

* In this report, we use the terms HET and closéft-thruster (CDT) interchangeably based on their
physical process.



that it provided a strong axial magnetic field re thelicon section of the device and maintainedattiginal P5

magnetic field as closely as possible in the HETebaration region. The magnetic field design isnpater

simulated to determine the magnetic field topogyaptior to construction. The mechanical desigrnhaf device

then achieves the simulated magnetic field topdgrapvhile accounting for thermal expansion of theuster

materials and sufficient electrical isolation foetthruster anode. Thruster construction andainiperational tests
are complete, and have shown that the helicon atioiz stage is capable of supplying propellant idois

acceleration by the P5 HET. Future tests willyiudharacterize the performance of the device andradne the

thrust-to-power capability of the system.

This work describes the three-phased approachviel@ement of the AHCDT. The first phase was design
construction, and characterization of an annuléictve plasma source with a home-built RF-compermsatngmuir
probe similar to that developed by CHé&nArgon plasma was used in phase 1. Phase 2 imgsl two major
changes; the inclusion of xenon propellant in prafien for the AHCDT, and use of a commercially-talzle
Langmuir probe system. The experimental appamatu®hase 2 significantly expanded on the resultBluse 1,
and developed a set of design criteria for the AHCPhase 3 was design, construction, and inigaification
testing of the AHCDT thruster.

[I. Experimental Apparatus

A. Facility

All experiments are performed in the Vacuum Testilfga (VTF), shown in Figure 1. The VTF is a
stainless steel vacuum chamber that has a diametem and a length of 7 m. Two 3800 CFM blowend &wo
495 CFM rotary-vane pumps evacuate the facilitynimderate vacuum (30 mTorr). To reach high-vaculie (
Torr), the VTF employs six 48" diffusion pumps, ia combined nominal pumping speed of 600,000r/sio
840,000 L/s on hydrogen, and 155,000 I/s on xenbime VTF pumping speed is varied by changing thabwrr of
diffusion pumps in operation. The base pressute®bystem is 9.9 x T0Pa (7.5 x 16 Torr).

Six 48" Propellant Motion  Backing pumps &
i distributor table blowers
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i
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Figure 1. Schematic of Vacuum Test Facility.

Table 1 shows the VTF operating pressure duringatipe with all six diffusion pumps, as measured by
the ionization gauge for several flow rates. Ryasiinvestigations show these pressures are adefpuailume and
performance measurements’?”?® The chamber pressures listed in are the indigatessures from the ionization
gauge, corrected for argon using the known bassspre on air and a gas correction factor (GCH)20:

W

Table 1: Facility operating pressure as a functiorof mass flow rate.



Mass flow rate, A Operating Pressu
(mg/s) (Torr-Ar)
0.74 1.2E-05
1.48 1.3E-05
2.22 1.7E-05
2.97 1.9E-05

A Varian model UHV-24 ionization gauge with a VariaenTorr vacuum gauge controller monitors the
chamber pressure. The UHV-24 ionization gaugealbmated for air by the manufacturer. The ionatgauge
measures pressure over the range &fR& (10" Torr) to 10*° Pa (10" Torr) with an accuracy of +20% as reported
by Varian. The VTF also utilizes a tubulated Kiurt. esker Company (KJLC) model G100TF ionizationggawith
a KJLC model 1G2200 ionization gauge controllerd an KILC Accu-Quad residual gas analyzer (RGA)hbot
located on the top of the chamber. The RGA hastaction limit of 5 x 13* Torr, and an accuracy of £10% as
reported by KJLC.

Table 2 shows the VTF operating pressure with tllifeasion pumps operating for several flow ratdés o
xenon and argon, as measured by the RGA. Similartite ionization gauge measurements of Argon presshe
pressures in Table 2 are adequate for plume arfidrpgmnce measurements.

Table 2: Facility operating pressure with three difusion pumps, as measured by the RGA.

Mass Flow Rate Operating Pressurg Operating Pressurg
(mg/s) (Torr-Ar) (Torr-Xe)
0.5 2.0x 10 43x 10
1.5 24x10 4.8 x 10°
2.5 2.7x10 5.2 x 10°
3.0 3.0x10 5.6 x 10°

B. Annular Helicon Plasma Source

Figure 2 shows a schematic the annular helicomm@asource and subsystems used in this experiment.
The annular ionization chamber is comprised of twacentric Pyrex tubes with inner diameters of @ and
171 mm and thicknesses of 3 mm and 3.5 mm, respeécti A left-twist helical pitch antenna is wrappen the
outside of the outer tube, with a separate lefstwelical pitch antenna wrapped on the insiddefitner tube. The
antennas are constructed from 1/2” wide by 1/8¢ktgopper strips, and are wrapped in 3M glass aiehtrical
tape to prevent direct contact of the plasma with dntennas. The copper strips are brazed togettierm the
antenna, which provides a clean electrical conoadbetween antenna segments. The outer antenranhaster
diameter of 186 mm and a length of 192.7 mm. Tiner antenna has an outer diameter of 110 mm &mph of
192.7 mm. A photograph of the annular helicommVTF is in Figure 3.
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Figure 2: Schematic of Annular Helicon subsystems



Figure 3 — Annular helicon plasma source.

The annular helicon propellant distributor is alsdatainless steel diffuser with two diametricalfyposite
inlets on the rear. The inner diameter of the phapt distributor is 130 mm, and the outer diame&ted 60 mm, and
the depth is 25.4 mm. Propellant leaves the Oistior through 36 holes of 0.39 mm diameter spad¥dapart.
High purity (99.9995% pure) argon or xenon gased through an MKS 1179JA mass flow controller tigiou
stainless steel feed lines to the propellant distar. A custom fixed volume mass flow calibratispstem is
employed to calibrate the mass flow controller.e Tinass flow controller has an accuracy of +1% bfale.

The annular helicon requires power for the innet anter antennas as well as to the magnet solerRkels
power is provided to each antenna in phase vilREh@ower system shown in Fig. 2. The antennagach cut at
the center of one of the legs as described by héAt The RF power input leads connect at the downstread
of each helical antenna and the return leads cératehe upstream end. The antenna leads carrgriuin the
same direction. The antennas are set such thdegjsetwist on top of one another, which allows fioe best
coupling of the antennas to the plasthaAnnular helicon theory and past experimental issighow that in-phase
antennas with current flow in the same directiondpices the best coupling to the plasiid:2*=°

The Acom 2000A linear amplifier produces RF powprta 2500 W steady state. The RF forward and
reflected power levels are measured with a BirdThBuline wattmeter and the Palstar AT5K matchingwoek
internal power gauge. The Bird 43 Thruline wattendtas an accuracy of 5% of full scale, while Pladstar AT5K
wattmeter has an accuracy of £10% of full scalee RF power system is enclosed in a Faraday cagetent RF
radiation from the system components. The cab@eboled through EMI shielded ports and is grounttethe
vacuum chamber.

The Palstar AT5K 3500 W L-Type matching network,iabhhas a native impedance of80matches the
impedance of the amplifier to the load. The impegaof the antennas is extremely low and pureligtigs, which
means no inductive reactance is present. Fomtitsnna configuration, the resistance is approxm&Wwithout
plasma present. To minimize radiation outsidehefantenna and ionization channad, reduce reflected and lost
power, the impedance of all cables and feedthroiggh8N. The RF reflected power is less than 1% of thesdod
power for all measurements taken, which indicatas the matching network is well-tuned to the anéen

Five solenoids, powered by a 60-kW EMHP DC powgpdys generate a steady-state axial magnetic field
of up to 450 Gauss. The solenoid current is measwith a Fluke 337 clamp-on ammeter with an aayuiet
+2%. The power leads to the antennas and solemp@&MI shielded with tinned copper mesh to elatenRF
radiation into and out of the wiring. To reduce RBgnal propagation up the power leads, %" and iafmeter
ferrites are used.

C. Chen-Type RF-Compensated Langmuir Probe

Electron number density and temperature measursnaet taken with an RF-compensated Langmuir
probe. RF-compensated Langmuir probes have bdaensixely researched in the work of Sudit and Claxa, if
properly compensated have proven to be accuratené@msuring plasma characteristics even in the pcesef
magnetic fields below 350 Gaus.Orbital Motion Limited (OML) theory may be used talculate the plasma
parameters for a small ratio of probe radius toyRdbngth, eliminating any absorption radits.
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OML theory uses the fact that ion collection cutrenindependent of the shape of the plasma patenti
assuming the current is only limited by the angulexmentum of the ions about the probe, and thaketbgists a
sheath edge outside of which the energy distributgo Maxwellian. A schematic of the OML sheath aam
absorption boundary is shown in Figure 4. Prolethie size can be analyzed by other theories; keweChen
recommends construction of thin probes so that QMWdory may be usell,which provides a simple relationship
for ion current, in Eqgn. (3).
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Figure 4 — OML theory electron motion near a positiely-biased Langmuir probe®
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Figure 5 — Natural Logarithm of current versus biasvoltage of a Langmuir probe3?
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To analyze the raw |-V data, the square root ofitimecurrent fit is added to the original I-V curte
obtain a characteristic, which consists of electcarrent only. The natural logarithm of the elentrcurrent is
calculated and plotted against the bias voltagee dlectron temperature and electron number deastgalculated
by fitting a line to the linear transition regioa shown in Figure 5. The relationships for elattt@mperature and
electron number density are shown in Egs (4) ah& (5
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1. Probe Construction and Circuit

Figure 6 shows the electrical schematic of the Bifmensated Langmuir probe constructed for this
experiment based upon the Chen B probe dédigfhe probes are identical, except the collectiprist parallel to
the probe body axis in one case and perpendicultivei other. This allows for higher resolutionbioth axial and
radial measurements, as the probe may be orientedlg along the axis where the measurement iselbs This is
necessary for radial profiles, because the anrhdticon channel width is only 29 mm. The RF congagion
electrode is large compared to the probe radiugrdming probe accuracy. Self-resonating RF-chokes are
required to achieve the necessary impedances abpeeating frequencies, and are selected basedhen t
requirements set forth by Sudit and CRgn.

