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Abstract

A 35-cm diameter xenon ion thruster was fabricated
on the basis of the previous model by introducing new
designs to improve its durability. The thruster was
tested for 1000 hours. The objectives were to validate
the new designs and to reveal further weak points in
thruster durability. The new designs were made in the
ion accelerating system, thruster cooling, sputtered
material capturing, and high voltage breakdown
reduction. In the test, the thruster was operated stably
for 1000 hours, producing a thrust of 150 mN at a
specific impulse of 3518 s. The thruster maintained
high performance of a 134 W/A ion production cost at
adischarge chamber propellant utilization efficiency of
90%. Metal flakes were found negligible in the
discharge chamber after the 1000-hour operation. The
highest magnet temperature was 172°C and below the
limit of 200°C, suggesting no degradation in the
magnets. These showed that the new designs worked
successfully as expected. The beam divergence was
almost unchanged before and after the 1000-hour test.
Grid mass measurements revealed that mass loss in the
accelerator grid was critical. The accelerator grid
voltage should be lowered to meet long life

requirement.
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Introduction

Applications of ion thrusters have started
worldwide. In the United States, several commercial
satellites carry ion thrusters for north-south
stationkeeping. In Japan, ion thrusters were carried on
the Engineering Test Satellite-6 in 1994, and on the
Communications and Broadcasting Test Satellite in
1998." They had been planned to conduct north-south
stationkeeping of the satellites. Unfortunately, however,
their missions could not be accomplished because of the
failures in inserting the satellites into geostationary orbit.
Bearing these accidents, efforts are being continued to
use ion thrusters for the next geostationary test satellite,
ETS-8, which is planned to launch around fiscal year
2002.2

The next target of ion thruster application is primary
propulsion. In the United States, Deep Space-1 already
carries an ion thruster for primary propulsion. InJapan,
we are investigating ring-cusp ion thrusters with a
nominal thrust of 150 mN for future applications in
Earth orbit transfer vehicles as well as interplanetary
missions.

We started the research and development of 150-mN
thrusters with the first laboratory model to obtain
preliminary thruster operation data and to achieve stable
thruster operation.” Following this model, the second
laboratory model thruster was fabricated and tested to
improve thruster performance.*

With these fabrication experiences and test results,
the latest model thruster, the breadboard model-1
(BBM-1) thruster, was fabricated and tested.” This

thruster was fabricated by introducing new designs and
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techniques to improve its durability. The previous test
of the BBM-1 thruster showed satisfactory results in
performance, but also revealed some unsatisfactory
points; the start-up time was longer and the magnet
tempceraturc was higher than the respective target values.
In terms of thruster life, the previous test was too short
to evaluate the new designs and techniques incorporated
to the BBM-1 thruster.

The objectives of the present rescarch are to
improve the unsatisfactory points found in the previous
test, to validate new designs and techniques for
durability improvement, and also to find out further
wcak points of the thruster in durability. This paper
describes the design of the BBM-1 thruster,
improvements madce after the previous test, and

1000-hour test procedure and test results.

Apparatus and Procedures

Thruster

The thruster is a ring-cusp ion thruster with the
beam cxhausting diameter of 35 cm. It works with
xcnon as the propellant, and produces a nominal thrust
of 150 mN at a specific impulse of 3500 s and a total
xenon flow rate of 3.27 A equivalent. Figure 1 shows a
section view of the BBM-1 thruster, and Fig. 2 shows a
photograph of the BBM-1 thruster. The thruster weighs
12 kg, and has a cylindrical form of 45 ¢m in diameter
and 29 cm in length.

Table 1 shows the target and achieved valucs of
performance parameters. In the table, the ion
production cost is defined as the discharge power
divided by the beam current. Here, the discharge power
is calculated as the discharge current multiplied by the
discharge voltage. The propellant utilization efficiency
is based on the discharge chamber propellant flow rate,
and does not contain the neutralizer propellant flow rate.
Corrections are not made for doubly charged ions in the

bcam current.

Ion Accelerating System
The BBM-1 thruster uses a three-grid ion
accclerating system. The grids arc madce of

molybdenum and dished outwards. The screen grid is
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Table 1 Target and achieved values of thruster

parameters.

