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Wall material effects in stationary plasma thrusters.
|. Parametric studies of an SPT-100
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The operation of a laboratory version of the flight-qualified SPT-100 stationary plasma thruster is
compared for four different discharge chamber wall materials: a boron nitride—silica mixture
(borosi), alumina, silicon carbide, and graphite. The discharge is found to be significantly affected
by the nature of the walls: changes in operating regimes, up to 25% variations of the mean discharge
current, and over 100% variations of the discharge current fluctuation amplitude are observed
between materials. Thrust, however, is only moderately affected. Borosil is the only material tested
that allows operating the thruster at a low mean current, low fluctuation level and high thrust
efficiency regime. It is suggested that secondary electron emission under electron bombardment is
the main cause of the observed differences in discharge operation, except for graphite, where the
short-circuit current inside the walls is believed to play a major role. It is also suggested that the
photoelectric effect, which has apparently not been given attention before in the Hall thruster
literature, could increase the cross-field electron curren2003 American Institute of Physics.
[DOI: 10.1063/1.1611880

I. INTRODUCTION temperature and temperature gradients to moderate values.
lon acceleration takes place in a quasineutral plasma over
distances much larger than the electron cyclotron radius or
Hall thrusters are cross-field plasma sources that can bge Debye length. This type of Hall thruster is also called
used as rocket engines with performance well suited fothruster with magnetic layB(TML), thruster with extended
station-keeping and orbit transfer of satellites. The Hallacceleration zon®,and most commonly now stationary
thruster appeared independently in the USA and in thelasma thruster(SPT). In another variant of the Hall
former Soviet Union in the late 1950s, deriving from ongo-thruster’ the channel walls are electrically conducting, bi-
ing works on magnetron's> The principle of Hall thruster ased to the cathode potential and much shorter than the chan-
operation is to impose on a plasma discharge a magnetic fielsel width. In this configuration, the electrons retain most of
of appropriate intensity, such that the resulting electron Haltheir energy as they flow towards the anode, allowing steep
parametetw,7, be much greater that unity, and the ion cy- electron temperature gradients and high electron tempera-
clotron radius much larger than the characteristic dimensiotures. The ions are accelerated in a space-charge limited
of the discharge. Under such conditions, the self-consistersheath located close to the anode, with a characteristic accel-
electric field created by the retarded electron flow acceleratesration length of about the same size as the electron cyclo-
in turn the ions, which are not magnetized due to their highetron radius. The initial denomination of space-charge sheath

A. Historical perspective

inertia. thrustef was rapidly abandoned in favor of thruster with
It was early recognized that the type of material used foranode layet (TAL).
the walls of the discharge chamb@tso called channghad During the 1970s, the Hall thruster was largely neglected

a significant impact on the characteristics of the plasma anth the USA, where electric propulsion research was essen-
on the ion acceleration process. In most of the first publishetially focused on the gridded ion thruster, which offered bet-
works on Hall thrusters the channel had electrically insulatier performance for the interplanetary missions considered at
ing walls (e.g., made of quartzor coated with alumirfy,  the time? In the Soviet Union, on the other hand, the re-
with lengths comparable to the channel width. In such a dissearch and development efforts on Hall thrusters continued
charge, due to the high electric conductivity perpendicularlyintensively and led to the use of these device on numerous
to the channel wall§.e., along the magnetic field lineshe ~ Soviet spacecraft, starting in 19%2!° An impressive body
high energy electrons are continuously replaced by low enof research and technology was accumulated over two de-

ergy secondary electrons, resulting in a limitation of electrorcades, but some of the related literature was published only
in Russian and remained little known to western scientists.

a _ . N The revival of U.S. interest in Hall thrusters was initi-
Present address: Mechanical Engineering Department, Stanford . L2 . . .
University,  Stanford,  California 94305-3032;  electronic ~ mail: ated in the 1980s by Ka.-Ufm . (who, mterestlng!y, is also
nicolas@navier.stanford.edu one of the most prominent figures of gridded ion thruster
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research and in the early 1990s, groups of U.S. scientists  Anode
started a technology transfer program that included extensive

ground tests at NASA centers with the commercial SPT-100
thruster, made by the Russian design bureau Fak&lThe

SPT-100 had channel walls made of borosil, a ceramic com-  propefjant
posed of a mixture of boron nitride and silica. Since this
thruster was designed to serve onboard spacecraft, it can be
assumed that the use of borosil resulted at the time in the
most appropriate performance, in terms of thrust efficiency
and lifetime(the channel had to resist the wear due to ther-
mal and mechanical stress and to high energy ion
bombardmer.

Even as Hall thruster research took momentum in the
1990s, the experimental literature covering the effects of
walls on Hall thruster operation and performance remainedG. 1. Schematic cutaway view of the SPT-100ML. The channel outer
scarce. One of the most remarkable works in this area wadameter is 100 mm.
led by Bugrova® with the aim of verifying some predictions

of the so-called near-wall conductivity theory developed by 97
Morozov}” Among other findings, a clear correlation was Fakel;” a laboratory SPT-100 thruster named SPT100-ML

established between the degree of roughness of the chanrfé@S fabricated. Over the years, a considerable amount of
walls and the discharge current value. More recent studieBractical knowledge of the P|VOI'\£8_f%C'|'ty and of the
were rather concerned with the nature of the wall material. I>P T100-ML has been accumulatéd® . .
Ref. 18, sets of clean boron nitridBN) walls were progres- In this paper, we address the question of how a particular
sively coated with either quartz or stainless steel durindyP® of material can affect the operating regime and thrust
thruster operation. With both types of coatings, it was Ob_e_fﬂuency of the stat_pna_ry plasma thruste_r. After a pres_enta-
served that the acceleration region became narrower and tf#@n of the test facility in Sec. II, the different operating
ion current density in the plume decreased. In Ref. 19, th&&gimes of the SPT100-ML are characterized in Sec. Il A.
whole BN coaxial cylinders originally constituting the dis- 1NiS classification expands and refines a previous’‘ome
charge chamber were replaced with ones made of a machif{ght of & new parametric investigation of the SPT100-ML
able glass ceramic. As a result, for some values of the Opeyylth different channel wall mat.enals. We .allso observe that
ating parameters, and in particular at high applied voltages d'ix!though the type of wall materlgl can S|gn|f|cantly affect the
high magnetic flux intensities, the electron current was foundliScharge current, thrust remains relatively unchanged. In
to be significantly increases much as 30%although the Seg. Il B, we estimate thg fracthn of discharge current re-
ion current in the plume and the thrust remained mostly unSulting from plasma—wall interactions, and suggest some ef-
affected. In Ref. 20, BN was compared with diamond. Thefects related to_wall materials that cou_ld be at the origin of_
new material was found to cause a narrowing of the range df'€ observed discharge operating regimes. Our goal here is
stable operation, and a decrease of about 20% in both tH2°t to propose a detailed theory of channel wall efféttiss
electron current and the ion current. Finally, in some othetVill be the subject of a companion p_aﬁjerbut rather, to
works that specifically aimed at improving stationary plasmaclarify some aspects of Hall thruster discharge behavior and
thruster performanc®23it was shown that the use of float- to present an overview of the physical processes potentially
ing or biased conducting inserts in the channel walls of stalnvolved.
tionary plasma thrusters allows modifying the ion accelera-
tion process and reducing the ion plume divergencey TEST FACILITY
References 18—23 suggested qualitative explanations of the
results with arguments involving the secondary electrorf™ THTUster
emission(SEE by the walls under electron bombardment. A schematic view of the SPT-100ML thruster used in the
experiments is given on Fig. 1.

