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Investigation of the Operating Characteristics
of a High-Power Hall Effect Thruster
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Aninvestigationaimed at evaluating the performance and operational characteristics of the SPT-200 was carried
out by Fakel in collaboration with CENTROSPAZIO. The experimental characterization of the thruster was per-
formed by measuring its electrical, propulsive, and operational parameters during a parametric test. Temperatures
of the main thruster components were also measured in order to investigate the thruster thermal behavior. Tests
were conducted at Fakel in a vacaum chamber of 17 m?® volume. The indicated background pressure, measured
with ionization gauges calibrated for air, never exceeded 2.8 X 10~ * torr (uncorrected). The thruster was operated
over a wide range of power levels, from 2 up to 12 kW. At the nominal operating point of 6 kW, the average specific
impulse and efficiency, inclusive of all power losses and the cathode flow, were 1928 s and 0.59, respectively. The
maximum efficiency of 0.63 was obtained at the 11 kW power level and 2950 s specific impulse.

Introduction

LECTRIC propulsion has emerged in the last few years as
a key technology enabling advanced mission and spacecraft
concepts.In particular,the use of electricpropulsion(EP) systems on
board next-generation geostationary telecommunication satellites
leads to very substantial savings in propellant mass. The potential
applications encompass essentially all in-space satellite propulsion
requirements. Use of EP for stationkeeping results in propellant
mass savings of hundreds of kilograms. In the immediate future the
increase of satellite power to 15-20 kW will allow EP systems to
performthe transfer maneuver to geostationaryorbit with additional
savings of hundreds of kilograms of propellant. In the future EP
systems will be used exclusively for all propulsion duties onboard
telecom satellites. This tremendous saving of propellant mass will
translate into a corresponding growth of satellite revenues, as it
will be possible to increase greatly the number of transponders per
satellite as well as the satellite operationallifetime and/or to reduce
the launch cost by scaling down the selected launch vehicle.
Among the EP concepts developed to date, Hall effect thrusters
with extended acceleration zone, also called stationary plasma
thrusters (SPT), offer a great potential for future primary propul-
sion applications thanks to good performance and the possibility of
scaling up the design for different power levels on the basis of well-
demonstrated models and because of extensive flight heritage.!' —*
However, implementing any new technology requires a thorough
understandingnotonly of performancebutalso of integrationissues.
Electric propulsion is more challenging in this regard than chem-
ical systems because of the difficulty in obtaining test results that
are valid for on-orbit operations and because of concerns about the
interactions that arise only with a fully deployed spacecraft. There-
fore, to make a new thruster (especially of high power) attractive for
commercial applications, extensive activity must be carried out to
evaluate in detail its operational characteristicsand its compatibility
with other spacecraft subsystems.
An investigation aimed at evaluating the SPT 200 thruster pro-
duced by Fakel for propulsion applications at power levels up to
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12 kW has been carried out by Fakel and CENTROSPAZIO with
the collaborationof the ResearchInstituteof Applied Mechanicsand
Electrodynamicsof the Moscow Aviation Institutein the framework
of a scientific collaboration sponsored by the International Associ-
ation for the Promotion of Cooperation with Scientists from the
New Independent States of the former Soviet Union (INTAS). The
main objective of the collaboration was to investigate the thruster
performance and operational characteristics, the thermal behavior,
the plume characteristics,and the erosion of the discharge chamber.
Some of these aspects were investigated experimentally by per-
forming a parametric test on an existing engineering model thruster,
whereas other aspects requiring an extensive testing activity or spe-
cial very large facilities (i.e., for wear, plume, and thermal charac-
teristics) were investigated theoretically~°

Apparatus

Thruster

Substantial literature regarding the design and operational prin-
ciples of SPT thrustersis available following research carried out in
several laboratories”~ The SPT-200 thruster tested at Fakel was a
model of classicaldesign (i.e., the design characterizingthe existing
SPT-100 flight model) and did not feature any of the advanced con-
figurations recently proposed on low-power models with the aim of
optimizing some specific operational characteristics (high specific
impulse, low plume divergence, lifetime). The thruster was an engi-
neering model essentiallynew as it had undergoneonly a few hours
ofinitial tests. It utilized four KE-50 cathode neutralizersto guaran-
tee long-term operation during life testing (Fig. 1). The size of the
thrusterwas about26 X 26 X 20cm, and the weight was about 12 kg.
The KE-50 is also produced by Fakel and is capable of operating
atup to 50 A. All testing was performed by using a single cathode;
the remaining cathodes were not connected to the supply lines.