1 kO
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Figure 6 — Wiring Schematic for RF-compensated Langpuir probes.

The probe consists of a 0.005” diameter tungstectielde, 0.005” thickness nickel foil compensation
electrode, and a 1000-pF capacitor. The probe tgtthes to a 1W resistor and terminates at the chamber
ground. A LabView VI reads the probe voltage aattalates the probe current from the voltage drapss the
resistor. A Keithley 2410 Sourcemeter suppliesgtabe bias, with the voltage across the resiswasured by an
Agilent 34970A Data Acquisition Unit. The probenmunted to a 1.5 m by 1.5 m Parker Daedel autaimatgion
control system to provide linear axial and radiaktion with an accuracy of +1m.

2. Probe Verification

To verify the accuracy of the probe setup, electromber density and electron temperature measutemen
are conducted on DC plasma produced by the EleBnopulsion Lab (EPL) model HCPEE 375 hollow cathod
electron emitter. EPL documentation lists typicigiceon temperatures of 1 — 2 eV for this devidehe resulting
curves are expected to coincide with ideal OML tives for DC plasma, as shown in Figure 7 and &&f. Data
analysis on the hollow cathode plasma indicateslectron temperature of 1.9 eV, which falls witkive published
operating range of the device.

In this experiment, the only difference between ieasurements and ideal I-V curves is the sigmiflga
lower operating pressure of the VTF (9.1 X Trr-Ar). This data indicates that the increaskepe of the electron
saturation region may be attributable to this desed chamber pressife.The increase in slope in the electron
saturation region is also seen in RF-compensatedrhair probe measurements taken for the annuléamel

While performing measurements on the annular helglasma source, the probe must be traversedhato t
plasma channel. It is necessary to demonstratalibgplasma is not significantly affected by thele. The probe
is manufactured to have a much smaller tip andtstiafneter than the channel width, which minimipégssma
disturbancé® A B-dot probe is used to measure the effectivange in the perturbed magnetic field during



traverses of both probes one at a time, both dusiaged and unbiased probe measurements. The Brolo¢
consists of five turns of 18 AWG solid copper wirea 0.125” diameter loop. The B-dot probe isakec 600 mm
downstream of the anode, and the coil axis is tetkparallel to the helicon axis.

Multiple B-dot measurements are taken at each #ogation. Figure 9 shows that there is no sigaifit
effect upon the plasma from traversing either tiaight or bent probe, both during measurements-tietween
samples. The range of values in the data is x2#%eomean, which is well within the B-dot probeadatror limits.
Examples of the B-dot time-resolved data sweepslaogvn in Figure 10. The maximum and minimum ataggé
at each cycle is used to determine trends withénttace, as well as average difference in totalligudgs. While
minimal differences are observed, the overall trisnconstant. Lastly, it is necessary to verify thductor chokes
are tuned properly to the applied RF frequency §83MHz). Figure 11 shows the impedance-frequency
relationship for both the two-inductor and four-iletbr chokes used in the experiments. These cumdésate that
while the peak impedance value is located slighéiow the applied frequency, the chokes still eittabceptable
impedance to the load at the operating condftforlowever, inductors could be screened and chasegsbnate to
higher impedances at the operating frequency, stucht and Chen have shown that YWNmpedance is attainable
from a single choké®
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Figure 7 — Typical |-V characteristic applicable toOML theory analysis.*
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Figure 11 — Impedance versus frequency relationshifor 2-inductor and 4-inductor chokes used.

D. Hiden Analytical Langmuir Probe

All ion number density, electron temperature, arldcteon energy distribution function (EEDF)
measurements are taken with the Hiden ESPION Lairgonobe system. Chen shows this system is suitfdvle
high-density, magnetized RF plasma measureni&énf&gure 12 shows the Hiden ESPION system. Thegisb
mounted to a 1.5 m by 1.5 m Parker Daedel automaietibn control system to provide linear axial amadial
motion with an accuracy of £1m. The probe uses a compensation electrode tumegniove RF signals
throughout the 2 — 15 MHz RF frequency range usethése tests. A 0.15 mm diameter, 10 mm long tengs
probe tip is used as a current collector. A refeeeelectrode is position behind the filament tovjite a return path
for current collected from the plasma. This caseneasurements for changes in the plasma potegitigilve to the
system ground potentiaf*?333*353¢ The probe filament is mounted to the end of a@ Bfm long ceramic sting,
which contains the RF-compensation inductors. ifldecctors are cooled through the umbilical withoacéd air
system.
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Figure 12: Hiden ESPION Langmuir probe?

The Hiden software, connected to the control heaflects 1-V curves from the plasma. The Hiden
ESPION system contains a data analysis tool thas Wrbital-Motion Limited (OML) and Allen, Boyd and
Reynolds analysis techniqu&s® The probe has an error of + 50% for electron remudensity and +20% for
electron temperatur&>’ All diagnostic equipment is grounded to its ovaparate ground within the facility to
prevent RF interference in measurements.

The calculation of the EEDF is performed automéliida the Hiden software, and is accurate to +506%.
The second derivative method requires a smoothirate to produce accurate resdftsAny increases in the second
derivative of the I-V trace can produce false peakihe EEDF. To allow numerical integration, edeW trace is
taken in 0.1 V increments from -15 V to 90 V. Asich operating point, the average of ten I-V traamessmoothed
with a 25 point smoothing filter and used as theutrto the Druyvesteyn methd@®® This method of data analysis
is supported by Hidetf.

[ll.  Phase 1: Initial tests of annular helicon and prob system

A. Introduction

An annular helicon device was constructed in oredetermine the suitability of the concept to the
AHCDT. Additionally, an RF-compensated Langmuibipe was constructed based on the designs of Suodit a
Chen?® A set of experiments were performed on both devio determine suitability of both the helicon ahnel
Langmuir probe, and the resulting measuremenigdasma density and electron temperature enableduttieer
refinements of the probe and helicon concepts asPI2.

B. Results

This experiment consists of three sections, whitleminine the location of the peak plasma numbesitlen
and electron temperature as a function of axialradifl location, as well as RF forward power. adlial profile is
first taken to determine the peak plasma densitgtlon within the channel radius, followed by anafxyrofile
along centerline determining the peak values atbegaxis of the device. RF forward power profées then taken
at 519 mm downstream of the antenna long chanmi¢dime. The peak electron temperature and @rctumber
density is measured at a location 519 mm downsti@fatime antenna on channel centerline. The RF ppwafile
may indicate the existence of helicon mode withia plasma’

Each data section is taken for two configuratiohdhe annular helicon. Yano has concluded that the
‘driven’ RF leads on the inner and outer antentasilsl be inverted,e., current flows towards the discharge end of
the annular helicon on the outer antenna, and afn@y it on the inner antendd. However, it has been
experimentally verified that antenna-plasma couptian be achieved in both antenna current confiigms Both
setups are characterized in this analysis. Foomdrating conditions, the standing wave ratiogarty zero. With
less than 5 W reflected power at 13.56 MHz, ind&fisteady-state operation can be achieved at 5SGF\ibrward
power. The RF forward and reflected power is mesbuwith the internal meter on the matching network
Measured data points are connected in the followewion for reader clarity.

1. Radial profile

The body-aligned RF-compensated Langmuir probesisduto take a radial profile of the electron
temperature and electron number density. Thisgeadlows for a 0.005” radial resolution if necegsal-V curves
are taken and analyzed with OML theory as discuabede.
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Figure 13 shows the anti-parallel antenna curremfiguration yields the highest temperatures, naggi
from 16.21 eV to 17.81 eV. While a peak is seetha center of the channel, overall the trendas dicross the
channel width. Parallel antenna current shows ak pe electron temperature at 62.25 mm from theulrsn
centerline. While the parallel antenna currentfigomation seems to show a positive trend movingatials device
centerline, the change is still within the erroubds of the theory. However, repeatability studirekcate a similar
trend.
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10E+14 pecccccccc=cc==c===== antenna current

—&— Parallel antenna
current

1.0E+13

Electron Number Density, cm?

