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Wall material effects in stationary plasma thrusters.
I. Parametric studies of an SPT-100

N. Gascona) and M. Dudeck
Laboratoire d’Aérothermique, Centre National de la Recherche Scientifique, 45071 Orle´ans, France

S. Barral
Institute of Fundamental Technological Research, Polish Academy of Science, 00049 Warsaw, Poland

~Received 3 September 2002; accepted 15 July 2003!

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
~borosil!, 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 current. ©2003 American Institute of Physics.
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I. INTRODUCTION

A. Historical perspective

Hall thrusters are cross-field plasma sources that ca
used as rocket engines with performance well suited
station-keeping and orbit transfer of satellites. The H
thruster appeared independently in the USA and in
former Soviet Union in the late 1950s, deriving from ong
ing works on magnetrons.1,2 The principle of Hall thruster
operation is to impose on a plasma discharge a magnetic
of appropriate intensity, such that the resulting electron H
parametervcte be much greater that unity, and the ion c
clotron radius much larger than the characteristic dimens
of the discharge. Under such conditions, the self-consis
electric field created by the retarded electron flow acceler
in turn the ions, which are not magnetized due to their hig
inertia.

It was early recognized that the type of material used
the walls of the discharge chamber~also called channel! had
a significant impact on the characteristics of the plasma
on the ion acceleration process. In most of the first publis
works on Hall thrusters the channel had electrically insu
ing walls ~e.g., made of quartz3 or coated with alumina4!,
with lengths comparable to the channel width. In such a d
charge, due to the high electric conductivity perpendicula
to the channel walls~i.e., along the magnetic field lines!, the
high energy electrons are continuously replaced by low
ergy secondary electrons, resulting in a limitation of elect

a!Present address: Mechanical Engineering Department, Stan
University, Stanford, California 94305-3032; electronic ma
nicolas@navier.stanford.edu
4121070-664X/2003/10(10)/4123/14/$20.00
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temperature and temperature gradients to moderate va
Ion acceleration takes place in a quasineutral plasma o
distances much larger than the electron cyclotron radius
the Debye length. This type of Hall thruster is also call
thruster with magnetic layer5 ~TML !, thruster with extended
acceleration zone,6 and most commonly now stationar
plasma thruster~SPT!. In another variant of the Hal
thruster,7 the channel walls are electrically conducting, b
ased to the cathode potential and much shorter than the c
nel width. In this configuration, the electrons retain most
their energy as they flow towards the anode, allowing st
electron temperature gradients and high electron temp
tures. The ions are accelerated in a space-charge lim
sheath located close to the anode, with a characteristic ac
eration length of about the same size as the electron cy
tron radius. The initial denomination of space-charge she
thruster7 was rapidly abandoned in favor of thruster wi
anode layer5 ~TAL !.

During the 1970s, the Hall thruster was largely neglec
in the USA, where electric propulsion research was ess
tially focused on the gridded ion thruster, which offered b
ter performance for the interplanetary missions considere
the time.2 In the Soviet Union, on the other hand, the r
search and development efforts on Hall thrusters contin
intensively and led to the use of these device on numer
Soviet spacecraft, starting in 1972.8–10 An impressive body
of research and technology was accumulated over two
cades, but some of the related literature was published o
in Russian and remained little known to western scientis

The revival of U.S. interest in Hall thrusters was init
ated in the 1980s by Kaufman11,12 ~who, interestingly, is also
one of the most prominent figures of gridded ion thrus

rd
3 © 2003 American Institute of Physics
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research!, and in the early 1990s, groups of U.S. scienti
started a technology transfer program that included exten
ground tests at NASA centers with the commercial SPT-1
thruster, made by the Russian design bureau Fakel.13–15The
SPT-100 had channel walls made of borosil, a ceramic c
posed of a mixture of boron nitride and silica. Since th
thruster was designed to serve onboard spacecraft, it ca
assumed that the use of borosil resulted at the time in
most appropriate performance, in terms of thrust efficien
and lifetime~the channel had to resist the wear due to th
mal and mechanical stress and to high energy
bombardment5!.

Even as Hall thruster research took momentum in
1990s, the experimental literature covering the effects
walls on Hall thruster operation and performance remai
scarce. One of the most remarkable works in this area
led by Bugrova16 with the aim of verifying some prediction
of the so-called near-wall conductivity theory developed
Morozov.17 Among other findings, a clear correlation wa
established between the degree of roughness of the cha
walls and the discharge current value. More recent stu
were rather concerned with the nature of the wall material
Ref. 18, sets of clean boron nitride~BN! walls were progres-
sively coated with either quartz or stainless steel dur
thruster operation. With both types of coatings, it was o
served that the acceleration region became narrower and
ion current density in the plume decreased. In Ref. 19,
whole BN coaxial cylinders originally constituting the di
charge chamber were replaced with ones made of a mac
able glass ceramic. As a result, for some values of the o
ating parameters, and in particular at high applied voltage
high magnetic flux intensities, the electron current was fou
to be significantly increased~as much as 30%!, although the
ion current in the plume and the thrust remained mostly
affected. In Ref. 20, BN was compared with diamond. T
new material was found to cause a narrowing of the rang
stable operation, and a decrease of about 20% in both
electron current and the ion current. Finally, in some ot
works that specifically aimed at improving stationary plas
thruster performance,21–23 it was shown that the use of floa
ing or biased conducting inserts in the channel walls of s
tionary plasma thrusters allows modifying the ion accele
tion process and reducing the ion plume divergen
References 18–23 suggested qualitative explanations o
results with arguments involving the secondary elect
emission~SEE! by the walls under electron bombardment

B. Motivation and scope

A high priority has been put by the Centre Nation
d’Etudes Spatiales~French Space Agency! on developing
Hall thruster technology.24 To this end, a research group o
plasma propulsion was created in 1996 with the aerosp
company Snecma and the scientific institutions Centre
tional de la Recherche Scientifique and Office Natio
d’Etudes et de Recherches Ae´rospatiales. A space simulatio
facility, PIVOINE, was built in Orléans, France,25 and spe-
cific diagnostics were developed.26,29 Based on the experi
ence Snecma had gained from a close collaboration w
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Fakel,27 a laboratory SPT-100 thruster named SPT100-M
was fabricated. Over the years, a considerable amoun
practical knowledge of the PIVOINE facility and of th
SPT100-ML has been accumulated.25,26,28–30

In this paper, we address the question of how a particu
type of material can affect the operating regime and thr
efficiency of the stationary plasma thruster. After a presen
tion of the test facility in Sec. II, the different operatin
regimes of the SPT100-ML are characterized in Sec. III
This classification expands and refines a previous one30 in
light of a new parametric investigation of the SPT100-M
with different channel wall materials. We also observe th
although the type of wall material can significantly affect t
discharge current, thrust remains relatively unchanged
Sec. III B, we estimate the fraction of discharge current
sulting from plasma–wall interactions, and suggest some
fects related to wall materials that could be at the origin
the observed discharge operating regimes. Our goal he
not to propose a detailed theory of channel wall effects~this
will be the subject of a companion paper31! but rather, to
clarify some aspects of Hall thruster discharge behavior
to present an overview of the physical processes potent
involved.