Vacuum Facility

Testing was conducted at Fakel in a vacuum chamber consist-
ing of two sections: a cylindrical test section with a 2-m-diam X
2.3-m-longremovable end cap and a 1.5-m-diam X 4-m-long man-
ifold tube connecting the tank test section to the pumping system
(Fig. 2). The overall internal volume is 17 m?3

The pumping system consists of five oil diffusion pumps backed
by rotary pumps. Four diffusion pumps have a nominal pumping
speed of 11,000 I/s each on air and are connected sideways to the
vacuum chamber through 0.9-m-diam gate valves. One pump has
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Fig. 2 Scheme of the vacuum facility test arrangement.

a nominal pumping speed of 13,000 I/s on air and is connected
at one end of the manifold tube through a 1.2-m-diam gate valve.
Thus, the total pumping speed of the system is about 57,000 1/s
(for air).

The vacuumsystem providesan ultimate pressureof 7 X 10~° torr
and a dynamic pressure of 2.8 X 10™* torr (uncorrected) at 20 mg/s
xenon mass-flow rate, measured with ionization gauges calibrated
for air (the correct background pressure value was obtained by di-
viding the reading by a 2.8 gas sensitivity factor). Therefore, the
total pumping speed on Xenon is about 27,600 I/s.

Four ionization gauges were used to monitor the vacuum level
along the axis of the manifold tube in the zone where the thruster
exhausted its plume.

Propellant Feed System

The thruster did not include the integrated Xenon Flow Controller
typical of flight models, and the feeding system was provided by a
normal laboratory system.

Two feed lines, each consisting of a pressure regulator, a thermal
flow meter, and a solenoid valve, were used to supply independently
the anode and the active cathode. The propellant feedline pressure
was dropped to the level required by the cathode and the anode
within the respective pressure regulators located outside the vac-
uum chamber. Therefore, feedline pressure in the pipelines located
between the pressure regulators and the feedthroughs of the cham-
ber were lower than atmosphere, requiring one to check carefully
for leaks to prevent contamination of the propellant. Thermal flow
meters were calibrated in situ with a standard volumetric technique
having an accuracy of £2%.

Xenon propellant with a purity grade in excess of 0.99996 was
used during testing.

Power Supply System

The electric power system was provided by means of laboratory
power supplies connected through a RLC matching network to the
thruster. The main power supply consistedof a voltageregulatedunit

having a 6% maximum ripple. Two power units were used to supply
separately the internal and the external magnetizing coils. One unit
was used to supply the cathode heater, while another independent
unit was used to supply the cathode ignitor. A RLC matching net-
work,designedon the basis of Fakel’s pastexperienceand consisting
of a 16-mH inductor, a 15-Q resistor, and a 10-uF capacitor, was
used to filter oscillationsof the dischargecircuit. Thruster electrodes
were allowed to float.

Diagnostics and Instrumentation

Thrust was measured by means of a torsional balance of the type
already describedby Arhipov et al.!® The thrust stand was equipped
with two separate calibrationsystems. A primary calibrationsystem
allowed the balance to be operated in a range of 0-500 mN with an
uncertainty of £2.5% of the full scale. A secondary calibrationsys-
tem, with a range of 0-200 mN was used to increase the operational
range of the balance up to 700 mN. However, this second system
showed a higher uncertainty (£5% of its full scale), and therefore
for measurementsabove 500 mN the total uncertainty of the balance
increased up to +£3.2% of the total full scale. Data acquisition was
performed manually by reading a number of analog devices. Volt-
ages were measured by means of voltmeters having an accuracy
of £1%. Currents were measured by measuring the voltage drop
across a shunt. Discharge current oscillations were measured us-
ing a current transformerand a recording oscilloscope. Root-mean-
square (rms) values of discharge current and voltage oscillations
were measured by means of current/voltage transformer gauges and
arecording oscilloscope.Flow rate, vacuum chamber pressure, and
thrust were registered from the read out panels. Type K thermocou-
ples were used to measure the thruster assembly temperatures.