1.0E+12
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Figure 13: Electron temperature versus distance 'm Annular helicon centerline. 13.56 MHz RF frequeny,
1 kW RF forward power, <5 W reflected, 350 G magrtéc field, 2.97 mg/s argon, operating pressure 1910°
Torr-Ar, 200 mm downstream of antennas. The centeof the plasma channel is at 72.75 mm.

Figure 14 shows that electron number density ferahti-parallel current configuration exhibits teme
behavior as its electron temperature counterpafhile a peak of 2.9 x $8cm?exists near the channel centerline,
the overall trend is mostly flat. In the paraleitenna current cases, higher electron numbertienaie reached,
with a peak value of 7.2 x cm®. The plasma density decreases sharply towardshiwenel walls, which may
prove more useful when attempting to use the anrhekcon as a preionization stage for a Hall effécusters’
The trends seen in the parallel current case ateowtside the £30% error limits, and can be cated to the
theoretical model for an annular helictn.
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Figure 14: Electron number density versus distancéom annular helicon centerline. 13.56 MHz RF
frequency, 1 kW RF forward power, <5 W reflected 350 G magnetic field, 2.97 mg/s argon, operating

pressure 1.9 x 18 Torr-Ar, 200 mm downstream of antennas. The centeof the plasma channel is at 72.75
mm.

2. Axial profile

The perpendicular RF-compensated Langmuir prohesésl to determine the axial variation of electron
temperature and electron number density in thecdevi-V curves are taken along the plasma chacewterline,
which is the maximum electron temperature locatisrdetermined by the peak in the radial profildie Bntennas
end at 490 mm, and the magnetic solenoids span$®mm to 850 mm. The variation in electron terapae is
shown below.

Figure 15 illustrates that the anti-parallel cutreonfiguration indicates a flat electron temperatuin the
15 - 17 eV range, decreasing sharply after the etagfield lines diverge behind the solenoids ad 8m. The
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parallel current case decreases sharply just dosarstof the antenna, and stays in the 1.5 — 6.taayfe down the
device.
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Figure 15 — Electron temperature versus axial distace from propellant diffuser. 13.56 MHz RF frequeng, 1
kW RF forward power, < 5 W reflected, 350 G magneti field, 2.97 mg/s argon, operating pressure 1.910°
Torr-Ar, channel centerline.

Figure 16 indicates nearly an order of magnitudesiased electron number density for the paralledrara
current case, similar to the radial profiles taldyove. The anti-parallel antenna current case atelica relatively
flat profile as before, in the 3 — 9 x¥@m® range. The parallel antenna current case peaks$ at 16° cm®, and
remains relatively constant until passing the enth® magnetic coils.
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Figure 16 — Electron number density versus axial dtance from propellant diffuser. 13.56 MHz RF
frequency, 1 kW RF forward power, <5 W reflected 350 G magnetic field, 2.97 mg/s argon, operating
pressure 1.9 x 18 Torr-Ar, channel centerline.

3. RF power profile

The axial and radial electron temperature and mlechumber density profiles indicate that the peak
plasma parameters may exist 519 mm downstreameoftiode, which is the location for investigationwave
modes? In Figure 17, the anti-parallel antenna currersecaxhibits a more varied electron temperature fas R
forward power increases. The electron temperaturearly constant after approximately 600 W. BeRP0 W,
there is insufficient power to excite a self-susitag plasma mode. This suggests antenna-plasnitcgus more
difficult to establish for the anti-parallel curteconfiguration at this operating condition. Tharelation between
inductively-coupled and helicon wave modes as atfan of power has been examined for this séfuprhe
parallel antenna configuration produces a selfasnisty plasma as low as 100 W and quickly reactepeak
electron temperature at 250 W, after which thedrisrapproximately constant.
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Figure 17 — Electron number density versus RF forwal power. 13.56 MHz RF frequency, 519 mm from
propellant diffuser, 350 G magnetic field, 2.97 mg/argon, operating pressure 1.9 x 10Torr-Ar channel
centerline.

The anti-parallel current case shown in Figure di®ws a similar trend in electron number density a
electron temperature. Self-sustaining plasma tspnaduced until 300 W, after which coupling is paelative to
the parallel antenna current case. Peak electnorbar densities are an order of magnitude lowar tha parallel
case, and do not change significantly with increaseRF power after 500 W. The parallel currergecandicates
sufficient coupling even at 100 W RF forward powdrhe maximum electron temperature is measure®@tvs,
after which no significant increase in electron be@mdensity is observed as the RF power increases.
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Figure 18 — Electron temperature versus RF forwardower. 13.56 MHz RF frequency, 519 mm from
propellant diffuser, 350 G magnetic field, 2.97 mg/argon, operating pressure 1.9 x 10Torr-Ar, channel
centerline

C. Discussion

The difficulties of making accurate measurementhefparameters of an RF plasma with Langmuir probe
diagnostics are well knowfl. A number of different approaches have been eggldn various attempts to
compensate for RF fluctuations in probe currenth warying levels of succed$.Efforts are made to compensate
for these fluctuations using some of the approade¢siled in the literature. Still, we continuefitmd that some of
the measures taken provide only limited correatiffects on data.

Measured data indicates trends in electron temyrerand electron number density that correlate with
established resulfS. In each profile, as the electron temperature @se® the electron number density increases.
While these are not solely dependent charactesjstiey are related by the inverse square rooch@srsin Eq. (5).
Radial electron temperature and electron numbesityeprofiles follow known trends as demonstratgdabnular
helicon theory? Additionally, RF power profiles suggest wave mqdmps consistent with previous analyées.
Further investigation of the ion saturation currasta function of applied RF power, as well asysbed magnetic
field characteristics will provide more conclushesults of plasma wave mode.

The resulting electron temperature and electronbaurdensity measurements indicate higher than Horma
levels than exist is most helicons. However, tiié=\6perating pressure is several orders of magaitodier than
most of the reported measurements and the annelmoh dual-antenna configuration is a new regime RF-
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compensated Langmuir probe measurements. Thedliffe in slopes from the transition region to thecteon
saturation region has been shown to decrease asupeedecreaséSsimilar to I-V curves in this study. Electron
temperature and number density measurements irpréeence of large magnetic fields are also knowteo
troublesome to analyze, as large magnetic fieldsedese the relative difference in the slope oftthasition to
electron saturation regions in the resultant I-W¥veu This is because the applied magnetic fieldstrains the
thermal motion of electrons, which can produce guiigl anisotropy, which in turn conflicts withree of the
assumptions fundamental to OML theory. In typicahgmuir probe measurements in magnetized plashigis,
probe voltages draw current to the probe tip, whieipletes the electron population available in fthev tube
intersecting the tif> This depletion can cause a significant distortmthe |-V characteristic in the regions most
critical to the calculation of electron temperatui&hen the probe body is aligned with the B-fiedpletion of the
flow tube could cause the deviation from previoysljplished results. The orientation (for a cylindt probe) that
exacerbates this effect maximally is where thadiparallel to the applied magnetic field. In thigoeriment, two
probes are used, one parallel and one perpendiculae applied field.

Additionally, the probe tip diameter is 0.005”, ish for the plasma parameters we expected at itie oif
experiment design, is adequate to ensure #hat3. This means that the OML theory is in facplagable to the
plasma under investigation. However, the unexpgibgteigh electron temperatures calculated under Gldgigests
the probe tip is too large, and that OML-based ymisimay be invalid for the annular helicon. A coencially
available RF-compensated Langmuir probe systendatlil by Chefi has been acquired and will provide another
means of data validation.

D. Conclusions

Initial results indicated that the impedance of @fen type Langmuir probes was too low to suffittien
damp out the RF signal from the diagnostic systdime Chen type Langmuir probes has a maximum impezlaf
347K-Ohm. To improve the reliability of the resjla Hiden ESPION advanced Langmuir probe will §edu The
Espion Langmuir probe achieves MMof impedance for a broad range of frequenciesutjinoa specialized
inductor choke chain mechanism. Rapid multiplenscand I-V characteristic averaging make this sydtee best
choice for Langmuir probe measurements. In additiee Hiden Langmuir probe is well known amongititistry
as a reliable data acquisition system.

Phase 2 will entail characterization of the devaver a broader range of operating conditions, ooy
variations in RF frequency (7 - 14 MHz), propellapecies (argon and xenon), axial magnetic fialenstth (O -
400 Gauss) and RF forward power (100 - 1000 W).ceOeompleted, this data will assist in the designhe
AHCDT.

IV. Phase 2: Refinement of annular helicon and probeg/stem, and
development of design criteria for the AHCDT helico

A. Introduction

The experiments in Phase 2 built upon the resiil®dhase 1 and developed a set of requirementhéor t
AHCDT for optimum performance. The custom-built-Bémpensated Langmuir probe was removed, in faiar o
commercially available Hiden ESPION Langmuir praystem, which is capable of identical measuremenhike
preventing RF from coupling into the diagnosticteys. The Hiden system also has self-containedysisaiools,
which have been well-provénand provide a significant increase in speed toattwuisition process. The annular
helicon was also operated over a much greater rahgperating conditions than in Phase 1; RF powérs00-
1,000 W, frequencies between 7 and 14 MHz, and ath argon and xenon propellant.