II. TEST FACILITY

A. Thruster

A schematic view of the SPT-100ML thruster used in t
experiments is given on Fig. 1.

In base configuration, The SPT100-ML is identical to t
SPT-100 in terms of discharge chamber geometry, magn
circuit and gas injector configuration, channel wall mater
propellant, discharge operation and performance,13–15,25,28

but several features have been modified from the orig
design to facilitate parametric studies and the use of diagn
tics. In particular, the coaxial channel cylinders can easily
changed. Four sets of channels walls are used in this st
the reference one is made of borosil (BN–SiO2), and the
other three are made of alumina (Al2O3), silicon carbide
~SiC!, and graphite~C!. The motivation for using those ma
terials derived in part from thruster lifetime consideration

FIG. 1. Schematic cutaway view of the SPT-100ML. The channel ou
diameter is 100 mm.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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looking for low sputtering yields under ion bombardme
but this aspect of plasma–wall interactions is not addres
in the present work. Also, it should be noted that graphite
an electric conductor. With this wall material, knowing th
the walls are left electrically floating during thruster ope
tion, the SPT100-ML configuration is distinct from the TA
and TML cases described in the introduction. As mention
in Ref. 5, however, previous studies conducted in the form
Soviet Union showed that a stationary plasma thruster o
ates in a similar fashion with dielectric or floating conducti
walls.32,33 In particular, the acceleration zone remains e
tended and electrically quasineutral, a clear difference fr
the TAL configuration.

The annular gas injector, located in the bottom plane
the channel, also serves as the anode. As with most mo
ion thrusters, xenon is the propellant of choice, due to its
ionization potential, weak interaction with spacecraft en
ronment, and a high density that minimizes storage c
straints. Moreover, the large atomic mass of xenon allo
avoiding the low thrust-to-power ratio associated with hi
specific impulses. The magnetic field is generated by
induction coils~four peripheral coils and one inner coil! and
an iron core circuit. In the original SPT-100, the five ma
netic coils are in series with the discharge. With the SPT1
ML, it is possible to use three independent power supp
for the discharge, the inner coil and the four outer co
~which remain in series!. By varying the electric current in
the magnetic coils, the magnetic flux intensity and the sh
of the magnetic field lines can be modified, which could
interesting for a precise optimization of the performance.5,34

In the present study, however, the currents in all coils are
to the same values, so that the field lines do not change a
flux intensity varies. A hollow cathode provides electrons
establishing the discharge and for neutralizing the ion be
The discharge electrodes and the magnetic circuit are ele
cally isolated when the discharge is off, and they are float
relatively to the vacuum chamber~ground! potential when
the discharge is on.

The SPT-100ML operates nominally with a total xen
mass flow rate of 5.42 mg/s~5 mg/s for the main discharg
and 0.42 mg/s for the hollow cathode!, an applied voltage of
300 V, and 4.5 A of current in the magnetic circuit, whic
then generates a flux intensity of about 20 mT at the chan
exit. Under such conditions, the SPT100-ML delivers
thrust of 80 mN with an efficiency close to 50% and an inp
power of 1.35 kW. Note that due to the saturation of t
ferromagnetic circuit, the relation between the coil curre
and the magnetic flux intensity is linear only up to 5
although it remains monotonic above that value.

The thruster can withstand continuous thermal pow
up to 2 kW, which sets another limit on the range
investigation.

B. Vacuum chamber and diagnostics

The PIVOINE French test facility for plasma propulsio
is described in details elsewhere.25,28 It was specially de-
signed and scaled for SPT-100 studies, benefitting from
collaboration between Snecma and Fakel, and from the
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to A
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perience accumulated during U.S. test programs.13–15 The
vacuum chamber of PIVOINE is a stainless steel nonm
netic cylinder, 2.2 m in diameter, 4 m long, and 1 cm thick.
The pumping down sequence is entirely automated: firs
rough vacuum is obtained with a four-stage rotative d
pump and a roots pump; once a pressure of 5•1023 mbar is
attained, the cryogenic pump is started; it allows reachin
limit pressure of 5•1027 mbar. When the SPT100-ML run
at the nominal operating point~5.42 mg/s of xenon flow rate
and 1.35 kW of discharge power!, the pumping speed is
44 000 l/s and the pressure inside the vacuum chambe
2.4•1025 mbar. Under such conditions, the interactions
the plasma jet with the vacuum chamber and the effects
backstreaming xenon particles on the discharge can be
glected, which results in a good simulation of the spa
environment.14,28 During thruster operation, cold cathod
gauges and ionization gauges placed at several location
side the vacuum chamber are used to measure pression
residual gas composition is continuously analyzed and m
tored with a quadrupolar mass spectrometer, and reco
regularly.

The two gas lines that feed the discharge and the hol
cathode are regulated by MKS flow controllers that have
upper limit of 65.5 sccm of Xe for the anode-injector, a
13.1 sccm of Xe for the cathode-neutralizer, with an ac
racy of 1% of the full scale. The pressures downstream of
flow controllers are monitored with piezoelectric gauges.

The thruster discharge, the magnetic coils, and the h
low cathode heater each have their own power supply, w
the following characteristics:~EMS 600-8-08-06! 0–600 V,
0–8 A range, 1 V steps as voltage generator for the d
charge, and~ASF 400 20-20! 0–20 V, 0–20 A range, 0.2 A
steps as current generator for the magnetic field coils and
cathode heater, respectively. They are all switching supp
with a base switch frequency of 49.9 kHz. The discha
power supply is protected from the strong current peaks
can occur in the plasma by a RLC low-pass filter with a
kHz cutoff frequency. More details on the SPT100-M
power processing unit can be found in Ref. 30.

The axial thrust of the SPT100-ML is measured with
specially designed pendulum-type scale, described in R
28. The integrated calibration system showed an excel
linearity and better than 0.5% reproducibility at rest~dis-
charge off! in the 1–500 mN range, and it can be used dur
thruster operation. Numerous and repetitive uses of the th
stand under various configurations and discharge opera
conditions of the SPT100-ML and other Hall thrusters ha
demonstrated a 2% accuracy of thrust measurement.