Parameter Target Achieved

Thrust, mN 150 150

Specific impulse, s 3500 3518
Total electric power, kKW < 3.4 3.29
Total xenon flow rate, Aeq <3.27 3.27

Propellant utilization 90 90.0
efficiency, %

lon production cost, W/A < 170 134
Start time, min <10 13
Acceleration system
Beam voltage, V 1000 1000
Beam current, A 2.88 2.88
Accel. grid voltage, V <500 300

Accel. grid current, mA <29 12.7

Decel. grid voltage, V 0 0

Decel. grid current, mA <29 7.0
Discharge chamber

Xenon flow rate, Aeq 3.20 3.20

Discharge voltage, V <30 30.0

Discharge current, A <164 129
Main cathode

Xenon flow rate, Aeq <025 0.35

Keeper voltage, V <13 off

Keeper current, A <06 off
Neutralizer cathode

Xenon flow rate, mAeq <70 70

Keeper voltage, V <20 22.8

Keeper current, A <12 1.0

0.4 mm thick, and has an open area fraction of 70% and
a curvature radius of 1.6 m. The accelerator grid is 0.6
mm thick, and has an open area fraction of 26% and a
curvature radius of 1.5 m. The decelerator grid is 0.6
mm thick, and has an open area fraction of 50% and a
curvature radius of 1.4 m. Each grid has 18,241 holes
for ion extraction arranged in a hexagonal array.

The grids were fabricated using press-welding. This
fabrication was made by the following procedure. First,
holes and outer shapes as in the grids were formed on
thin molybdenum plates by photo-chemical etching.
Then, these original grid plates were piled and bonded
to get required grid thicknesses. The press-welding was
conducted at pressures around 1 kg/mm? and
temperatures around 1,000 ‘C. High accuracy in the

grid hole dimensions was easily achieved by this method

|[EPC-99-142

because thinner plates could be photo-chemical etched
more accurately.

Each of the grids is mounted on the thruster body
with 12 axial springs to absorb radial thermal expansion
of the grid. The cold spacing between the screen and
accelerator grids was 1.6 0.1 mm at the grid center,
and 0.920.1 mm in the periphery region. The cold
spacing between the accelerator and decelerator grids
was 1.3 mm at the grid center, and 0.5 mm in the

periphery region.

Discharge Chamber

The discharge chamber has an iron anode consisting
of a 1-mm thick sidewall and a 1-mm thick dished
endwall. The cross section of the discharge chamber is
a regular polygon of 24 sides with 37-cm diameter outer
osculating circle. Ring-cusp magnetic field is formed in
the discharge chamber by four rings of samarium cobalt
magnets, two of which are attached on the sidewall and
the others on the endwall. These magnet rings are
denoted M1 through M4 as shown in Fig. 1. The magnet
ring M4, which is the nearest to the main cathode, is
covered with a molybdenum shell. It prevents a part of
the discharge current from flowing into the magnet ring,

which would otherwise become hotter.

Thruster Improvements

The new designs and techniques were adopted to
improve the thruster in the ion accelerating system,
thruster radiation cooling, sputtered material capturing
and high voltage breakdown reduction. In the ion
accelerating system, the installation of the grid support
springs was improved to achieve more flexible
movement of the grid for thermal expansion. The
thruster radiation cooling was facilitated to keep the
thruster magnets below the limit temperature. To do
this, thermal shielding was installed between the main
cathode and the discharge chamber. It was expected that
this shielding would reduce the thermal flow from the
cathode to the discharge chamber. The cathode was
installed to the discharge chamber using a cylindrical
coupler whose outer surface was alumina-coated. This
could increase thermal radiation from the cathode to
avoid overheating.

The inner surface of the discharge chamber sidewall
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was dimpled and molybdenum-coated to firmly capture
the sputtered material from the grids. The inner surface
of the discharge chamber endwall was covered with a
mesh screen to trap the sputtered material. To reduce
the frequency of high voltage breakdown, especially at
the beginning of high voltage application, soft start
sequence was used. The beam voltage, accelerator grid
voltage, discharge current and discharge chamber xenon
flow rate were gradually increased when the beam and
accelerator grid voltages were applied. The time of 2.5
min was required for this soft start sequence.

The main hollow cathode was improved to make its
keeper ignition time shorter without degrading its
durability. The outer dimensions of the cathode insert
were redesigned so that its downstream half had the
diameter which would fit the cathode tube, while the rest
part of the insert had a smaller diameter to have a gap
between it and the cathode tube. Shorter ignition time
was expected due to the tight contact with the cathode
tube, and the gap was to avoid overheating which would
consume its impregnant too much. The neutralizer
hollow cathode was also improved in the same way for

the same purpose.

Test Facility

The thruster test was conducted using a vacuum
facility with a chamber 3 m in diameter and 5 m in
length.® This facility has a cryopanel at 50 K level in it
to evacuate xenon gas at a pumping speed of 200 - 230
m?/s. The other gases are pumped out by a
turbomolecular pump.

