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Fuel-optimal trajectories for electrically propelled spacecraft require a varying thrust trajectory. To
achieve this requirement, the electric thruster has to be operated with a variable thrust-to-power ratio
at the maximum available input power. To implement this operating mode with a Hall thruster it is
necessary to modify both the mass � ow rate and the discharge voltage during the � ight time. A crucial
problem associated with Hall thruster operation in a variable-thrust mode is the degradation of thruster
performance under mass � ow rate variations. Experiments with a laboratory Hall thruster have indicated
that this degradation is mainly caused by a reduction of the propellant utilization at lower values of the
mass � ow rate. By modifying the channel geometry, namely, the channel length and channel pro� le,
improvements in the behavior of the propellant utilization at small mass � ow rates and, consequently, an
improved thruster performance have been achieved. Results of experimental tests of a Hall thruster at
various operating points and geometry are presented.

Introduction

T HERE has been an increasing appreciation of the use of
Hall thrusters for spacecraft orbit control as a way to re-

duce the initial spacecraft mass and/or to extend the operating
lifetime of satellites. Most of the research effort has been de-
voted to verify the performance of existing Hall thrusters
(SPT) and their quali� cation for potential space applications.1,2

Results inspired conceptual and detailed orbit transfer studies
with Hall-thruster-propelled spacecraft.3,4 In most of these
studies, spacecraft orbit control is based on Hall-type thrusters
operating with a constant thrust-to-input power ratio during the
� ight time.

As an alternative to Hall thruster operation at a constant
thrust-to-power ratio, a different approach was proposed for
orbit transfer of an electrically propelled spacecraft employing
Hall thrusters.5– 7 Applying optimal thrust acceleration control
enables the minimization of the propellant expenditure and, as
a result, the reduction of the initial spacecraft mass. To realize
this control it is necessary to vary the thrust level, at the max-
imum available power, during the � ight time. The results
described in Refs. 6 and 7 demonstrate that power-limited
optimal control of Hall thruster propulsion enables the im-
plementation of very small spacecraft for various space mis-
sions.

The possibility of Hall thruster operation in a variable thrust
mode has been studied in Ref. 8. Ef� cient Hall thruster oper-
ation is necessary to minimize the propellant requirements for
the mission. A simpli� ed analytical solution for the propellant
utilization in Hall thrusters is described in Ref. 9. A study of
the effect of thruster input parameters (mass � ow rate, input
power, and magnetic � eld strength) on thruster performance
was described in Ref. 10. A laboratory model Hall thruster was
used to characterize the thruster performance with xenon pro-
pellant in a broad operating range. Generally speaking, the
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thrust, speci� c impulse, and ef� ciency were found to decrease
as the mass � ow rate was reduced. This behavior was attrib-
uted to the reduction in ionization probability at low mass � ow
rates, resulting in a reduced propellant utilization.

The preceding results indicated that a Hall thruster with a
simple, � xed con� guration can demonstrate high performance
across a limited range of mass � ow rate values. Therefore, it
seems that variable thrust operation at a constant input power
is not practical with these thrusters unless modi� cations in the
thruster con� guration can be implemented to help overcome
present limitations. As the � rst step toward this goal we fo-
cused on the investigation of the effect of the channel length11

and pro� le on thruster operation under various operating con-
ditions, with an emphasis on understanding the physical pro-
cesses affecting the propellant utilization. Results of this in-
vestigation are described in the present paper.

Effect of Channel Geometry
on Propellant Utilization

A schematic drawing of the Hall thruster is shown in Fig.
1. The thruster has a coaxial geometry and consists of four
main parts: 1) anode, 2) cathode-neutralizer, 3) magnetic cir-
cuit, and 4) a channel made of insulator material. The propel-
lant injected into the channel is ionized and accelerated by the
combined effects of electric and magnetic � elds. The propel-
lant utilization, i.e., the fraction of propellant mass that is ion-
ized and accelerated, is determined by the ionization proba-
bility and ion losses in the channel and, therefore, depends on
its geometry.8,9 Changes in channel geometry can be imple-
mented by modifying the channel length or its pro� le.