B. Results

The ion number density and electron temperaturth@fannular helicon plasma source are characterized
over a broad range of operating conditions withRifecompensated Langmuir probe. Axial profilesoof number
density and electron temperature are importaneterchine the optimal location to mate the HET. iRlagrofiles
of ion number density and electron temperaturdrapsrtant to measure to ensure a HET located ire#iaust of
the helicon will receive uniform high density plastior acceleration. lon number density increases function of
RF power have been shown to indicate mode shifisimihe plasma. Therefore, ion number densityil@are
taken as a function of RF forward power at seveparating conditions to determine a threshold teeole a mode
shift. lon number density profiles are also takera function of RF frequency to determine if thawdar helicon is
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tunable to a given propellant. If an optimal REquency exists for a given propellant, this magwlthe annular
helicon to be used to efficiently ionize a multiéudf propellants. The coordinate system for thesasurements
locates the downstream end of the antenna at ahlagation of zero mm, while the exhaust plan¢hef device is
at an axial location of 480 mm. The data have lmeemected in the Figures 19 — 29 for clarity.

1. Axial Profile

Figures 19 and 20 show the ion number density dattren temperature versus axial location for argon
propellant. These measurements are taken alongethterline of the annular channel, at the rightteeof the
exhaust plane. Figure 4 shows for the zero and@ss magnetic field cases, the ion number deimgitgases as
the distance from the antenna increases, rising fapproximately 5.0 x ¥® m®to over 1.1 x 18 m®. For a
magnetic field strength of 400 Gauss, the ion nundessity starts at 2.6 x 10m?®, and decreases as the distance
from the antenna increases. Figure 5 shows tleaR@® Gauss magnetic field has the highest avezbgptron
temperatures, approximately 5.7 eV, while the 4@Qs3 magnetic field case has the lowest electropdeatures
with an average of approximately 2.5 eV.
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Figure 19: Electron temperature versus axial locabn. 7 MHz RF frequency, 1 kW RF forward power, 3
mg/s Ar mass flow rate, 3.0 x 10-5 Torr-Ar operatig pressure.
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Figure 20: lon number density versus axial locatin. 7 MHz RF frequency, 1 kW RF forward power, 3 mgg
Ar mass flow rate, 3.0 x 10-5 Torr-Ar operating pressure.

2. Radial profile

Figures 21 and 22 show the ion number density d&watren temperature versus radial location for argo
propellant. These measurements are taken at ahlasétion of zero mm, at the right center of &xéaust channel
as viewed from downstream. The inner wall of thawus is located at a radial location of 0 mm,levithe outer
wall of the annulus is at a radial location of 2infn. Figure 6 shows that the maximum ion numbersityg is
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generated at a 400 Gauss magnetic field. For afjnetic field strengths the ion number density ifedively
constant across the channel. Figure 7 shows theskoelectron temperature of 2.8 eV is measurdidead00 Gauss
case, while the highest is 5.9 eV at 200 Gauss.
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Figure 21: lon number density versus radial locatn. Zero mm downstream of antennas, 7 MHz RF
frequency, 1 kW RF forward power, 3 mg/s Ar mass fiw rate, 3.0 x 10-5 Torr-Ar operating pressure.
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Figure 22: Electron temperature versus radial locéon, Zero mm downstream of antennas, 7 MHz RF
frequency, 1 kW RF forward power, 3 mg/s Ar mass fiw rate. 3.0 x 10-5 Torr-Ar operating pressure.

3. RF power

Figures 23 and 24 show the ion number density &uren temperature as a function of RF power. s€he
measurements are taken at an axial location ofr@61) on the channel centerline, with argon propellahhis
location is just past the second magnetic soleamid is the location for the highest ion number dgrfsom
previous investigationd: 2> ?° Figure 23 shows that at the zero Gauss magrielit dase exhibits the highest ion
number density at power levels less than 800 Vér afhich the 200 Gauss case trends highest, witha& of 2.3 x
10" m®. The other ion number density profiles follow #antrends and are between 5.1 X®1®3and 2.3 x 18
m. Figure 24 shows the 400 Gauss case has thetleleesron temperature at 1.7 eV, as well as thbdst at 7.1
ev.
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Figure 23: lon number density versus RF forward paver. 250 mm downstream of antennas, 7 MHz RF
frequency, 3 mg/s Ar mass flow rate, 3.0 x 10-5 To#Ar operating pressure.
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Figure 24: Electron temperature versus RF forwardpower. 250 mm downstream of antennas, 7 MHz RF
frequency, 3 mg/s Ar mass flow rate, 3.0 x 10-5 ToAr operating pressure.

4. RF frequency

Figures 25 and 26 show the ion number density dxtren temperature as a function of RF frequency.
These measurements are taken at an axial locatisero mm, on the channel centerline, using argapglant.
Figure 4 shows this location is the peak ion nundmnsity for the highest magnetic field case. Fgb shows
nearly constant ion number densities, all withi4l8f the average of 1.2 x ¥0mfor the 500 W RF power case.
The 1000 W RF power case shows similar trends, fiewketween 6 and 9 MHz, and again at 12 MHz, ¢ime i
number density is significantly higher, with a peatk1.9 x 16’ m® at 8 MHz. Figure 26 shows the electron
temperature for the 500 W RF power case ranges &romaximum of 14 eV to a minimum of 8 eV, while tH@00
W RF power case ranges from a maximum of 8 eVrtoramum of 1 eV.
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Figure 25: lon number density versus RF frequencyZero mm downstream of antennas, 1 kW RF forward
power, 400 Gauss B-field, 3 mg/s Ar mass flow rat8,0 x 10-5 Torr-Ar operating pressure.
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Figure 26: Electron temperature versus RF frequeng. Zero mm downstream of antennas, 1 kW RF forward
power, 400 Gauss B-field, 3 mg/s Ar mass flow rat8,0 x 10-5 Torr-Ar operating pressure.

5. Electron Energy Distribution Functions

Figure 27 shows the EEDF at several selected Rfudmcies. These measurements are taken at an axial
location of zero mm, on the channel centerlinel &V of RF power, at a magnetic field strength 60 45auss.
This axial location is selected as it is the peaknumber density from Figure 20. The magnitude lanation of
the peak in the EEDF are a strong function of tRefflequency. The value of the primary peak of EfeDF varies
from 3.7 eV at 13 MHz case to 15 eV at 11 MHz.
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Figure 27: EEDF at selected RF frequencies. Zeromdownstream of antennas, 1 kW RF forward power,
400 Gauss B-field, 3 mg/s Ar mass flow rate, 3.000-5 Torr-Ar operating pressure.

6. Xenon axial profile

Figures 28 and 29 show axial profiles of the iormber density and electron temperature for xenon
propellant. These measurements are taken at d lackdion on the channel centerline, at a magrfetld strength
of 200 Gauss, and are included with that of argomfFigure 20 for comparison. Figure 28 shows repeaks at
an ion number density of 2.4 x 1@n?at an axial location of zero mm, and has a mininvaine of 4.0 x 18 m*at
an axial location of 75 mm.
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Figure 28: lon number density versus axial locatin. 7 MHz RF frequency, 1 kW RF forward power, 200
Gauss B-field, 3 mg/s mass flow rate argon and xempalong channel centerline, 3.0 x 10-5 Torr-Ar opating
pressure, 5.6 x 10-5 Torr-Xe operating pressure.
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Figure 29: Electron temperature versus axial locabn. 7 MHz RF frequency, 1 kW RF forward power, 200
Gauss B-field, 3 mg/s mass flow rate argon and xempalong channel centerline, 3.0 x 10-5 Torr-Ar opating
pressure, 5.6 x 10-5 Torr-Xe operating pressure.

C. Discussion

The RF compensated Langmuir probe data gatheretlisttes a baseline for annular helicon plasma
generation across the range of operating conditivessured. The trends in the data are now exartingetermine
their correlation with previous results, as welkasipling modes observed and appropriatenessopthsma source
as an ionization stage of a HET.

In order to understand the mechanisms behind émel¢rindicated in the measurements, plasma panamete
are calculated for each trend. The plasma pararetshich is a measure of the population of the Dedpfeere, is
calculated to be on the order of 4Gor all measurements taken. This indicates theyBedphere is sparsely
populated, which corresponds to a strongly coupladma®>"“° The gyroradii calculations for measurements with
argon indicate the electrons are magnetized foR@fleand 400 Gauss magnetic field cases, but tisedre not.

The axial ion number density trends shown in Figut® and 20 indicate there is a different coupling
mechanism at 400 Gauss magnetic field strength tharzero or 200 Gauss cases. The dependence @drth
number density on magnetic field could indicatecicon wave mode is excited due to the magnetid fieupling
to the RF. However, the ion number densities awet than most helicon modes are known to excitethe
perpendicular and parallel wave numbers must bertsoed by B-dot probe measuremént3he power density
for this device is at maximum 4.3 x0/m?, which is comparable to similar cylindrical helicdevices?®?® This
indicates that the decrease in ion number densityot attributable to a lack of power density. Téiectron
temperature profiles show the higher ion numbersiigrcases trend towards the lowest electron teatpess,
which is the most efficient method of ionizationrasst of the input energy goes into ionization eattman electron
energy. The zero and 200 Gauss magnetic fieldsdased towards highest electron temperatures ceslyenear
the exit plane of the device.