The discharge current dc value and fluctuations are m
sured with a contactless current transducer~made in Switzer-
land by LEM, model LA25-NP!, which has better than 0.5%
accuracy and a bandwith~23 dB! of 0–150 kHz. The result-
ing time-varying voltage goes through a Tektronix VX478
signal conditioner card that can provide at least 10 dB
active low-pass filtering for noise attenuation and antiali
ing. The output is then digitized with a Tektronix VX424
card that has 16 bits of maximum vertical resolution, a
finally, the signal is recorded on a computer for furth
analysis. In the present study, the discharge current samp
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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rate is 200 kS/s and all the records are 2048 samples~10.24
ms! long. Power spectrum estimators of the signals are
tained following Welch’s classical method:35 each record is
divided into four nonoverlapping pieces, and a Hanning w
dow is applied on every piece to minimize the Gibbs ph
nomenon; the Fourier spectra of the windowed time se
are then averaged to estimate the signal power spectrum
free parameters of the method are chosen as a compro
between, on the one hand, noise filtering and statistical
bustness, and on the other hand, the ability to distingu
detailed features in the spectra.

During thruster operation, the following parameters a
continuously measured, monitored on a computer and
corded with a data logger system: pressure inside the ch
ber and in the gas feed lines, gas flow rates~anode-injector
and cathode-neutralizer!, magnetic coil current and voltage
discharge voltage and current~dc values!, thrust, cathode po
tential, cathode heater current, temperature inside the
core of the inner electromagnet~which is the hottest region
in the thruster structure!.

III. RESULTS AND DISCUSSION

A. Performance and discharge operation

1. Overview

In all the results reported here, the working gas is xen
~research grade, 99.995% pure!. When they are not specified
the SPT100-ML operating parameters are set to their no
nal values, i.e., xenon flow rate at the anodeQXe55 mg/s,
coil current I B54.5 A, applied voltageUd5300 V. The
cathode mass flow rate is kept constant at 0.42 mg/s thro
out the study.

Such experiments in a simulated space environment
quire that the thruster be outgassed prior to the testing
new set of channel walls.14 This is realized by putting the
SPT100-ML 12 h in rough vacuum, then letting it stay
more hours inside the PIVOINE chamber while the cry
genic pump cools down and the pressure goes from
•1023 mbar down to 5•1027 mbar. Every time the dis-
charge is started after being off for more than one hour,
run for at least one hour at the nominal operating point
thermal stabilization~and further outgassing, if need be!. The
operating parameters of the test facility and of the thrus
~pressure, discharge current, etc.! are then checked again
reference values.

For every channel wall material tested, the first day
experiments is devoted to an exploration of the discha
operating envelope. Then the thruster is left in vacuum ov
night, and the second day several series of measuremen
realized, varying one operating parameter~discharge voltage
coil current or xenon flow rate! at a time. Each measureme
series is started at the nominal operating point. The tes
cility and thruster parameters are checked against refer
values. Then the chosen operating parameter is varied, s
ing with values that result in the highest discharge pow
i.e., high voltage, high flow rate or low coil current, respe
tively. Every time a new operating point is set, the discha
is considered stabilized at this point when the discharge
rent dc value and rms fluctuation power do not change m
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to A
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than 5% for at least 5 min. The series is ended by a retur
nominal operation and checks. The experiments dealing w
the thrust and efficiency of the SPT100-ML are conduc
separately from the discharge current characteristics ser

Figure 2 depicts typical discharge current characteris
of the SPT100-ML as functions of coil current~left column!
or applied voltage~right column! for all tested materials. The
maxima~resp. minima! correspond to records where 5%
the highest~resp. lowest! values were removed, to preven
the risk of abnormal extrema~caused by noise in the powe
supply, for example!. For the same series of measuremen
the discharge current fluctuation spectra are shown in Fig
At every operating point, the spectrum is normalized to
total rms fluctuation power at this point. Therefore, only t
frequency distributions can be compared between opera
points, not the exact values of the power densities.

A series of measurements with the borosil walls, a c
current of I B54.5 A and a xenon flow rate ofQXe

53.5 mg/s was given a similar treatment, the results be
shown in Figs. 4 and 5. The relevant discharge opera
regime numbers~see Sec. III A 2, below! are also indicated
in these two figures. The advantages of operating at
lower flow rate are a wider range of observable regimes
lower thermal stress on the thruster.

It should be noted that when the power supply voltage
set to a certain value~the appliedvoltage!, the actual poten-
tial difference between the anode and the cathode~the dis-
chargevoltage! can be unsteady. Most of the discharge flu
tuation power goes to the RLC filter, except in som
operating regimes briefly discussed below.

The general features of the mean discharge cur
curves are typical for a modern stationary plasma thruster5,36

first, the direct relation between the magnetic flux intens
and the electric resistance within the discharge is appare
the left column of Fig. 2. Note that for all materials exce
alumina, the mean discharge current reaches a plateau at
coil currents. This is consistent with previous stationa
plasma thruster studies, which also showed that when
magnetic field is further increased, the discharge reach
point where it becomes highly unstable or can even s
extinct, then the discharge current saturates at a higher v
due to anomalous conduction mechanisms.5,37

The shape of the current–voltage (I –V) characteristics
is also well-known: first, a rapid rise~ionization branch!,
followed by a narrow inflexion region, a plateau~or just a
slight augmentation of the current!, and finally an increase
In the ionization branch, the rapid augmentation in discha
current with increased voltage is due to the increase in m
electron energy, resulting in higher ionization rate and io
ization fraction~avalanche ionization!. In the plateau branch
and for higher voltages, the ionization fraction has reache
maximum value and the ion current remains constant. Th
fore, the increase in discharge current observed at high
plied voltages can be attributed solely to changes in elec
mobility. Note that the ionization fraction is always low i
Hall thrusters~some 10% at most39,40! but the propellant uti-
lization, i.e., the conversion of injected neutral mass fl
rate into an ionized jet at the exhaust, can reach over 90%5,34

This is due to the considerable difference between the neu
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4127Phys. Plasmas, Vol. 10, No. 10, October 2003 Wall material effects in stationary plasma thrusters. I . . .
FIG. 2. Discharge current mean values~crosses! and fluctuation extrema~triangles!. Xenon flow rate: 5 mg/s at the anode. In the left column, the app
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 variable pameter
is the applied voltage.
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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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 fluctuati
at the corresponding operating point. The strong peak near 50 kHz present in several spectra~see also Fig. 5! is caused by the switching power supply.
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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4129Phys. Plasmas, Vol. 10, No. 10, October 2003 Wall material effects in stationary plasma thrusters. I . . .
velocity ~200–400 m/s! and the ion velocity~10–20 km/s!.
At present, there is no satisfactory explanation given

the Hall thruster literature about the appearance of the n
tive resistance region in theI –V characteristics, located nea
100–150 V in the left panes of Fig. 2 and in Fig. 4, ev
though it seems to be a general feature of modern H
thruster behavior.