The variation of the channel length could affect the propel-
lant utilization at different mass � ow rate values. When the
mass � ow rate is reduced, and as a result the ionization mean
free path of the propellant atoms is extended, the ionization
probability can be expected to be larger in a longer channel.
On the other hand, length-dependent ion losses could also be
increased in a longer channel. Therefore, it could be expected
that for different values of the mass � ow rate, there is an op-
timum channel length for which the propellant utilization is
maximal. In practice, the channel length, taken from the anode
front to the thruster exhaust, can be varied by changing the
position of the anode in the channel (Fig. 2a).
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Fig. 1 Schematic drawing of the Hall thruster.

Fig. 2 Two kinds of channel geometry variations: a) length, by
changing the anode position, and b) pro� le, by inserting a spacer
into the near anode region.

As for the channel pro� le, the ionization probability could
be affected by the height of the channel in the near-anode
region. If the near-anode channel cross section is narrowed,
the � ux density of electrons, diffusing toward the anode, is
expected to increase. This would result in an increase in the
ionization probability because of the increased rate of ionizing
collisions. Near the exhaust (acceleration region), however, it
seems preferable for the height of the channel to be wider to
reduce wall losses. Electron � ux losses, causing reduced pro-
pellant utilization, could also result from a sharp boundary
between the regions with different heights. It was suggested
that these losses could be reduced by a proper channel pro� le
that would smooth the transition between the regions. In the
present experiments, the channel pro� le was modi� ed by in-
serting a cylindrical ceramic spacer inside the channel (Fig.
2b).

Experimental Setup
Test Facility

The thruster operation experiments were performed in a 1.2
2 m stainless-steel vacuum chamber equipped with a two-

stage roots-pump system and a diffusion pump with a nominal
pumping speed of 17,500 l/s of air (without trap). The vacuum
in the chamber was monitored with an ion gauge. With no
mass � ow, a vacuum better than 10 4 Pa was obtained in the
chamber. During xenon mass � ow of 1.2 mg/s, a vacuum of
3.5 10 3 Pa was obtained, corresponding to a xenon pump-
ing speed of about 5700 l/s.

The propellant system serves to supply and control the pro-
pellant � ow from a gas tank to the anode and cathode. For
that purpose, a commercial mass � ow control and measure-
ment system, calibrated for xenon, is used. This system in-
cludes two Tylan FC-260 controllers (0-80 SCCM for the an-
ode and 0-20 SCCM for the cathode) with valves and the Tylan
RO28 readout and control box. According to the manufacturer,
the accuracy of the FC-260 controller is 1%. Separate labo-
ratory power supplies are used to provide the discharge igni-
tion, support main discharge, and bias the magnetic coils. The
discharge voltage and current and the coils current are mea-
sured with standard shunts, using commercial high-accuracy
(less than 0.4%) multimeters.

Thruster

A laboratory model Hall thruster is used as a research tool
to characterize the thruster operation in a variable thrust mode
under different channel geometry variations. The magnetic cir-
cuit of the laboratory thruster consists of a modular magnetic
core fabricated from a low carbon steel, and external and in-
ternal electromagnetic coils (Fig. 1). The coils are connected
in series to the bias power supply. The magnetic � eld distri-
bution along the channel median is shown in Ref. 10. Gener-
ally speaking, it increases toward the channel exhaust with the
maximum obtained between the external and internal poles. At
a coil current of 1 A, a magnetic � eld strength of 0.007 T is
obtained in the middle of the gap between the poles.

The coaxial channel is made of a machinable glass ceramics.
Its external diameter is about 70 mm, which is appropriate for
the subkilowatt power range12 whereas the full length taken
from its back wall to the exhaust is about 50 mm. The annular
anode has a second role as the distributor of the propellant in
the thruster channel. The construction of the anode enables it
to move in the channel. A hollow-type LaB6 cathode is used
to initiate and support the discharge in the thruster and to neu-
tralize the ion � ux from the channel.