In base configuration, The SPT100-ML is identical to the
SPT-100 in terms of discharge chamber geometry, magnetic

A high priority has been put by the Centre National circuit and gas injector configuration, channel wall material,
d’Etudes SpatialesFrench Space Agengyon developing propellant, discharge operation and performalic&?%28
Hall thruster technolog$’ To this end, a research group on but several features have been modified from the original
plasma propulsion was created in 1996 with the aerospaagesign to facilitate parametric studies and the use of diagnos-
company Snecma and the scientific institutions Centre Natics. In particular, the coaxial channel cylinders can easily be
tional de la Recherche Scientifique and Office Nationalchanged. Four sets of channels walls are used in this study:
d’Etudes et de Recherchesraspatiales. A space simulation the reference one is made of borosil (BN-giQand the
facility, PIVOINE, was built in Orlans, Francé® and spe- other three are made of alumina ¢@k), silicon carbide
cific diagnostics were developé?® Based on the experi- (SiC), and graphitgC). The motivation for using those ma-
ence Snecma had gained from a close collaboration witherials derived in part from thruster lifetime considerations,

/—Hollow cathode

Magnetic coils b L Inner pole

Channel Outer pole

B. Motivation and scope
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looking for low sputtering yields under ion bombardment, perience accumulated during U.S. test prograin§ The
but this aspect of plasma—wall interactions is not addressedacuum chamber of PIVOINE is a stainless steel nonmag-
in the present work. Also, it should be noted that graphite ietic cylinder, 2.2 m in diamete#4 m long, and 1 cm thick.
an electric conductor. With this wall material, knowing that The pumping down sequence is entirely automated: first, a
the walls are left electrically floating during thruster opera-rough vacuum is obtained with a four-stage rotative dry
tion, the SPT100-ML configuration is distinct from the TAL pump and a roots pump; once a pressure df® 3 mbar is
and TML cases described in the introduction. As mentionedttained, the cryogenic pump is started; it allows reaching a
in Ref. 5, however, previous studies conducted in the formelimit pressure of 510" mbar. When the SPT100-ML runs
Soviet Union showed that a stationary plasma thruster opet the nominal operating poi6.42 mg/s of xenon flow rate
ates in a similar fashion with dielectric or floating conductingand 1.35 kW of discharge powerthe pumping speed is
walls**3 In particular, the acceleration zone remains ex-44000 I/s and the pressure inside the vacuum chamber is
tended and electrically quasineutral, a clear difference fron2.4.107° mbar. Under such conditions, the interactions of
the TAL configuration. the plasma jet with the vacuum chamber and the effects of
The annular gas injector, located in the bottom plane obackstreaming xenon particles on the discharge can be ne-
the channel, also serves as the anode. As with most modeglected, which results in a good simulation of the space
ion thrusters, xenon is the propellant of choice, due to its lonenvironment*?® During thruster operation, cold cathode
ionization potential, weak interaction with spacecraft envi-gauges and ionization gauges placed at several locations in-
ronment, and a high density that minimizes storage conside the vacuum chamber are used to measure pression. The
straints. Moreover, the large atomic mass of xenon allowsesidual gas composition is continuously analyzed and moni-
avoiding the low thrust-to-power ratio associated with hightored with a quadrupolar mass spectrometer, and recorded
specific impulses. The magnetic field is generated by fiveegularly.
induction coils(four peripheral coils and one inner codnd The two gas lines that feed the discharge and the hollow
an iron core circuit. In the original SPT-100, the five mag-cathode are regulated by MKS flow controllers that have an
netic coils are in series with the discharge. With the SPT100upper limit of 65.5 sccm of Xe for the anode-injector, and
ML, it is possible to use three independent power supplied3.1 sccm of Xe for the cathode-neutralizer, with an accu-
for the discharge, the inner coil and the four outer coilsracy of 1% of the full scale. The pressures downstream of the
(which remain in serigs By varying the electric current in  flow controllers are monitored with piezoelectric gauges.
the magnetic coils, the magnetic flux intensity and the shape The thruster discharge, the magnetic coils, and the hol-
of the magnetic field lines can be modified, which could below cathode heater each have their own power supply, with
interesting for a precise optimization of the performané®. the following characteristicSEMS 600-8-08-05 0—600 V,
In the present study, however, the currents in all coils are s&—-8 A range, 1 V steps as voltage generator for the dis-
to the same values, so that the field lines do not change as titdarge, andASF 400 20-20 0-20 V, 0—-20 A range, 0.2 A
flux intensity varies. A hollow cathode provides electrons forsteps as current generator for the magnetic field coils and the
establishing the discharge and for neutralizing the ion beantathode heater, respectively. They are all switching supplies,
The discharge electrodes and the magnetic circuit are electrivith a base switch frequency of 49.9 kHz. The discharge
cally isolated when the discharge is off, and they are floatingpower supply is protected from the strong current peaks that
relatively to the vacuum chambeground potential when can occur in the plasma by a RLC low-pass filter with a 3
the discharge is on. kHz cutoff frequency. More details on the SPT100-ML
The SPT-100ML operates nominally with a total xenonpower processing unit can be found in Ref. 30.
mass flow rate of 5.42 mgi$ mg/s for the main discharge The axial thrust of the SPT100-ML is measured with a
and 0.42 mg/s for the hollow cathod@n applied voltage of specially designed pendulum-type scale, described in Ref.
300 V, and 4.5 A of current in the magnetic circuit, which 28. The integrated calibration system showed an excellent
then generates a flux intensity of about 20 mT at the channdinearity and better than 0.5% reproducibility at rédis-
exit. Under such conditions, the SPT100-ML delivers acharge off in the 1-500 mN range, and it can be used during
thrust of 80 mN with an efficiency close to 50% and an inputthruster operation. Numerous and repetitive uses of the thrust
power of 1.35 kW. Note that due to the saturation of thestand under various configurations and discharge operating
ferromagnetic circuit, the relation between the coil currentconditions of the SPT100-ML and other Hall thrusters have
and the magnetic flux intensity is linear only up to 5 A, demonstrated a 2% accuracy of thrust measurement.
although it remains monotonic above that value. The discharge current dc value and fluctuations are mea-
The thruster can withstand continuous thermal powesured with a contactless current transduoeade in Switzer-
up to 2 kW, which sets another limit on the range ofland by LEM, model LA25-NP, which has better than 0.5%
investigation. accuracy and a bandwith-3 dB) of 0—150 kHz. The result-
ing time-varying voltage goes through a Tektronix VX4780
signal conditioner card that can provide at least 10 dB of
active low-pass filtering for noise attenuation and antialias-
The PIVOINE French test facility for plasma propulsion ing. The output is then digitized with a Tektronix VX4244
is described in details elsewhere?® It was specially de- card that has 16 bits of maximum vertical resolution, and
signed and scaled for SPT-100 studies, benefitting from thénally, the signal is recorded on a computer for further
collaboration between Snecma and Fakel, and from the exanalysis. In the present study, the discharge current sampling