Power supplies for ground use were used to operate
the thruster. Thermal and smoke sensors were installed
to the power supplies to detect overheating accidents.
Vacuum was monitored with ionization gages to detect
over-pressure accidents. In case of theses accidents,
thruster operation was to be stopped automatically. In
addition to these measures against accidents, operating
parameters were remote-monitored through telephone
lines, and thruster operation was to be stopped manually

through telephone lines in case of emergency.

Test Procedure
In the 1000-hour test, the thruster was operated

continuously as long as possible, except for the check
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points where the thruster was disassembled and
inspected, and masses of the grids were measured.
However, the thruster operation had to be interrupted
more frequently due to other reasons such as facility
problems. During the test, the discharge current was
adjusted so that the discharge chamber propellant
utilization efficiency should be kept at its nominal value
of 90%.

In addition to the 1000-hour test, three other tests
were conducted to obtain thruster thermal characteristics,
thruster performance characteristics, and ion beam
profiles. Before starting the 1000-hour test, a 100-hour
preliminary test was also conducted for stabilizing
thruster performance.

In the thermal characteristics test, temperatures at
several points of the thruster were measured using
thermocouples. In the performance characteristics test,
operating parameters were measured with changing the
discharge currents. These data gave ion production cost
variations with propellant utilization efficiency. To
obtain ion beam profiles, the ion beam was traversed by
a Faraday probe.” Beam divergence angles were

calculated from these data.

Results and Discussion

1000-hour Test

In the 1000-hour test, the thruster was operated
stably producing the nominal thrust of 150 mN at a
specific impulse of 3,518 s. The total operation time
attained its planned target of 1000 hours. Figures 3
through 6 show variations in operating parameters in the
test. The variations in these parameters are mainly due
to thruster temperature variations caused by interrupting
thruster operation during the test.

The ion production cost was kept in the range of 130
W/A to 134 W/A, and had a tendency to be lowered.
The discharge voltage was kept in the range 0of 29.7 V to
30.5 V. In this voltage range, the screen grid would not
suffer severe erosion by discharge chamber ion
sputtering. The discharge current was adjusted manually
between 12.5 A and 13.1 A to maintain the propellant
utilization efficiency at 90%. The accelerator grid

current was from 12.7 mA to 14.9 mA, and was below
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the limit value of 29 mA (1% of the beam current).
High voltage breakdown occurred in the ion
accelerating system, but not in the other parts of the
thruster. In the ion accelerating system, it occurred
mostly between the accelerator and decelerator grids
when the high voltages were turned on, and was rare in
the steady operation. In the thruster starting, the main
and neutralizer hollow cathodes ignited in 5 min. In the
previous test, it took about 10 min. The improvements

in the hollow cathodes were found successful.
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The accelerator grid voltage was being kept at -300
V in the present test. In the previous test, however, the
accelerator grid voltage of -390 V had been required for
about two hours from the beginning of the operation to
prevent ion beam impingement to the accelerator grid.
The improvements in the accelerator grids were proved
to work well.

During the test, the thruster operation was
interrupted 24 times. Table 2 summarizes the reasons or

causes for these interruptions, and the number of
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interruption due to each of them. The most frequent
interruptions were due to vacuum degradation. It was
caused by temperature rises of the cryopanel in the
vacuum chamber. Contamination of the cryopanel
surface increased its radiative emissivity. Thus, its
temperature was raised to the value where the increased
thermal input to the cryopanel could be balanced to the
cooling capability of the cryogenerator at that
temperature.

The vacuum chamber was usually maintained at the
pressure range of 0.28 mPa to 0.39 mPa. When the

pressure was raised over this range by this reason or any

others, the thruster operation was stopped automatically.

Grid Mass Measurements

The grid masses were measured four times; just
before the preliminary test (-100 h), just before the
1000-hour test (0 h), at 500 hours after the test start and
after the end of the test (1000 h). Figure 7 shows grid
mass changes in these measurements. In the mass
measurement after the end of the 1000-hour test,
aluminum flakes were found to adhere on the
downstream surface of the decelerator grid. These
flakes were made of the sputtered material which came
from the ion beam target and was deposited on the
decelerator grid. The deposited aluminum was partly
peeled of as flakes due to thermal cycles. These
aluminum flakes were removed from the grid before the
mass measurement.

The averaged change rates in the grid masses were
+2.47 mg/h for the screen grid, -6.12 mg/h for the
accelerator grid and -4.86 mg/h for the decelerator grid.
The large mass loss in the accelerator grid was mainly
due to high accelerator grid voltage of 300 V. Grid life
was estimated from the mass loss data. It suggested that
lowering the accelerator grid voltage to about 250 V is
necessary to meet the life time target of 30000 hours.