As shown in Fig. 2a, the channel length can be modi� ed by
changing the position of the anode in the channel. Two glass
ceramics spacers of different thickness that narrow the channel
by 40 and 55%, respectively, in the near-anode region, were
used to modify the channel pro� le (Fig. 2b). Each spacer ex-
tends from the anode to a point where the magnetic � eld
strength is roughly half its magnitude between the poles. In
addition, both spacers have a wedge-like shape at their outer
side.

Diagnostic Setup

Thrust measurements are performed with a pendulum-type
thrust stand10 on the arm of which the thruster is suspended.
A high-sensitivity inclinometer, located at the fulcrum, is used
to accurately measure the arm de� ection angle, and thus to
indicate the thrust. Thrust stand calibrations were performed
throughout these experiments each time the thruster geometry
was changed. For this purpose, a weight arrangement was used
that enabled the calibration of the thrust stand in the equivalent
thrust range of up to 60 mN. In these calibrations, the thrust
stand exhibited a very good linearity, and a better than 1%
reproducibility. The smallest difference between calibrating
weights that was reliably detected from the corresponding de-
viations of the inclinometer output, was equivalent to a thrust
of 0.2 mN. However, because the smallest directly measured
calibrating weight was equivalent to a thrust of 0.5 mN, this
value was taken as the thrust resolution. The thermally induced
zero drift of the thrust stand during thruster operation was
typically 1 mN or less after 1 h of operation.

In addition to the measurements of the thrust, mass � ow rate,
discharge voltage and current, the angular ion � ux distribution
was measured using a planar langmuir probe. The probe is a
circular disk made of a low-sputtering tungsten– copper alloy
with a collecting area of 3.14 cm2. The probe is mounted on
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a rotating arm that enables it to move the probe on a circle
whose center is on the thruster axis, and its radius, measured
to the collecting surface of the probe, is 32 cm. During the
thruster operation, the probe motion is implemented with an
electric motor, and its angular position is monitored with a
linear high-resolution potentiometer. The probe is negatively
biased with a voltage-regulated power supply. The probe cur-
rent was deduced from the voltage drop on a 100 shunt
resistor. To estimate the total ion current, and thus to deduce
the propellant utilization, we assumed that the ion � ux from
the thruster was axially symmetric. Then, by interpolating and
integrating over the measured � ux distribution, the total ion
current at the thruster exhaust Ii can be obtained. A personal
computer-based data acquisition system is used to control the
probe position, to measure the probe current, and to obtain the
total ion current.

Thruster Operation Experiments
The measurements include thruster operation with three

channel lengths, L = 20, 30, and 40 mm, and thruster operation
with two spacers of different thickness (L = 30 mm). These
measurements were performed in the xenon mass � ow rate
range of 0.9 – 2.17 mg/s, a discharge voltage of 150 – 500 V,
and a magnetic coils’ current of 0.5 – 5 A. At this range of the
mass � ow rate, the background pressure measured in the vac-
uum chamber was between 3 10 3 and 8.3 10 3 Pa. No
attempt was made in these experiments to optimize the mass
� ow rate through the cathode, as the purpose of this work was
to investigate the ionization and acceleration processes. There-
fore, the value of the mass � ow rate mÇ in all of the results
described later in this paper include only the anode mass � ow
rate and a correction for the background pressure in the cham-
ber,13 which, under the conditions of our vacuum facility, is a
little more than 2% of the anode mass � ow rate,10 while cath-
ode mass � ow rate is not included.

Procedure of Measurements

When the thruster is turned on visual inspection serves to
verify the existence of a jet, its stability, and azimuthal ho-
mogeneity. After the thruster and thrust stand are both in a
thermal steady state (several tens of minutes), the measure-
ments are initiated. The discharge current and thrust were mea-
sured under various values of the coils’ current at given mass
� ow rate and discharge voltage values, and the minimum dis-
charge current value was found. Then, the discharge voltage
was varied and this set of measurements was repeated.

