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Parametric investigation of miniaturized cylindrical and annular
Hall thrusters

A. Smirnov,a) Y. Raitses, and N. J. Fisch
Princeton University Plasma Physics Laboratory, P.O. Box 451, Princeton, New Jersey 08543

~Received 22 May 2002; accepted 23 August 2002!

Conventional annular Hall thrusters become inefficient when scaled to low power. An alternative
approach, a 2.6 cm miniaturized cylindrical Hall thruster with a cusp-type magnetic field
distribution, was developed and studied. Its performance was compared to that of a conventional
annular thruster of the same dimensions. The cylindrical thruster exhibits discharge characteristics
similar to those of the annular thruster, but it has a much higher propellant ionization efficiency.
Significantly, a large fraction of multicharged xenon ions might be present in the outgoing ion flux
generated by the cylindrical thruster. The operation of the cylindrical thruster is quieter than that of
the annular thruster. The characteristic peak in the discharge current fluctuation spectrum at 50–60
kHz appears to be due to ionization instabilities. In the power range 50–300 W, the cylindrical and
annular thrusters have comparable efficiencies~15%–32%! and thrusts~2.5–12 mN!. For the
annular configuration, a voltage less than 200 V was not sufficient to sustain the discharge at low
propellant flow rates. The cylindrical thruster can operate at voltages lower than 200 V, which
suggests that a cylindrical thruster can be designed to operate at even smaller power. ©2002
American Institute of Physics.@DOI: 10.1063/1.1515106#
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I. INTRODUCTION

Low-power propulsion devices, with small spacecr
mass, might enable new scientific and exploration space
sions, such as multiple microspacecraft flying
constellations.1,2 The Hall thruster is a mature electric pro
pulsion device at intermediate to high power, but it appe
to be promising also for relatively low-power primary pr
pulsion on near-Earth missions,3 such as orbit transfer an
repositioning. At even lower power and smaller sizes,
cylindrical Hall thruster that we explore here may have a
vantages over the conventional annular Hall thruster.

In a conventional Hall thruster,4 the axial electric and
radial magnetic fields are applied in an annular channel.
magnetic field is large enough to lock the electrons in
azimuthalE3B drift, but small enough to leave the ion tra
jectories almost unaffected. The thrust is generated in re
tion to the axial electrostatic acceleration of ions. Ions
accelerated in a quasineutral plasma, so that no space-c
limitation is imposed on the achievable current and thr
densities. Conventional Hall thrusters designed for opera
in 600–1000 W power range have an outer channel diam
about 10 cm, maximal value of the magnetic field rad
component about 100 G, and applied discharge voltageUd

5300 V. The thruster efficiency, defined as a ratio of t
kinetic energy flux at the thruster exist to the input electri
power, is about 50%–60%. Typical values of plasma para
eters in a conventional Hall thruster are the following: Ele
tron densityne;101121012 cm23, electron temperatureTe

;10220 eV, ion temperatureTi;1 eV, and ion exhaus
velocity Vi;16 000 m/s.

a!Electronic mail: asmirnov@pppl.gov
5670021-8979/2002/92(10)/5673/7/$19.00
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A smaller operating power of a Hall thruster implies e
ther smaller discharge voltage or smaller discharge curr
The degree to which the first option can be accommodate
limited by the necessity to keep the exhaust ion veloc
high. The second option implies that the propellant flow r
should be decreased. In order to maintain high propel
utilization efficiency at low propellant flow rates, the thrust
channel must be scaled down to preserve the ionization p
ability. Thus, according to Ref. 5, the acceleration reg
length, which is mainly determined by the magnetic fie
distribution, must be decreased linearly together with
channel sizes, while the magnetic field must be increa
inversely to the scaling factor. However, the implementat
of the latter requirement is technically challenging beca
of magnetic saturation in the miniaturized inner parts of
magnetic core. A linear scaling down of the magnetic circ
leaves almost no room for magnetic poles or for heat shie
making difficult the achievement of the optimal magne
fields. Nonoptimal magnetic fields result in enhanced pow
and ion losses, heating and erosion of the thruster parts,
ticularly the critical inner parts of the coaxial channel a
magnetic circuit.

