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Abstract

At Osaka University, an experimental facility was
constructed to conduct the research and development
of Hall effect thrusters. The facility consisted of a
water-cooled vacuum tank 1.2 m in diameter x 2.25 m
long, a compound turbo molecular pumping system
with a total pumping speed of 10000 Us, several DC
power supplies and a thrust measurement system.
We can carry out endurance tests and study
contamination due to thruster plumes under a clean
and high vacuum environment. Preliminary
experiments were made using THT-series Hall
thrusters to obtain fundamental Hall thruster
operational characteristics and to examine the effects
of magnetic field shape and strength, and acceleration
channel configuration on Hall thruster performance.
Although the thruster performances evaluated were
poor compared with those of the Russian Stationary
Plasma Thrusters, a design guideline for development
of high performance Hall thrusters could be
established.

Introduction

The Hall effect thruster is a promising space
propulsion device having been developed in Russia
since 1960.! Since 1-2 kW-class Hall thrusters can
achieve the high performance of thrust 50-100 mN
and thrust efficiency 40-50 % at specific impulses of
1000-2000 sec, they are expected to be used as main
thrusters for near-earth missions in the United States
and Europe.”® Even in Japan, the high performance
attracts attention of mission planners.*

At Osaka University, an experimental facility was
constructed in 1997 in order to study the research of
acceleration processes and unstable operational
phenomena in Hall thrusters and to evaluate
contamination dueto Hall thruster plumes.®* The
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_ final goal is to develop high performance Japanese

Hall thrusters.

In the present study, preliminary experiments are
carried out using THT-series Hall thrusters with
different magnetic field shapes and changeable
acceleration channel configurations to obtain
fundamental Hall thruster operational characteristics
and to examine the effects of magnetic field shape and
strength, and acceleration channel configuration on

" Hall thruster performance.

Experimental Apparatus

Figure 1 shows the experimental facility for Hall
thruster research developed at Osaka University.
The facility mainly consists of a water-cooled
stainless steel vacuum tank 1.2 m in diameter x 2.25
m long, two compound turbo molecular pumps
(OSAKA VACUUM: TG5000) with pumping speeds
of 5000 I/s connected in series with rotary pumps,
several DC power supplies and a thrust measurement
system. As shown in Fig.2, it takes about 120 min to
achieve the order of 10 Pa of vacuum tank pressure.
A clean and high vacuum environment can be created
by using the oil-free turbo molecular pump system,
which is useful to study contamination due to Hall
thruster plumes.

Thrusts are measured by a pendulum method, as
shown in Fig.l. A Hall thruster is mounted on a
thrust stand suspended with stainless wires, and the
position of the thrust stand is detected by an eddy-
current-type gap sensor (non-contacting micro-
displacement meter) (EMIC: 502-F and NS-020). It
has a high sensitivity and a good linearity, as shown in
Fig.3. Thrust calibration is conducted by a weight
and pulley arrangement which is able to apply a
known force to the thrust stand under vacuum
environment. With this design, friction force was
small, and it resulted in no measurable hysteresis.

Figure 4 shows the experimental THT-series Hall
thrusters used for this study. The THT-I Hall
thruster has an acceleration channel of 70 mm in outer
diameter, 50 mm inner diameter and 15 mm in length.
On the other hand, although the acceleration channel
of the THT-II thruster has the same inner and outer
diameters as that of the THT-I thruster, their lengths
are different; i.e., the lengths of the inner and outer
ceramic materials are 15 and 25 mm, respectively.
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Fig.2 Time variation in pressure in vacuum tank
evacuated by turbo molecular pumping system
with total pumping speed of 10000 Vs.

The acceleration channel wall is made of
commercially-available Mullite ceramics. The
anode is made of copper. After the propellant of
xenon is introduced from the two lines into the
plenum chamber behind the anode, it is injected
uniformly from 24 ports azimuthally drilled on the
anode into the acceleration channel. Tungsten wires
with BaCO, and SrCO; mixture layers are used as the
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Fig.3 Output voltage of gap semsor vs thrust
evaluated by weight and pulley arrangement for
thrust calibration.

cathode.  Although the THT-I thruster has the
cylindrical iron block of the radial outer side as the
magnetic circuit, the magnetic circuit of the THT-II
thruster is closed by four outer magnetic poles as well
as the Russian Stationary Plasma Thrusters (SPT)
because of easy heat removal due to radiation.