As mentioned above, theI –V characteristics were rea
ized from high to low applied voltages. For the measu
ments presented in the right panels of Fig. 2 and Fig. 3 an
Fig. 4, the discharge was actually operated down to lo
voltages than the lowest values shown on those plots, b
was then unstable and would self-extinct after a few minu

2. Operating regimes

It is beyond the scope of the present article to explain
the features that can be observed in Figs. 2–5. Neverthe
as a guide for future studies, it can be useful to desc
those features.

FIG. 4. Current–voltage characteristic~crosses! and extrema of the dis-
charge current fluctuations~triangles! of the SPT100-ML. Borosil walls.
Xenon flow rate at the anode:QXe53.5 mg/s. Coil current:I B54.5 A. The
numbers on top refer to operating Regimes 1–6, described in the text.

FIG. 5. ~Color! Spectra of discharge current fluctuations as a function of
applied voltage. The operating conditions correspond to those of Fig
Every spectrum is normalized to the total fluctuation power at
corresponding applied voltage. The numbers on top refer to opera
Regimes 1–6.
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to A
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The first major classification of operating regimes a
plasma oscillations in stationary plasma thrusters was p
posed in the 1970s by Tilinin,37 and was the basis of a rece
overview by Choueiri.38 In these two articles, the contro
parameter was the radial magnetic induction at the cente
the channel exit and the discussions were supported by m
surements of the plasma density fluctuations over a w
range of frequencies~1 kHz–400 MHz!, and by typical time-
averaged values of the local plasma parameters. It shoul
noted, however, that these experimental data were colle
on stationary plasma thrusters with older designs than
SPT-100 and more importantly, with only one type of cha
nel wall material. It seems nonetheless possible to re
some of our results to Tilinin’s and Choueiri’s works.

As a first step, we can examine the left column of Fig
2 and 3 and tentatively assign the relevant operating regim

~a! Borosil walls. I B52.7 A, regime IIIa ~transition re-
gime without electron drift wave!. I B52.9– 3.3 A, re-
gime IIIb ~transition regime with weak electron drif
wave!. I B53.5– 6.7 A, regime IV~optimum regime!;

~b! Alumina walls. I B52.9 A regime II ~regular electron
drift wave regime!, I B53.1– 3.7 A, regime IIIa.I B

53.9– 6.9 A, regime IIIb;
~c! Silicon carbide walls.I B53.3– 3.5 A, regime IIIa.I B

53.7– 6.9 A, regime IIIb;
~d! Graphite walls. I B53.1– 3.3 A, regime IIIa. I B

53.5– 6.9 A, regime IIIb.

With the exception of borosil, relating the discharge ope
tion features to Tilinin’s classification is difficult, and th
operating regimes tend to overlap. It can be noted, howe
that borosil is the only wall material that offers the possib
ity of an ‘‘optimum’’ regime IV.

Next, following a previous study of the SPT100-ML,30

we propose to characterize the discharge operating reg
by their position on theI –V characteristic and the amplitud
and spectrum of discharge current fluctuations.

In Figs. 2–5, up to six different operating regimes can
identified ~we do not consider the self-extinction regime
low applied voltages!. Other series of measurements co
ducted at low xenon flow rate revealed a seventh reg
appearing at high voltages. Typical discharge current osc
grams of Regimes 1–7 are shown in Fig. 6.

Referring to Figs. 2–6, and moving our attention fro
low to high applied voltages, we note the following feature

Regime 1:In the ionization branch of theI –V charac-
teristics, the discharge fluctuations amplitude is moderat
high compared to the dc current~10%–50%!. Apart from a
frequency peak at 3 kHz resulting from interactions with t
RLC filter, the strongest fluctuation activity, between 5–
kHz, can be attributed at such low voltages to the so-ca
‘‘spoke’’ instability3,41 that is believed to contribute to elec
tron transport to the anode. As in Ref. 41, the frequen
range of this instability shifts to higher values as the appl
voltage is increased.

Regime 2:This regime appears around the inflexio
point of theI –V characteristics. It seems that the spoke
stability is present, albeit weaker than in Regime 1, and

e
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rest of the power is mostly spread between 20–80 kHz. T
frequency band corresponds to that of an ionization insta
ity that propagates irregularly along the circumference of
channel.5,41 Regime 2 does not stand out in Fig. 4, but in t
right columns of Fig. 2, it is clearly associated with a drop
fluctuation amplitude. See for example the cases of bor
and alumina, 100 V, or silicon carbide, 120–125 V, and
related spectra in the right panes of Fig. 3.

Regime 3:With borosil and silicon carbide walls, thi
regime appears in the negative resistance part of theI –V
characteristics, at higher applied voltages than Regime
With graphite walls, this order of appearance is reversed
Regime 3, strong and regular oscillations of the discha
current are present, with an rms amplitude that can re
about 50% of the dc current. This appears in the power sp
trum as a sharp peak at low frequency~around 5 kHz! with
strong harmonics up to the fourth~and possibly the fifth!.
These oscillations can also be observed in the discharge
age, which leads us to relate them to the ‘‘loop’’37 or
‘‘contour’’ 36 oscillations described in the Russian literatu
Note that the original denomination can also be translate
‘‘circuit’’ oscillations,38 in this context.

Regime 4:This regime appears distinctly only with boro
sil walls. It is located in the low-voltage part of the plateau
the I –V characteristics~see Fig. 4, in particular!. The rela-

FIG. 6. Typical discharge current oscillograms of operating Regimes 1
The vertical axis unit is ampere~note that the vertical scales are not th
same!. ~a!–~f! QXe55 mg/s, I B54.5 A; ~g! QXe52 mg/s, I B53.6 A. ~a!
Regime 1. Borosil walls.Ud570 V. ~b! Regime 2. Alumina walls.Ud

5100 V. ~c! Regime 3. Borosil walls.Ud5125 V. ~d! Regime 4. Borosil
walls.Ud5275 V. ~e! Regime 5. Alumina walls.Ud5200 V. ~f! Regime 6.
Silicon carbide walls.Ud5350 V. ~g! Regime 7. Borosil walls.Ud

5600 V.
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tive fluctuation amplitude is moderate~10% of the dc cur-
rent!. The spectrum is essentially spread over the entire ra
of our Fourier analysis, but a region of strong activity can
located between 10–20 kHz, its position shifting towar
higher frequencies as the applied voltage is increased.
though these fluctuations are attenuated for the most par
the RLC filter of the discharge power processing unit, th
somewhat follow the same frequency dependance on app
voltage as the circuit instability appearing in Regimes 3 a
5. They might then result from a weak and turbulent ma
festation of the same phenomenon.

