1Design and Operation of Hall Thruster with Segmented ElectrodesN. J. Fisch, Y. Raitses, A. A. Litvak, and L. A. DorfPrinceton Plasma Physics Laboratory, Princeton University, Princeton NJ 08540AbstractPrinciples of the Hall thruster with segmented electrodes are explored. Asuitable vacuum facility was put into service. For purposes of comparisonbetween segmented and conventional thruster approaches, a modularlaboratory prototype thruster was designed and built. Under conventionaloperation, the thruster achieves state-of-the-art efficiencies (56% at 300 Vand 890 W). Very preliminary results under operation with segmentedelectrodes are also described.1. IntroductionA Hall thruster with segmented emissiveelectrodes along the thruster channel may havecertain advantages over conventional designs,particularly with regard to plume divergence andcomponent lifetime [1,2]. The emissiveelectrodes can establish very abrupt potentialdrops in the thruster channel, with electronsentering the channel flow through the electrodes.Dielectric insulators separate the electrodes, withsegments held at different potentials throughseparate power supplies. In the channel, theradial magnetic field provides magneticinsulation. In principle, the efficiency of suchthrusters can approach the theoretical maximum.The segmented cathode approach provides alocalized acceleration region.Maximal localizing of the voltage dropaccomplishes several things at once. The channeldimensions can be shortened, resulting indecreased weight. The magnetic screen designcan be relaxed, also decreasing weight. Mostimportant, the localization can be in a region ofconcave magnetic field for maximum focusing,resulting in less plume divergence. Less plumedivergence results in less erosion and greaterease of system integration.Flexibly designed laboratory prototypeswere built and deployed in the Princeton PlasmaPhysics Laboratory (PPPL). This paper describesthe facility and the preliminary design andoperation of segmented cathode thrusters. segmented electrodesFig. 1. Segmented electrode Hall ThrusterLike the conventional SPT (StationaryPlasma Thruster) or Hall thrusters, the plasma jetflows in crossed electric and magnetic fieldsapplied in a coaxial channel. The thrusterconsists of the magnetic circuit, gas distributor(which can also be the anode), insulator channel,cathode-neutralizer and segmented emissiveelectrodes. The magnetic circuit includes amagnetized source, which can be either anelectromagnetic coil or a permanent magnet. Thegas propellant enters through the gas distributorand is ionized in the electrical discharge betweenthe anode and the cathode. The applied radialmagnetic field impedes the electron flux to theanode, so that the quasi-neutral plasma can

AnodeCathode BE

2support a large electric field. This electric fieldaccelerates the ions towards the thruster exhaust.By momentum conservation, the thrust isabsorbed by the magnetic circuit. The cathodeneutralizer supplies electrons in order tocompensate the positive space charge of theemerging ions.The main difference between theconventional design and the segmented design isthat the segmented electrodes give independentcontrol of the potential distribution in thethruster (see Fig. 1). Since the radial magneticfields form equipotential surfaces, electronemission at the channel surfaces intersecting themagnetic fields can dictate independently thepotential of each surface. Separate powersupplies control the segmented electrodes, but, inprinciple, the amount of current drawn, andhence the power, can be very small if theelectron mobility is small. However, in thispaper, we report only results with a single powersupply.The segmented electrodes provide a way oflocalizing and controlling the acceleratingelectric field. This control is key to reducing thebeam divergence in the thruster channel. Thetwo main sources of plume divergence are thecurvature of the magnetic field and the sheathpotential. Note that where the magnetic fieldlines are purely radial, the electric field is purelyaxial. Hence, by localizing the potential drop tothis region, ions accelerate purely in the axialdirection. Also, by providing for a localizedvoltage drop immediately adjacent to theionization region, the time spent by ions in theradial electric field associated with the sheathpotential can be minimized. Moreover, emissiveelectrodes will tend to minimize this radialelectric field.2. Experimental SetupTest FacilityThe vacuum system used for the thrusteroperation experiments consists of a stainlesssteel vacuum vessel of diameter 2.29 m andlength 8.38 m (Fig. 2), equipped with 32 inchdiffusion pump, and backed by a two stage roots-pump system. For xenon gas flow rate of 23sccm, the pumping speed was 12,000 l/s.Fig. 2. Vacuum vesselA commercial mass flow control andmeasurement system was used to supply xenonto the anode and to the cathode. This systemincludes two Millipore FC-260 controllers (0‚50SCCM for the anode and 0‚10 SCCM for theanode) connected to the LR-250 readout andcontrol box. A 1 kV and 10 A commercialvoltage regulated power supply was used for themain discharge. Additional voltage regulated andcurrent regulated power supplies for the cathodepreheating, electromagnetic coil bias andignition.ThrusterTo study operation of segmented electrodes,a 1-2 kW laboratory Hall thruster model wasdesigned and built at the PPPL. The thrusterview is shown in Fig. 3. The thruster consists ofthe magnetic circuit, insulator channel, cathode,anode and segmented electrodes. The magneticcircuit of the thruster is made of a low carbonsteel and includes a number of replaceable partsin order to allow various modifications of thiscircuit. Electromagnetic coils, which can bebiased by a separate power supply, are used asthe magnetized source. The magnetic field insidethe thruster was simulated by ANSYS software.The magnetic field was then mapped by using acommercial gaussmeter with miniature Hallprobes. Results of magnetic flux simulations andmeasurements of the magnetic filed along theaxis at the median of the thruster channel (72mm) at an electromagnetic coils current of 1.5 A,are shown in Fig. 4 and Fig. 5, respectively.

