Summary of the VHITAL Thruster Technology
Demonstration Program: A Two-Stage Bismuth-Fed Very
High Specific Impulse TAL

IEPC-2007-005

Presented at the $Qnternational Electric Propulsion Conference, Fémce, Italy
September 17-20, 2007

Anita Senguptaand Colleen Marrese-Reading
Jet Propulsion Laboratory, Pasadena, CA, 91109, US

Alexander Semenkin, Leonid Zakharenkov, Sergeydalkdnlebov, and Oleg Tverdokhlebbv
TsNIIMASH Export, Moscow-Region, Russia

Kurt Polzir® and Tom Markusic
NASA Marshall Space Flight Center, Huntsville, AIS

Mark Cappelli’ and David Scharfé
Stanford University, Stanford, CA, 94305, US

lan Boyd®® and Michael Keidar
University of Michigan, Ann Arbor, MI, 48109, US

and

Azer Yalin' " and Vijaya Surl&*
Colorado State University, Fort Collins, CO,80528

Abstract: The Very High Specific Impulse Thruster with Anode Layer (VHITAL)
program has successfully resurrected the two-stadgesmuth fueled thruster with anode layer
(TAL) technology. The two-stage technology was deleped over 25 years ago in Russia, at
that time demonstrating specific impulses up to 80Is at efficiencies greater than 70%. The
technology offers a unique combination of previougl demonstrated performance, throttle-
ability and low mass propellant system attributes hat are attractive for a wide range of
NASA missions. The VHITAL program has led the desig, fabrication, and test of the
VHITAL-160 thruster, a two-stage 160mm acceleratingchannel TAL with a radiative
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cooling scheme. The VHITAL program has also led thedevelopment of an advanced
bismuth propellant management system to engineer @ndemonstrate key technologies
required to operate a high temperature condensablenetal propellant. VHITAL has also
initiated a life assessment program focused on thdevelopment of computer tools and
plasma diagnostics to quantify thruster erosion andoptimize performance. To date, the
VHITAL-160 thruster has demonstrated stable operaton up to 36kW and 7700 seconds at
efficiencies in excess of 63%. The propellant managient system has demonstrated control
and measurement of bismuth in the liquid and vapoistates up to 12 mg/s and 1200°C. The
life assessment program has developed a hydrodynasmninodel of the first and second stage
plasma that compares well with existing experimentadata. LASER Induced Florescence
and Cavity Ring Down Spectroscopy have been demonated in representative plasmas.
The results of thruster, feed system, and plasma aljnostic testing will be presented. Key
findings from the model development will also be msented.

Nomenclature

Up = Discharge voltage
Io = Discharge current
Ua = Acceleration voltage
Ia = Acceleration current
F = Thrust
= Efficiency
dm/dt = Flow rate
Isp = Specific impulse
NRA = NASA research announcement
TRL = Technology readiness level
ExH = Hall current layer

I. Introduction

he Very High Specific Impulse Thruster with Anodeayer (VHITAL) program was a technology

demonstration program selected under the 2002 Résépportunities in Space Sciences NASA Research
Announcement (NRA) in support of the In Space Pigipn program. The goal of the VHITAL program was t
resurrect the Russian two-stage bismuth fueled Te&hnology for potential future use as a propulsgstem on
NASA exploration missions. The technology assessipegram was led by the Jet Propulsion LaboratdASA,
TsNIIMASH Export, Stanford University, Universityf dichigan, and Colorado State University represena
unique synergy of mission focused technology reseand development.

