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This paper describes what are believed to be the first demonstrationsf Hall-effect
thrusters operating on magnesium and zinc propellant. Pathfinding experiments were
performed using consumableanodes that were machined fromsolid magnesium and zing
which sublimated under the heat load from the discharge plasma and delived propellant
gas to thethruster. Therefore the magnesium and zinc anodes served as the acceleration
electrode and also served as the propellant supply. A retarding potential analyzer was used
to obtain plume diagnosticsduring early operation of the exeriments, showing reasonable
acceleration of the propellant ions Two main issueswere expected andencounteredwith
the solid magnesiumand zinc anodesi 1) the zinc anode displayed localized meltingausing
liquid zinc to accumulatein the discharge channel an®) the crude scheme did not feature
any means to actively control the sublimation rate of the metal propellantA new porous
anode with internal propellant reservoir was designed and built that could be refilled with
either propellant, eliminating liquid intrusion into the discharge channel A scheme
developed earlier for bismuth thrusters was employed whereinshim anodes were
implemented to shift discharge current to and from the main anode to control the main
anode temperatue and hence the metal propellant sublimation rate Results are reported
showing stable operation of a thruster using a porous anode witmagnesiumpropellant for
more than 100 minutes Also demonstrated was the ability of the shim anode scheme to
actively control the propellant mass flow rate.

. Introduction

TARTING in 2004 the lon Space Propulsion (Isp) Lab at Michigan Tech has worked to develop Hall thrusters
that can operatasing bismuth as a propellafit Bismuth was chosen for a number of reasons, including its
vapor pressure, atomic weight, and ionization potential. Some of the more gmsmmahs for sing mretal
propellantsarethat they have significantadvantage in energetics acmist savings over traditional propellants such
as xenorf. Also, ground testing of metal propellants is significantly less expensive due to the metals of interest
being solid at room temperature. Heffect thrustershat usenert gagouspropellants require expensive cryogenic
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pumping systemsywhereasoperating a thruster using a metal propellant only requires a pumping system that is
capable of keeping up with the cathode mass {ssuming the cathodeaperatedising an inert gas)

In the methodused by Massey et’do operate a bismuth Hall thrusté@ismuthwas stored in a hollow anode
that served as r@servoir within the thruster dischargeannel. The anode had a porous vapor diffuser that kept the
heated liquichbismuth reservoir inside tHeollow anode Naturally occurring waste hefibm the thruster discharge
was usedo drive direct evaporatioffom the anode/reservoir into the dischargencteh where the bismuth vapor
could be ionized and accelerated awaynfrthe anodeThe evaporation ratef the bismuthis governed bythe
reservoir temperature and the vapor escape d@#@zce itwas not feasible to mechanically vary the vapor escape
area through # reservoir, the mass flow rate wasbe controlled by vging the reservoir temperature within the
thruster. The evaporation rate, thengverned by the vapor pressure of the liquid metal and thevegsto
maintain the propeteservoir temperature that, when combined with the vapor escape arezq fielcorrect value
of massflow.?

The concepemployed by Massey et abeda segmentednode design to achieve clodedp control of the
bismuth reservoir temperaturéelhe thermal control mechanisemployed three separate anodethe traditional
main anodeén the back of the discharge chaneeh d t wo A sthat areélectaically dioktisermally isolated
from the main anodeear the exit pland-ig. 1 shows acut-awayview of theanode locations.

Shim
Inner .
Anode Shim Ma'g
Anode
Anode

Fig. 1. Cut-away view of a modified BPF2000 Halleffect thruster, showing the location of the shim anodes
and main anode.The cavity within the main anode is filled with metal propellant feedstock, with the porous
face allowing metal vapors to diffuse into the discharge chambér.