The radial ion number density and electron tempegaprofiles shown in Figures 21 and 22 indicate th
ion density is constant across the radius of thécdewell within the error limits of the Langmuirgbe. A near
constant ion density profile is desired for effiti¢lET operation. The electron temperature tremddess constant
and show an increase in electron temperature fr@ne\3 to 4.7 eV at a location 13 mm from the inwall for the
400 Gauss case. The zero and 200 Gauss casestehtowest electron temperatures of 4.0 eV anceV.2losest
to the inner wall, increases as the distance fitomriner wall increases. The axial magnetic faténgth is nearly
constant across the channel, which rules out imadirlosses as the cause of the decreased ion muebsities on
the inner wall.

lon number density and electron temperature asietitn of RF forward power is shown Figures 23 and
24. These indicate the highest ion number dessiée be reached in the 200 Gauss configuratiotn @@ x 16’

m at this location. At low RF power levels, zero Gagenerates the highest ion number densities, fevabove
800 W, the 200 Gauss case produces the highest dadaset indicates an increase in ion numberitgengh RF

forward power, and shows that the magnetic fieldsdoot show a trend with the ion number densithiis coupling
mode. This leads us to believe the RF power m®fibserved are not helicon wave modes as the tafjalel has
no major effect on the ion number density at thesation. The electron temperatures range betwéea\8and 5.5
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eV, with the exception of the 400 Gauss magnetici fcase, which spikes to above 6 eV at RF powealdeabove
700 W. These data points may be exaggerated bfathéhat the probe feeds current to the plasisahigh bias
voltages, Hiden has shown the probe can emit oeatreins, as well as generate a ground loop witierplasma?

Without accompanied increases in ion number denfiey jumps in electron temperature do not indieaghift to
helicon model.6'17’26’33' 35,36 ,41

The RF frequency dependence of ion number densiyetectron temperature shown in Figures 25 and 26
is critical to understanding the benefits of a ¢mli device over other ionization options. For @egipropellant,
there may exist an optimal frequency at which theutar helicon will produce a maximum ion numbenslty. The
RF frequency trend shows that for argon propellémat highest ion number density of 1.9 ¥ is produced at 8
MHz for the 1000 W case, whereas for the 500 W ,ahseion number density is lower (an average 8110 m
% and is roughly independent of RF frequency siitcis within the error limits of the Langmuir prob@&his
indicates a different coupling mode for the highvpo case.

The EEDFs measured indicate a single-hump strudimremost measurements taken. EEDF trends
measured in Figure 27 indicate the EEDF peak amgbesilvaries by selection of RF frequency. The ikalat
amplitude of the primary peak in the EEDF tendséohigher for the 7 MHz, 9 MHz, 10 MHz, and 13 MHz
frequencies, while the 8 MHz, 11 MHz and 12 MHzasamdicate much lower relative probabilities. sTimdicates
the 8 MHz, 11 MHz, and 12 MHz cases are able togoglectrons to higher energies than the othewué&erges
shown, however the peak values and relative iniessdon’t correlate with the trends in ion numbensity or
electron temperature, which is similar to past g%’ The EEDFs measured have larger energy
dependence than those in previous works, whicltribatable to the much lower pressures at whiehdhta above
is taken®*"*? The 8 MHz and 12 MHz EEDFs shown in Figure 27ehawch lower relative probabilities of the
low energy peak than the other frequencies. Thigetates to the 8 MHz and 12 MHz values showniguie 25,
which are the two ion number density peaks. Thiliciates a correlation must exist between ion nurdeesity
and relative probability of the EEDF, as all theguencies measured follow the trend except 11 MHz.

Figures 28 and 29 show increased ion number dessatid electron temperatures for xenon over argon,
with a peak value of 2.4 x 10m™ for xenon and 1.1 x 0m? for argon. Argon reaches much higher electron
temperatures, with a peak at 8.4 eV for argon adce¥ for xenon. Xenon exhibits electron tempaeguhat are
on average 55% lower, and ion number densitiesdtebn average 41% higher than those of argoheasame
operating conditions. The xenon electron tempeeatare significantly lower than those of argodjdating xenon
plasma is more efficiently ionized. The lower &len temperature and higher ion number densitkéson can be
attributed to more complete ionization due to thwdr first ionization potential of xenon, 12.1 e¥ @pposed to
15.7 eV for argon.

Based on the characterization, the optimal locatmomate a Hall thruster is at the antenna exihgla
which also minimizes device size, therefore weight. this location, the plasma also has the high@stnumber
density and lowest electron temperature for xemwhagon propellants.

D. Conclusions

The peak ion number density recorded for argonsx2Ld’ m®, at a location zero mm downstream of the
antennas, at an RF frequency of 7 MHz, RF forwardgy of 1 kW, and a magnetic field of 400 GausskFen
number density for xenon is 2.4 x'163, which occurs at the exhaust plane of the antermiamn RF frequency of
7 MHz, RF forward power of 1000 W, at a magnetidiof 400 Gauss. Axial profiles of ion number dgnshow a
different coupling mode is excited at a magneti&dfistrength of 400 Gauss for an otherwise idehtiparating
condition. This indicates the coupling mode is ljka helicon wave mode, as there is magnetic filddendence.
RF frequency profiles show that 8 MHz is the optifntaquency to maximize the ion number density dogon
propellant. The frequency at which the peak of HEDF occurs and the width of the EEDF vary with RF
frequency for a given propellant. Xenon yields tiighest ion number densities at the lowest elademperatures.
The annular helicon produces high density plasnih sviconstant radial profile at an axial locatidreero mm. At
this location, the maximum density plasma will fiected into the acceleration stage of the two-stdigEDT. The
methods employed here have been used to characteeiplasma in a medium power helicon deffice.

V. AHCDT Design

A. Magnetic Field Design
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1. Comparison of Hall Thruster and Helicon Magnetields

Development of a thruster which functions as bathaanular helicon and a traditional HET requires
reconciliation of two dissimilar magnetic field daggurations. Annular helicons, similar to tradite cylindrical
helicons, use an axial magnetic field with a magiet of hundreds of Gauss. The magnetic field endischarge
channel of a HET is almost entirely radial. Thé&e small axial component to HET magnetic fieldt b is
typically much less than 50 G. Thus, the AHCDT nei field topography must smoothly transition togal
field in the helicon to the radial field presenttie HET. This is not a trivial task, as the amanudature of both the
helicon and the HET complicate this transition. the annular design developed here, the nominal axagnetic
field strength is 200 G with the ability to increa® 500 G. The large axial field in the helicattion will be
provided entirely by the helicon magnet.

Helicons are typically very simple devices. Fig8feshows the simplest configuration, which cossista
dielectric tube with an antenna and one or morenaiagolenoids wrapped around the dielectric tublee magnet
solenoids generate the magnetic field without Uste@omagnetic materials. The portion of the ¢t directly
inside the magnet solenoid has a large axial magfield with a very small radial component. Sinoe effort is
usually made to contain the field within the heticdhe field around the device is identical to tbéta finite
solenoid. This means that at the exit of the balithere is a large axial field with an accompagyirge radial
component, as represented by the diverging figldsliin Figure 30. The magnetic field topographthathelicon
exit plane, especially the axial component, mustidmated from the HET section of a composite devic
Furthermore, the axial field in the helicon mustngition smoothly into the radial field in the HEWithout any
zone of zero total magnetic field. If the fielcbds to zero anywhere, it will function as a trapdectrons; plasma
electrons will be able to enter the trap but cameastly leave. Electrons trapped in this way witate anomalous
electric fields in the thruster, which may acceferians in unpredictable directions, compromising performance
of the device.

Magnet Solenoid
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Figure 30: Cross section of an annular helicon ptama source (rf antenna omitted for clarity).

HET magnetic fields are generally computer modgdadr to fabrication, which results in a very well-
known field configuratiof? Solenoid coils are the typical source of the negigrfield in HETs. In the P5 HET, for
example, the magnetic field is supplied by one re¢rs#olenoid and eight solenoids mounted arounddtbeharge
channel of the thruster. Figure 31 shows the miagfields generated by these solenoids are dideloyea magnetic
iron structure such that the field is largely rddrathe thruster discharge channel, and is shawn The fields
generated by the magnets begin as axial fielddenie magnetic circuit, as shown by the arrowgetiag around
the magnetic circuit in Figure 31. The magneticuit is designed such that the maximum radiatifi&length is at
the exit plane of the thruster. This strengthesifrom thruster to thruster, and in the P5 is exiprately 150 G at
the discharge channel centerline. This area ofimmax magnetic field corresponds to the ionizatiomd a
acceleration regions of the thruster. If a HETthvifis largely radial magnetic field, is attachegkdtly to the output
of a helicon, with its large axial and radial figeJdhe magnetic field in the thruster will be toéfedent from the
desired strength and shape to form a proper aetgerrzone, instead forming several zones or omge ldistributed
zone. Any acceleration of ions significantly upstm of the normal acceleration zone will be detnitakto thruster
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operation in that high energy ions will strike tischarge channel walls, reducing their lifetime aaducing thrust
and efficiency.