The two-stage TAL technology was developed overy2&rs ago in Russia at TsNIIMASH, at that time
demonstrating specific impulses from 3000 to 80&0sfficiencies greater than 70% as well as powasemption
from 1 to 140 kW per thrustel”. The two-stage TAL is unique electric propulsicevide. Its separation of the
ionization and acceleration regions of the plasmwviges an electrical efficiency and specific imgilcapability
similar to an ion thruster but with the simple lgast construction and high thrust density typidad dall thruster.
The ability of the two-stage TAL to operate ovdamge power range is advantageous as it enabldgptauhissions
in a range of cost categories with a single prapuolsechnology development program. The throttlditgof the
two-stage TAL is unique among Hall thrusters, imttlit delivers consistent performance and efficieméth
increasing power availability, made possible by ¢eparation of the ionization and accelerationaregi The two-
stage TAL also has significant development herifage the conduct of the D-160, D-200, and now VALTtest
programs conducted by TsNIIMASH. Specifically thgsegrams developed engineering modeling tools for
materials selection and electrode/magnetic dedignster erosion data as a function of acceleratihngnnel
geometry, as well as fabrication and testing tespies needed to operate with a condensable mefat|(anat.

2
The 38" International Electric Propulsion Conference, Féorce, Italy
September 17-20, 2007



The two-stage thruster technology has several ragste
engineering advantages over conventional singigestall

thrusters including a (primarily) robust and lowstanetal | property Bi Xe
construction, higher specific impulse operation afd 9780 2000
efficiency, smaller size, higher thrust densitydaeduced | Density®®® (kg/m®)

pumping speed requirements for ground testing. Useeof | Atomic mass (AMU) 208.9 131.3
the condensable propellant bismuth also has sesgséém |"\elting temperature (C) | 271 N/A
level performance and cost advantages. As comp@ared ("onization potential (eV) | 7.29 12.12
xenon based propulsion system, the use of bisn l-.f-ypical cost (3/kg) 75 2000

significantly reduces tankage fraction, propellacost,
overall feed system mass, and utilizes a small@pfot on
the spacecraft. Table 1 is a comparison of theeuties of
bismuth and xenon. To quantify these advantage
comparative mission studies were performed in esfees 4 and 5. The studies indicate that a VHITAdpplsion
system compares favorably to other high power eteptopulsion systems.

Table 1. Properties of bismuth and xenon
propellant?.

The keys issues associated with implementing astage condensable propellant TAL on future spatteara
high temperature operation, plume contaminationystter lifetime, and propellant feed system devalept. Each
of these issues was addressed with the VHITAL @mogwith a combination of computer simulations and/o
component level technology development and dematn@tr Thermal modeling, high temperature material
selection and thermocouple measurements of theatpgrthruster were used to validate the radiativeling
scheme. Plasma physics codes were developed tol rimléonization and acceleration region of thespia
enabling performance and erosion assessment difithgter. A plume model was also developed to ptgdume
expansion and the extent of impingement on neigh@pacecraft surfaces. The development of atfligh feed
system was also tackled with the demonstratiomwfrhass and energy consumption electronics, pusnj, flow
sensor and vaporizer technology.

II.  Thruster Technology

The two-stage VHITAL differs from a single stage T/ that there are two hall current layers, eadth \a
circulating ExH layer of electrons. Neutral propell gas
introduced into the first stage is ionized by th@nathal Hall
electron drift current established by the radialgnmetic field and
axial electric field between the anode and surroundng cathode.
The axial electric field, established between ih& ttage cathode
(second stage anode) and second stage ring catlentiostatically
accelerates the newly created ions out of the depioducing
thrust. The potential between the first stage armodkcathode is on
the order of 150 to 250 V, which is required praglleaschen
breakdown, electron emission and subsequent idorizat The
acceleration voltage, between the second stageearaticathode is
several kilovolts (3-9kV), directly acting on thenized propellant
particles to accelerate them out of the thrustexialAelectron
transport is limited to collisional diffusion, aisst stage electrons
are constrained in the in the first ExH layer. Asresult the
propellant is 80% to 90% ionized in the first stagjhe two-stage
design effectively confines ionization and electrém the first stage
and accelerates ions in the second stage.

In a single-stage TAL the total acceleration vaitag used to
both ionize and accelerate the propellant resulimgigh energy _. _ )
electron production that does not contribute tashand dissipates'9ure 1. Functional diagram of a two-
a significant amount of power in anode heatingsTieduces total Stag€ TAL.