The main anodservedthreepurposes as a propellant diffuseas anacceleratin electrode andas a reservoir
of liquid bismuth. Electron current from the discharge plastiat naturally attaches to the anagiasthen used to
heat theanode/reservoir at a rate of approxielatl0% of the total thruster power, driving the direct evaporation of
propellant into the chamber. Main anode temperataidd then becontrolled by sharing thelasma discharge
current with theshim anodes on the inner and outer wally varying the sim voltage with respect to the main
anode, the plasma current and, hertbe,thermal loadtould be shared between the shims and naaiode thus
controlling the main anode temperature and the evaporatiah rate

Unfortunately bismuth thruster development posed numerous problems that require technical advancements in
material propertiesn order to havedependablehruster operation Because of these problems bismuth thruster
operation was limited to numerous tests of approximateigQLthinutes durationDuring these short testse shim
anode concegor propellant flow control was never conclusivelgmonstrated However the principle of using the
shim/main anode scheme to control main anode temperature was proven in separate tests using xenon as propellant
so that the mass flow rate could be controlled independently of anode temperdiec&hafe recorded plume
diagnostics and thrust measurementa BPT-2000 thrustemodified to contain separate shim and main anades
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found little change in thruster performance when shifting the discharge current between the main anode and the shim

anodes: ©

While bismuth was the metal of choice for early work on condensable prophbhasters at MTU, other metals
could providedifferent performanceadvantages for certain missiondn particular, the light metals zinc and
magnesium may be suitaldandidategor use as Hall thruster propellantslagnesium and zinc have a number of
physical andenergetic propertiethat make them amenable for use as a propellant, while also pogsiesimal
properties that can avoid many of the technological issues encountered with bismuth thhustenparison of
traditional propellarg krypton andxenon,as well as thenetal propellantsf interestis shownin Table1.

Table 1. Propellant comparison between the metals of interest, as well esmmonpropellants.*

Assuming an acceleration potential 0800 V and gven the physicalattributes of magnesium and zinc
magnesium would be ideal for missions requiring a specific impulse of approximately 40@Femasviinc suits
missions near 2400 sAs an added benefit, Martisand lunarstudies have shown that magnesiismfound in
Martian and lunar regolith 8 allowing for the possibility of rdéueling an exhausted propellant suppfy space
While hightls, operation oimagnesiunandzinc thrusters may be attractive for deep space missions, the light metals
could also be used to achieve moderate specific impulse of 1,3@00 s using a lowoltage directdrive scheme

Element Atomic Mass (amu)| Melting Temp. (°C)| 1st lonization Potential (eV)
Magnesium 24.3 650.0 7.646

Zinc 6539 419.3 9.394

Bismuth 208.98 2714 7.2856

Krypton 83.8 -15738 13.9996

Xenon 131.3 -11179 12.1298

that could sigificantly reduce thruster system mass for earth orbital missions.

The main challenge in using any condensghepellant is design of the feed system. While gaseous
propellants such as xenon and krypton can easilyrdmesported through plumbing andeteed using well
established technology, a condensahlpply system requires power to drive the phase change fromteaetighor
and some method for controlling the rate of delivery of evolved propellant vapors. Furthermore, because of the
metallic natureof candidate condensabteopellants, the entire feed system must be at high temperature and any
wetted components will likely be electrically connected to the anode and, hence, at high potential. For early work
with bismuth these cumulative challengesev@d insurmountable for the MTU development efforttwo reasons:

(1) many components of the bismuth feed system needed to be maintained at temperatureS@eerd3@d these
temperatures, material failure was an ever present issue most notablgtangiof dissimilar materials, and (2)
because the feed system contained bismuth in the liquid state the material failures led to destructive propellant leaks

Ta difficulty b y Mhgnesiomu andh zinsaveehermabropeities that u p o n

compounded

should avoid the main difficulties encountered with bismuth.

For an evaporative feed system, the propellant supply rate is governedfegdbmckvapor pressure and the
surface area of evaporation. Fixing the surface area to be commaenwith theanodedimensions of a-RW Hall
thruster,Fig. 2 shows the evaporation rate ahénce the propellant feed ratEbismuth magnesium andzinc as a
function of temperature. Immediately apparent is the factniaginesiunmandzinc have vapor pressures (and thus
evaporation rates) that are some three to four orders of magnitude greateisthath This means that the feed
system components fa magnesiumor zinc supply system can be considerably cooler than that lmmuth
system. The horizontal dashed lineFad. 2 indicates a mass flow rate of 1 mgivhich is approximately equal to
In order to supply 1 mdpismuth must be maintained at
approximately 608C, while magnesiumand zinc require only 400and 300C respectively. Another key factor
making magnesiumandzinc easier to use thamsmuthis evident when considering the melting temperature of the
solid metal as shown iRig. 2. Sincebismuthmelts at 271C the propellant feedstock will be in the liquid phase
when evolving vapors at 600 to produce 1 mg/s. However, battagnesiunmandzinc have melting temperatures
significantly higher than the temperature required to evaporate 1 mg/s. Thagnasiunor zinc feed system need
not handle any liquid metdl the vapors will sublimate directly from the solid at a rate sufficient to operate the