Regime 5:This regime is observed over a wide range
applied voltages in Fig. 4~340–520 V!, but only for a few
operating points in Figs. 2 and 3~e.g., borosil walls,Ud

5350 V, alumina walls,Ud5150– 200 V). In all cases, this
regime appear in a region of theI –V characteristic where the
propellant utilization has supposedly reached a maximu
The oscillograms show strong, regular oscillations with
main frequency around 20–25 kHz, and harmonics up to
fourth can be seen in the spectra. At low applied voltag
~e.g., 340 V in the configuration corresponding to Figs. 4 a
5!, these oscillations are sinusoid-like. With increased
plied voltage, the oscillation amplitude also increases unt
almost reaches the dc value, and the oscillograms then
the shape of short current peaks alternating with periods
very low current. As in Regime 3, these oscillations a
poorly filtered by the power processing unit and they can
seen in the discharge voltage, they are therefore of the ‘‘
cuit’’ type. Their features were recovered by a hybrid tra
sient 1D simulation of the discharge42 that described them a
an ionization instability resulting from the ‘‘breathing’’ of th
front of neutrals near the channel exhaust~see also Ref. 30
for a similar comparison between experiments and simu
tions!. In another numerical study of these oscillations43

their frequency was estimated with a predator–prey mod

v;
1

L
~ViVn!1/2,

whereVi andVn are velocities of the ions and neutrals, r
spectively, andL is the characteristic length of the discharg
SinceVi scales as34

Vi;S 2eUd

mi
D 1/2

and assuming thatVn does not vary significantly with ap
plied voltage,40 this leads to

v;Ud
1/4.

This result seems to correlate the evolution of the circ
oscillation main frequency observed in Fig. 5 up to 480 V.
higher applied voltages, the decrease in frequency could
attributed to nonlinearities not taken into account in th
simple model. In sum, the circuit oscillations observed
Regime 5 can be related almost unambiguously to the c
tinuous cycle of slow injection of neutrals and fast ejecti
of the produced ions, now commonly called the ‘‘breathin
instability.38,44
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Regime 6:This high voltage regime~e.g., Ud>540 V
with borosil walls andQXe53.5 mg/s,Ud>250 V with alu-
mina walls,Ud>300 V with silicon carbide walls! is asso-
ciated in the right panes of Fig. 2 and in Fig. 4 with t
highest dc current values. The oscillograms are compose
periods of irregular and relatively weak fluctuations altern
ing with sharp peaks, and the maxima can reach over th
times the corresponding dc current values. It is interestin
note that the amplitude of those peaks increases with app
voltage for all wall materials except alumina, in which case
decreases. In the power spectrum, the region of stron
activity is located around 15 kHz, moving to lower freque
cies as the applied voltage is increased. These instabil
are believed to be of the ‘‘breathing’’ type again, but pulse

Regime 7:This very high voltage~higher than Regime 6!
regime can be observed with the SPT100-ML only at l
xenon flow rates, because of the practical limitations in d
charge power. The dc current is higher than in Regime 6,
fluctuations have relatively small rms amplitudes~about 20%
of the dc current! and are mostly irregular, with some fea
tures that could be related to the ‘‘breathing’’ instability.

Transitions from one regime to another are realized o
a narrow range of applied voltages: a few volts in gene
The detailed transition from weak to strong fluctuations~e.g.,
from Regime 4 to Regime 5! occurs as follows: first, strong
current spikes appear more and more often until they me
into bursts of regular oscillations, then these bursts beco
longer and longer until no periods of weak fluctuations
main. In some other characterizations of the SPT100-M
hysteresis phenomena were observed at the transitions
tween regimes, but they were not systematically studied

Depending on the wall material, xenon flow rate and c
current, some of the lower voltage regimes~1–4! disappear
from the I –V characteristic, or only mixed regimes~corre-
sponding to transitions! remain.

To study the effect of the anode gas flow rate on d
charge operation, several current–voltage characteris
were realized with borosil walls. As the xenon mass flow r
is decreased from 6.5 mg/s to 2.0 mg/s, the low volta
regimes~1–3! move to higher voltages, the high voltage r
gimes~4–7! follow the opposite direction, overall resultin
in a shrinking of the operating regime spread. At the low
flow rate studied,QXe52.0 mg/s, the hump at low voltage
and the associated regimes~2 and 3! disappear. Finally, se
ries of measurements were made for every wall mater
with fixed applied voltage and coil current (Ud5300 V and
I B54.5 A), and with a mass flow rate varying between 6
mg/s and 2.5 mg/s. With alumina, silicon carbide and gra
ite, the thruster remains operating at Regime 6, the dc cur
and rms power both varying proportionally to the mass fl
rate. With borosil, the dc current follows the same trend,
below 3.5 mg/s, the operating regime changes from 4 t
due to the operating envelope shrinking.

A major difference in SPT100-ML operation when th
channel walls are not made of borosil is the appearanc
Regime 5 at lower voltages: about 100 V with alumina a
200 V with silicon carbide and graphite instead of 350
with borosil. In fact, borosil is the only wall material wit
which Regime 4 appears distinctly. With silicon carbi
Downloaded 19 Sep 2003 to 171.64.119.136. Redistribution subject to A
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walls, one can only note the case ofUd5200 V, where a
close examination of the oscillograms~not shown here! re-
veals that the thruster is in an intermediate regime betw
Regime 4 and Regime 5, with bursts of strong and regu
oscillations alternating with calmer periods. Concerning a
mina and graphite, if Regime 4 exists with these wall ma
rials, it is probably out of the SPT100-ML design paramete

To conclude this section, since all the measurement
ries presented in Figs. 2 and 3 include the SPT100-ML no
nal operating point, we examine the similarities between
classification and Tilinin’s. Regimes 4 and IV are certain
identical, as revealed by the extended range of operatio
these regimes with borosil walls (Ud5150– 325 V for Re-
gime 4, I B53.5– 6.7 A for Regime IV, respectively!. Re-
gimes 6 and IIIb are probably the same~see the operation
with alumina and silicon carbide walls at the nominal op
ating point!. Common features can be found between
gimes 7 and IIIa~high dc current, low level of fluctuations
presence of ‘‘breathing’’ instabilities!, regimes 1 and II
~strong ‘‘spoke’’ instability!, regimes 2 and VI~relatively
high dc current, low level of fluctuations!, regimes 3 and V
~strong ‘‘circuit’’ instabilities!, respectively. As for Regime
~classical conductivity regime!, in which the magnetic field
is low, and consequently, the electron Larmor radius is lar
it could correspond to a hypothetical Regime 8, at appl
voltages higher than in Regime 7.