3 Fig. 3. Laboratory model thrusterFig. 4. Simulated magnetic field

020406

140160--60000 n, mm

Magnetic Field, Gseca ex

4In addition to the thrust, propellant massflow and discharge characteristics, the angularion current distribution was measured using aflat Langmuir probe. The probe is a circular diskmade of low-sputtering tungsten-copper alloywith a collecting area of 2.83 cm2. The probe ismounted on a rotating arm, which is assembledon a positioning setup (Fig.7). This setup allowsa probe motion on a circle with the center on thethruster axis. The distance between the probeand the thruster can be varied from 0.1 m to 1 m.During thruster operation, the probe is movedaround the thruster at a certain radius, while itsangular position is measured using a linear high-resolution potentiometer. A negative biasvoltage is applied to the probe from a voltage-regulated power supply. The probe current isdetermined by voltage measurements on a 100 Wshunt resistor. Assuming axially symmetric ionflux distribution, the collected probe current datais interpolated and integrated, yielding the totalion current at the thruster exhaust.3. Experimental ProceduresThe thruster operation was investigated forthree different configurations: withoutsegmented electrodes, with one positivesegmented electrode, and with two segmentedelectrodes (positive and negative). In addition,in two different sets of experiments, twonegatively biased segmented electrodes ofthickness 0.1 mm and 4 mm were used. Thethruster measurements were performed withxenon gas flow rate in the range of 1—3.3 mg/sand a discharge voltage of 100—300 V. Inaddition, the electromagnetic coil current wasvaried.In the first set of experiments, the thrusterwas operated without segmented electrodes. Ineach operating point, which is defined by thedischarge voltage, gas flow rate andelectromagnetic coils current, the thrusterdischarge characteristics, plume and thrustmeasurements were taken, when the thruster,thrust stand and probe reached a steady state. Inorder to verify reproducibility of thesemeasurements, operating points at a givendischarge voltage and at each gas flow rate wererepeated at the end of each thruster run.Generally speaking, if there were observabledifferences, they were within the thrustresolution (1 mN).

54. Results and discussionsTo focus on the physical processes insidethe thruster channel, the mass flow rate throughthe cathode was held constant, about 0.3 mg/secat all operating points. Thus, the thrusterperformance was estimated without taking intoaccount the flow rate through the cathode. Allvalues of the mass flow rate here represent theflow rate through the anode corrected for thebackground pressure effect.