B. Vacuum chamber and diagnostics
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rate is 200 kS/s and all the records are 2048 san{il@24 than 5% for at least 5 min. The series is ended by a return to
ms) long. Power spectrum estimators of the signals are obrominal operation and checks. The experiments dealing with
tained following Welch’s classical methdd:each record is the thrust and efficiency of the SPT100-ML are conducted
divided into four nonoverlapping pieces, and a Hanning win-separately from the discharge current characteristics series.
dow is applied on every piece to minimize the Gibbs phe-  Figure 2 depicts typical discharge current characteristics
nomenon; the Fourier spectra of the windowed time seriesf the SPT100-ML as functions of coil curre@éft column
are then averaged to estimate the signal power spectrum. Tl applied voltagéright column for all tested materials. The
free parameters of the method are chosen as a compromiggaxima (resp. minima correspond to records where 5% of
between, on the one hand, noise filtering and statistical rothe highest(resp. lowest values were removed, to prevent
bustness, and on the other hand, the ability to distinguisithe risk of abnormal extrem@aused by noise in the power
detailed features in the spectra. supply, for example For the same series of measurements,
During thruster operation, the following parameters arethe discharge current fluctuation spectra are shown in Fig. 3.
continuously measured, monitored on a computer and reAt every operating point, the spectrum is normalized to the
corded with a data logger system: pressure inside the chanetal rms fluctuation power at this point. Therefore, only the
ber and in the gas feed lines, gas flow rat@sode-injector frequency distributions can be compared between operating
and cathode-neutralizemmagnetic coil current and voltage, points, not the exact values of the power densities.
discharge voltage and currefulc values, thrust, cathode po- A series of measurements with the borosil walls, a coil
tential, cathode heater current, temperature inside the irosurrent of Iz;=4.5 A and a xenon flow rate 0Qy,
core of the inner electromagnewhich is the hottest region =3.5 mg/s was given a similar treatment, the results being

in the thruster structuje shown in Figs. 4 and 5. The relevant discharge operating
regime numbergsee Sec. Il A2, beloyvare also indicated
Ill. RESULTS AND DISCUSSION in these two figures. The advantages of operating at this

lower flow rate are a wider range of observable regimes and
) lower thermal stress on the thruster.
1. Overview It should be noted that when the power supply voltage is

In all the results reported here, the working gas is xenorset to a certain valuéhe appliedvoltage, the actual poten-
(research grade, 99.995% puré/hen they are not specified, tial difference between the anode and the cath@he dis-
the SPT100-ML operating parameters are set to their nomiehargevoltage can be unsteady. Most of the discharge fluc-
nal values, i.e., xenon flow rate at the andgg.,=5 mg/s, tuation power goes to the RLC filter, except in some
coil currentlg=4.5 A, applied voltageUy,=300 V. The operating regimes briefly discussed below.
cathode mass flow rate is kept constant at 0.42 mg/s through- The general features of the mean discharge current
out the study. curves are typical for a modern stationary plasma thraster:

Such experiments in a simulated space environment rdirst, the direct relation between the magnetic flux intensity
quire that the thruster be outgassed prior to the testing of and the electric resistance within the discharge is apparent in
new set of channel walf$. This is realized by putting the the left column of Fig. 2. Note that for all materials except
SPT100-ML 12 h in rough vacuum, then letting it stay 10alumina, the mean discharge current reaches a plateau at high
more hours inside the PIVOINE chamber while the cryo-coil currents. This is consistent with previous stationary
genic pump cools down and the pressure goes from Plasma thruster studies, which also showed that when the
1072 mbar down to 510 7 mbar. Every time the dis- magnetic field is further increased, the discharge reaches a
charge is started after being off for more than one hour, it ipoint where it becomes highly unstable or can even self-
run for at least one hour at the nominal operating point forextinct, then the discharge current saturates at a higher value
thermal stabilizatioriand further outgassing, if need)b@he  due to anomalous conduction mechanisms.
operating parameters of the test facility and of the thruster The shape of the current—voltage—{/) characteristics
(pressure, discharge current, gtare then checked against is also well-known: first, a rapid ris@onization branch
reference values. followed by a narrow inflexion region, a platedar just a

For every channel wall material tested, the first day ofslight augmentation of the currgntaind finally an increase.
experiments is devoted to an exploration of the dischargén the ionization branch, the rapid augmentation in discharge
operating envelope. Then the thruster is left in vacuum overeurrent with increased voltage is due to the increase in mean
night, and the second day several series of measurements alectron energy, resulting in higher ionization rate and ion-
realized, varying one operating parametischarge voltage, ization fraction(avalanche ionization In the plateau branch
coil current or xenon flow rajeat a time. Each measurement and for higher voltages, the ionization fraction has reached a
series is started at the nominal operating point. The test famaximum value and the ion current remains constant. There-
cility and thruster parameters are checked against referendere, the increase in discharge current observed at high ap-
values. Then the chosen operating parameter is varied, stapiied voltages can be attributed solely to changes in electron
ing with values that result in the highest discharge powermobility. Note that the ionization fraction is always low in
i.e., high voltage, high flow rate or low coil current, respec-Hall thrusters(some 10% at mo&t“9 but the propellant uti-
tively. Every time a new operating point is set, the dischargdization, i.e., the conversion of injected neutral mass flow
is considered stabilized at this point when the discharge currate into an ionized jet at the exhaust, can reach over 9t%.
rent dc value and rms fluctuation power do not change mor@his is due to the considerable difference between the neutral

A. Performance and discharge operation
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FIG. 2. Discharge current mean valugsosses and fluctuation extremériangles. Xenon flow rate: 5 mg/s at the anode. In the left column, the applied
voltage is set to 300 V, and the only variable parameter is the coil current. In the right column, the coil current is set to 4.5 A, and the only vamieiés par
is the applied voltage.
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FIG. 3. (Color) Discharge current power spectra. The operating conditions correspond to Fig. 2. Every spectrum is normalized to the total fluctuation power
at the corresponding operating point. The strong peak near 50 kHz present in several(specalao Fig. bis caused by the switching power supply.
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"r The first major classification of operating regimes and
10p plasma oscillations in stationary plasma thrusters was pro-
ot ///A posed in the 1970s by Tilinif,and was the basis of a recent
8l Tl ¢ s ® overview by Choueirt® In these two articles, the control

parameter was the radial magnetic induction at the center of
the channel exit and the discussions were supported by mea-
surements of the plasma density fluctuations over a wide

range of frequencied kHz—400 MH2z, and by typical time-

»~
no stable discharge

. averaged values of the local plasma parameters. It should be
8 "k::‘“*“‘**J | noted, however, that these experimental data were collected
2r T on stationary plasma thrusters with older designs than the
T T T SPT-100 and more importantly, with only one type of chan-
Uy w50 0 o 20 =5 o~ nel wall material. It seems nonetheless .p.055|ble to relate
U, some of our results to Tilinin’s and Choueiri’s works.