Currently existing low-power Hall thruster laborator
prototypes with channel diameters 2–4 cm operate at 1
300 W power levels with efficiencies in the range
10%–30%.6–8 However, further scaling of the convention
geometry Hall thruster down to subcentimeter size9 results in
even lower efficiencies~6% at power level of about 100 W!.
The low efficiency might arise from a large axial electro
current, enhanced either by magnetic field degradation du
excessive heating of the thruster magnets or by electron
lisions with the channel walls. Thus, miniaturizing the co
ventional annular Hall thruster does not appear to be strai
forward.
3 © 2002 American Institute of Physics
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The cylindrical Hall thruster suggested in Ref. 10 fe
tures a channel with a short annular region and longer cy
drical region, and a cusp-type magnetic field distribution@see
Fig. 1~a!#. Having larger volume-to-surface ratio than th
conventional annular thruster, and therefore, potenti
smaller wall losses in the channel, the cylindrical H
thruster should suffer lower erosion and heating of
thruster parts. This makes the concept of a cylindrical H
thruster very promising for low-power applications.

A relatively large 9 cm diameter version of the cylindr
cal thruster exhibited performance comparable with conv
tional annular Hall thrusters in the subkilowatt pow
range.10 In the present work, we developed and studied
miniature 2.6 cm diameter cylindrical Hall thruster. In ord
to understand the physics of cylindrical Hall thrusters be
and to examine the attractiveness of the cylindrical appro
for low-power Hall thruster scaling, we compared the perf
mance of the 2.6 cm cylindrical Hall thruster to that of t
conventional annular thruster with the same channel di
eter and length. Thruster ac and dc electrical measurem
as well as total ion flux and thrust measurements, were
formed. It was found that the cylindrical thruster has unu
ally high propellant ionization efficiency, compared to co
ventional Hall thrusters. The ratio of the total ion current
the effective propellant mass flow current, in the case
cylindrical configuration, could exceed unity, which clear
indicates the presence of multicharged Xe ions in the ion
generated by the thruster. The discharge in the cylindr
thruster was also found to be somewhat quieter than tha
the annular thruster: The amplitude of oscillations in the f
quency range 10–100 kHz was relatively lower for the c
lindrical configuration. However, the spectrum of dischar
current oscillations of the cylindrical thruster exhibits a pr
nounced peak at about 50–60 kHz, which may be due
ionization instabilities.11 The higher ionization efficiency an
quieter operation of the cylindrical thruster suggest that
underlying physics of the cylindrical design may differ si
nificantly from that of the annular design.

This article is organized as follows: In Sec. II, the e
perimental setup is described. In Sec. III, we describe
experimental results and discuss their implications. In S
IV, we summarize our main conclusions.

II. EXPERIMENTAL SETUP

A 2.6 cm cylindrical Hall thruster shown in Fig. 1 wa
scaled down from a 9 cmcylindrical Hall thruster to operate
at about 200 W power level.12 Similar to the large thruster
this miniaturized cylindrical thruster consists of a boron
nitride ceramic channel, an annular anode, which serves
as a gas distributor, two electromagnetic coils, and a m
netic core. Field lines of the cusp-type magnetic field int
sect the ceramic channel walls. The electron drift trajecto
are closed. Magnetic field lines form equipotential surfac
with E52ve3B. Ion thrust is generated by the axial com
ponent of the Lorentz force, proportional to the radial ma
netic field and the azimuthal electron current.

The cylindrical channel features a short annular regi
approximately 1 cm long, and a longer cylindrical regio
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The total length of the channel is 2.6 cm. The length of
annular region was chosen so as to provide high ionizatio
the working gas at the boundary of the annular and the
lindrical regions. The outer and the inner diameters of
channel are 2.6 cm and 1.4 cm, respectively.

The thruster design allows one to vary the thruster
ometry. By extending the central pole of the magnetic c
and the central ceramic piece up to the exit plane of
channel, the cylindrical thruster can be converted to the c
ventional annular one. In this study, we investigated t
thruster configurations, namely, cylindrical with the dime
sions specified above, and annular with the same cha
outer and inner diameters, and length. The overall diam
and the thruster length are both 7 cm.

Two electromagnetic coils are connected to sepa
power supplies. The currents in the coils are codirected in
conventional configuration and counterdirected in the cy
drical configuration to produce cusp magnetic field with
strong radial component in the channel. Figure 2 shows
sults of simulations of the magnetic field distribution for th
annular and the cylindrical thrusters. The magnetic field w
measured inside both these thrusters with a miniature H
probe with dimensions 1.5 mm31.5 mm. The results of

FIG. 1. ~a! Schematic of a cylindrical Hall thruster.~b! The 2.6-cm cylin-
drical Hall thruster.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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these measurements and simulations are in a good a
ment.