3.70.71.21.72.22.7Coils current, A

m = 1.7 mg/s

m = 2 mg/s

m = 2.5 mg/s

m = 3 mg/sVd = 250 V1

m = 2.46m = 2.97

6discharge voltage at a given gas flow rate. Thus,in these operating regimes, the propellantutilization, IiMi and the electron mobilityacross the magnetic field, which can be derivedfrom the ratio of Ii/Id, are hardly affected by thedischarge voltage at a given mass flow rate.The behavior of the thruster performanceversus the mass flow rate, measured for thelaboratory thruster without segmented electrodesat three values of the discharge voltage (200, 250and 300 V) is shown in Fig. 11. At a givendischarge voltage, the thrust (Fig. 11a) increasesalmost linearly when the gas flow rate is variedfrom 1.7 mg/s to 3.0 mg/s. This is obviouslymainly due to the increase of the ion current withthe gas flow rate.Note that the laboratory thruster withoutsegmented electrodes demonstrates performancesimilar to that of state-of-the-art Hall thrusters,making more meaningful comparison with thesegmented modifications. For example, at inputpower of 890 W (300V of the discharge voltage,3 mg/s of the anode mass flow rate) the thrusterachieves specific impulse of 1856 s (1690 withthe cathode flow rate) and efficiency about 56%(51% with the cathode flow rate). A preliminaryanalysis of thruster operation with segmentedelectrodes is described below.One anode-side segmented electrodeThe effect of a segmented electrode, placedon the anode side of the channel relative to themagnetic poles was studied. In the experimentsdescribed below, this electrode was not biasedand the distance between the median of thiselectrode and the thruster exit was 10 mm.Figs. 12 and 13 exhibit typical behavior ofthe ion current at the thruster exit versus thedischarge voltage and the ratio of the ion currentto the discharge current measured for three massflow rates: 1.7 mg/s, 2 mg/s and 2.5 mg/s. Inaddition, the thrust, specific impulse and theefficiency versus the discharge voltage for thesame mass flow rates are shown in Fig. 14. Ascan be seen from Figs. 12 and 13, for most ofoperating points measured with the non-segmented thruster configuration, the ion currentand the current ratio are slightly larger than forthe one-segmented configuration of the thruster.However, differences in the measuredbehavior of the thrust and thruster performanceare even smaller for these two cases, at least atdischarge voltages larger than 200 V.Apparently, under these circumstances, thethruster operation was hardly affected by theinsertion of the segmented electrode into thechannel.a)b)c)Fig. 11. Thrust, specific impulse, and thrusterefficiency versus mass flow rate without segmentedelectrodes for discharge voltages, 200 V, 250 V and300 V.

11001400170020001.62.12.63.1Mass flow rate, mg/s

Vd = 200 V

Vd = 250 V

Vd = 300 V

Isp, sec

Mass flow rate, mg/s

Vd = 200 VVd = 250 VVd = 300 V

7Fig. 12. Ion current at thruster exit versus dischargevoltage at mass flow rates: 1.7, 2.0 and 2.5 mg/s,either without segmented electrode or with one anode-side segmented electrode.Fig. 13. Ratio of ion current at thruster exit todischarge current versus the discharge voltage atmass flow rates: 1.7, 2.0 and 2.5 mg/s, eitherwithout segmented electrode or with one anode-sidesegmented electrode.a)b)

Discharge voltage, V1.7 mg/s2 mg/s2.5 mg/s1.7 mg/s2 mg/scc)

2 mg/s2.5 mg/s1.7 mg/s2 mg/sFig. 14. Thrust, specific impulse, and thrusterefficiency versus discharge voltage for variousmass flow rates, either without segmentedelectrode or with one anode-side segmentedelectrode.

0.81.21.62002700Discharge voltageVnon sed

m=sm=2 mg/s

m=2.5 mg/sone sed

m=1.7 mg/s

msm=2.5 mg/s

I

i,

A0.60.680.760.84190230270310Discharge voltage, VIi/Idnon segmentedm=1.7mg/sm=2 mg/sm=2.5 mg/sone segmentedm=1.7 mg/sm= 2mg/sm=2.5 mg/sDischarge voltage, Vm = 1.7 mg/sm = 2 mg/sm = 2.5 mg/sm=1.7 mg/sm= 2 mg/sm=2.5 mg/s