_ _ As a first step, we can examine the left column of Figs.
FIG. 4. Current—voltage characteristicrosses and extrema of the dis- 2 and 3 and tentativel ian th | ¢ ti . .
charge current fluctuation@riangles of the SPT100-ML. Borosil walls. an and tentatively assign the relevant operating regimes:

Xenon flow rate at the anod&y.=3.5 mg/s. Coil currenttz=4.5 A. The (@)

numbers on top refer to operating Regimes 1-6, described in the text. Borosil walls. lg=2.7 A, regime llla (transition re-

gime without electron drift wave |g=2.9-3.3 A, re-
gime lllb (transition regime with weak electron drift
velocity (200—400 m/sand the ion velocitf10—20 km/$. wave. 13=3.5—-6.7 A, regime IMoptimum regimg

At present, there is no satisfactory explanation given in(b) Alumina walls.15=2.9 A regime Il (regular electron
the Hall thruster literature about the appearance of the nega-  drift wave regimg, 13=3.1-3.7 A, regime llla.lg

tive resistance region in thHe-V characteristics, located near =3.9-6.9 A, regime llIb;

100-150 V in the left panes of Fig. 2 and in Fig. 4, even(c) Silicon carbide wallslz=3.3—3.5 A, regime lllalg

though it seems to be a general feature of modern Hall =3.7-6.9 A, regime lllb;

thruster behavior. (d) Graphite walls. 153=3.1-3.3 A, regime llla. Ig
As mentioned above, thie-V characteristics were real- =3.5-6.9 A, regime lllb.

ized from high to low applied voltages. For the measure-
ments presented in the right panels of Fig. 2 and Fig. 3 and ilVith the exception of borosil, relating the discharge opera-
Fig. 4, the discharge was actually operated down to lowetion features to Tilinin's classification is difficult, and the
voltages than the lowest values shown on those plots, but @perating regimes tend to overlap. It can be noted, however,
was then unstable and would self-extinct after a few minutesthat borosil is the only wall material that offers the possibil-
ity of an “optimum” regime V.
. _ . Next, following a previous study of the SPT100-M¢t,
Itis beyond the scope of the present article to explain allye propose to characterize the discharge operating regimes
the features that can be observed in Figs. 2—5. Neverthelessy their position on thé—V characteristic and the amplitude
as a guide for future studies, it can be useful to describgq spectrum of discharge current fluctuations.
those features. In Figs. 2—5, up to six different operating regimes can be
identified (we do not consider the self-extinction regime at
= low applied voltages Other series of measurements con-
5 ducted at low xenon flow rate revealed a seventh regime
!ii? appearing at high voltages. Typical discharge current oscillo-
111 . . .
grams of Regimes 1-7 are shown in Fig. 6.

- Referring to Figs. 2—6, and moving our attention from
i1 low to high applied voltages, we note the following features:
B0 H " Regime 1:n the ionization branch of thée-V charac-

. teristics, the discharge fluctuations amplitude is moderate to
high compared to the dc curre(t0%—-50%. Apart from a
i frequency peak at 3 kHz resulting from interactions with the
a0} R ETEEETT G " RLC filter, the strongest fluctuation activity, between 5-15
’ ' kHz, can be attributed at such low voltages to the so-called
" “spoke” instability>*! that is believed to contribute to elec-
L, T jﬂﬁwl . s0p e00 tron transport to the anode. As in Ref. 41, the frequency
: range of this instability shifts to higher values as the applied
FIG. 5. (Color) Spectra of discharge current fluctuations as a function of theyoltage is increased.
applied voltage. The operat'ing conditions correspond_to those of Fig. 4. Regime 2:This regime appears around the inflexion
Every spectrum is normalized to the total fluctuation power at the . .. .
corresponding applied voltage. The numbers on top refer to operatint_f;)omt of thel -V characteristics. It seems that the spoke n-
Regimes 1—6. stability is present, albeit weaker than in Regime 1, and the

2. Operating regimes

T [kHz]
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tive fluctuation amplitude is moderaté0% of the dc cur-

@
3MW rend. The spectrum is essentially spread over the entire range
‘ ‘ ‘ /AW of our Fourier analysis, but a region of strong activity can be
®)

located between 10—20 kHz, its position shifting towards
higher frequencies as the applied voltage is increased. Al-
o KWWMMWWVWMNWMW though these fluctuations are attenuated for the most part by
4% ‘ ‘ ‘ ‘ the RLC filter of the discharge power processing unit, they
07 0 somewhat follow the same frequency dependance on applied
sMJ,J/\AW voltage as the circuit instability appearing in Regimes 3 and
‘ ‘ ‘ ‘ ‘ 5. They might then result from a weak and turbulent mani-
‘@ festation of the same phenomenon.
Regime 5This regime is observed over a wide range of
4WWWWMWW/M applied voltages in Fig. 4340-520 V, but only for a few
3 ‘ ‘ ‘ ‘ ‘ operating points in Figs. 2 and &.g., borosil walls,Uy
107 () =350 V, alumina wallsJ 4=150—200 V). In all cases, this
L/\/UWM/W\ regime appear in a region of the'V characteristic where the
‘ ‘ ‘ ‘ ‘ propellant utilization has supposedly reached a maximum.
The oscillograms show strong, regular oscillations with a

o

20r main frequency around 20—25 kHz, and harmonics up to the
10WWMW fourth can be seen in the spectra. At low applied voltages
‘ ‘ ‘ ‘ (e.g., 340 V in the configuration corresponding to Figs. 4 and
@ 5), these oscillations are sinusoid-like. With increased ap-
V\/\/\/\/W\/WWM plied voltage, the oscillation amplitude also increases until it
o5 o o o : almost reaches the dc value, and the osqllogr:_ams th_en take
' " time [ms] ' the shape of short current peaks alternating with periods of

o _ , _ very low current. As in Regime 3, these oscillations are
FIG. 6. Typical discharge current oscillograms of operating Regimes 1-7

The vertical axis unit is amper@ote that the vertical scales are not the p°°”¥ flltereq by the power processing unit and they Car: l_)e
same. (@) Qye=5mg’s, s=4.5 A; (g) Que=2mgls, 1;=3.6 A. (8  S€€N in the discharge voltage, they are therefore of the “cir-