3. Thrust and efficiency

It is clear from Figs. 2 and 3 that the nature of the w
material has some impact on the discharge current m
value~up to 25% variation between materials! and a signifi-
cant impact on the level of fluctuations~often exceeding
100% between materials!. Figure 7, however, shows that th
axial thrustF is less affected: a maximum relative differen
of 10% is measured, whereas a discharge current differe
of more than 25% can be observed at the same time.
comparison of boron nitride and a glass ceramic as cha
wall materials undertaken in Ref. 19 produced similar
sults. As mentioned in the introduction, however, anoth
comparison, of boron nitride and diamond,20 found signifi-

FIG. 7. Thrust of the SPT100-ML as a function of the applied volta
Xenon flow rate: 5 mg/s. Coil current: 4.5 A.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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cant differences in both the ion current~which, for a given
specific impulse, is proportional to thrust, knowing that m
of the ions are singly ionized in typical Hall thruste
discharges5,45! and the electron current, but it might also r
sult from the unusual channel geometry~rectangular instead
of annular! of the thruster used in that study. In sum, the w
material may generally have more effect on the electron
namics than on the ionization process and the shaping o
electric field lines.

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

j5
F2

2QXeP
,

whereP is the discharge power.
It can be seen in this figure that the use of borosil clea

results in the best thrust efficiency, especially at the nom
operating point: 0.51, compared to 0.38 with silicon carbi
0.36 with alumina and 0.31 with graphite~with 64% uncer-
tainty!. On the other hand, since borosil is a mixture of bor
nitride, it is not expected to have a better resistance to s
tering than the other materials.20 Therefore, it can be as
sumed that borosil was originally chosen as channel w
material for the commercial SPT-100 mainly because of
resulting low discharge power and high thrust efficiency.

It should be cautioned again that Figs. 2–8 are o
typical of the discharge behavior. However, since much
forts were taken to realize the measurements in similar
conditions, it is believed that the characterizations and
comparisons between wall materials are still relevant.

B. Wall effects on the discharge current

1. Preliminary remark on the stability of the discharge

In a Hall thruster with a classical annular channel co
figuration, the density of azimuthal electron current due
E3B drift can be expressed as

Jeu'ene

Ez

Br
,

wherene is the electron density,Ez is the axial electric field,
andBr is the radial magnetic field.

FIG. 8. Efficiency of the SPT100-ML discharge as a function of the app
voltage. Xenon flow rate: 5 mg/s. Coil current: 4.5 A.
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Knowing that the Hall parametervcte@1, one can then
derive the two-dimensional electron momentum equation
weakly ionized plasma to find the axial current density in t
bulk,40

Jez'
ene

vcte

Ez

Br
.

For a fixed value of the magnetic field, assuming that
plasma density and the electric field do not change sign
cantly, it can be seen that ifvcete somehow rises above
critical value, the discharge can be sustained only if so
instabilities appear in the bulk plasma and effectively redu
the Hall parameter, or if some complementary ‘‘by-pas
electron current is provided. Of course, for thrust efficien
considerations, this by-pass current should remain rea
ably low.

2. Existing near-wall conductivity theories
The most elaborate theory of electron–wall interactio

in Hall thruster discharges has been developed since
1960s by Morozov, one of the major contributors to H
thruster physics and technology. His first works on t
subject17 were motivated by the need to find a supplemen
mechanism to explain the higher-than-classical electron c
ductivity observed in Hall thruster discharges at the tim3

since Bohm diffusion46 was not sufficient. Further develop
ments of this near-wall conductivity theory aimed at bet
understanding the non-Maxwellian electron energy distri
tion observed in the discharge47 and the structure and stabi
ity of the Debye sheath. It was also suggested that the m
source of wall scattering could be related to surface inhom
geneities, provided that their characteristic size was at le
comparable to the Debye length. Indeed, as mentioned in
Introduction, experiments showed that increasing the w
surface roughness resulted in a significant augmentatio
discharge current values over the whole current–volt
characteristic of the stationary plasma thruster.16

In our experiments, the tolerance requirements on
sets of channel walls included a surface roughness und
mm, which is two orders of magnitude smaller than the D
bye length. Moreover, it was verified after the end of the te
that the erosion due to ion bombardment did not significan
increase the surface roughness of the channel walls. Th
fore, the near-wall conductivity induced by surface inhom
geneities can be neglected.

Other theories developed in the former Soviet Union33

emphasized the role of secondary electron emission~SEE!
by the channel walls due to electron bombardment. This s
ondary electron process can be involved in the Hall thrus
discharge through two effects:

~1! Channel walls with high SEE yieldss give rise to high
cross-field electron conductivity, since a large fraction
the incident electrons are returned to the plasma wit
new guiding drift along the direction of the electr
field.43

~2! The secondary electrons have energies that are, on a
age, lower than the primaries, resulting in a cooling
the discharge,23 a lower ion production rate and there
fore, a lower ion current.

d

IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp



ne
r
a

s
d

no
ey
a
f.

ec

a
t’

E
ha
be
li
o

of

ct
th

b
th

th
er
a
0

o
it
w

lls

r-

by

m

r-
e.
eld
s the

in
n

n is

r
lec-

pi-

els,

r-
tion:

-
but
eri-
A.

ur-

E

th
ur

4133Phys. Plasmas, Vol. 10, No. 10, October 2003 Wall material effects in stationary plasma thrusters. I . . .
This second effect is expected to be quenched for e
gies of the primaries high enough to result in a space-cha
saturation~SCS! of the sheath. The SCS phenomenon w
first suggested in the case of stationary plasma thruster
Baitin et al.,48 and later analyzed in details by Jolivet an
Roussel.49

It is noteworthy that the SEE mechanisms were
given much attention in Morozov’s works, although th
were not excluded from the general formulation of his ne
wall conductivity theory.36 One can only mention that in Re
50, a condition is given for having an ‘‘efficient’’~i.e., pro-
viding a sufficient by-pass current, as explained in S
III B 1 ! near-wall conductivity: that the SEE yield,s>1. Fol-
lowing the same argument, it was suggested in Ref. 18 th
quartz or steel coating on the channel walls of an ‘‘efficien
stationary plasma thruster can reduces below unity, causing
the onset of bulk plasma fluctuations.