For example, for the operating currents of 1.4 A in t
back coil and 0.9 A in the front coil, the maximum radi
magnetic field is 400 G at the inner wall near the exit of t
annular channel. In the cylindrical configuration, the rad
magnetic field reaches its maximum, which is about 700 G
few millimeters from the anode near the inner wall of t
short annular part and then reduces towards the thruster

The experiments were carried out in a 0.4 m3 vacuum
chamber, equipped with a turbomolecular pumping sys
@Princeton Plasma Physics Laboratory~PPPL! Small Hall
Thruster facility#. The measured pumping speed reach
;17006300 1/s for Xe. The working background pressu
of Xe was about 731025 Torr for the total propellant flow
rate of 0.8 mg/s. Uncertainty in the determining of the pum
ing speed was caused by discrepancies in the readings o
Bayard–Alpert tabulated ion gauges used to measure
background pressure. Two commercial flow controlle
0–10 sccm and 0–15 sccm, volumetrically calibrated in
flow rate range of 1–10 sccm, supplied research grade
gas to the anode and the cathode, respectively. A comme
HeatWave plasma source was used as a cathode neutra
The cathode flow rate of Xe was held at 0.2 mg/s for all
experiments.

The total ion flux coming from the thruster and th
plume angle were measured by a movable electros
graphite probe with a guarding sleeve. Graphite was cho
as a probe material because of its extremely low sputte
coefficient for Xe ions with energies lower than or about 5
eV. The probe could be rotated in the vertical plane690°
relative to the thruster exit. The probe collecting surface
ways points at the thruster center. The distance between
probe and the thruster center is 14 cm. Yet, another pr
mounted on the same movable arm was used to measur
flux of backstreaming ions. The second probe is horizont
shifted about 2 cm away from the first one, and its collect
surface points out from the thruster.

FIG. 2. Magnetic circuit and magnetic field distribution for the annular~a!
and the cylindrical~b! thrusters. The channel outer diameter is 2.6 cm.
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Thrust measurements were performed in the Elec
Propulsion and Plasma Dynamics Laboratory~EPPDL! at
Princeton University. The EPPDL thrust stand13 was de-
signed to accurately measure impulse bits for pulsed pla
thrusters~PPTs! within the range of 1024210 Ns. However,
it was also predicted to be capable of measuring low stea
state thrust, as low as 20mN.

The thruster was mounted on a swinging arm thr
stand.14 Figure 3 shows the 2.6 cm annular Hall thrust
attached to the arm. The thrust arm was mounted with
flexural pivots. Thrust arm displacement from the equil
rium position was measured by a linear voltage differen
transformer.

During steady-state thruster operation, the thrust is
rectly proportional to the displacement of the arm:

T5keff~x2xequil!, ~1!

wherekeff is the effective spring constant of the thrust stan
The effective spring constant is due to torsion exerted in
pivots, as well as restoring forces produced by the thru
wiring and the flexible silicon gas line~see Fig. 3!, which
connect the thruster with a fixed rigid part of the stand. In
present setup, it is impossible to eliminate the contribution
the wiring and the gas line to the effective spring consta
Although experimentally minimized, this contribution was
the order of the torsional spring constant of the flexural p
ots.

It is worth mentioning that, for the same discharge vo
age, coil currents, and propellant flows, the values of
discharge current measured at the EPPDL vacuum facili13

were generally about 10% lower than those measured a
PPPL Small Hall Thruster facility. This apparently was d
to the fact that the operating background pressure of
~about 131025 Torr for the total propellant flow rate of 0.8
mg/s! was typically five to seven times lower than that at t
PPPL facility.

III. EXPERIMENTAL RESULTS AND DISCUSSION

A. Ion current and voltage–current characteristics

The 2.6 cm Hall thruster was operated at the discha
voltages of 150–300 V and Xe mass flow rates of 0.4–

FIG. 3. 2.6 cm annular Hall thruster mounted on the thrust stand.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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mg/s. The cathode was placed close to the thruster exit a
30° angle to the thruster axis~Fig. 1!. Thruster operation in
the cylindrical and annular configurations is shown in Fig.

Illustrative curves of voltage–current characterist
measured for each thruster configuration are shown in
5~a!. At given discharge voltage and propellant flow rate,
discharge current, and, consequently, the input power in
cylindrical thruster, are both larger than those in the annu
thruster by factor of 1.5–2. However, the current utilizati
efficiency, which is the ratio of the ion current at the e
plane of the thruster to the total discharge current, differs
average by about 10% only at voltages of 250–300 V@Fig.
5~b!#. The reason for this is an exceptionally high propella
ionization efficiency of the cylindrical thruster.