Regime 1. Borosil wallsUy=70 V. (b) Regime 2. Alumina wallsUy  cuit” type. Their features were recovered by a hybrid tran-
=100 V. (c) Regime 3. Borosil wallsU4=125 V. (d) Regime 4. Borosil  sjent 1D simulation of the dischaftfehat described them as
walls. Ug=275 V. (€) Regime 5. Alumina wallsUy=200 V. (f) Regime 6. 3 jonjization instability resulting from the “breathing” of the
Silicon carbide walls.Uy=350 V. (g) Regime 7. Borosil walls.Uqy
=600 V. front of neutrals near the channel exha(sste also Ref. 30
for a similar comparison between experiments and simula-
tions). In another numerical study of these oscillatifhs,
rest of the power is mostly spread between 20—80 kHz. Thigheir frequency was estimated with a predator—prey model:
frequency band corresponds to that of an ionization instabil-
ity that propagates irregularly along the circumference of the o~ E(V-V )12
channeP*! Regime 2 does not stand out in Fig. 4, but in the Lt
right columns of Fig. 2, it is clearly associated with a drop in . .
fluctuation amplitude. See for example the cases of borosi'hereV; andV, are velocities of the ions and neutrals, re-
and alumina, 100 V. or silicon carbide, 120—125 V. and thesp.)ecnvely, and. is the characteristic length of the discharge.
related spectra in the right panes of Fig. 3. SinceV; scales ¥
Regime 3:With borosil and silicon carbide walls, this <2eud)l’2
1

251

N

regime appears in the negative resistance part ofl té

characteristics, at higher applied voltages than Regime 2.

With' graphite walls, this order of appearance is revgrsed. Ind assuming thav, does not vary significantly with ap-

Regime 3, strong and .regular oscnlathns of the discharg lied voltage™ this leads to

current are present, with an rms amplitude that can reac

about 50% of the dc current. This appears in the power spec- wwué/‘l_

trum as a sharp peak at low frequerf@yound 5 kHz with

strong harmonics up to the fouriland possibly the fifth This result seems to correlate the evolution of the circuit

These oscillations can also be observed in the discharge voloscillation main frequency observed in Fig. 5 up to 480 V. At

age, which leads us to relate them to the “locf”or  higher applied voltages, the decrease in frequency could be

“contour” ¢ oscillations described in the Russian literature.attributed to nonlinearities not taken into account in this

Note that the original denomination can also be translated teimple model. In sum, the circuit oscillations observed in

“circuit” oscillations,*® in this context. Regime 5 can be related almost unambiguously to the con-
Regime 4This regime appears distinctly only with boro- tinuous cycle of slow injection of neutrals and fast ejection

sil walls. It is located in the low-voltage part of the plateau in of the produced ions, now commonly called the “breathing”

the | -V characteristic§see Fig. 4, in particular The rela-  instability3844

m;
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Regime 6:This high voltage regimée.g., Uy=540 V 1oor
with borosil walls andQy.= 3.5 mg/s,U4=250 V with alu- 90/
mina walls,U4=300 V with silicon carbide wallsis asso- sol-

ciated in the right panes of Fig. 2 and in Fig. 4 with the

highest dc current values. The oscillograms are composed of ol

periods of irregular and relatively weak fluctuations alternat- _ #°f
ing with sharp peaks, and the maxima can reach over three E so-
times the corresponding dc current values. It is interestingto ™ .|

note that the amplitude of those peaks increases with applied
voltage for all wall materials except alumina, in which case it
decreases. In the power spectrum, the region of strongest

—e— AI203
™ 8iC
—— Graphite

30-

20

activity is located around 15 kHz, moving to lower frequen- 10r
cies as the applied voltage is increased. These instabilities 0 ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘ ‘
are believed to be of the “breathing” type again, but pulsed. ¢ s oo T QO%d [V]25° 300 %0 400 450

Regime 7This very high voltag€higher than Regime)6
regime can be observed with the SPT100-ML only at lowFIG. 7. Thrust of the SPT100-ML as a function of the applied voltage.
xenon flow rates, because of the practical limitations in dis€non flow rate: 5 mg/s. Coil current: 4.5 A.
charge power. The dc current is higher than in Regime 6, the
fluctuations have relatively small rms amplitudabout 20%
of the dc currentand are mostly irregular, with some fea-
tures that could be related to the “breathing” instability.

walls, one can only note the case 0f,=200 V, where a
close examination of the oscillogranisot shown hergre-

. . . veals that the thruster is in an intermediate regime between
Transitions from one regime to another are realized ove

. i . egime 4 and Regime 5, with bursts of strong and regular
a narrow range of applied voltages: a few volts in general.

The detailed transition from weak to strong fluctuatiéng., osgllaﬂons alter.natllng W't.h calmer_perlo_ds. Concerning alu-
; . e mina and graphite, if Regime 4 exists with these wall mate-
from Regime 4 to Regime)5occurs as follows: first, strong

. . rials, it is probably out of the SPT100-ML design parameters.
current spikes appear more and more often until they merge To conclude this section, since all the measurement se-

into bursts of regular QSC|IIat|0ps, then these bursts. becomﬁes presented in Figs. 2 and 3 include the SPT100-ML nomi-
longer and longer until no periods of weak fluctuations re-

main. In some other characterizations of the SPTlOO-MLnaI operating point, we examine the similarities between our

hysteresis phenomena were observed at the transitions tlassification and Tilinin’s. Regimes 4 and IV are certainly

tween regimes, but they were not systematically studied. identical, as revealed by the extended range of operation in

Depending on the wall material, xenon flow rate and coilthese regimes with borosil walldJg=150-325 V for Re-

. . ime 4,13=3.5-6.7 A for Regime 1V, respectively Re-
current, some of the lower voltage regim@s-4) disappear g B .
from the | -V characteristic, or only mixed regimésorre- gimes 6 and lllb are probably the sareee the operation

. . . with alumina and silicon carbide walls at the nominal oper-
sponding to transitionsemain.

. ating poinj. Common features can be found between re-
To study the effect of the anode gas flow rate on dis imes 7 and lllathigh dc current, low level of fluctuations,

charge qperatlpn, sevgral current—voltage CharaCterIStK%resence of “breathing” instabilitigs regimes 1 and Il
were realized with borosil walls. As the xenon mass flow rat strong “spoke” instability, regimes 2 and Vi(relativel
is decreased from 6.5 mg/s to 2.0 mg/s, the low voltag g sp €9 y

: : . igh dc current, low level of fluctuatiohsregimes 3 and V
regimes(1-3 move to higher voltages, the high voltage re- o - . .
: L .~ (strong “circuit” instabilities), respectively. As for Regime |
gimes(4—7) follow the opposite direction, overall resulting

in a shrinking of the operating regime spread. At the Iowestl(g% Svjlzar: dcggg:gtlzg%t[egtlr:ﬁe ecla?eg?cl)%thar\]r;?rar%Tj?Ltjg igelfr e
flow rate studiedQy.=2.0 mg/s, the hump at low voltages ' d Y ge,

and the associated regimé and 3 disappear. Finally, se- it could correspond to a hypothetical Regime 8, at applied

. ._voltages higher than in Regime 7.