A manual switch was used to temporarily ground the cathodefor a
few seconds to allow measurements of the ion current flowing from
the thruster. This current was measured using an ammeter connected
to the cathode-vacuumchamber housing circuit. The measurement
was not continuously performed to prevent the discharge from ex-
tinguishing caused by cathode cool down.

Test Procedure

After placement of the thruster on the thrust stand of the test
facility, the magnetic field was measured by means of a gaussmeter
to check that the magnetizing coils were connected correctly. The
thruster was mounted with its firing axis directed along one diagonal
of the manifold tube toward one of the pumps. This was done to have
a total firing length of about 4.5 m and to expand the plume in the
zone where the chamber pressure was lower (Fig. 2).

Of course, to perform high-fidelity measurements of electric
thrusters, vacuum-facility effects on testing must be carefully eval-
uated and specific test requirements must be issued. Each EP tech-
nology features its own particular physical/operational characteris-
tics, and therefore the acceptability criteria to be adopted for test
requirements differ for each particular thruster. Although some re-
quirements already stated for low-power SPTs seem applicable for
high-power models as well, a specific investigation activity should
be carried outto verify this. However, this task was beyond the scope
of our investigation,and we based our requirements on Fakel’s past
experience on high-power SPT test activities. According to that
experience, a requirement of 2.8 X 10™* torr maximum background
pressure(uncorrecteddynamic pressurerelativeto air) was assumed.

The possible enhancement of performance caused by residual
background gas ingested by the Hall thruster can be estimated by
means of simple gas-kinetic models.!! However, because the em-
phasis of this work was focused on experiments and any theoretical
correction can be evaluated apart, we prefer to present in this paper
the original experimental data.

Before testing, the chamber background pressure was maintained
for2hat5 X 1073 torr to allow the thrusterto outgas. All testing was
performed without opening the vacuum chamber to avoid exposing
the thruster to atmosphere. No purge was used during daily facility
shutdowns.

Before parametrictestingand after any pause of more than 30 min,
the thruster was operated for a halfhourat a 300 V discharge voltage
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at 3 kW to warm up the assembly. The cathode was cooled down
for 25 min before each subsequent startup. Chamber venting was
performed no sooner than 3 h after the last thruster shutdown to pre-
vent oxidation of hot surfaces. The discharge voltage across elec-
trodes, as well as rms oscillations, were measured at the vacuum
tank feedthrough.

The startup sequence occurred as follows. The thruster was reg-
ulated at 300-V discharge voltage, 10-mg/s propellant mass-flow
rate through the anode, and 0.55-mg/s flow rate through the cath-
ode. The external and internal coil currents were regulatedat 11 and
10.6 A, respectively. The cathode heater was supplied at 25 A for
3 min after which 300 V ignition voltage was applied on the cathode
ignitor. Once the thruster was started, the currents of the external
and internal magnet coils were repeatedly adjusted independently
to minimize the discharge current level. Before parametric testing,
the thruster was operated in this mode for a half hour to warm up
the assembly. Therefore, the parametric testing was performed by
selecting a nominal propellant mass-flow rate through the anode,
varying in steps of 50 or 100 V the applied discharge voltage and
maintaining a fixed cathode flow rate. In each selected operational
mode after magnetic coils adjustment to reduce the discharge cur-
rent level, the thruster was operated for at least 3 min before taking
measurements. The anodic propellant mass-flow rate and the dis-
charge voltage were increased until the power level of 12 kW was
reached. The maximum discharge voltage was limited to 600 V
because of the nominal operational limit of capacitors used in the
electric circuit. A number of tests were repeated in order to have a
good characterizationof the thruster. High-voltage (600 V) and low
mass-flow-rate (8 mg/s) tests were performedin a separate phase of
the parametric study.