Magnetic Field Lines
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Figure 31: Cross section of a Hall thruster.

The need to isolate ion acceleration to the exinhglis made more complex by the fact that the @asm
occupies an annular region over the entire lenftheodevice. Plasma created in the annular helgsetion must
travel smoothly - without significant radial or akiacceleration - from the helicon to the HET. rAo®th transition
is accomplished if the largely axial field in thelioon changes into the radial field in the HEThaeitit significant
discontinuities, large gradients, or points of zBetd strength. This poses a significant probllemthe HET; part
of the magnetic circuit is a solid magnetic backtg@] which allows flux to travel from the outer mats to the inner
magnet unimpeded. Removal of the annular secequired for plasma to pass from the helicon remav&sge
part of this magnetic back plate and fundamentignges the behavior of the magnetic field systéetheHET.
Figure 32 shows this change. Without a complete plate in the back of the thruster, a second afédgh field is
created. Since this area contains plasma, a sesoreleration region may form which will be detrirted to
thruster performance. lons accelerated far froenetkit plane will have a high probability of strikj the discharge
channel walls, which will both reduce thruster tiiiee and slow the ions, reducing thruster perforcean The
AHCDT design must be able to reconcile the alt¢#&d geometry which has the potential for multipteeleration
zones with the fact that a HET can only have orelacation region.

Magnetic Field Lines
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[
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Figure 32: Cross Section of a Hall thruster with anular space cut for helicon interface.
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2. Thruster Simulation

The AHCDT magnetic circuit is designed and simwdate MagNet 6.0. The critical design criteria are
axial field of approximately 200 Gauss in the haticsection of the thruster, and a field as clospassible to the
field in the original P5 thruster. The P5 magneticuit is simulated in order to generate fieldadéor the original
thruster. The P5 simulation uses published soteroil counts and currents at various operatinggofor the
‘standard’ fields, which the AHCDT is then designed match. These results provide a baseline goratHe
AHCDT magnetic field design. Much of the desigralidnge focused on the thruster portion of the AHCD
achieving a large axial field in a helicon is muedsier than forming a field of the correct magrétashd shape in
the Hall thruster discharge channel.

The final magnetic circuit design differed from thiéginal design proposed in the second annualrtepo
AFOSR grant FA9550-07-0137. The original desigeoiporated a single helicon coil with no magneticut
around it. While the design is able to closely ragpmate the field in the P5, the field in the kel section
required some more optimization. The field in biedicon section is not as axial as desired; it leitdd enough of a
radial component to require re-examination. Furtltee, the radial component of the field in theide switched
directions several times. The direction changds agiuse any electron drift present in these regitmreverse
direction, which may have adverse effects on terusperation. One more criterion is added latéhi design
process, as well; while generally a low radialdiei a helicon is desirable, it was decided thabazero radial field
at the anode would be beneficial. Since the anede the far end of the helicon from the HET smctof the
device, a significant radial field can exist thevithout significantly affecting the bulk of the edn. This radial
field will shield the anode from direct exposurethe plasma electrons in the helicon; withouthg helicon plasma
electrons would be able to stream directly to thede, causing high discharge currents and an unkredfect on
helicon efficiency.

After simulation, the final magnetic field desigmcorporated the original P5 magnetic structure pixfor
the annular channel, which is cut to allow heligdasma to enter the thruster, and is shown in Ei@8. The
helicon section final design consists of a sindd®@-8irn solenoid surrounding the glass dischargemtter of the
helicon. Magnet currents in the simulations aréigh as 10 A in the helicon magnet. A set of eighgnetic iron
rods extend from the back pole of the P5 sectioantaron plate at the rear of the helicon assemfllge rods are
extensions of the iron cores on each of the outagmats on the P5, so as to act as a direct paftutofrom the P5
into the helicon. The helicon pole plate has aibcB-diameter hole in the center, which is the satiameter as the
center of the P5 discharge channel. The rods, platie, and helicon coil are the only portions loé thelicon
section, which are simulated in MagNet; all othemponents are made of nonmagnetic materials, wiésle a
negligible effect on the magnetic field.

Helicon Magne

Helicon

Figure 33: Magnetic circuit of the AHCDT. Orangecomponent is the helicon magnet coil, red component
are the magnetic iron structure.

Simulations are performed for several P5 opergtioigts; discharge voltage and current set point306f
V and 500 V for discharge currents of 5 A and 10 For each operating point, the magnetic coil aitreettings
from published data are used to generate a sintdutaggnetic field. These baseline fields are treadwas the goal
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of the AHCDT simulations. Most of the simulatiamé is spent matching the AHCDT field to the 3005VA P5
field; once a match is established, the other djpgyaoints required much less effort. The firsatahing field
required many changes to the geometry of the AHGEHile the subsequent matches only required chatogesil

currents. One of the simulation results is plotte&ligure 34; the AHCDT magnets are tuned so asitoor the P5
field as closely as possible for the 500 V, 10 Adition. The transition from helicon to HET occuatsthe origin of
the x-axis of the graph. Figure 34 shows thatréwdal field is much less than 50 G through mosthef helicon
section, with an increase to approximately 50 @&atend farthest from the HET. The location of imaxn radial

field is used in the mechanical design, as thegphant point for the anode. The axial field in Hedicon section
easily meets the 200-G requirement for the helaxial field. The field in the HET section agreesliwvith the P5
fields; the axial field is minimal, never over 2Q @nd is nearly zero at the point of maximum rafield. The
radial field peaks at the exit plane of the thrusted decreases rapidly both upstream and downstodathe

maximum. Figure 35 shows the radial field in thecdarge channels of both thrusters, also for 0@\, 10 A

operating condition. The fields in Figure 35 magotiremely closely at the exit plane and for almarstinch up-
and downstream; at the exit plane the differendess than one Gauss, and an inch upstream thezatiffe is 7 G.
Farther from the exit plane the fields diverge lpyta approximately 10 G. This difference in fielslsould not
cause a significant change to thruster performéecause the fields upstream of the exit plane ang weak and
cause little electron drift, and the fields doweatn of the exit plane to not have a significanttigbation to the
ionization/acceleration process in a HET. Radiabnetic fields at all four P5 operating points hafthsimilarly;

almost identical at the exit plane, with small di#fnces in the radial magnetic field up- and domgash of the exit
plane.
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Figure 34: The radial and axial magnetic field othe AHCDT along the discharge channel centerline,igen a
field designed to match the P5 at the 500 V, 10 Aoerating condition. Transition from helicon to HET is at 0
inches axial position, the original P5 anode facs iat 1 inch, and the Hall thruster exit plane is aB8.1 inches.
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Figure 35: Radial magnetic field comparison betwaethe AHCDT and the P5. Transition from helicon to
HET is at 0 inches axial position, the original P&anode face is at 1 inch and the exit plane is atl3inches.
Magnetic fields are tuned to the 500 V, 10 A P5 opating condition.

While centerline fields offer some insight into thature of the magnetic field in the AHCDT, a more
complete picture of the thruster must be analypedetermine if there are significant adverse effester the entire
device. Figure 36 is a combination of shaded aanptot and field line plot of the magnetic field ihe AHCDT.
Color scale on the shade plot is from 0 to 400h@;dutlined red components are the magnetic irengsi, which
have fields much higher than 400 G. The contoat phows a high axial field in the helicon sect{slghtly over
200 G), which decreases rapidly at the interfadevéen the helicon and the HET. The axial magrieid in the
HET section is less than 30 G. The radial magritid behaves as desired; it is very low in thiédoa section and
transitions to the dominant field component in HEET. The magnetic field through most of the HEésy low,
and increases rapidly to a maximum at the exitgléetween the two front pole pieces of the thrustde highest
magnetic field present in any of the simulationslightly over 1 T; such strong fields are presemlly in the iron
structure of the thruster. The highest vacuundfielany of the simulations is approximately 500 G.

A major side effect of the approach taken in dasignhe AHCDT is that the helicon and HET fielde ar
not independently controllable. Adjustment of thagnets in the HET section will change the magrfetid at the
exit plane, just like in the P5, but will also affehe field at the back pole of the HET sectidhthe AHCDT is
operated with more current on the P5 magnet codla the optimal settings in the simulations, afi@nfiguration
like that in Figure 32 will form; a region will esti between the back poles of the thruster withgh hadial field in
the opposite direction as the field at the exinpla Changes in coil currents of approximately 18 sufficient to
increase the field at the back pole of the HET By32 G, depending on operating point. The helicon,
meanwhile, has a very large effect on the fieldhi@ HET section. Increases in helicon magnet atimet only
increase the exit-plane radial field, but can dtswn a high radial magnetic field between the bpokes of the
HET. This field is parallel to the field at theieglane, and hence opposite in direction to teé&dfas it is shown in
Figure 32. Minimization of the radial magneticldieat the transition between the helicon and therl Higen,
requires a careful balance of helicon and HET magangents. Due to this relationship, a large nadignfield at
the exit plane of the HET is only achievable withigh helicon magnetic field.
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Figure 36: Shaded arrow plot of the AHCDT magnetidield. Scale units are in Teslas. Thruster axis at the
left side of the plot.