what is required of a-RW-class Hall thruster.

thruster.
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Fig. 2. Mass flowas a function of temperature for bismuth, magnesium, and zinc
with the horizontal dashed line indicating the temperature that each propellant
must be to evaporate at 1 mg/$

Il.  Goal of Study

The goal of the research reported here was to demonstrate the ability to operate a magnesium and zinc Hall
effect thruster by directly sublimating propellant from solid magnesium and solid Zihe preliminary finthgs
will be presented frompathfindingexperiments that were performed witbnsumabl@nodes Following the initial
results datais presentedrom a hollow/porousanodedesignwhile implementingshim anodes in the discharge
channel to control the proltent temperature.

lll.  Description of Apparatus

The thruster used for the experiments repotiece was a modified Aerojet BRZ0O00 Halteffect thruster.
While the overall geometry and magnetic circuitry of the BI®00 was preserved, the interior boron dir{BN)
body and anode structure were modified to accommodate the inner and outer shim anodes as well as the new
magnesium, zinc, and porous anode$he main thruster componengsd anodeareshown inFig. 1.

Although magnesium anzinc cathodes were demonstrattt electron source that was used when operating
the thrustettests reportedvasa laboratory cathodfabricated in thedp Lab with a LaB thermionicemitter. The
cathode was operated on argon for all tests reported Here.cathodebody is made of titanium and measures
approximately 25 mm in diameter by 100 mm long. Theaddlorifice is 4 mm in diameter and the propellant used
was argonA tungsten keeper electrodeas placed approximately 3.5 mm from the cathode face. A schematic of the
cathode can be seanFig. 3
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Fig. 3. LaBg laboratory cathode built in the Isp Lab.

Pathfinding experiments were conducted to demonstrate the ability to directly subdigreesiumand zinc
from solid metal surfaces within a Hall thruster for use as a propellant supply. The objettivseafxperiments
was merely to sublime a sufficientass flow of metal vapors to sustain the plasma discharge, hence no mechanism
was incorporated to control the supply rate. Tiret anode thatvasusedin the thruster was made from magnesium
and was machined from solid magnesium plateshownin Fig. 4a. Tabs were included on the anodes for
mechanical and electrical connectioRor the target flow rates, eadmagnesiumanode had enough prdfzet to
operate the thruster for approximately one holir.subsequentests anodes were madgy sandwichingmultiple
magnesium plates togethier extended operationThe magnesium anodecationwithin the thruster is showm
Fig. 4b.

Consumable
Anode

/

Fig. 4. Images of a) three consumable magnesium anodes and b)siagle magnesium anode inside the
discharge channel of the thruster with the front plate and BN ring removed.

In addition to the consumable anodasptheranodei similar in design to that shown schematicallyFig. 1 -
was manufactureavith a porous diffuser and the capability to be refilledhe porous anode was utilized in
combination with shim anodes in experiments to control the evaporation &itee he mass flow of metal
propellantsis a function oftwo controllable parameters, ttigpen surface area arptopellanttemperaturgthe
porousanode waslesigned so that thepen areaf the poresvhen combined witlthe anode temperatures reported
by Kieckhafef would produce the correct target mass flow ratéEhe porous anode was testedly with
magnesium.
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IV. Experimental Results and Discussion

A) Thruster Operation using MagnesiumPlate Anodes

To operate the thruster usingpnsumablemagnesium plate anodeke anode was first heated with
approximately 650 W using two sets of resistive heatdiise resistivebody heatemwas wrapped around the BN
body andmade up 290 W of the total heater power requirdtie anode heatavas in a BN housing behind the
anode andmade up the remaining 360 W heater power The heater locationghermocoupldocation, and
consumableanode location are shown in teehematic inFig. 5. The thermocouple was placed onthdar ust er 6 s
centeraxis in themiddle of the center pole.