The THT-III thruster has changeable length and
width of the acceleration channel. The length is
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Fig.4 Cross sections of THT-series Hall thrusters
designed at Osaka University. (a) THT-I Hall
thruster. (b) THT-II Hall thruster. (c) THT-II
Hall thruster.
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Fig.5 Magnetic field profiles for THT-series Hall
thrusters inferred by iron powders. (a) THT-I
Hall thruster. (b) THT-II Hall thruster.

varied from 10 to 40 mm. The width can be set to
10, 14 and 18 mm with a constant outer diameter of
70 mm by changing an inner body part on the central
axis. The influences of length and width of
acceleration channels on Hall thruster performance
can be examined.

Figures 5 and 6 show the shapes of the magnetic
fields in the THT-1 and THT-II thrusters and the
radial field strengths in their acceleration channels,
respectively. The magnetic field shapes are drawn
with iron powders, and the radial field strengths with
a magnetic coil current of 1 A are measured with a
Hall sensor. The magnetic fi€ld in the acceleration
channel of the THT-I thruster is almost in the radial
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Fig.6 Radial magnetic field strengths on radially
intermediate regions in acceleration channels of
THT-series Hall thrusters at coil current of 1 A by
Hall sensor measurement.

direction. On the other hand, that of the THT-II
thruster is inclined near the channel exit so that ion
beams can be radially converged on the axis. The
radial magnetic field strength in the acceleration
channel of the THT-I thruster increases in the
upstream direction, and it is the maximum at the
anode. On the other hand, because that of the THT-
II thruster decreases with approaching the anode, it
has the maximum near the channel exit and the
minimum at the anode as well as those of the SPTs.
The magnetic field for the THT-III thruster is also
similar to those of the SPTs. Accordingly, we can
examine the influences of magnetic field shape and
strength on Hall thruster performance.

Ion currents are measured with a 600-mm-square
copper plate, biased to -70 V, located 300 mm
downstream from the thruster exit. In a series of
experiments, discharge currents and thrusts are
measured varying discharge voltage, propellant flow
rate and magnetic field strength.

Results and Discussion

Fundamental Operational Characteristics
for THT-I Hall Thruster

Figure 7 shows the discharge current and thrust vs
discharge voltage characteristics for the THT-I Hall
thruster, in which propellant flow rate and magnetic
field strength are varied. In the thrust vs discharge
voltage characteristics, the following thrust curve
simply calculated as a function of an empirical value
subtracting +70 V from a discharge voltage is drawn:

T=m[2e(V-70)/M]"? )

where 1h is xenon mass flow rate, e electron charge, V
discharge voltage and M xenon ion mass. The
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Fig.7 Discharge current and thrust vs discharge
voltage characteristics for THT-I Hall thruster.
(a) Discharge current vs discharge voltage
characteristics. (b) Thrust vs discharge voltage
characteristics.

subtracted voltage of +70 V is expected to correspond
to the acceleration energy loss, the ionization energy
loss and the cathode fall voltage etc.  Although the
discharge current intensively increases with the
discharge voltage at low voitages below 80 V, it
comes to gradually increase at high voltages above
100 V, independent of flow rate up to about 150 V;
that is, its inclination is sharply changed near 90 V.
In the case of the small magnetic field strength, a peak
of discharge current exists near 80 V. This is
expected because the ionization process in the
acceleration channel is enhanced near 80 V dependent
on electron ionization collisions. An increase in the
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Fig.8 Discharge current characteristics

dependent on discharge voltage and propellant
flow rate at constant magnetic field strength of coil
current of 1 A for THT-II Hall thruster. (a)
Discharge current vs discharge voltage
characteristics. (b) Discharge current vs
propellant flow rate characteristics.

discharge voltage also increases the thrust. The
thrust hardly depends on the magnetic field strength.
The thrust is smaller than that predicted from Eq.(1)
at a constant discharge voltage. These
characteristics on discharge voltage and thrust agree
with those for the SPTs.

Thruster Performance for THT-II Hall Thruster
Dependent on Propellant Flow Rate

Figures 8-10 show the discharge current, thrust
and ion current characteristics, respectively, for the
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Fig.9 Thrust characteristics dependent on

discharge voltage and propellant flow rate at
constant magnetic field strength of coil current of 1
A for THT-II Hall thruster. (a) Thrust vs
discharge voltage characteristics. (b) Thrust vs
propellant flow rate characteristics.