588 The density of bismuth is stated for atmospherésgure at 20°C. The density of xenon is statedufpercritical
storage conditions of 2800 psi at 40°C.
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efficiency and applies thermal constraints on thede. In a two-stage TAL, separation of the regafrthe plasma
improves ionization efficiency as only ~150 V igju&ed to ionize the propellant (as compared to Khhe

absence of high energy electron production enablegher specific impulse operation and a significeduction in
anode power dissipation. Electrical efficiencyuslier enhanced as the fist stage ExH layer seov@sit the back-
streaming electron current through the accelerdsiger. The two-stage configuration results in @ffe ionization

at lower current densities than in a single-stag#iguration. Current density has a first-order aopon sputter
erosion; therefore the two-stage design has trengiat to improve the lifetime of the TAL.

A functional schematic of the VHITAL-160 is showmigure 1. VHITAL has a 160-mm channel diametahwi
a magnetic circuit and accelerating channel dessgentially identical to the existing D60 VHITAL differs only
in its radiative cooling scheme and use of highperature refractory and magnetic materials to accodate said
scheme. Similar to the D160, the VHITAL peak magngeld is at the thruster exit plane with a valfe0.2 T in
the center of the accelerating chanhéThis value enables stable operation by provigirfgcused ion beam and
sufficient ionization to prevent anomalous moderaper?.

The primary components of the thruster are thetrelde unit, anode heater, magnetic system, guags,riand
structural housing / interface (Figure 1 and 2)e Tihst stage of the electrode unit consists offits¢ stage anode
gas distributor and surrounding ring cathode asbenilne second stage consists of the first stagleoda and
second stage ring anode. The second stage cathodedd by sputter resistant guard rings to prakexpole piece
magnets from direct ion impingement sputter erasiéil electrode units are electrically isolatedrfr each other
and the thruster with vacuum compatible ceramiculaters. The magnetic circuit consists of a central
electromagnet, four surrounding electromagnets, [@oid piece magnets located at the downstream ehtlse
central and side coil cores. This configurationuees uniformity of the magnetic field along theraath. An
external hollow cathode is used to provide charge
neutralization of the ion beam and is at the sa
potential as the second stage cathode. More detail:
the thruster design can be found in referenceardd7s.

lll.  Thruster Fabrication and Testing

A. Fabrication

The fully assembled VHITAL-160 thruster is show
in Figure 2. The thruster was fabricated by TsNIISHA
export from 2005 to 2006. The electrode system \
machined from heat resistant refractory materi
including molybdenum and niobium to allow for hig
temperature operation. A graphite heater was madhi
for the purposes of pre-heating the first stagelarpior
to thruster ignition. The anode distributor was miaed
with over one hundred precision orifices to ensare
uniform neutral injection into the first stage. Twaets of
removable guards rings were machined, one fr
stainless steel to allow for accelerated erosiststand
the other graphite to allow for extended duratiestihg.
The magnetic circuit manufacture consisted of i
central magnetic core, pole piece magnets, and -
outer coil electromagnets. All permanent magne

materials were selected to be of high magnérig e 2 Fully assembly VHITAL-160 thruster
permeability with a Curie point in excess of 600%C, siached to mounting flange in TSNIIMASH test
prevent demagnetization at 36 RW The central andfacility9

side electromagnets were fabricated from coil wigdi
with thermal screens. All electrode spacings are

maintained by ceramic insulators. The feed systedescribed in section 1V. More details of the ifsddion can be
found in reference 9.
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B. Acceptance Testing