In the grid life estimation, assumptions were made
as follows;

1) The accelerator grid is eroded in the downstream

area facing to the decelerator grid holes.

2) The erosion proceeds so as to thin the grid.

3) The erosion rate is uniform over the whole grid

area.

4) The grid life terminates when the grid is eroded
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Table 2 Interruptions of thruster operation.

Cause/Reason Times

Vacuum degradation 1
Xenon cylinder exchange

Main cathode extinction

Power supplies improvement
Grid mass measurement

Xenon gas collection

Power failure
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Fig. 7 Grid mass changes in the 1000-hour test.

through its whole thickness.
The assumptions 1) and 2) coincide with the grid
inspection. The assumption 3) was not proved, and may
bring some uncertainty. It would be more reasonable to
consider the beam concentration, or peak-to-average ion

bean density ratio.

Thruster Inspections

Thruster inspections after the 1000-hour test
revealed that negligible metal flakes were found inside
the discharge chamber. It suggested effectiveness of the
measures taken against flake deposition inside the
discharge chamber, such as dimpling, molybdenum
coating and mesh covering.

The inspections also showed no peeling-off in the
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grids. The grid fabrication by press-welding proved
successful in its durability as well as in thruster
performance, though the demonstrated durability was
still up to 1000 hours.

Thermal Characteristics Test

In the thermal characteristics test, thruster
temperatures were almost saturated at about two hours
after the test started. They were constant after four
hours from the test started. Figure 8 shows the thruster
temperatures at 12 hours after the test started. Saturated
temperatures of the magnet rings were estimated at
127+18°C(M1), 143£11°C(M2), 160+ 11°C(M3) and
172°C(M4), where consideration was given to the
temperature rises caused by the discharge current
through the magnets.

The highest temperature was 172 °C at the magnet
ring M4. This satisfied the target of under 200 °C,
which indicated that the thermal isolation worked
effectively between the main cathode and the discharge

chamber.

Performance Test

Performance characteristics data were obtained after
the 1000-hour test. Figure 9 shows variations in the ion
production cost with discharge chamber propellant
utilization efficiency. Here m_ denotes the xenon flow
rate to the main cathode while the total discharge
chamber flow rate was kept unchanged at 3.20 A
equivalent. Thruster parameters achieved in this test
were shown in Table 1.

Ion production cost of 134 W/A was obtained at the
discharge chamber propellant utilization efficiency of 90
%. This was 5 W/A lower than in the previous test.

Beam Profile Test

Beam divergence was calculated from the beam
profile data. Results showed that the beam divergence
half angle was 15.0%+ 1.4 degrees. Though it was about
1.9 degrees larger than in the previous test, still the
change was so small that its effect on the thrust could be

negligible.
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Conclusions

A 35-cm diameter ring-cusp xenon ion thruster was
tested for 1000 hours in total. It was operated stably,
producing the nominal thrust of 150 mN at a specific
impulse of 3518 s. The thruster performance was not
degraded, and maintained high performance of a 134
W/A ion production cost at a propellant utilization
efficiency of 90%. No metal flakes were found in the
discharge chamber after the 1000-hour operation.

The highest magnet temperature was 172°C, and
below the target value of 200°C. This indicated that no
degradation in the magnets was anticipated. Beam
divergence angles were almost the same after the
1000-hour test as in the previous test.

Grid mass measurements revealed that mass loss in
the accelerator grid was critical. The accelerator grid
voltage should be lowered to meet a long life

requirement.

|[EPC-99-142

References

[1] Toki, K. and Sasoh, A., "An Overview of Electric
Propulsion Activities in Japan," IEPC-97-005, 1997.
[2] Tahara, H. and Nishida, M., "Overview of Electric
Propulsion Activity in Japan," AIAA-99-2159, 1999.
[3] Yoshida, H., et al., "Investigation on a Primary
Xenon Ion Thruster," IAF-90-229, 1990.

[4] Kitamura, S., et al., "Performance Characteristics of
a 30 cm Diameter Xenon Ion Thruster," AIAA-94-2850,
1994.

[5] Yoshida, H., et al., "Performance Characteristics of
a 35-cm Diameter Xenon Ion Thruster," AIAA-96-2714,
1996.

[6] Kitamura, S., et al., "Xenon Ion Thruster Test
Facility - Design and Operation,” Proc. of 20th IEPC,
No. 88-060, pp 342-348, 1988.

[7] Hayakawa, Y., Miyazaki, K. and Kitamura, S., "Ion
Beam Characteristics of a 14 cm Xenon Ion Thruster,”
AIAA-94-2852,1994.

781



	Volume2