Thermocouple
Location

Body
Heater

Consumable
Anode

Anode
Heater

Fig. 5. Thruster crosssection showing the anodehermocouple,and resistive heater locations.

Theanodewas heated fo60 minuteswhile at a 100 V potential with respectdathode, which was grounded
Thenthe anode voltage was increased 5@ V to light the thruster.Once a plume was establishédth resistive
heaters were turned offfThe anode powesupply wasthen currentlimited rather thanvoltagelimited as is
customary for gafed thrusters. The currehimited mode was used to prevent thermal runaway of the discharge: as
the consumable anode became overly hot and the evaporation rate indreased.erdimited mode would cause
the thruster discharge voltage to decrease and hence would reduce the thermal power to the consumable anode. In
voltagelimited operation an overly hot anode would cause greater mass flow and, hence greater logreaged
current at constant voltage would increase the thermal power input to the anode and further increase the mass flow
causing runawayk-or most of the experimerthé anode current was held at 4 or 5 A while the magnet current was
constantly adjustetb maintainthruster operatianBecause the voltages and currents were adjusted manually, these
values varied throughout the experiment as investigators explorettitiiga necessary to maintain a discharge
sustained only by plasma heating. Despiterofpop operation and lack of anode temperature control, it proved
surprisingly easy to maintain thruster operation for more than 60 minutes, as shown in Fig. 6.
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Fig. 6. Magnesium thruster data while operating using twaconsumable anodes.

Sincethe propellant mass flow is directly coupled with the anode temperaturecaatiempts were made to
control the anode temperature, the magnesium mass flow varied greatly, causing the discharge voltage of the
thruster to vary betvenabout100 and 300 \during each experimentAlso, the geometry of the anodes limited the
propellant supply for the thruster to remdimctionalat about 2 mg/$or approximately30 min/anode Posttest
inspection showed that the anode sublimed naarlformly around the circumference, with a wélarough point
causing eventual mechanical failur&.picture of the thruster operating using magnesigrshown inFig. 7. Asis
apparent in the image, using the consumable magnesium anodes it was possible to maintain a plasma discharge;
however, it wasnédét possible to achieve any plume struc!

Fig. 7. Hall-effect thruster operating usingmagnesium propellantwith an argon cathode
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A retarding potential analyzer (RPAyas used to determine the ion energy during each thruster experiment.
The probe that was implemented was a-fgud RPA, as shown in the schematickg. 8.

Secondary
Electron lon Electron
Repeller Repeller Repeller
\ I /
lon \ ¢ / J
Collector

Entry

/ Grid

|

Fig. 8. Four-griddedretarding potential analyzer showing the gridlocations

\

PiViViViVi Vi V.V VWiV

The first gridin the RPA at the probe entrance, watectrically floating The second grid was biased
negatively with respect to plasma potential to ensure that only ions are allowed to epteb#&eThe third grid is
the ion repeller. The gridias biased from 0 to 300 With respect to grountb filter the ions that can enter the
probe. As the grid potential is increased, only ions with a sufficient amount of energy can pass throughrttThe fo
grid is biased with a negative potential to prevent any secondary electrons from escaping from the collector when it
is struck with the high energy ian3ypical RPA probe current vs. repeller voltage sweeps and the derivatives of the
sweepsiuring magnesium thruster operatiae showrin Fig. 9 andFig. 10. The RPA was placed 1 m downstream
of the thruster on the thruster axis when recording dagspite an uncertain value of magnetic field and dpep
operation of the thrustehé RPA data show reasonable accelenaticthe propellant ions
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Fig. 9. Retarding potential analyzerl-V sweep and derivative ofprobe
current with respect to repeller voltage with 190 V and 4 A on the
anodeand 4 A of magnet currentduring magnesium operation
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Fig. 10. Retarding potential analyzer FV sweep and derivative of
probe current with respect to repeller voltage with 257 V and 4 A on
the anodeand 3.2 A of magnet current during magnesium operation.