In the next section, we will estimate the impact of SE
on the SPT100-ML discharge current dc value. Note t
electron emission induced by ion bombardment is not
lieved to play a significant role, since it is in general neg
gible for energies below 1 keV. For example, the yield
MgO ~a good emitter used in plasma display panels! under
Xe1 impact with energies up to 300 eV is of the order
0.01.51

Finally, in the case of conducting walls, the SEE effe
are expected to be weaker than for dielectrics due to
usually lower values ofs. It has been shown,33 however, that
conducting floating walls act in general as a negatively
ased electrode for most of the channel length, except in
exit plane where a large electron current is drained.

3. Dielectric materials
The effective secondary electron emission yields of

three nonconducting materials that we tested w
measured52 using similar experimental conditions and app
ratus, for incident electron energies ranging from 20 to 1
eV. The data for all three materials are shown in Fig. 9.

The cross-field electron current due to electron–wall c
lisions can be estimated using the near-wall conductiv
law,17 which also constitutes an approximation of Ohm’s la
in a strong magnetic field:

FIG. 9. Experimental total secondary emission yield as a function of
primary electron energy. For insulating ceramics, the yields were meas
on samples of the tested channel wall materials~Ref. 52!. The data for
graphite are taken from Pedgley and McCracken~Ref. 53!. Dashed lines
give linear approximations of those yields.
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e2

me
Ez ,

whereGew is the flux density of electrons towards the wa
per unit of axial length,vc is the electron cyclotron fre-
quency.

When the yields is below the critical value49 sSCS

'0.98, the flux densityGew can be determined by conside
ing the balance between the ion current densityG iw towards
the walls and the electron currents collected and emitted
the walls:

G iw5Gew2sGew .

Assuming that the ions enter the sheath with Boh
velocity54 VB'AkTe /mi , the following relationship can be
derived:

Gew5G iw

1

12s
'2p~R11R2!neAkTe

mi

1

12s
,

whereR1 and R2 are the radii of the innermost and oute
most walls, respectively, andne is defined at the sheath edg

As the applied voltage is increased or the magnetic fi
decreased, the mean electron energy eventually reache
threshold for whichs5sSCS. For s.sSCS, space charge
effects result in a partial trapping of secondary electrons
the vicinity of the walls and in a limitation of the electro
current flowing through the sheath.55 In a modern stationary
plasma thruster configuration, this space charge saturatio
expected to occur first locally, close to the exit plane~where
the electron temperature is highest!, and rapidly spread ove
the whole acceleration region of the channel as the bulk e
tron energy increases. The flux densityGew in the SCS re-
gime is given by55

Gew'2p~R11R2!neA kTe

2pme
exp~21.02!.

Under such an assumption, and using the following ty
cal plasma parameters in the highB-field region:5,32,36,40ne

51.5•1017 m23; Ez53•104 V•m21; Te520 eV; B
515 mT. The axial electron current forUd5300 V can be
estimated as follows: alumina and silicon carbide chann
assumings.0.98 in the highB-field region:

I w'2.6 A;

borosil channel, assumings50.8 in the highB-field region:

I w'0.18 A.

The value ofs in the second case is deliberately ove
estimated to emphasize the effect of space charge satura
although it is a continuous function ofs, the electron current
becomes significant only whens closely approaches or ex
ceedssSCS. These estimates are of course approximate,
they do match the orders of magnitudes observed in exp
ments, provided that the ion current amounts to about 3.5

The effect of dielectric walls on the mean discharge c
rent can therefore be described aspotentially large at high
discharge voltage~depending on the material! even though
the wall conductivity can be very modest for low SE
materials.
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At low discharge voltages, the near-wall conductiv
due to SEE must be negligible or moderate even with m
rials like alumina because of the low electron temperat
and therefore, the low value ofs. Moreover, a close exami
nation of Fig. 2 reveals that forUd<100 V, the dc current is
actually lower with alumina walls than with borosil walls~by
about 10%!. This corroborates a recent experimental study
a stationary thruster with boron nitride and alumina wall56

and could be explained by the cooling effect becoming do
nant over the near-wall conductivity effect in the ionizati
branch of theI –V characteristic.

4. Graphite

The SEE yield of graphite was found in the literature53

and is shown in Fig. 9. For this material, despite variatio
from one author to another, most published experime
data consistently report a lows. Consequently, the SEE in
duced near-wall current must be even lower than with bo
sil. On the other hand, the electrical conductivity of graph
strongly modifies the picture given in the case of dielec
walls. The short-circuit current through the walls33 is neutral-
ized by the ion current collected all over the surface of
channel exposed to the plasma. Assuming that the ions e
the sheath with Bohm velocity, the short-circuit current c
therefore be approximated by

I sc'eE
S
neAkTe

mi
dS,

where S52p(R11R2)L is the area of the plasma-facin
surfaces inside the channel.

This relationship emphasizes the fact that the sh
circuit current is determined by the plasma parameters in
the whole channel, in contrast with the case of dielec
walls where the wall-induced current is almost exclusiv
determined by the plasma parameters inside the high m
netic field region. In estimating the short-circuit current w
shall thus use values of plasma density and electron temp
ture averaged over the whole plasma-facing surfaces. Ass
ing for instance,̂ne&54•1017 m23; ^Te&510 eV, the short-
circuit current can be estimated asI sc52.3 A.

It seems thus likely that the large currents obtained w
graphite arise from the electrical conductivity of this mater
and are not related to the near-wall conductivity due to S
which is indeed expected to be negligible in regard to
shielding effect of negatively biased walls.

5. Photoelectricity

There is also a possibility that the walls play a role
enhancing electron conductivity through photoelectron em
sion. Xenon discharges are indeed known as strong ultra
let ~UV! radiation sources, in a wavelength band that of
corresponds to a high photoemission yield. An interest
related effect in drift tube discharges was analyzed by Sp
et al.57 when they investigated the discrepancies between
the one hand, measured ionization and excitation coeffici
for noble gases at low electric fields, and on the other h
calculations based on the transport equations. Their ana
revealed that near the excitation or ionization thresholds,
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secondary electrons emitted by the wall due to metasta
radiations could not be neglected against the bulk plas
electrons. It is also relevant to our study that silicon carb
and alumina are sometimes used in high efficiency pho
electrodes for UV detectors.