At certain operating points, the angular ion � ux distribution
was also measured. For this purpose, the probe voltage– current
(V – I) characteristics were measured at different probe posi-
tions and under various operating conditions of the thruster. In
most of these measurements, a saturation of the ion current
was clearly observed when the negative bias was below 10
V, with respect to the ground. Between 10 and 40 V, the
relative change was less than 2%, indicating that the secondary
electron emission from the probe is not signi� cant in this volt-
age range. Based on this result, the angular � ux distribution
measurements were performed with a constant bias voltage of

30 V.
The propellant utilization p = maIi /emÇ , at each operating

point, was deduced from the mass � ow rate mÇ and from the
ion current Ii obtained from the angular ion � ux distribution
measurement as described earlier. ma is the mass of a propel-
lant atom, and e is the electron charge. The speci� c impulse,
Isp = T /mÇ g, and thruster ef� ciency, T = T 2/2mÇ Pe, were de-
duced from the measured thrust T, input power Pe, and the
mass � ow rate. Through all of these measurements, which took
about 200 h of thruster operation, the same channel was used,
thus avoiding uncertainties related to differences in the channel
material and machining. At the end of this set of measure-
ments, the � rst measurements were repeated with no observ-

able differences. Moreover, in the channel pro� le variation ex-
periments, inspection at the end of the measurements with each
inserted spacer indicated that there were no changes in its po-
sition relative to the thruster exhaust and no observable erosion
of its surface.

Uncertainties in Thruster Integral Characteristics

The relative error in the thrust is equal to the ratio of the
thrust resolution (0.5 mN) to the measured thrust magnitude,
and thus it tends to decrease when the thrust magnitude in-
creases. For example, in the thrust range of 10 – 50 mN, its
value drops from 5 to 1%. The accuracy of power measure-
ments is better than 0.5%. Following Ref. 13, we assume that
the uncertainty in the determination of the background mass
� ow rate is 100%. Hence, for our propellant system, the error
in determination of the total mass � ow rate is less than 2.4%.
Then, the relative speci� c impulse and ef� ciency errors at the
previously speci� ed thrust range are 5.5 – 2.6% and 10.3 –

3.2%, respectively.
There are a number of issues that cause uncertainties with

regard to the accuracy of the ion � ux distribution measurement
process described earlier. These include the following:

1) The probe ef� ciency, i.e., what fraction of the ion current
at the probe is being collected.

2) Because of the modest size of our present vacuum cham-
ber, and to avoid back� ow effects, the probe is located rela-
tively close to the thruster ( 30 cm). The question then is to
what extent does the � ow behave asymptotically at this dis-
tance and what effect does it have on the accuracy of the
obtained value of the total ion current.

3) Ion exchange in the plume and its dependence on the
background pressure in the chamber is an uncertainty.

4) Lastly, the double ion fraction is a concern.
Though these issues remain unresolved in the present work,

it was nevertheless assumed that for the purpose of comparing
thruster operation between different thruster con� gurations
and/or operating conditions, the results of probe measurements
could be used, provided they are performed by the same probe
setup, at the same distance between the thruster and the probe
and when changes in the vacuum background pressure, af-
fected by varying the mass � ow rate, are not signi� cant. This
assumption is similar to that suggested and demonstrated in
Ref. 14, which describes probe measurements of a Hall
thruster with a probe setup and vacuum facility similar to ours.

Results and Discussions
In the experiments described next, it was observed syste-

matically that when the coils’ current is varied at a � xed dis-
charge voltage and mass � ow rate, there is a value of this
current for which the discharge current is minimal, a behavior,
that is typical for Hall thrusters.10,12 Because, under these coils
current variations, changes in the thrust magnitude are typi-
cally less than those in the discharge current, the thruster ef-
� ciency at this value of the coils’ current is maximal. There-
fore, all of the results presented next represent thruster
performance at the measured minimum discharge current vs
the coils’ current point for the given mass � ow rate and dis-
charge voltage values.