ries of measurements were made for every wall materials

with fixed applied voltage and coil current =300 V and -

Iz=4.5 A), and with a mass flow rate varying between 6.53 Thrust and efficiency

mg/s and 2.5 mg/s. With alumina, silicon carbide and graph- It is clear from Figs. 2 and 3 that the nature of the wall

ite, the thruster remains operating at Regime 6, the dc curremhaterial has some impact on the discharge current mean

and rms power both varying proportionally to the mass flowvalue (up to 25% variation between materiaénd a signifi-

rate. With borosil, the dc current follows the same trend, butant impact on the level of fluctuation®ften exceeding

below 3.5 mg/s, the operating regime changes from 4 to 200% between materialsFigure 7, however, shows that the

due to the operating envelope shrinking. axial thrustF is less affected: a maximum relative difference
A major difference in SPT100-ML operation when the of 10% is measured, whereas a discharge current difference

channel walls are not made of borosil is the appearance aif more than 25% can be observed at the same time. The

Regime 5 at lower voltages: about 100 V with alumina andcomparison of boron nitride and a glass ceramic as channel

200 V with silicon carbide and graphite instead of 350 Vwall materials undertaken in Ref. 19 produced similar re-

with borosil. In fact, borosil is the only wall material with sults. As mentioned in the introduction, however, another

which Regime 4 appears distinctly. With silicon carbide comparison, of boron nitride and diamofftifound signifi-
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Knowing that the Hall parametes.7.>1, one can then
derive the two-dimensional electron momentum equation for

057 weakly ionized plasma to find the axial current density in the

bulk,*
0.4F
en. E,
w0 0.3} e wcTe By
For a fixed value of the magnetic field, assuming that the
0.2/ plasma density and the electric field do not change signifi-
— cantly, it can be seen that ib..7. Somehow rises above a
01r jAlzgg' 2 critical value, the discharge can be sustained only if some
- sic instabilities appear in the bulk plasma and effectively reduce
S U e -1 the Hall parameter, or if some complementary “by-pass”
0 50 100 150 200 250 300 350 400 450 . . ..
U, v electron current is provided. Of course, for thrust efficiency

considerations, this by-pass current should remain reason-
FIG. 8. Efficiency of the SPT100-ML discharge as a function of the appliedab|y low.
voltage. Xenon flow rate: 5 mg/s. Coil current: 4.5 A.

2. Existing near-wall conductivity theories

The most elaborate theory of electron—wall interactions
#n Hall thruster discharges has been developed since the
1960s by Morozov, one of the major contributors to Hall

discharge3*® and the electron current, but it might also re- thru_ster7 physics and technology. His first works on the
sult from the unusual channel geometrgctangular instead subject ‘were motivated by the need to find a supplemental
jjmechanism to explain the higher-than-classical electron con-

of annulay of the thruster used in that study. In sum, the wall e i ) i
material may generally have more effect on the electron dyductivity observed in Hall thruster discharges at the time,
Bohm diffusioff was not sufficient. Further develop-

namics than on the ionization process and the shaping of th&"¢® _ ur :
electric field lines. ments of this near-wall conductivity theory aimed at better

understanding the non-Maxwellian electron energy distribu-
tion observed in the dischaffeand the structure and stabil-
) ity of the Debye sheath. It was also suggested that the main
_ F source of wall scattering could be related to surface inhomo-
2QxP’ geneities, provided that their characteristic size was at least
: . comparable to the Debye length. Indeed, as mentioned in the
whereP is the discharge power. . . : .
L . Introduction, experiments showed that increasing the wall
It can be seen in this figure that the use of borosil clearly urface roughness resulted in a significant augmentation of
results in the best thrust efficiency, especially at the nominal| 9 9 9
. - R, . _discharge current values over the whole current—voltage
operating point: 0.51, compared to 0.38 with silicon carbide, - .
) ; . -z characteristic of the stationary plasma thruster.
0.36 with alumina and 0.31 with graphiteith = 4% uncer- . )
) . o . In our experiments, the tolerance requirements on the
tainty). On the other hand, since borosil is a mixture of boron

nitride, it is not expected to have a better resistance to spuf:ietS of channel walls included a surface roughness under 2

tering than the other materil® Therefore, it can be as- “™ which is two orders of magnitude smaller than the De-
sumed that borosil was originally chosen as channel wal ye length. Moreover, 't. was verified after the end Qf t.h.e tests
material for the commercial SPT-100 mainly because of thehat the erosion due to ion bombardment did not significantly
resulting low discharge power and high thrust efficiency. Increase the surface roughn§s§ of the channel Wal.ls' There-
It should be cautioned again that Figs. 2—8 are onlyfore, _the near-wall conductivity induced by surface inhomo-
typical of the discharge behavior. However, since much ef-geneltles can be neglected.

. T Other theories developed in the former Soviet Urton
forts were taken to realize the measurements in similar tesetm hasized the role of secondary electron emis&&HEE)
conditions, it is believed that the characterizations and th P y

. . . %y the channel walls due to electron bombardment. This sec-
comparisons between wall materials are still relevant.

ondary electron process can be involved in the Hall thruster
B. Wall effects on the discharge current discharge through two effects:

1. Preliminary remark on the stability of the discharge

cant differences in both the ion curre@thich, for a given
specific impulse, is proportional to thrust, knowing that mos
of the ions are singly ionized in typical Hall thruster

For all wall materials and various applied voltages, Fig.
8 shows the discharge efficiency, defined as

3

. _ (1) Channel walls with high SEE yields give rise to high
In a Hall thruster with a classical annular channel con-  cross-field electron conductivity, since a large fraction of
figuration, the density of azimuthal electron current due to  the incident electrons are returned to the plasma with a

EXB drift can be expressed as new guiding drift along the direction of the electric
E, field.*?
JegmeneB—, (2) The secondary electrons have energies that are, on aver-
r age, lower than the primaries, resulting in a cooling of
wheren, is the electron density, is the axial electric field, the dischargé® a lower ion production rate and there-
andB, is the radial magnetic field. fore, a lower ion current.
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wherel’,, is the flux density of electrons towards the walls
per unit of axial length,w. is the electron cyclotron fre-
quency.

When the yieldo is below the critical valu® ogcg
~0.98, the flux density'.,, can be determined by consider-
ing the balance between the ion current denEijty towards
. . . . . . . . the walls and the electron currents collected and emitted by
0 20 40 60 8 100 120 140 160 the walls:

e (eV)

Fiw=Tew—0ley.