B) Thruster Operation using Zinc Anode
Since the demonstration of a Halffect thruster operating using magnesium proved to be a suprisingly

successful task when compared with using bismuth, other metals were investigated as potential propellants. One of
the few nortoxic metals thapossessed the proper thermodynamic properties was zinc. After searching for flat
stock zinc it proved to be more economical to buy cylindrical bar stock so a solid zinc anode was machined and

integrated with the thruster.

Fig. 11. Image of a consumable zinc anode before
and after being machined.

To operate the zinc thruster a single resistive heater around the outside of the thruster body was used to heat the
entire thruster with 370 W of power for 60 minutes. After the 60 rainvermup period the anode voltage was
increased to 400 V while currelimiting the anode power supply at 3 A. After a few minutes the thruster lit at an
anode voltage of 120 V and a current of 3 A. The resistive heater was then turned off and theunagmevas
increased to about 4.5 A to keep the thruster operating. Over the course of the 30 minutes that each zinc experiment
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was performed the anode voltage increased from about 100 to 300 V, as slkégvidin It is reasonable to assume
that increasing anode voltage at constant current corresponds to decreasing propellant mass flow.
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Fig. 12. Zinc thruster data while operating usinga consumable anode.

The same fougrid RPA used for the magnesium experiments was placed 1 m downstream of the thruster on
the thruster axis.RPA datawereacquired at a fewof the operating conditionsvhile thethruster wasunningand
areshown inFig. 13, Fig. 14, andFig. 15. Just as with the magnesium thrustee RPA datdrom the zinc thruster
shows reasonable acceleration of the propellant ions
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Fig. 13. Retarding potential analyzer |-V sweep and derivative of
probe current with respect to repeller voltagewith 180 V and 3 Aon
the anodeand 4.5 A of magnet current during zinc operation.
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Fig. 14. Retarding potential analyzer |-V sweep and derivative of
probe current with respect to repeller voltage with 200 V and 3 A on
the anodeand 4.5 A of magnet current during zinc operation.
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Fig. 15 Retarding potential analyzer |-V sweep and derivative of
probe current with respect to repeller voltage with 220 V and 3 Aon
the anodeand 4.5 A of magnet current during zinc operation.

As expectedthe anode temperature increased due to direct anode heating from the discharge power and caused
the zinc anode to melt in nearly every zincusdier experiment. However, in the series of 30 minute zinc
experiments that were performed the ions in the plume had ion energies that corresponded well with the discharge
voltage of the thruster. A picture of the zinc thruster operating at an anodgevoft260 V at 3 A is shown Fig.

16.
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Fig. 16. Hall-effect thruster operating at 3 A of anode current and 260 \ising zinc
propellant with an argon cathode.

C) Thruster Operation using Porous Anode

After the pathfinding studies using consumable anodes demonstrated the ability to sublime sufficient propellant
vapors to sustain a Hall thruster discharge, a holomusanode was implemented so that investigators could
perform repeated tests to explore the ability to control propeteasts flow using shim anodesAlong with the
porous anode, the shims were introduced into the discharge channel to control the anadatuemp@and
subsquently the evaporation rate of propellaktross section schematic of the thruster is showsignl?.

Outer

«—— Shim Anode

\ Inner
z[f Z{/ Shim Anode

Propellant —8 — — <—— Main Anode

L)
\ Thermocouple

Location

Fig. 17. Crosssection schematic of the condensable propellant thruster showing
the main anode and shim anode locations.

The goal of the expament using the porous main anode and shim anodes was twofold: (1) demonstrate the
ability to stabilize the main anode temperature and thus the propellant supply rate, and (2) increase/decrease the
main anode temperature and propellant supply rate intaeoled manner. To accomplish this the thruster was pre
heated using the external body heater until the main anode temperature was approximately 45@trguon
the body heater was turned off and remained off for the duration of th@hesthrusér discharge was initiated by
setting both the main anode power supply and the shim power supply to dioniestt modewith an initial startup
voltage of 300 V on both main and shim. The current limit on the main anode was 3 A and the shim anodle was 1
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