Channel Length Variations

Figures 3 – 5 show the propellant utilization, speci� c im-
pulse, and thruster ef� ciency vs the anode mass � ow rate for
the three channel length cases, L = 20, 30, and 40 mm. Figures
3 – 5 illustrate the results obtained at three values of the dis-
charge voltage, Vd = 200, 250, and 300 V.

As seen from Fig. 3, for all three channel length cases, the
propellant utilization is reduced as the mass � ow rate is varied
from 2.17 to 0.9 mg/s at a constant discharge voltage. For
example, at L = 20 mm, the propellant utilization measured
for Vd = 300 V is reduced from 0.8 to 0.6. This behavior is
obviously a result of the reduction in the ionization probability
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Fig. 3 Propellant utilization vs the mass � ow rate obtained with
the three channel lengths, L = 20, 30, and 40 mm, at three dis-
charge voltages.

Fig. 4 Speci� c impulse vs the mass � ow rate obtained with the
three channel lengths, L = 20, 30, and 40 mm, at three discharge
voltages.

as the mass � ow rate is reduced. It can be seen also that at
mass � ow rates of less than 1.84 mg/s, the propellant utiliza-
tion increases with the channel length, the largest difference
being at about 1.1 mg/s. Below this value, it seems that even
a channel length of 40 mm is not long enough to provide high
ionization probability. Above 1.84 mg/s, the largest propellant
utilization was obtained with L = 30 mm. At these large mass
� ow rate values, the ionization probability is probably high in
both the L = 30 and 40 mm cases, but not in the L = 20 mm
case. The lower propellant utilization in the L = 40 mm case
could be a result of increased length-dependent losses, such as
ion and electron losses.

The speci� c impulse and thruster ef� ciency vs the mass � ow
rate are shown in Figs. 4 and 5, respectively. For a � xed chan-
nel length and a constant discharge voltage, both the speci� c
impulse and thruster ef� ciency increase with the mass � ow
rate. Similar to the propellant utilization, the better results were
obtained at small mass � ow rates with L = 40 mm, whereas
the higher thruster performance was obtained at larger mass
� ow rates with L = 30 mm.

At a constant discharge voltage, the speci� c impulse is es-
sentially proportional to the propellant utilization. Therefore,
it is interesting to compare the behavior of the speci� c impulse
and the propellant utilization under mass � ow rate and channel
length variations. Generally speaking, for a � xed channel
length and at a given value of the discharge voltage, the spe-

ci� c impulse behaves similar to the propellant utilization. For
example, at a discharge voltage of 250 V, as the mass � ow
rate is varied from 2.17 to 1.05 mg/s, the propellant utilization
(Fig. 3b) is reduced by a factor of 1.3 at L = 20 mm, 1.26 at
L = 30 mm, and 1.1 at L = 40 mm. For the same discharge
voltage and mass � ow rate changes, the speci� c impulse is
decreased by a factor of 1.5 at L = 20 mm, 1.4 at L = 30 mm,
and 1.18 at L = 40 mm (Fig. 4b). These results demonstrate
that at a simple, � xed thruster con� guration, the degradation
of thruster performance is mainly a result of the reduced ion-
ization probability at lower mass � ow rates.