FIG. 9. Experimental total secondary emission yield as a function of the Assuming that the ions enter the sheath with Bohm
primary electron energy. For insulating ceramics, the yields were measured

on samples of the tested channel wall materi@sf. 52. The data for Vel(_)CItyS Ve~ kTe/m;, the following relationship can be
graphite are taken from Pedgley and McCrackBef. 53. Dashed lines  derived:
give linear approximations of those yields.

kTo 1
This second effect is expected to be quenched for ener- Few=TLiw 1_0”277( Ri+Ro)ne mil-o'
gies of the primaries high enough to result in a space-charge . ,
saturation(SC9 of the sheath. The SCS phenomenon wasVhereR, andR; are the radii of the innermost and outer-
first suggested in the case of stationary plasma thrusters BjoSt walls, respectively, ami is defined at the sheath edge.
Baitin et al,*® and later analyzed in details by Jolivet and As the applied voltage is increased or the magnetic field
Roussel® decreased, the mean electron energy eventually reaches the

It is noteworthy that the SEE mechanisms were nothréshold for whicho=oscs. For o>oscs, space charge
given much attention in Morozov's works, although they effects result in a partial trapping of secondary electrons in

were not excluded from the general formulation of his neartn€ vicinity of the walls and in a limitation of the electron
wall conductivity theory®® One can only mention that in Ref. current flowing through the sheathln a modern stationary

50, a condition is given for having an “efficienti.e., pro- plasma thruster configuration, this space charge saturation is

viding a sufficient by-pass current, as explained in Sec€XPected to occur first locally, close to the exit planéiere

[11B 1) near-wall conductivity: that the SEE yield=1. Fol- the electron temperature is highesind rapidly spread over

lowing the same argument, it was suggested in Ref. 18 that he whole acceleration region of the channel as the bulk elec-
quartz or steel coating on the channel walls of an “efficient” 0N €nergy increases. The flux density, in the SCS re-

stationary plasma thruster can reducbelow unity, causing 9iMe IS given by®

the onset of bulk plasma fluctuations. [ KT,

In the next section, we will estimate the impact of SEE =~ T'ew~27(R;+R3)N, mexp(— 1.02.
on the SPT100-ML discharge current dc value. Note that €
electron emission induced by ion bombardment is not be- Under such an assumption, and using the following typi-
lieved to play a significant role, since it is in general negli-cal plasma parameters in the highfield region>323¢4°n,
gible for energies below 1 keV. For example, the yield of =1.510""m™3;, E,=3-10°V-m™%; T,=20eV; B
MgO (a good emitter used in plasma display paneisder =15 mT. The axial electron current fat3=300 V can be
Xe" impact with energies up to 300 eV is of the order of estimated as follows: alumina and silicon carbide channels,
0.01% assumingo>0.98 in the highB-field region:

Finally, in the case of conducting walls, the SEE effects ~26 A
are expected to be weaker than for dielectrics due to the " ’
usually lower values of. It has been show?t, however, that ~ borosil channel, assuming=0.8 in the highB-field region:
conducting floating walls act in general as a negatively bi- | ~0.18 A,

ased electrode for most of the channel length, except in the ) . .
exit plane where a large electron current is drained. The value ofo in the second case is deliberately over-

estimated to emphasize the effect of space charge saturation:

3. Dielectric materials although it is a continuous function of the electron current

The effective secondary electron emission yields of thebecomes significant only whew closely approaches or ex-
three nonconducting materials that we tested wereeedsoscs. These estimates are of course approximate, but
measuretf using similar experimental conditions and appa-they do match the orders of magnitudes observed in experi-
ratus, for incident electron energies ranging from 20 to 100ments, provided that the ion current amounts to about 3.5 A.
eV. The data for all three materials are shown in Fig. 9. The effect of dielectric walls on the mean discharge cur-

The cross-field electron current due to electron—wall col+ent can therefore be described @stentially large at high
lisions can be estimated using the near-wall conductivitydischarge voltagédepending on the materjaéven though
law,}” which also constitutes an approximation of Ohm’s lawthe wall conductivity can be very modest for low SEE
in a strong magnetic field: materials.
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At low discharge voltages, the near-wall conductivity secondary electrons emitted by the wall due to metastable
due to SEE must be negligible or moderate even with materadiations could not be neglected against the bulk plasma
rials like alumina because of the low electron temperatureslectrons. It is also relevant to our study that silicon carbide
and therefore, the low value of. Moreover, a close exami- and alumina are sometimes used in high efficiency photo-
nation of Fig. 2 reveals that fay ;=100 V, the dc currentis electrodes for UV detectors.
actually lower with alumina walls than with borosil wallsy In the case of SPTs running with xenon, let us consider
about 10%. This corroborates a recent experimental study ofor example the Xe | emission arounk=100-150 nm,

a stationary thruster with boron nitride and alumina wills where several strong lines are prestrms a result of de-
and could be explained by the cooling effect becoming domiexcitation of excited atomsenergyE,~8.5—-11.5 eV) to-
nant over the near-wall conductivity effect in the ionization wards the fundamental energy level. These excited levels can

branch of thel —V characteristic. be populated directly by electron collisions, by deexcitation
of neutrals from higher levels, or by ion—electron recombi-
4. Graphite nation. Let us consider the pessimistic case, where the UV

The SEE vyield of graphite was found in the literafre radiation energy in the bulk plasma is imprisoned and lost to

and is shown in Fig. 9. For this material, despite variationsOther processes. Then, only the photons emitted within a dis-

from one author to another, most published experimentaidNCe approximately equal to the optical depthof the

data consistently report a low. Consequently, the SEE in- plasma can reach the wall and contribute to photoelectricity.

duced near-wall current must be even lower than with boro-  ASSuming Doppler broadening, the optical depfin-
sil. On the other hand, the electrical conductivity of graphiteSide the discharge is given By

strongly modifies the picture given in the case of dielectric
walls. The short-circuit current through the wafiis neutral- S =54x10° 0\ \/ =, ,
ized by the ion current collected all over the surface of the n

channel exposed to the plasma. Assuming that the ions entWhere,u is the atomic mass arff, is the temperature of the
the sheath with Bohm velocity, the short-circuit current cangitters Takingu=131 (xenon, A~120 nm, and typical

therefore be approximated by values inside the channel, near the eflit,~0.06 eV, n,

kT, ~10* cm 3, we obtaind~3 mm.
|sc~ef Ne st’ Farther than a distanakfrom the wall, the photons are
s ! quickly reabsorbed. Moreover, going axially towards the an-

where S=27(R;+R,)L is the area of the plasma-facing ode, more than halfway from the channel exit plane the tem-
surfaces inside the channel. perature of the electrons is too low for them to create enough

This relationship emphasizes the fact that the shortphoton emitters. We will then consider only the UV photons
circuit current is determined by the plasma parameters insidthat are emitted within a volum& delimited by those
the whole channel, in contrast with the case of dielectricboundaries:
walls where the wall-induced current is almost exclusively
determined by the plasma parameters inside the high mag- V=0.5Lm(R5—(Rp—d)*+ (R +d)*~Rj),
netic field region. In estimating the short-circuit current we . .
shall thus usg values of plasmg density and electron tempergl-h(.erel‘ IS th? channel length. Assuming .that the number of
ture averaged over the whole plasma-facing surfaces. Assu mitters is given by th? Boltz.mann fraction, the photoelec-
ing for instance(ng)=4- 10t m~3; (T,)=10 eV, the short- " o" current can be estimated:
circuit current can be estimated hg=2.3 A. E,

It seems thus likely that the large currents obtained with | ,e= k€A, N,V ex;{ - T—) v,
graphite arise from the electrical conductivity of this material e

and are not related to the near-wall CondUCtiVity due to SEE\NhereK is a view factor Conservati\/e|y estimated to m%m

which is indeed expected to be negligible in regard to thgs the Einstein coefficient of the emission, whose average
shielding effect of negatively biased walls. value in this case &