THT-II Hall thruster varying discharge voltage and
flow rate at a constant magnetic field strength. An
increase in flow rate linearly raises the discharge
current, thrust and ion current at a constant discharge
voltage. In the discharge current characteristics, a
knee point at which the inclination changes is shifted
to low discharge voltage direction with decreasing
flow rate. As shown in Fig 11, the maximum thrust
efficiency of 29 % is achieved at a specific impulse of
1500 sec. This performance is lower than those for
the SPTs. This is because the present Hall thruster
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Fig.10 Ion current characteristics dependent on
discharge voltage and propellant flow rate at
constant magnetic field strength of coil current of 1
A for THT-II Hall thruster. (a) Ion current vs
discharge voltage characteristics. (b) Ion current
vs propellant flow rate characteristics.

design is not optimized; that is, the acceleration
efficiency, which is defined as a ratio of ion current to
discharge current, is much lower, as shown in Fig.12,
owing to larger ion losses in the acceleration channel
and larger ion beam divergence near the channel exit.

Thruster Perfermance for THT-II Hall Thruster
Dependent on Magnetic Field Strength

Figure 13 shows the relationships among
discharge current, discharge voltage, thrust, specific
impulse and thrust efficiency for the THT-II Hall
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Fig.11 Specific impulse and thrust efficiency vs
discharge voltage characteristics with varying
propellant flow rate at comstant magnetic field
strength of coil current of 1 A for THT-II Hall
thruster. (a) Specific impulse vs discharge voltage
characteristics. (b) Thrust efficiency vs discharge
voltage characteristics.

thruster varying magnetic field strength at a constant
flow rate. The thrust, specific impulse and thrust
efficiency increase with increasing magnetic field
strength at a constant discharge voltage. This is
because the -efficiencies of propellant utilization,
defined as a ratio of a flow rate corresponding to an
ion current to an overall propellant flow rate, and
acceleration, as shown in Fig.14, slightly increase
with the magnetic field strength. In the discharge
current vs discharge voltage characteristics, the peak
near the knee point is shifted to low discharge voltage
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direction with increasing magnetic field strength, and
then the peak value become lower.

Comparison between Operations of
THT-I and THT-II Hall Thrusters

The discharge for the THT-I thruster is
extinguished near a discharge voltage of 200 V at a
flow rate of 40 sccm but for the THT-II thruster near
230 V, when the discharge voltage is gradually
increased. The maximum specific impulse for the
THT-I thruster, depending strongly on the discharge
voltage, is 1350 sec although that for the THT-II
thruster is 1500 sec. The operation for the THT-II
thruster is more stable at high discharge voltages than
that for the THT-I thruster. This means that
magnetic field shape and strength influence
operational stability. Accordingly, the magnetic field
for the THT-II thruster similar to those for the SPTs is
preferable to that for the THT-I thruster.

Conclusions

At Osaka University, an experimental facility was
constructed to conduct the research and development
of Hall effect thrusters. The facility consisted of a
water-cooled vacuum tank 1.2 m in diameter x 2.25 m
long, a compound turbo molecular pumping system
with a total pumping speed of 10000 I/s, several DC
power supplies and a thrust measurement system.
We can carry out endurance tests and study
contamination due to thruster plumes under a clean
and high wvacuum environment. Preliminary
experiments were made using THT-series Hall
thrusters to obtain fundamental Hall thruster
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operational characteristics and to examine the effects
of magnetic field shape and strength, and acceleration
channel configuration on Hall thruster performance.
The radial magnetic field strength in the acceleration
channel of the THT-I thruster increased in the
upstream direction although that for the THT-II
thruster decreased as well as those of the well-known
Russian Stationary Plasma Thrusters (SPT). The
operational characteristics of discharge current, thrust
and ion current vs discharge voltage agreed with those
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for the SPTs. The maximum thrust efficiency of
29 % was achieved at a specific impulse of 1500 sec
for the THT-II thruster. ' This performance was lower
than those for the SPTs because the Hall thruster
design was not optimized. The operation for the
THT-II thruster was more stable at high discharge
voltages than that for the THT-I thruster. The
magnetic field shape and strength was found to
influence operation stability. The THT-III thruster
with changeable length and width of the acceleration
channel was designed, and its operation is underway.
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