VHITAL was tested in the TsSNIIMASH 2-| Parameter Set point | Achieved Set point] Achievefi
Stage TAL test facility. The facility is & p1ode 1 2
diffusion pumped, 2m x 1.8m vertic

vacuum chamber that provides a bag&ower (kW) | 25 25.4 36 36.8
pressure of 3xI® Pa (2x1G Torr). The | lso (S) 6000 5375 8000 7667
thruster was mounted to a flange affixed JdJo 150 130 150 130
the top of the chamber firing in the Io (A) 6 5.85 5 4.85
direction of the gravity. The test facilityl Ua (A) 4750 4800 8400 8500
was equipped with a vertical thrust starfd , (A) 5 5.1 4.2 4.25
and floating beam target. The thrust stapdim/dt (mg/s) | 11 9.8 9 8
operates by mechanical registration §fF (mN) 650 527 710 618
spring displacement due to applied forc. 0.78 0.56 79 63
The beam target consisted of a metalfw

plate downstream of the plume that is
floated relative to ground enabling
measurement of ion current from the
thruster plume. The thruster was al:
instrumented with thermocouples on tt
outer electromagnet coil and pol
surface. An indirect therma
measurement of the magnetic syste
was obtained from measuring co
resistance as it changes  wil
temperature.

Prior to acceptance testing at tf
design set points (Table 3), function;
testing of the thruster was performed
<25kW to a ensure thruster health, ge
operational experience, and address ¢
needed maodifications. The primar
findings from the functional test prograr
were the need to reduce the accelerat ;.o 3 \HITAL-160 firing at 36 kW at TSNIIMASH t est
channel gap and decrease the Comfacilityg
area between the guard rings and mag '
pole. The gap reduction improved thruster stabitigst likely by increasing the magnetic field pifand strength
in the accelerating channel. The reduction was raptished with the manufacture of new inner and roptee
rings. The reduction in contact area was needquréeent bismuth condensation on the guard ringadihitate
thruster startup. This was accomplished by reduitiegguard ring attachment area to the hole

Another finding from thruster functional testing sMine sensitivity of thruster discharge ignitiord atability to
application of the second stage voltage. It wasdoihat the thruster discharge was ignited and rstafgle with the
application of the second stage (acceleration)npiaiein addition to the first stage potential. Tiheuster was also
able to recover more easily from anomalous modeatipa in this configuration. Anomalous mode opieratis
characterized by an unstable discharge due actieferaurrent exceeding ion current and an unfocusedear.
Another important point is that as Paschen breakdmathe source of ionizing electrons for VHITALhraster
startup is also sensitive to vacuum chamber pressui thruster out-gassing.

The purpose of the acceptance test program waslleztcthruster electrical, performance, and thérdsda at
the 25 and 36 kW operating points. Data collectedng the test program included discharge voltage @urrent,
acceleration voltage and current, measured thnuagnetic system temperatures, and magnetic andsfestdm
current and voltage. Performance data reduced fh@se measurements include power, bismuth flow saicific
impulse, and thrust efficiency. Figure 3 is an imad the VHITAL-160 thruster firing at 36 kW. A cqrarison of
the electrical and performance parameter measutsmede at mode 1 and 2 are shown are shown ire Baflhe
discharge current and flow rate were ~3% and 118erddhan the design set-point for both mode 1 an@h2
measured thrust and efficiency was 19% and 28%wbetaminal for mode 1 as compared to 13% and 20%wbel
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nominal for mode 2. The
thrust stand, electrica
parameter measurements, al
flow rate had a measuremer
error up to 10%. In addition
there was a known bismutl
vapor leakage between th
propellant feed line upstrean
of the thruster and its
connection to the anode fee
line. Post test inspection o
the thruster revealed thi
presence of Bi condensate |
the coupling between the twi
portions of the feed line. A
reduction in total flow into
the thruster would have
reduced ionization for a giver
flow rate set point. The
degree of leakage was nc
possible to quantify but is the
most likely cause of the
lower than nominal measure:
efficiency and thrust at 2t
and 36 kW. This is alsc
consistent with the reducel
performance relative to
nominal of mode 1 (higher
flow rate) as compared tc
mode 2 operation.