5. Photoelectricity Ay=4-100 s71,

There is also a possibility that the walls play a role in gng y is the photoelectron quantum yield of the wali®.,
enhancing electron conductivity through photoelectron emisine number of electrons emitted per incident phytevhich
sion. Xenon_di_scharges are.indeed known as strong ultraviQsgp, vary within several orders of magnitude depending on
let (UV) radiation sources, in a wavelength band that oftenhe type of material and the incident radiation wavelength.
corresponds to a high photoemission yield. An interestingapsolute measurements gffor the materials that we tested
related effect in drift tube discharges was analyzed by Spechye difficult to find in the literature. In the case of alumina,

et al>” when they investigated the discrepancies between, ofye can refer to a standard windowless photodiBéter find-

the one hand, measured ionization and excitation coeﬁicien%g at this wavelength~2%, and finally the total photoelec-
for noble gases at low electric fields, and on the other hangiq current

calculations based on the transport equations. Their analysis
revealed that near the excitation or ionization thresholds, the 1,.~1.6 A.
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It should be noted that this current is spread over thepected to provide more than a minimum by-pass curtast
channel surface and cannot be simply added as a direct codescribed in Sec. Il Bl Rather, it is probable that the situ-
tribution to the discharge current. However, with so manyation is similar to that of alumina and silicon carbide walls,
approximations, it is also possible that we actually undereske., most of the electrons do not reach the walls and their
timatedl,.. In any case, the near-wall current due photo-energy is not moderated. This would be due, however, not
electron emission could be not negligible, although it hasrom the SCS of the wall sheath but more simply, by the wall
apparently never been considered in the Hall thruster literapotential remaining uniform over the whole length of the
ture. channel(since graphite is an electric condudtand at a low
value, close to the cathode potential.

Finally, one can wonder what would happen if the chan-
nel wall material was dielectric but the SEE yield was even

In light of the preceding discussion, it is now possible tolower than that of borosil. This could be the case of diamond,
return to the SPT100-ML operating regimes illustrated inwhose SEE yield increases when it is doped with bétos
Figs. 2—6 and make some additional comments, starting witmentioned before, experiments with such channel walls
dielectric walls. showed that the discharge current and ion current are both

In the ionization branch of the—V characteristidRe-  lower than with boron nitride wall§) More recent studies of
gimes 1-3, the discharge operation features observed witlthe same thrust&r also revealed an unusual operating mode
borosil, silicon carbide and alumina walls result probablywith diamond walls and nominal discharge parame(&s-
from the complex interactions between the ionization-relate@ime 4 with boron nitride walls where strong discharge
plasma instabilitiege.g., “spoke”), the cooling effect and current pulses are present, as in Regime 6, but the dc current
possibly some near-wall conductivity due to SESpecially  is very low: 0.1 A, compared to 1 A with boron nitride walls.
for high-yield materials like aluminawhich all influence, or  Questions remain, however, about the role played by the
are influenced by, the electron energy transport and balancehannel geometry of this particular thruster—linear instead

At higher applied voltages, it is tempting to attribute the of annular—in discharge operation.
extended range of efficient operation observed only with
borosil, i.e., the low level of dc current and fluctuatigRe-  IV. SUMMARY
gime 4, to the low SEE vyield of this material. This is con-
sistent with the dc current jumps observed in Fig. 4 betweelgtat

8%:5523?;%0 Vd a?d tlr? rl]:.'gh 2(’1 top Ieftt, _i)hetv_\;_eerb ent wall materials: three dielectric ceramics and graphite.
k; dé aTn d al ;r?:a a;;) afthégngr;'r?atl:lgrz:]atml ?)I'Ir::ton ﬁirr']The data revealed that wall material can be added to the list,
! umina wats ! perating pont, Whichy; e in Ref. 38, of parameters that can strongly influence

channel wall Shoah that occurs ampproaches unity. Note. - "TUser dicharge gperaton. On theother hand,trusti
w u PP unity. o&ﬂy moderately affected.

also that in the cases of Regime 4 presented here, a rapi We gave an overview of the wall effects that are poten-

estimate shows that the level of anomalous conductivity ducteIally at play in Hall thruster operation: near-wall conductiv-

to plasma instabilities is low. Furthermore, under those as: : e .
. . ) N ity due to surface inhomogeneitiéselieved to be negligible
sumptions, the processes involved in Regime 6 would be 9 gig

I our experiments near-wall conductivity due to secondar
follows. Due to the SCS of the wall sheath, the electron P % Y Y

temperature is no longer moderated by the SEE-inducea:eCtron emissioiSEB under electron bombardment, cool-
cooling effect. Due to the high electron temperature, the flo g of the discharge due to SEE, space charge saturation of

"he wall sheath at high SEE yields, current conduction inside

of neutr_als IS rap|dl|‘y trans_for,r'n_ed 'm.o. an ton ‘?“”ef“’ WhIChthe graphite walls, near-wall conductivity due to photoelec-
results in a strong “breathing” instability and high d|scharge,[r n emission

current peaks. Between those peaks, the neutral density an Borosil (a boron nitride—silica mixtuneis the only ma-

frf)nz?quher:tly }he CI?Siilcglvsiltic:]ronr(\:Acl)r}::iucg\éltytli\s/itlow,ng/nqerial of the four tested that allows running the thruster in a
© discharge IS sustaine car-wall conductivity andiof,,y cyrrent fluctuation, high thrust efficiency regime. This is

anomalous conductivity. apparently the main motivation behind the use of this wall

on tlrt];etrpaa:giig:gebzmh;{ Ilgzu?r:(;? L'I 2:3(;’ ;heavr;':”;er:\?v\éeematerial, and more generally, of boron nitride based ceram-
. . gm e ics, on stationary plasma thruster flight models. We suggest
Regimes 6 and 7, which are mainly characterized by th

progressive apparition or disparition of the “breathing” in- §hat these good performance are due to the low SEE yield of

stability. Since this instability is also related to the ionization borosil and the fact that it is electrically insulating.
process, we suspect, however, that the SEE from the Wa”/iCKNOWLEDGMENTS
does play a role.

The case of graphite walls is more complex, as wit- The authors are most grateful to Pascal Lasgorceix,
nessed for example by the order of appearance of RegimesStephane Behu, and Alain Hauser for their technical assis-
and 3 being reversed. Moreover, at the nominal operatinggnce on the PIVOINE facility, and to Virginie Viel-
point, one cannot simply invoke the low SEE, as in Ref. 18Inguimbert for providing the results of experimental mea-
to explain the high level of instabilities in the discharge, surements of secondary electron emission yields. N.G. and
since the short-circuit created by the conducting walls is exS.B. also wish to thank Professor M. A. Cappelli from Stan-

6. Concluding remarks on discharge operation

We have presented an extensive characterization of a
ionary plasma thruster that was operated with four differ-
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