The thruster ionization efficiency is characterized by
so-called propellant utilization coefficienth I — a ratio of the
total ion currentI i at the thruster exit plane to the propella
flow rate m measured in units of electric current. Name
h I5I iM /em, whereM is a mass of a propellant gas ato
and e is the electron charge. In Fig. 6,h I is plotted versus
discharge voltage for the cylindrical and annular configu
tions. Propellant utilization for the cylindrical configuratio
can be seen to be much higher than that for the annular
It increases with the discharge voltage and exceeds uni
high voltages, which implies a presence of Xe ions in cha
states higher than11 in the ion flux.

The increase in propellant utilization in the cylindric
configuration might be explained by ionization enhancem
due to an increase in the electron density. As seen from
5~b!, the electron current to the anode in the cylindric

FIG. 4. Thruster operation in the annular~a! and cylindrical~b! configura-
tions.
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thruster is larger than in the annular. On the other hand,
electron mobility across the magnetic field must be lower
the cylindrical configuration, because the radial compon
of the magnetic field is typically 1.5–2 times larger than th
in the annular one. Therefore, the electron density in

FIG. 5. ~a! Discharge voltage vs current characteristics for the 2.6 cm
lindrical ~C! and annular~A! thrusters~as measured at the PPPL experime
tal facility!. The cathode flow rate is 0.2 mg/s.~b! Ratio of the ion current at
the exit of the thruster to the discharge current vs the discharge voltag

FIG. 6. Propellant utilization coefficient vs discharge voltage for the 2.6
cylindrical ~C! and annular~A! thrusters.
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channel is expected to be higher in the cylindrical config
ration. Simple estimates show that a 25% increase in
propellant utilization~see Fig. 6! requires only about two-
fold increase in the electron density. However, an increas
the radial magnetic field in a conventional annular thrus
does not lead to a corresponding increase in the elec
density because of the onset of strong high-frequency
charge current oscillations.11

The fact that the ion flux produced by the thruster c
contain a substantial portion of multiply charged Xe ions
of particular interest. It is worth mentioning that even
conventional Hall thrusters, where the propellant utilizati
coefficient is typically 0.8–0.9, an ion flux can have rath
large fractions of Xe21 and Xe31 ions.15 The major factor in
multicharged ion formation in a Hall thruster is the ion re
dence time in the channel. Simple estimates show that
time of flight of a Xe1 ion through a channel is much small
than the time of ionization to higher charge states. Inde
one expects a plasma in a miniaturized Hall thruster to h
electron density of about 1012cm23 and electron temperatur
of 10–20 eV.16 For example, forTe;20 eV, the rate coeffi-
cient for single-electron impact ionization Xe11→Xe12 is
aboutk1,2;431028 cm3/s.17 Therefore, even for a moder
ately energetic ion withEi550 eV, the time of flight through
a channel with lengthL53 cmt f;L/Vi;431026 s is ap-
proximately an order of magnitude smaller than the ioni
tion time t1,2;(nek1,2)

21;331025 s. Thus, in this re-
gime, we expect the number of ionization events to sc
linearly with the residue time. The presence of a signific
number of multicharged ions in the outgoing ion flux mig
be an indication of complex ion dynamics~possibly, non-
straight trajectories, trapping by ambipolar potential, et!,
which increase the ion life time inside the channel. The f
mation of an ion charge state distribution in a Hall thrus
discharge is worth studying further.

B. Discharge oscillations

Typical spectra of the discharge current oscillations
shown in Fig. 7. Although the amplitude of oscillations
relatively lower for the cylindrical configuration, the dis
charge at low propellant flow rates is not as quiet as it w
found to be in the large 9 cm cylindrical thruster.10 The char-

FIG. 7. Spectra of discharge current oscillations for the annular and c
drical thrusters atUd5300 V and anode flow rate of 0.4 mg/s.
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acteristic peak at frequencies 50–60 kHz may be due to
ionization instability, which appears because of the deplet
of neutral atoms in the ionization and acceleration region11

The characteristic frequency of these oscillations scales
f ;vn /Li , wherevn is the thermal speed of neutral atom
andLi is the ionization region length. Apparently, the cha
acteristic frequency, which was typically about 20 kHz for
9 cm annular Hall thruster,10 almost triples asLi , together
with the thruster sizes, are reduced by factor of about 3.