8Two segmented electrodesThe measurements below describe thethruster operation with one anode-sidesegmented electrode and two cathode-sidesegmented electrodes, either thin (0.1 mm) orthick (4 mm). Results are compared with thoseobtained with non-segmented and one segmentedconfigurations of the laboratory thruster.Different sets of measurements were done withthick and thin cathode-side electrodes. Eachcathode-side electrode was under the cathodepotential, while the anode-side electrode wasunder a floating potential.Fig. 15 illustrates the behavior of thefloating potential of the unbiased anode-sideelectrode, which was measured relative to theanode potential, for the two biased cathode-sideelectrode cases: thick and thin, respectively.Measurements were made at mass flow rates of1.7 and 2.0 mg/s.It is rather startling that the floating potentialrelative to the anode for each segmentedelectrode case is smaller than in the case wherethe cathode-side electrode is absent. In theabsence of the plasma, the vacuum voltage dropwould suggest just the opposite. Here, a greatervoltage potential drop is then establishedbetween the anode-side electrode and the thrusterexit (where the negatively-biased segmentedelectrode is located).For a thick cathode-side segmentedelectrode, this phenomenon persists as thedischarge voltage increases (Fig. 15b). For thethin segmented electrode case, however, thisphenomenon diminishes with the dischargevoltage (Fig. 15a).It is also quite remarkable that when thecathode-side electrode was unbiased, the floatingpotential of the anode-side electrode relative tothe anode was almost unchanged from the biasedcase. For example, at mass flow rate of 1.7 mg/sand discharge voltage of 220 V, the floatingpotential of the anode-side electrode was 11.3 Vin the biased case and 12.2 mg/s, when thecathode-side segmented electrode was unbiased,and floating at a potential of 52.3 V. From allthese measurements of the floating potential, it isnot clear if the length of acceleration andionization regions was also affected by thebiasing of the segmented electrode. Possibly,there is some sheath phenomena, which may beappreciable, because the electron temperature inHall thrusters, typically 10—20 eV, is close to themagnitude of the observed changes in thefloating potential. For better understanding ofthis behavior, direct measurements of the voltagepotential distribution in the thruster channel areobviously necessary.a) 8

Discharge voltage, Vfm=1.7 mg/sm=2 mg/sm=1.7 mg/sm=2 mg/sb)8

m = 1.7 mg/sFig. 15. Anode-side segmented electrode floatingpotential, f, relative to anode versus dischargevoltage, with cathode-side segmented electrodes: a)thick (4 mm); and b) thin (0.1 mm).

9

Id,1.7mg/sId,2 mg/sId,2.5 mg/sId, 1.7 mg/sId, 2 mg/sId, 2.5 mg/s

12Current, AVd, VId, m=1.7Id, m=2 mg/s

Id, m=2 mg/sFig. 16. V—I characteristics for cathode-sidesegmented electrodes, a) thick and b) thin, withanode-side floating segmented electrode, and atdifferent mass flow rates.The I-V characteristics for the thickelectrode with mass flow rates, 1.7, 2.0, and 2.5mg/s, and for the thin segmented electrode, with1.7 and 2.0 mg/s, are shown in Figs. 16 a and brespectively. The cathode current in thesegmented cases was estimated by subtractingthe current measured in the circuit of thecathode-side segmented electrode from the totalcurrent of the power supply. In the non-segmented configuration, this total current isequal to the discharge currentNote that the discharge current measuredwith the two segmented configurations isgenerally larger than that obtained for nonsegmented case. This is due to the presence ofthe current in the circuit of these segmentedelectrodes.More interestingly, note that thecompensating cathode current is smaller in thecase of the biased cathode-side segmentedelectrodes, but only for the smaller mass flowrates. Possibly, this is caused by ion collectionon the segmented electrode, rather than electronemission. Thermionic electron emission fromthe surface of the negatively-biased segmentedelectrodes is likely negligible due to their lowtemperature. Yet, this current anomaly wasmeasured also in a cold thruster immediatelyafter start-up. Also, since the electron densityand electron temperature are typically small atthe thruster exit, while most of the potential droptakes place upstream of this electrode, fieldemission is likely insignificant.Fig. 17 shows the measured ion current atthe thruster exit versus the discharge voltage fornon segmented and segmented thick and thinthruster configuration cases. Fig. 18 shows theratio of the ion current to the cathode current forthe thick electrode case. The ion currentmeasured for the segmented configurations is, ingeneral, smaller than that for the non segmentedconfiguration. In addition, at a mass flow rate of1.7 mg/s and at discharge voltage below 250 V,the difference between the ion current measuredfor the thick segmented and for the non-segmented cases is almost equal to the differencebetween the cathode current and the dischargecurrent for each of these cases.For example, for the thick segmented case,at the discharge voltage of 200 V and a massflow rate of 1.7 mg/s, the ion current, dischargecurrent and the cathode current are about 1 A,1.6 A and 1.42 A, respectively. For the nonsegmented configuration, II=1.1 A and Id=Ic=1.5A. Thus, at this small mass flow rate, thedifference in the behavior of the thruster withsegmented and non-segmented configurations isprobably mainly due to a collection of ions bythe cathode-side segmented electrode.However, interestingly, as the mass flowrate is increased, the ratio of the current collectedon the thick segmented electrode to the dischargecurrent decreases, while the ratio of the ioncurrent to the discharge current also decreases.This means that the difference between the ionand total current can not be explained only by theeffect of ion collection on the segmentedelectrode. It is noteworthy that similar behavioris also found for smaller mass flow rate at higherdischarge voltages.