An additionaltest was aimed at reachingthe thrusterthermal equi-
librium (6-kW power level) to get a number of temperature mea-
surements to carry out a detailed thermal analysis of the thruster
assembly. However, the thermal load of the plume produced an ex-
cessiveheating of the vacuumchamber walls. For this reason the test
was stopped before reaching thruster thermal equilibrium to avoid
the risk of a failure of the vacuum gaskets with consequent dam-
age of the facility and of the thruster. Based on results obtained in
the transient state, a thermal analysis was carried out to investigate
the thruster thermal status for 6- and 12-kW power levels. Figure 3
shows the calculated temperatures of the main thruster elements as
a function of firing time. It is possible to see that up to 50 min of
continuous operation is possible at 12 kW before the temperature
of the internal coil exceeds the design requirements (400 C max-
imum), whereas 90 min of continuous operation is possible at a
6-kW power level. However, in both cases the pause between each
firing must not be less than 8 h. A technological development and
an improved version of the design is planned in order to allow for
better distribution of the thermal loads.
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Fig. 3 Calculated temperatures of main thruster elements as a func-
tion of firing time for 6- and 12-kW operations.

Test Results and Discussion

Each startup was successful, and the thruster reached its planned
operating point without problems. During the ignition, a number of
sparks were observedon the insulatorwalls. The reason was ascribed
to the presence of sputteredmetallic material of the vacuum chamber
on the insulator walls. Another number of sparks were observed
when the engine was operated at high-voltage and low mass-flow
rate (600 V, 8-10 mg/s). The cathode-neutralizer was operated at
a constant mass-flow rate of 0.55 mg/s. In each operating point
the engine showed steady and stable operations. The engine was
characterized over a wide range of operational power levels, from
2 up to 12 kW. Facility pressure measured with ionization gauges
calibratedforairneverexceeded2.8 X 10~ torr (uncorrectedvalue).
The maximum efficiency of 0.63 at 2950 s specific impulse were
obtained at the 11 kW power level. The value of the specific impulse
and efficiency presentedin the paperare inclusiveof all powerlosses
as well the cathode flow.

Some electrical characteristics of the thruster are presented in
Fig. 4. For each mass-flow rate the current level was about constant
and did notdependon the dischargevoltage, meaningthatthe engine
was operated in a regime of full acceleration. Figure 5 shows the
dependency between the specific impulse and the discharge voltage
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Fig. 4 Electrical characteristics for different mass-flow rates.
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Fig. 6 Total efficiency vs discharge voltage for different mass-flow
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Fig. 7 Totalefficiency vs discharge power for different mass-flow rates.

for different mass-flow rates. It is possible to see that at a given
mass-flow rate the specific impulse varied linearly with the discharge
voltage. For different mass-flow rates we have a family of parallel
lines, the higher the mass-flow rate the higher the line.

The efficiency did not depend linearly on the voltage nor on the
power level (Figs. 6 and 7). At any mass-flow rate the efficiency
shows a relative maximum at around 300 V, a relative minimum at
around400-500V, and then anothermaximum at around 500-600 V.
The specific impulse was linear with the power level. However, for
different mass-flow rates the lines I, = f (Power) have different
slopes, and at a fixed power level the engine showed higher specific
impulse at lower mass-flow rates (Fig. 8). In fact, the lower the
mass-flow rate the lower the current and the higher the voltage.

Additional tests were performed to investigate the thruster per-
formance at the design power level of 6 kW. The higher efficiency
was obtained for 300 (1928 s specific impulse and 59% efficiency)
and 600-V discharge voltage (2638 s specific impulse and 59% ef-
ficiency). At 400-500 V the efficiency decreased to 56%.