Thruster performance
mapping was performed tc
determine thruster stability
and sensitivity to acceleratiot
voltage and flow rate. Figure:
4 through 6 illustrate
measured thrust, specifi
impulse, and thrust efficiency
as a function of acceleratiol
voltage and bismuth flow
rate. All three parameter:Figure 5. VHITAL-160 specific impulse as a function of acceleration
increased with  increasin¢voltage and flow rat€.
acceleration voltage, burt
thrust efficiency was least sensitive to this clarmilarly, increasing flow rate increased thrastl L, but to a
lesser degree efficiency. This suggests that atdng@nal set point ionization is neutral limitedidaincreasing flow
can improve ionization and total efficiency. Theuster did operate stably over the entire reginggesting stable
plasma production and thermo-mechanical operatidheelectrodes. It should be noted that all aizoe® tests
were performed without a cathode neutralizer. Beaotralization was achieved from electron producfrom the
tank walls by electrically connecting neutralizemenon to facility ground. The cathode-neutralizeaswiested
separately and is discussed in reference 9.

A limited thermal mapping of the thruster was parfed with the thermocouples and coil resistance
measurement discussed previously. At 25 kW operdltie inner and outer magnetic circuit temperatuae 470°C
and 300°C respectivélyThese values are less than the maximum allowabléaruster materials and compare well
to temperature predictions from reference 8. Themapping was not performed at 36 kW as thermailiegum
was not reached during testing.

Figure 4. VHITAL-160 thrust as a function of acceleation voltage and flow
rate®.
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Figure 6. VHITAL-160 efficiency as a function of aceleration voltage and flow raté.

IV.  Propellant Management System

A critical challenge of working with condensable taiepropellants is the development of a propellant

management system. This challenge is further ekatest by the expansion of Bismuth in the solidestaid a
melting (271°C) and vaporization (~1000°C) tempertwhich impose thermal constraints on traditiofesd

system component materials. There are three furaitielements to a bismuth feed system, the stoohghe

propellant, melting the solid to liquid form, andporizing the liquid to provide a stable flow rategas to the
thruster propellant distributor. Two propellant magement systems were fabricated and tested asopéne

VHITAL Program. A gravity-fed bismuth feed systemasndeveloped and tested by TsNIIMASH to providetast
means to test the thruster. A more sophisticaiglot-iveight and compact feed system was developddested by
NASA MSFC and JPL to develop the next generatiotedfinologies needed to address the challengesréing

with bismutH®.

A. Gravity Fed System

A robust gravity-fed laboratory model feed systemsviabricated and used for thruster acceptandeddsy
TsNIIMASH. The system consists of an evaporatoetintside a bismuth reservoir and a molybdenum pliaoge
tube to connect the evaporator to the anode paogdlistributor (Figure 2). The Bismuth tank isiségely heated
to bring the bismuth to the liquid state wheresigravity-fed into the evaporator tube. The evajooreonsists of
two molybdenum tubes hermetically welded at one endbling resistive heating and vaporization efliquid Bi.
After the propellant is melted, the evaporator lisught to a temperature of 1000°C allowing theidgn the
evaporator tube to evaporate and travel throughptbpellant tube to the thruster. The propellatietand anode
distributor are also maintained at a temperaturE000°C to prevent bismuth condensation. The fimie and vapor
pressure of bismuth is controlled by adjusting thaporator power. The system does not allow reak ti
measurement of flow. Instead a calibration curvgeserated to relate heater current set pointdpgbiant mass
flow rate by measuring the mass of the reservdiorbeand after operation at a given thruster settpdhis yields
an accuracy of 10%.

Testing of the feed system proved to be far fromightforward and led to the development of pretisat-up
and cool down procedures to prevent evaporatokicrgaue to bismuth expansion within the molybdertutring.
After the start-up procedures were refined andsystem was allowed to reach steady state priorigchdrge
ignition, stable feed system operation was achieRedails on this system can be found in refere6¢&s and 9.
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B. Compact-Light Weight System

The NASA architected feed system was developed to
address the thermal, mass, and power consumption
challenges of working with a propellant at high
temperature and voltage relative to its mountimgcstire.