C. Thrust and efficiency

As mentioned herein, the thrust stand had not been s
cifically designed to suit the experimental environment o
steady-state Hall thruster operation. Thruster opera
showed that the heat generated by the thruster brought a
a weak long-timescale thermal drift of the thrust stand eq
librium position. The larger the thruster operating power,
more visible this effect. However, it was experimenta
found that the thrust stand moment of inertia remained
most unaffected by a temperature change due to the thru
operation.

In order to minimize the uncertainty of the thrust me
surements caused by the equilibrium position drift, a pro
dure to determine an ‘‘instantaneous’’ equilibrium positio
andkeff , was developed. Once the steady-state operatio
the thruster was achieved~about 20 min from the ignition of
the discharge!, the discharge voltage, the coil power, and t
gas flow to the anode and cathode were turned off, and
cillations of the thrust arm positionx~t! were recorded
~Fig. 8!.

The thrust arm positionx0 corresponding to the firing
thruster was determined from averagingx~t! over a two-
second interval immediately before turning the thruster o
The instantaneous equilibrium positionxequil together with
keff were determined from fitting approximately half of th
oscillations period right after the turning off with a dampe
linear oscillator response function.13 The thrust was calcu-
lated then according to Eq.~1!. For each set of operating
parameters, the thrust measurement was repeated se

-FIG. 8. An exemplary trace of thrust arm position vs time. Att'196.3s,
the thruster was turned off. Time interval from 198 to 203 s is used for cu
fitting with a damped linear oscillator response function~solid line! to de-
termine the instantaneous equilibrium position. A two-second interval~solid
line! before the turning off is used to determine the arm displacement ca
by the produced thrust.
P license or copyright, see http://jap.aip.org/jap/copyright.jsp
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times to minimize the statistical error. This measurem
procedure ensured good repeatability of results.

Figure 9 shows measured thrust versus discharge vol
and efficiency versus input power for different anode flo
rates for the cylindrical and annular configurations of 2.6
Hall thruster. In all regimes but one, the estimated error b
on thrust and efficiency are63% and66%, respectively,
which is comparable with typical values of errors for most
the low-thrust measurements.6,7 In the case of cylindrical
configuration with anode flow rate of 0.7 mg/s, the error b
are 66% for thrust and612% for efficiency. These rela
tively larger measurement errors are due to the more
nounced thrust stand thermal drift, observed at high ope
ing power, and, partly, to the anode unstable operation in
particular regime. Anode unstable operation was suppos
caused by the anode overheating.

Measured thrust ranges from about 3 mN~200 V and 86
W! to 12 mN~300 V and 320 W! for the cylindrical configu-
ration, and from about 2.5 mN~200 V and 63 W! to 10 mN
~300 V and 225 W! for the annular configuration. For an
given discharge voltage and anode flow rate in the rang
parameters investigated, the thrust generated in the cylin
cal configuration is larger than that in the annular configu
tion. This is another indication that the cylindrical config

FIG. 9. ~a! Measured thrust vs discharge voltage and~b! efficiency as a
function of input power for different anode flow rates for the 2.6 cm cyl
drical ~C! and annular~A! thrusters. The estimated error bars on thrust a
efficiency are63% and66%, respectively, for all regimes except for th
case of cylindrical configuration with anode flow rate of 0.7 mg/s, where
error bars are66% for thrust and612% for efficiency.
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ration has a better propellant ionization capability~see Fig.
6!.

It is worth mentioning that the cylindrical thruster can b
operated at the discharge voltage lower than 200 V, while
the annular configuration such voltage is not sufficient
sustain the discharge at low propellant flow rates. In Fig
the voltage is kept at least at 200 V only in order to mak
comparison between the two configurations.

The average ion exhaust velocity, defined as the ratio
the thrust to the anode propellant flow rateVex5T/m, ranges
from 7 km/s ~m50.4 mg/s andUd5200 V) to 14.5 km/s
~m50.7 mg/s andUd5300 V) for the annular configuration
and from 8 km/s~m50.4 mg/s andUd5200 V) to 17.4 km/s
~m50.7 mg/s andUd5300 V) for the cylindrical configura-
tion. The values ofVex attainable with a 2.6 cm cylindrica
thruster, in the power range above 250 W, even exceed th
typical of moderate-sized conventional Hall thrusters~about
16 km/s!.