For a given mass-flow rate the trend of the ion current fraction
followed the efficiency, i.e., an increase of the efficiency translated
into an increase of the ion current fraction (Fig. 9) and vice versa.
The highestefficiency (0.63) was obtained at the highestion current
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Fig. 8 Specific impulse vs discharge power for different mass-flow
rates.
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Fig. 9 Ioncurrent fraction and total efficiency vs discharge voltage for
20 mg/s mass-flow rate.

fraction (0.72). The higher the mass-flow rate was, the higher the
positive effect of a high ion current fraction. An average ion cur-
rent fraction of 0.65 was measured at the 300-V discharge voltage
level, resulting in a propulsive efficiency of 0.52 at 10 mg/s, 0.55 at
15 mg/s, and 0.58 at 20 mg/s.

The amplitude of currentand voltage oscillationsdepends mainly
on the voltage level. Figures 10-12 show the rms values of current
and voltage oscillations measured at different voltages and mass-
flow rates. At every mass-flow rate the oscillations have a remark-
able increase when the thruster operates at around the 400-500-V
level. This increase is higher at low mass-flow rates (10 mg/s) and
at high mass-flow rates (17 and 20 mg/s). Operations at medium
mass-flow rates (12 and 15 mg/s) show a rather regular behavior of
oscillations; however, maximum oscillation levels were recorded at
400 V. This behavior exactly reflects the behavior of the efficiency.
This fact is not surprising as the oscillations are connected to the
intrinsic physical nature of the propulsive phenomenon. A further
observationof the ion current measurements can shed some light on
this relationship.

By observing Figs. 9-12 it is possible to see that the increase
of oscillations reflects a decrease of the ion current fraction, i.e.,
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the increase of oscillations leads to a decrease of the ionization
efficiency. The reason for this thruster behavior can be associated
both with the particular configuration of the magnetic field and of
the electric filter that have been adopted for this thruster.

The level of currents in the external and internal coils was about
the same. However, the internal coil presented a higher resistance
than the external coil. As a result, the heat losses on the internal
coil were higher. At high mass-flow rates the magnetizing currents
had to be increased when the voltage level was increased. This
resulted in an increase of the impedance of the discharge, as the
discharge current level remained about constant. Such a trend was
not visibleforlow mass-flow rates,however. Figures 13 and 14 show
the dependency between the external and internal coil currents and
the discharge voltage at 10 and 20 mg/s, respectively.

The characteristicfrequency of the discharge currentremained in
the range of 25-30 kHz for all operational points.

The analysis of SPT-200 conditions after testing showed that all
of the electrical resistances playing a major role (that of the mag-
netic coils, the cathode-compensatorheater, the insulation between
anode-cathode, anode-thruster housing, ignitor-thruster housing,
cathode-thruster housing) corresponded to the requirements of the
design documentation.
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The visual observation of the discharge chamber conditions after
tests (about 20 h in overall) showed that very little erosion took place
at the exitof its external and internal walls. The length of the erosion
zone near the exit of the external wall was about 8 mm, whereas on
the internal wall it was about 12 mm.

Conclusions

Parametric tests on an SPT-200 thruster were carried out in the
2- to 12-kW power level range. The thruster showed good per-
formance through the entire operational envelope. A maximum of
2950 s specific impulse and 0.63 total efficiency were obtained at
11 kW of total power. The power loss on the magnets represented
about 1% of the total input power. Large oscillations were registered
at 400-500 V discharge voltage, which are reflected on propulsive
performance. However, total efficiencies well above 0.5 were ob-
tained throughout.

The following areas of development were envisaged: 1) devel-
opment of an upgraded mechanical construction capable of with-
standing and better distributing thermal loads; 2) development of
new mechanical, fluidic, and electrical interfaces designed for high
power (as well as high voltage); and 3) developmentof an advanced
configuration of the magnetic system capable of increasing the per-
formance level and the development of a new type of heater-less
cathode-compensatorto be mounted axially on the thruster, inside
the central pole.
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