The development of candidate technologies to pump,
vaporize, and measure flow to a high accuracyiieal to
infusion of the VHITAL technology and represents an
advancement of the state of the art. Real time flate
measurement capability is also required to perfam
comprehensive thruster performance assessment. The
NASA developed system (Figure 5) consists of arvese
electromagnetic (EM) pump, hot-spot flow sensord an
vaporizer *****%The EM pump operates on the principle
of the Lorentz force. It uses a pair of permaneagmnets
oriented perpendicular to a pair of electrodes ushpthe
conductive bismuth fluid through the deviteThe hot-
spot flow sensor (HSFS) is used to monitor theidiqy_. : . .

p?opellant flow rate( down)stream of the pump. Tm’flsq"i:|gure 5. (Top) Flightlike bismuth propellant
‘tagged’ by pulsing current through the propellafihis Management system. (Bottom) Carbon plug
local increase in temperature is measured by V3POrizer.

thermocouple at a known distance downstream. The fti

of flight of this pulse yields the flow rate forkaown density. The vaporizer is a porous all-carplug that uses a
balance between surface tension and capillary $orae a non-wettable porous substrate, to contrdllinit the
vaporization of propellant atoms. The rate of vagadion and propellant flow rate is a function aetapplied
temperature and pore diameter and was sized forg28 to cover all possible ranges of VHITAL opevatt.

The feed system was tested at the component arsystain level but not with the thruster, as thereffeas
independent of the TsNIIMASH acceptance test pmogr@he EM pump demonstrated up to 10 kPa of
hydrodynamic pressure with operation on GalliurBGA. Pump pressure as a function of applied cticenelated
well with design predictions. The HSFS was operatedonjunction with the vaporizer and demonstra@ehg/s
with a 1200°C vaporizer temperattire

In summary, the NASA feed system provided stableflBiv with an accuracy of 3% in control and
measurement. The primary technical challengesilifing the conductivity of the propellant for flomovement
and demonstrating high temperature operation wighselected materials were met. However, a fuppimg up to
20 mg/s of Bi flow must be conducted prior to imgn with the thruster.

V. Lifetime Assessment

Existing lifetime data from TsNIIMASH
of the D160 and D200 2-stage TAL te
programs indicate the primary life limitatio
of the two-stage technology is erosion of tl
second cathode guard rings. Advanced
materials such as graphite have be
investigated to reduce erosion. Prior testi
indicates erosion rates of ~1 micron per hc
for MPG-7 graphite, yielding a lifetime o
8khrs. The resultant VHITAL propellan
throughput associated with a one micron
hour erosion rate is not sufficient to compe
with ion thrusters and must be incredséd )
As such, a life assessment program, led Figure 8. VHITAL Life assessment approach.

Stanford  University, Colorado  Stat.
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University, and the University of Michigan was merhed to provide the framework for a quantitatived a
predictive understanding of the plasma physics tfoaern the performance and erosion of the 2-stéige This
activity included development of spectroscopic degiics techniques to resolve particle fluxes andrgy
distributions, cavity ring down spectroscopy to swa eroded product flux, and physics based corpogh
models of the thruster interior plasma and pluriide experimental techniques in conjunction with tinee and
spatially resolved physics-based models serve antify the internal plasma and plume allowing aseasment and
optimization of the existing design to improvetfiifiee (Figure 8). Details of these efforts can henfbin references
15,16,17,18,19, and 20.