10The ratios of the ion current to the totalcurrent of the power supply and to the cathodecurrent for the thick segmented case versus thedischarge voltage are shown in Fig. 18. Thecurrent ratios with the segmented electrodes aregenerally smaller than that obtained with thenon-segmented electrode configuration. Inaddition, for the segmented case, the ratio of theion current to the cathode current is larger for thesmall mass flow rate of 1.7 mg/s than for 2 mg/s,at least for discharge voltages smaller than 250V.Although this behavior is not understood atthe moment, a tentative explanation is asfollows. The current from the cathode supplieselectrons both for neutralization of the emergingion beam from the thruster and in order tosustain the electrical discharge between theanode and cathode. Since the ion flux from thethruster was smaller in the segmented case, adegradation of the ratio, II/Ic, is due to anincrease of the electron current into the thrusterfrom the cathode. This increase of the electroncurrent from the cathode may indicate that theelectron mobility across the radial magnetic fieldis also increased in the channel with thesegmented electrodes, in particular, at large massflow rates. The increased mobility may be dueto an interaction between the plasma and thesegmented electrodes or due to poor ionization inthe region between the anode and positivesegmented electrode, which would imply anincrease of electron-atom collisions in this gap.Fig. 19 compares the thruster performancemeasured for the segmented (thick) and non-segmented configurations of the laboratorythruster versus the discharge voltage. For thespecific parameters considered here, theefficiency of the segmented case is somewhatlower than for the non segmented case.

m=2.5 mg/sm=2 mg/sm=1.7 mg/sm=2.5 mg/sm=2 mg/sm=1.7 mg/s

2 mg/s

116001000

Dischargre voltage, VIsp, sc)

hFig. 19. Specific impulse and thruster efficiencyversus discharge voltage at two mass flow rates fordifferent segmented thruster configurations.5. ConclusionsThe laboratory thruster, experimental setup,diagnostics, and preliminary results of operationand measurements on a segmented electrode Hallthruster are described. The investigation of thethruster integral characteristics and plume wereperformed over a broad range of the thrusterinput parameters with different thrusterconfigurations. The thruster with the non-segmented electrode configuration demonstratedperformance comparable to state-of-the-art Hallthrusters. A comparison of the thruster operationwith and without segmented electrodes indicateda number of issues associated with the use ofnon-emissive segmented electrodes, namely, ionlosses, ionization efficiency, and possibleenhanced electron mobility across the short gapbetween the segmented electrodes. These issueslikely contributed to a somewhat lower thrusterperformance of the segmented configuration.The very preliminary results reported hereshowed that the physical processes involved in aHall thruster, even with only one or twosegmented electrodes, are quite complicated andexhibit unusual and curious behavior. Furthertheoretical and experimental efforts are indicatedand in progress.AcknowledgmentThe authors thank R. Yager and G. Rose fortheir excellent technical assistance. The authorsalso gratefully acknowledge useful discussionswith Professor Amnon Fruchtman and ProfessorEdgar Choueiri.References Morozov, A. I., �The Study of PlasmaSystems with Closed Electron Drift andDistributed Electric Field,� in PlasmaAccelerators (ed. L. Artsimovich), Moscow,Mashinostroenie (1973). (in Russian) Fruchtman, A., Fisch, N. J., �Modeling theHall Thruster,� AIAA 98-3500, Cleveland,Ohio (1998). Brophy, J. R., �Stationary Plasma ThrusterEvaluation in Russia,� Jet Propulsion Lab.,JPL-92-4, Pasadena, CA (March, 1992). Bugrova, A. I., Kim, V., Maslennikov, N.A., and Morozov, A. I., �Physical Processesand Characteristics of Stationary PlasmaThrusters with Closed Electron Drift,� 22Int. Electric Propulsion Conf., IEPC-91-79,Viareggio, Italy (Oct. 1991). Raitses, Y., Ashkenazy, J., �DischargeCharacteristics of Hall CurrentAccelerators,� Proc. XVII Int. Symposiumon Discharges and Electrical Insulation inVacuum, Berkeley, CA (July, 1996).