The in� uence of the discharge voltage on the propellant uti-
lization can be analyzed by comparing the results shown in
Fig. 3. As can be seen, for a given channel length and a � xed
mass � ow rate, there is almost an insigni� cant increase in the
propellant utilization when the discharge voltage is varied from
200 to 300 V. This behavior is in agreement with the measured
V – I characteristics under different mass � ow rates.11 As for
the speci� c impulse, for given channel length and mass � ow
rate, it increases with the discharge voltage. For example, for
L = 40 mm and mÇ = 1.84 mg/s, the speci� c impulse increases
from 1140 to 1600 s as the voltage is increased from 200 to
300 V. This increase is somewhat beyond what would be ex-
pected from a dependence, even when the small differ-Vd

ence in the propellant utilization is taken into account. This
may be a result of a larger fraction of the applied discharge
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Fig. 5 Thruster ef� ciency vs the mass � ow rate obtained with
the three channel lengths, L = 20, 30, and 40 mm, at three dis-
charge voltages.

Fig. 6 Propellant utilization vs the mass � ow rate obtained with
two different spacers. S1 (a 40% reduction in the channel cross
section in the near-anode region) and S2 (a 55% reduction), and
with a simple channel pro� le of the same length (L = 30 mm).

voltage being exploited in the acceleration process.12 As for
the thruster ef� ciency (Fig. 5), at mass � ow rates larger than
1.5 mg/s, the ef� ciency increases with the discharge voltage,
while at smaller mass � ow rates, higher ef� ciency was ob-
tained at Vd = 250 V. The reduced thruster ef� ciency obtained
for small mass � ow rates at the larger discharge voltage may
be a result of near-wall or instability processes,12 which could
cause an increase in the discharge current.

Channel Pro� le Variations

Results of experiments with two different spacers, S1 (a
40% reduction in the channel cross section in the near-anode
region) and S2 (a 55% reduction), and a comparison with the
case of a simple channel of the same channel length (L = 30
mm) is described next. Figures 6 – 8 compare the propellant
utilization, speci� c impulse, and thruster ef� ciency vs the mass
� ow rate, obtained with the two spacers and the simple chan-
nel, for three values of the discharge voltage: Vd = 200, 250,
300 V.

Figure 6 shows that, as in the case of the simple channel,
as the mass � ow rate is reduced, the propellant utilization de-
creases in the two spacer cases, leading to a similar behavior
of the speci� c impulse and ef� ciency (Figs. 7 and 8). Never-
theless, the insertion of the spacers led to improvements in the
propellant utilization and thruster performance at low mass
� ow rates, which were more signi� cant at 200 and 250 V. At

large mass � ow rates, the better propellant utilization and
thruster performance were obtained with the simple channel.
It is our opinion that this behavior, which is analogous to the
dependence on the channel length, justi� es the assumption that
at small mass � ow rates the narrowing of the near-anode re-
gion improves the ionization probability. At larger mass � ow
rates the ionization probability is high enough in the simple
channel and, again, losses to the channel seem to be the im-
portant factor. These include ion losses, as demonstrated in
Fig. 6, and also, most probably, electron losses, as indicated
by the increase in the total discharge current that we observed
with the spacers at the relevant operating points. As can be
seen at 300 V, the improvements in the propellant utilization
at low mass � ow rates, as a result of the insertion of the spac-
ers (Fig. 6c), are not re� ected in the thruster ef� ciency (Fig.
8c). This is associated with an increase in the discharge current
beyond the increase in the ion current observed at the relevant
operating points. The reasons for this behavior are not clear.

As evident from Figs. 7 and 8, the differences between the
speci� c impulse and the ef� ciency obtained with and without
a spacer are in some cases smaller than the error bars. Nev-
ertheless, the preceding conclusions are valid for the following
reasons. First, as already described, although the error bars are
calculated based on a thrust resolution of 0.5 mN, a smaller
thrust difference ( 0.2 mN) could be reliably detected in com-
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Fig. 7 Speci� c impulse vs the mass � ow rate obtained with two
different spacers: S1 (a 40% reduction in the channel cross-section
in the near-anode region) and S2 (a 55% reduction), and with a
simple channel pro� le of the same length (L = 30 mm).