A. Spectroscopic Lifetime Diagnostics Development

1. Bismuth Spectroscopy for Lifetime Diagnostic Imgetation

A combination of atomic resonance absorption spectpy and laser-induced fluorescence (LIF) wasctsd to
measure the three-dimensional number density dioditye(energy) distributions of neutral and iordzZaismuth
atoms in a two-stage TAL. Development of thesecaptneasurement techniques on a laboratory bisplagma
has been performed by Stanford University. The@8&n ground state transition was selected for atogsonance
absorption spectroscopy. This transition has baeoessfully measured in a bismuth heat pipe apmtalhe
680.9 nm transition was selected for LIF velociggetminations of singly ionized bismuth. This sition is well
populated and shares an upper state with the 6@8amsition, which can be useful for non-resondft L

2. Cavity Ring Down Spectroscopy

Cavity ring down spectroscopy (CRDS) is a laseetlaadsorption diagnostic developed by ColoradoeStat
University (CSU) to provide high precision measueetnof thruster component sputter ero§orCRDS provides
element specific sputter yield measurements wihert test interval, providing a significant costdaschedule
savings over traditional weight loss measuremecitriigues (that require on the order of 1000 hoarshtain
measurable erosion). During the course of the VHITgrogram CSU identified appropriate spectroscopic
transitions for candidate guard ring materials aratle angular sputter yield measurement of candglzded ring
materials in a representative laboratory envirornfEigure 9). CSU also designed and fabricatedstapparatus
with alignment scheme for large-scale thrusteresystesting. Details of the development and resiltae CRDS
program are found in references 18 and 19.
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Figure 9. CRDS spatial profiles. a) CRDS signal vsus lateral (scan) positionY. The curves are for
different anqular sputter vield profiles (a parameters). b) As left, but normalized to give nity at Y = ('8,

B. Computational Life and Contamination Assessment

A 2D hydrodynamic model of the VHITAL thruster wedsveloped by the University of Michigan. It utilza
two-dimensional hydrodynamic approach where thehdige and acceleration stage are modeled seyaaaig|
solution of the first stage is used to provide Hoeindary and initial conditions to the second stddetailed
descriptions of the model physics can be foundefarences 17 and 20. The first stage model has roeeat the
nominal VHITAL discharge operating condition andegiicted current-voltage characteristics are foumdbe in
good agreement with TsSNIIMASH measurements (Figl®g Simulations of the second stage have provided
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detailed insight into the acceleration channel
plasma-wall interactions. Specifically,

simulations indicate the expansion of the
high-voltage sheath near the acceleration
channel wall is related to the mechanism for
guard ring erosion. The model indicates that
the sheath expands significantly and the
guasi-neutral plasma region is confined in the
middle of the channel. The resulting sheath
thickness occupies a significant portion of the
channel width, increasing with accelerator
voltage. The model also indicates that near-
wall sheath expansion leads to a shorter
acceleration region. This sheath expansion
affects both performance and erosion. With

the use of TRIM sputtering coefficients ) ) ]
predictions of the ion flux to the guard ring Figure 10. Comparison of simulated and measured fit

surface and the resultant erosion of thestage current-voltage performancé’.0000000000000
second stage cathode was computed. The
predicted erosion profiles and the total erosida generally agree well with available experimedtts’.

VI. Conclusion

The 2-Stage Thruster with Anode Layer technologys waccessfully resurrected as part of the VHITAL
program. The radiatively cooled VHITAL-160 thrusteas designed, fabricated, and demonstrated froito B&
kW demonstrating stable operation at specific imesilup to 7700 seconds and efficiencies in exde83%. The
successful development and test of an advanceclimopmanagement system has demonstrated theydobilise
the conductivity of Bi to move and measure thedfl@nd developed the material selection and falwitat
approaches needed to overcome the high temperassesiated with Bi in its liquid and vapor stafée life
assessment program developed key diagnostics ghisgoated plasma physics models needed to impghouster
propellant throughout and measure erosion.

In summary, the technology assessment performedate on VHITAL has mitigated several of the key
development risks associated with this technologmely a radiative cooling scheme and a flight-ikepellant
management system. These engineering advancesjumcton with a physics based modeling and expemia
validation effort provide the framework to advarnbe technology beyond TRL 3, enabling future effdd focus
on the spacecraft design/infusion phase.
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