B. Thruster Mechanical Design
1. Design Goals

The mechanical design of the AHCDT needs to achieeemajor and several minor goals. The first majo
goal is to properly isolate the anode from groufdhis isolation ensures that the high-voltage anmatenot arc to
the thruster body, while it simultaneously allowes thermal expansion. Second, the boron nitridd)(Bischarge
channel walls in the P5 and the glass dischargengtan the helicon have to be supported secusadlgw for
thermal expansion, and avoid any radial load ondbmponents. Minor goals include physical supmdrthe
helicon magnet and design of the support structorehe center pole of the P5. The design prodessived
finding solutions to the major design consideratjcand using those solutions to dictate the constran the minor
design considerations.

2. Anode Isolation and Thermal Design

Electrical isolation of the anode is a major isfuethe design of AHCDT. Typical HETs such as Bie
use the BN discharge channel for anode isolatibe; @node is essentially surrounded by ceramichsoonly
isolation issues come from the anode mounting harehend propellant feed lines, which penetrateBiiechannel.
Such a channel does not exist in the AHCDT; thedanis positioned at the base of the glass heliégschdrge
channel. The glass channel is not continuous; $imply a pair of concentric glass tubes with aséy Thus, the
anode needs to set on a dielectric spacer to depiaritom the back plate of the thruster. Figidrshows the
alumina ring fabricated for this purpose, alonghvitte other major components of the anode assembliymina
has a high thermal conductivity which enables itl mxcess heat away from the anode. Alumina i® als
significantly less expensive than BN. The studs ghenetrate the alumina ring provide structurgipsut of the
anode, and are insulated with ceramic sleevesrnidialesign of the anode assembly is a major cancmce the
assembly consists of a mix of magnetic iron anohigtss steel (back plate and anode), glass (hettbannel walls),
and alumina (anode standoff), three different ratésthermal expansion had to be reconciled. A hiert
complication is that the anode temperature caneastimated since no device of this configuratias heen tested.
In order to reconcile the thermal expansion ofghede assembly, the anode and alumina ring havexipmately a
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millimeter of space between them and the glassstub order for the anode to expand enough toaobrind break
the glass, it would need to be over 700 °C thifaisin excess of the anode temperature in the ®3hearmal
expansion should not be an issue. Alumina hasnerl@oefficient of thermal expansion than stainlst&=l, so
expansion of the alumina ring will not be an issue.

A consequence of the thermal design, however aisghode electrical isolation is more difficult dethe
gaps necessary to ensure thermal expansion ofitieealid not break the glass tubes. These gapslioayan arc
to travel from the anode to the base plate, as #tley line of sight from the anode to the basehisTis solved
through use of a braided fiberglass gasket, as showigure 37; the gasket is held between thesglie alumina,
and the base plate and prevents any possible fisigbt between the anode and the base plate. gékket is
slightly thicker than the gap between the alumitendoff and the glass tubes, and hence cannot slideof
position. The fiberglass gasket is slightly conggikle; it has the ability to absorb thermal exjpamg the alumina
standoff and not crack the glass tubes. The gldes are flanged to provide a point of physicalpsut; the flanges
are clamped in place, which holds the glass inel@ithout touching it anywhere along its lengthisTis critical to
operation of the AHCDT; any structural support whirotrudes into the plasma channel, either inHB& section
or the helicon section, will severely perturb themsoperation. The act of flanging the glass &las the beneficial
side effect of creating an effective groove for tiherglass gasket.

The thermal and electrical design of the anode wiligllow the anode to reach temperatures mucinési
than anticipated by previous P5 operation withaundge to the glass components. Furthermore, tigrdases
all-solid components wherever possible to previmet-of-sight arcs around the anode, and where solidponents
are difficult, a fiberglass gasket provides eleetrinsulation while allowing for distortion due tieermal expansion.
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Stud Mounting Stud Isolator Baseplate

Figure 37: Cross section of the anode assembly dgs
3. Glass and Boron Nitride Channel Design

Both the glass that composes the helicon and théhBNcomposes the HET acceleration region must be
held securely in place and allow for thermal exgamef the surrounding structure. The BN and glesge much
lower coefficients of thermal expansion than thenior stainless steel parts they are attachedngb,hance the
attachment must accommodate this difference inresipa rates.

The glass and the BN are designed similarly; eachponent incorporates a circular flange which cdudd
clamped or screwed in place. Figure 37 showsldmgés for the glass are designed as part of thdeaisolation
mechanism. The flanges are clamped in place viitmiaum rings, which attach to the base plate ef telicon
section of the thruster. The BN channel wallshiea HET section of the AHCDT are also designed wlahges.
Figure 38 shows that the BN is screwed direcththt® back poles of the HET section. The BN chanaets
manufactured from grade M26 boron nitride; the sgnagle is used in the original P5.
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Figure 38: Boron nitride and rear pole of the P5 sction of the AHCDT. Outer discharge channel ringshows
the bolt hole pattern which is used to attach to th rear pole of the thruster.

4. Minor design criteria

Most of the design of the AHCDT is dictated by thmde thermal and electrical design, as well asdieel
to support the glass tubes of the helicon withbet potential for failure due to thermal expansiorhese major
design considerations fixed many of the charadiesisof the thruster; the physical support of vasichruster
components, then, is designed with the constraiatsed by the major design considerations takenantount.

P5 Center Pole

First of the minor design considerations is thepsupof the center pole of the P5. The center pble
P5 is mounted at the end of a cantilevered beatridhstached directly to the back plate of thedosl section of
the thruster. This design is necessary becauseettter pole is originally mounted to a continutlusister back
plate; in order to maintain an open channel forpglasma to flow from the helicon into the HET, tenter pole had
to be mounted at the end of a continuous beamhettiaio the rear of the entire device. The supgtautture for the
center pole of the thruster is shown in Figure 3%e cantilevered beam that holds the P5 center igoinade of
stainless steel, which will note interfere with timagnetic field and is in a cross shape in ordeavimd excessive
absorption of RF power as would happen in a pipei@ular-cross-section beam. In the completedster, the
inner helicon glass tube fits around the cantileargd will slip over the BN channel wall, which epsalates the
center pole.

Helicon Back Plate

Pole Support

P5 Center Pole and Inner
Discharge Channel Ri

Figure 39: CAD Model of the P5 center pole supportantilever.
5. Helicon Magnet

The helicon magnet solenoid is wrapped around amialm spool. It is supported physically througio t
means; one end of the magnet spool is screwedtlgiteche back pole of the HET section of the AHGxnd the
iron rods which pass from the back plate of the HEGtion to the base plate of the helicon are plaseugh holes
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drilled into the spool ends. In this way, the meigspool is held in place by multiple structuraimmmnents of the
thruster and forms an integrated, very strong akgenThe overall thruster assembly design is shawRigure 40,
and shows the helicon magnet in orange as weli@spool in grey and its integration into the maignercuit of
the thruster.

The helicon antennas are designed to be identddlase used in the original annular helicon experits
in Phases 1 and 2; both antennas are left-pitchhietik antennas 7.6” long, and constructed from %21/8”
rectangular copper bars. The antenna diameterd.ateand 7.3” for the inner and outer antennaspeetively.
The front faces of both antennas are approximdt&¥yfrom the P5 back pole plate.

Figure 40: CAD Model of the AHCDT.

The AHCDT has been fabricated and assembled. Pludtthe thruster assembly prior to the first tast
shown in Figures 45-47.

Figure 41: Front View of the AHCDT
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Figure 43: Rear view of the AHCDT

C. Initial Testing Results

Integration of the AHCDT into the VTF was similar the annular helicon, with two major differences.
First of these was integration into the VTF thrsisind, which enabled thrust measurements which prengously
unavailable with the annular helicon. The secomjomdifference involves the delivery of RF powetthe thruster.
In the annular helicon experiments the RF systeadyored sufficient electromagnetic noise to render thrust
stand inoperative. As part of the AHCDT developtefifort, the RF system was redesigned in orderansmit
power to the thruster without polluting the threttnd signal. First of these was the use of desitmpxial cable for
RF power transmission, instead of the original pdircopper rods. The Palstar AT5K matching netwendks
replaced with a custom-built Pi-type matching netwavhich incorporates a stepper-motor control esystwhich
allows the matching network to be operated remotdlze radio and RF amplifier were moved from theiginal
position near the tank to the floor of the laborgtaloing so allowed implementation of a purposétiRF ground,
separate from the facility ground. The matchingwoek remained next to the tank, thus the remotetrod
capability allowed the entire RF system to stilld@erated from a single instrument rack. Frequeisy became
fixed to cable length. In order to reduce powdlention in the cable between the matching netwamk the RF
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antennas in the thruster, the frequency was tunel that the cable was one half-wavelength long¢chvbccurred

at 12 MHz. Half-wavelength transmission lines emasidered ‘resonant,” and act like very short eapthus the RF
power was not dissipated before it could reachatitenna. All of the initial tests of the AHCDT lealeen at 12
MHz of RF power, but a change of RF frequency aatyuires changing the cable length, hence futwts & other
frequencies will be easy to perform. The comboratf a single coaxial cable, relocation of the jRiwer system,
and adjustment of frequency to resonance reduae@REhsystem noise such that it has no significfateon the

thrust stand, thus enabling AHCDT experiments tduitle performance measurements.