Fig. 8 Thruster ef� ciency vs the mass � ow rate obtained with
two different spacers: S1 (a 40% reduction in the channel cross
section in the near-anode region) and S2 (a 55% reduction), and
with a simple channel pro� le of the same length (L = 30 mm).

parative measurements. Second, the same type of behavior, in
particular the improvements in the speci� c impulse and ef� -
ciency at low mass � ow rates with the addition of spacers, was
repeated in all three values of the discharge voltage (except
for the ef� ciency at 300 V).

Thruster Operation at a Constant Input Power

The preceding results indicate that channel length and pro-
� le variations can improve the thruster performance at small
mass � ow rates. As expected, both types of channel geometry
variations affect the thruster performance mainly because of
changes in the propellant utilization. At mass � ow rates of less
than 1.84 mg/s, the best results were obtained with the longer
channel, L = 40 mm. Nevertheless, in experiments with the
thinner spacer the results obtained at Vd = 250 V and in the
mass � ow rate range of 1.3 – 1.5 mg/s are close to those ob-
tained with L = 40 mm. Furthermore, in at least one case, Vd

= 270 V and mÇ = 1.5 mg/s, the speci� c impulse obtained with
the spacer was larger than with the longer channel, 1400 vs
1330 s. Ultimately, at larger mass � ow rates, the best results
were obtained with the simple L = 30-mm case.

When considering the possibility of Hall thruster operation
in a variable thrust mode, it is interesting to compare the
thruster performance obtained at a constant input power be-
tween a simple, � xed channel geometry and the best results

obtained in experiments with channel geometry variations. For
example, Fig. 9 compares the thrust, speci� c impulse, and
thruster ef� ciency vs the mass � ow rate at an input power of
430 15 W, between the thruster with a � xed channel ge-
ometry (L = 30 mm) and a hypothetical thruster with a mov-
able anode and, thus, with a variable channel length (L = 30
and 40 mm). The points on these curves represent various dis-
charge voltage values. That is because as the mass � ow rate
changes so does the discharge current and, thus, the discharge
voltage has to be changed in accordance to keep the input
power constant. As can be seen from Fig. 9 there is an overall
improvement in thruster performance of the variable con� gu-
ration compared to the � xed one. Nevertheless, as Fig. 9c
shows, this improvement is not enough to keep the thruster
ef� ciency constant at a large value. In accordance with this
result the increase of the speci� c impulse, when the mass � ow
rate is reduced, is less than the expected factor.Vd

At this stage, it is not clear what the scaling relations are
between the channel length and pro� le, the mass � ow rate, and
the discharge voltage, and how these relations can be opti-
mized for an ef� cient Hall thruster operation, for example, in
a variable thrust mode. For this purpose, theoretical modeling,
which could enable scaling between the thruster input and out-
put parameters and their dependence on the thruster con� gu-
ration, is certainly needed.
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Fig. 9 Hall thruster operation at a constant input power of 430
15 W and at a variable thrust mode with a � xed channel ge-

ometry (L = 30 mm) and a variable channel length (L = 30 and
40 mm): a) thrust, b) speci� c impulse, and c) ef� ciency vs the
mass � ow rate.

Conclusions
As an alternative to Hall thruster operation at a constant

thrust-to-power ratio, the possibility of ef� ciently operating
this type of thruster in a variable thrust mode was studied. To
implement this mode it is necessary to vary, at the same time,
the mass � ow rate, discharge voltage, and magnetic � eld
strength. In this paper results of thruster measurements made
under various operating conditions and with channel geometry
variations both in length and pro� le have been presented. The
results obtained for three different channel lengths substantiate
our proposition that the observed dependence of the propellant

utilization and the thruster performance on the channel length
is mainly a result of differences in the ionization probability
and length-dependent losses. The conclusion to be derived
from these results is that to achieve effective propellant utili-
zation in Hall thrusters the channel length has to be optimized
for speci� c operating conditions. Moreover, a comparison be-
tween thruster operation with the two spacers indicates that the
channel pro� le could also be used as a means to improve the
propellant utilization and thruster performance at small mass
� ow rates.
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