In the case of SPTs running with xenon, let us consi
for example the Xe I emission aroundl'100–150 nm,
where several strong lines are present58 as a result of de-
excitation of excited atoms~energyEl'8.5– 11.5 eV) to-
wards the fundamental energy level. These excited levels
be populated directly by electron collisions, by deexcitati
of neutrals from higher levels, or by ion–electron recom
nation. Let us consider the pessimistic case, where the
radiation energy in the bulk plasma is imprisoned and los
other processes. Then, only the photons emitted within a
tance approximately equal to the optical depthd of the
plasma can reach the wall and contribute to photoelectric

Assuming Doppler broadening, the optical depthd in-
side the discharge is given by59

1

d
55.431029lAm

Tn
nn ,

wherem is the atomic mass andTn is the temperature of the
emitters. Takingm5131 ~xenon!, l'120 nm, and typical
values inside the channel, near the exit,Tn'0.06 eV, nn

'1012 cm23, we obtaind'3 mm.
Farther than a distanced from the wall, the photons are

quickly reabsorbed. Moreover, going axially towards the a
ode, more than halfway from the channel exit plane the te
perature of the electrons is too low for them to create eno
photon emitters. We will then consider only the UV photo
that are emitted within a volumeV delimited by those
boundaries:

V50.5Lp~R2
22~R22d!21~R11d!22R1

2!,

whereL is the channel length. Assuming that the number
emitters is given by the Boltzmann fraction, the photoele
tron current can be estimated:

I pe5keAnmnnV expS 2
El

Te
Dg,

wherek is a view factor conservatively estimated to 0.2,Anm

is the Einstein coefficient of the emission, whose avera
value in this case is58

Anm'4•108 s21,

and g is the photoelectron quantum yield of the walls~i.e.,
the number of electrons emitted per incident photon!, which
can vary within several orders of magnitude depending
the type of material and the incident radiation waveleng
Absolute measurements ofg for the materials that we teste
are difficult to find in the literature. In the case of alumin
we can refer to a standard windowless photodiode60 for find-
ing at this wavelengthg'2%, and finally the total photoelec
tron current,

I pe'1.6 A.
IP license or copyright, see http://ojps.aip.org/pop/popcr.jsp
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It should be noted that this current is spread over
channel surface and cannot be simply added as a direct
tribution to the discharge current. However, with so ma
approximations, it is also possible that we actually under
timated I pe . In any case, the near-wall current due pho
electron emission could be not negligible, although it h
apparently never been considered in the Hall thruster lite
ture.

6. Concluding remarks on discharge operation

In light of the preceding discussion, it is now possible
return to the SPT100-ML operating regimes illustrated
Figs. 2–6 and make some additional comments, starting
dielectric walls.

In the ionization branch of theI –V characteristic~Re-
gimes 1–3!, the discharge operation features observed w
borosil, silicon carbide and alumina walls result probab
from the complex interactions between the ionization-rela
plasma instabilities~e.g., ‘‘spoke’’!, the cooling effect and
possibly some near-wall conductivity due to SEE~especially
for high-yield materials like alumina!, which all influence, or
are influenced by, the electron energy transport and bala

At higher applied voltages, it is tempting to attribute t
extended range of efficient operation observed only w
borosil, i.e., the low level of dc current and fluctuations~Re-
gime 4!, to the low SEE yield of this material. This is con
sistent with the dc current jumps observed in Fig. 4 betw
Ud5520– 540 V and in Fig. 2, top left, betweenI B

53.5– 3.7 A, and also the higher dc current with silicon c
bide and alumina walls at the nominal operating point, wh
could all be caused by the space charge saturation of
channel wall sheath that occurs ass approaches unity. Note
also that in the cases of Regime 4 presented here, a r
estimate shows that the level of anomalous conductivity
to plasma instabilities is low. Furthermore, under those
sumptions, the processes involved in Regime 6 would be
follows. Due to the SCS of the wall sheath, the electr
temperature is no longer moderated by the SEE-indu
cooling effect. Due to the high electron temperature, the fl
of neutrals is rapidly transformed into an ion current, whi
results in a strong ‘‘breathing’’ instability and high dischar
current peaks. Between those peaks, the neutral density
consequently the classical electron conductivity is low, a
the discharge is sustained with near-wall conductivity and
anomalous conductivity.

It remains unclear what influence, if any, the walls ha
on the transitions between Regimes 4 and 5, and betw
Regimes 6 and 7, which are mainly characterized by
progressive apparition or disparition of the ‘‘breathing’’ in
stability. Since this instability is also related to the ionizati
process, we suspect, however, that the SEE from the w
does play a role.

The case of graphite walls is more complex, as w
nessed for example by the order of appearance of Regim
and 3 being reversed. Moreover, at the nominal opera
point, one cannot simply invoke the low SEE, as in Ref.
to explain the high level of instabilities in the discharg
since the short-circuit created by the conducting walls is
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pected to provide more than a minimum by-pass current~as
described in Sec. III B 1!. Rather, it is probable that the situ
ation is similar to that of alumina and silicon carbide wal
i.e., most of the electrons do not reach the walls and th
energy is not moderated. This would be due, however,
from the SCS of the wall sheath but more simply, by the w
potential remaining uniform over the whole length of th
channel~since graphite is an electric conductor! and at a low
value, close to the cathode potential.

Finally, one can wonder what would happen if the cha
nel wall material was dielectric but the SEE yield was ev
lower than that of borosil. This could be the case of diamo
whose SEE yield increases when it is doped with boron.61 As
mentioned before, experiments with such channel w
showed that the discharge current and ion current are b
lower than with boron nitride walls.20 More recent studies o
the same thruster62 also revealed an unusual operating mo
with diamond walls and nominal discharge parameters~Re-
gime 4 with boron nitride walls!, where strong discharge
current pulses are present, as in Regime 6, but the dc cu
is very low: 0.1 A, compared to 1 A with boron nitride walls
Questions remain, however, about the role played by
channel geometry of this particular thruster—linear inste
of annular—in discharge operation.

IV. SUMMARY

We have presented an extensive characterization o
stationary plasma thruster that was operated with four dif
ent wall materials: three dielectric ceramics and graph
The data revealed that wall material can be added to the
given in Ref. 38, of parameters that can strongly influen
Hall thruster discharge operation. On the other hand, thru
only moderately affected.

We gave an overview of the wall effects that are pote
tially at play in Hall thruster operation: near-wall conducti
ity due to surface inhomogeneities~believed to be negligible
in our experiments!, near-wall conductivity due to secondar
electron emission~SEE! under electron bombardment, coo
ing of the discharge due to SEE, space charge saturatio
the wall sheath at high SEE yields, current conduction ins
the graphite walls, near-wall conductivity due to photoele
tron emission.

Borosil ~a boron nitride–silica mixture! is the only ma-
terial of the four tested that allows running the thruster in
low current fluctuation, high thrust efficiency regime. This
apparently the main motivation behind the use of this w
material, and more generally, of boron nitride based cera
ics, on stationary plasma thruster flight models. We sugg
that these good performance are due to the low SEE yiel
borosil and the fact that it is electrically insulating.
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