1. AHCDT Performance

The AHCDT has been successfully operated on xemopefiant, at anode voltages of as high as 300 V.
Figure 44 is a side view of the thruster under afen at 300 V on the anode, 1000 W of RF powed, &img/s of
xenon, corresponding to a discharge current of &.4 Thruster discharge current was 5.4 A, and thwas
measured to be 87 mN. This compares favorablyadase P5 thrust of 95 mN at 300 V and 5.5 A. BRiGhrust
is plotted in Figure 45 along with some data ondtiginal P5, and shows that the thrust is vergelto the original
thruster. Since the measurements at 300 V areraich higher discharge voltage than is desiredhifgin thrust-to-
power operation, the measurements taken serveify tieat the thruster is operating very closehe original P5.

2. Low Voltage Operation

The AHCDT was able to operate at much lower vokatimn the P5. Where the P5 discharge is very
inefficient below 150 V and cannot operate at allolv 100 V, the AHCDT was able to produce a plurimoat
identical to that in Figure 44 at 75 V, and didaddhe same 5.4 A of current as at 300 V. Belowhe plume
transitioned abruptly from a HET-like plume witflpeonounced high-density center spike, to a plasmehnmore
like an un-accelerated helicon. Discharge curveag reduced nearly to zero below 75 V, so at sowhvioltages it
is likely that little to no ion acceleration is tag place in the current configuration. Adjustmentthe magnetic
field may allow the thruster to operate with goedeleration at even lower voltages.

Helicon

Figure 44: Side view of the AHCDT; top view is opsting at 300 V on the thruster anode, 1000 W of
RF power, and 5 mg/s of xenon. The purple glow dhe right of the image is the helicon plasma. P5nal
Helicon sections have been highlighted for clarity.
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Figure 45: AHCDT Thrust compared to measurements fthe original P5; from Ref 45

D. Test Plan

Thruster characterization tests will commence irrilApf 2010. There are three primary goals of the
thruster tests. First of these is to fully chagaze the performance of the AHCDT at both HET-liggerating
conditions (discharge voltages near 300 V) and thghst-power conditions (discharge voltages diedow 100 V).
Second is measurement of plume plasma propert@s.properties are of primary interest in the theuplume;
ions are the source of thrust and thus both theninade and direction of ion velocity outside theutter are of
interest. Third is measurement of plasma propeitiside the thruster. Plasma electrons are tbeiesp of interest
inside the thruster. Electrons are of primarynese because they are the driving factors in mapnggsses inside
thrusters, in particular the location of the ioreleration zone: the zone of high radial magnetild fwhich traps
plasma electrons in a HET is the location of theederation zone. The goal of the performance auodhe
measurements is calculation of the thruster ioiimatost; reducing the ionization cost is of vitaportance to
efficient low-voltage operation. Measurementsdesihe thruster will determine the exact naturthefacceleration
mechanism as well as determine if some of the &iun is taking place in the HET section of theidev

The first test goal, performance measurements,imdllde direct measurements of thrust and calicuiat
of derived quantities {}, efficiency) as a function of acceleration voltagéhe AHCDT is a two-stage thruster;
ionization (in the helicon) and acceleration (ie tHET) are separate from each other and shoulddepéendently
controllable. Thus, the AHCDT should operate édfitly at both higher and lower acceleration vadtaghan a
traditional HET. Since it is already known tha¢ tAHCDT can operate at lower voltages than a HE& planned
performance measurements will determine how efiityeit is operating at these very low dischargétages, and
hence, high thrust-to-power ratios. Operationhef AHCDT has already shown that use of an efficketicon ion
source is an enabling innovation which allows HEpemtion at low acceleration voltage; performance
measurements will establish the AHCDT's abilityojperate at low voltages without excessive efficielosses due
to ionization.

Plume measurements will be performed by two profséess; a Faraday probe and a Hiden EQP-300 ion
energy analyzer. The Faraday probe will providema@ divergence and ion beam current measuremeatis; b
provide insight into the ionization and accelenatimechanism of the thruster. Beam divergencerigeasure of
how many ions are accelerated along vectors thlehat parallel to the thruster axis. Divergentsi@re a loss
mechanism as any component of velocity perpendic¢aléhe thrust axis does not contribute to thelajeit power.
lon beam current is a vital measurement in devetwynof the propellant utilization efficiency. THeQP-300
measures the ion velocity independent of charge,stéhich gives it the unique capability to deterenion charge
state in an automatic package, which does not redoé lengthy and error-prone data analysis psote®lved in
other charge state probes such as ExB prbésn velocity is also of use to thruster diagnustias it determines
the effective acceleration voltage of the thrussince discharge neutralizer coupling voltage is dlifference
between the discharge voltage and the effectivelation voltage. The plume measurements ardeabp Eq.
(2) to find the ionization cost of the thrustere laraday probe data will determifigand g while the EQP-300 data
will determineV,.. The jet powerPys iS determined by calculating the jet power of theuster, which is the
product of mass flow rate and thrust. The inpwgoP;,,, is measured directly from the power supplies cotete
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to the thruster. Thus, the combination of Fargol@pe, EQP-300, and power supply measurementsda®ll of
the information necessary to find the ionizatiostaccording to Eq. (1).

lon density, electron temperature, plasma potentiatl electron energy distribution function (EEDF)
measurements inside the thruster will be taken witHiden ESPION RF-compensated Langmuir préfg®**
The Langmuir probe will be mounted on a High-SpAgihl Reciprocating Probe (HARP) system, which \aillow
it to probe the plasma inside the thruster withimai disruption®® It is necessary to mount the probe on a HARP
system because the plasma environment in a thrustevery different from an annular helicon; the
ionization/acceleration zone of a HET consists dease, hot cloud of electrons. Any probe tha¢mnthis plasma
and spends too long will ablate and disrupt theister plasma. Ha&sshowed that a probe can remain in the
plasma for approximately 80 ms and avoid thrustntysbation. The HARP system to be used is capable
inserting a probe into a thruster and allowingitést in the plasma for the same period of timeas proved non-
damaging by Haas. The goal of the internal measengs is to characterize the nature of the disehafglasma
potential will determine the location of ion acgekion. lon density measurements will determineerghthe
ionization process is taking place, and whether iamjzation is taking place in the HET section bé tdevice.
Electron temperature and EEDF help determine thader of the plasma electrons in the AHCDT.

VI. Conclusion

The work reported here accomplished the goals lofhadée phases of experimentation. In Phase 1, an
annular helicon plasma source was designed, camsttuand operated at a limited set of operatimgditions.
Plasma data were acquired using a custom-built dg®fpensated Langmuir probe, which despite RF cogplin
limitations showed that the concept of an annuddichn was viable as an ion source for a HET.

Phase 2 built upon the results of Phase 1, chaiaotg the performance of the helicon over a ranfe
operating conditions on both argon and xenon ptapelcharacterization on xenon being particulamportant as
it directly translates to the xenon-propelled AHCDThe custom-built Langmuir probe was replaceéhiror of a
commercially-available probe system which greafigesied data acquisition. The results of Phaseo®esh that
the optimal configuration of the AHCDT would platee HET section immediately at the exit plane & trelicon,
in order to maximize ion density entering the theus Additionally, Phase 2 showed that the higl@stdensities
occurred at low frequencies and high magnetic gield

Phase 3 involved design, fabrication, and operatibthe Annular Helicon Closed Drift Thruster. The
design process consisted of two steps: Firstithgnetic field circuit of the thruster was develdpand second the
mechanical design of the thruster was created. ridgnetic circuit was designed such that the steotig field in
the helicon section was preserved, while simultaalomaintaining a radial field in the HET as cl@sepossible to
the original P5. The mechanical design achievedsimulated magnetic field topography, accountedHtermal
expansion of the thruster materials, and maintaimexgber electrical isolation of the thruster anodéhe HET
section of the AHCDT was placed as close to thé @gine of the helicon as possible, in order to imé&e ion
density in the HET, as measured in Phase 2.

The ultimate conclusion of Phase 3 was that the BR@ a viable thruster concept. The thrusterbeen
operated both at voltages similar to the P5, fafgoeance comparisons, as well as very low dischaajtages so
as to develop the high thrust-to-power capabil®erformance measurements at high voltages shasttisrwithin
10% of the P5 for similar operating conditions,cdisnting RF power input. The thruster was als@ abloperate
with a visibly well-focused plume at discharge agks as low as 75 V, well below the point wherditi@nal HET
discharges cannot be sustained.
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