The efficiencyh was calculated, using the measur
thrustT, flow ratem and powerP, ash5T2/2mP. The cath-
ode power and propellant flow and the magnet losses w
not taken into account. Therefore, the efficiency plotted
Fig. 9~b! is a so-called ‘‘anode’’ efficiency. As can be see
from the graphs in Fig. 9~b!, the cylindrical and annular
thrusters have comparable efficiencies. This, in princip
gives an opportunity to develop a low-power Hall thrus
capable of generating a variable thrust at given efficien
and thruster power. The use of a variable-thrust thruste
required for optimization of a propellant expenditure
satellites.18 Thrust variation can be achieved in the 2.6 c
Hall thruster by changing the length of the central magne
pole and channel piece. At constant power, one can incre
the thrust~and decrease the ion exhaust velocity! by convert-
ing the thruster from the cylindrical to the annular config
ration. For example, at power of about 120 W@see Figs. 9~a!
and 9~b!#, the transition betweenm50.4 mg/s andUd

5250V in the cylindrical configuration andm50.6 mg/s and
Ud5200V in the annular configuration decreases efficien
by less than 2%, while the increase in thrust is 21%.

IV. CONCLUSIONS

Annular conventional Hall thrusters become inefficie
when scaled to small sizes because of the large surfac
volume ratio and the difficulty in miniaturizing the magnet
circuit. An alternative approach, which may be more suita
for scaling to low power, is a cylindrical Hall thruster. A 2.
cm miniaturized cylindrical Hall thruster was developed a
operated in a broad range of operating parameters. Its pe
mance was compared to that of a conventional ann
thruster of the same dimensions. Several interesting eff
were observed.

The ion flux and thrust measurements showed that p
pellant ionization efficiency of the cylindrical thruster
much higher than that of the annular. Therefore, gases or
mixtures that are harder to ionize than Xe may be used
propellant; for example, one can use argon to generate la
ion exhaust velocities. In the cylindrical thruster, at high p
pellant flow rates, a significant fraction of multicharged x

e
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non ions can be present in the outgoing ion flux. This m
indicate complex ion dynamics that increase the ion life ti
in the channel. The formation of multicharged ions in a c
lindrical Hall thruster discharge, which can differ signifi
cantly from that in an annular thruster, is a subject of on
ing research.

Discharge characteristics of the cylindrical thruster
comparable to those measured for the annular thruster.
though relatively quieter operation of the cylindrical thrus
was observed, the discharge at low propellant flows is no
quiet as it was found to be in the large 9 cm cylindric
thruster. The characteristic peak at frequencies 50–60
may be due to the ionization instability, which frequen
approximately triples as the thruster sizes are reduced
factor of 3.

At a given discharge voltage and propellant flow ra
the discharge current and input power of the cylindri
thruster are higher than those of the annular one. The hig
power and current would tend to erode the thruster faster
the other hand, the cylindrical thruster has a lower surfa
to-volume ratio and fewer inner parts. The lifetime compa
son, therefore, remains an open question.

In the power range 50–300 W, the cylindrical and ann
lar thrusters have comparable efficiencies (h515%232%)
and thrusts (T52.5212mN). Since these configuration
may be controlled electronically, it may be possible to d
velop an efficient low-power Hall thruster with a variab
thrust.

The values of efficiency for both configurations are co
parable to those of other currently existing Hall microthru
ers. For example, BHT-200-X2B6 has channel diameterd
52.1 cm and operates at powerP51002300W with effi-
ciency h520%245%, SPT-307 has d53 cm, P5
1002260 W, andh516%234%.

For the annular configuration, a voltage less than 20
was not sufficient to sustain the discharge at low propel
flow rates. However, the cylindrical thruster can operate
low voltages (Ud,200 V). Operation at low voltage is im
portant for three reasons:~i! certain missions may requir
lower ion exhaust velocity,~ii ! voltages lower than 200 V
may be accommodated by direct drive power, which co
enormously simplify the power processing unit on a sm
satellite, and~iii ! the operation at low voltage implies tha
further miniaturization may be possible, thereby allowi
even lower-power operation.

Finally, it is important to note that the operating cond
tions attained here for the cylindrical thruster have not b
completely optimized. There is a considerable flexibility
the magnetic configuration, and that has not been fully
dressed. Furthermore, there may be added flexibility in
use of segmented electrodes in order to impose a pote
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profile, as was done in the case of the annular thruster.19,20

Any further control of the electric-field profile in the cylin
drical thruster is likely to allow enhanced performance, b
cause the operation of this thruster is particularly sensitive
the location of the acceleration region, both radially and a
ally.
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