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A low-power, microwave-discharge-type electrostatic thruster has been developed for 50 kg-class microsatellites.
A breadboard model of the microwave engine was manufactured, and two endurance tests were performed to verify
its durability. During the first endurance test of 1200 h, only slight changes in the thruster discharge chamber were
observed. However, the stainless-steel magnetic nozzle just downstream of the discharge chamber had sputter
damage near the nozzle exit extending to the midsection of the Sm-Co magnets on the inner wall. Although the
thruster operation was unaltered by the sputter damage, it was decided to shield the magnetic nozzle surface with
graphite to protect it from impinging ions and reduce sputtering. Thus, the magnetic nozzle was replaced by one
with a graphite shield for the second endurance test. Also, the filament neutralizer was replaced by a microwave-
discharge neutralizer. The thruster discharge chamber, including the antenna, was kept from the first endurance
test. After more than 5000 h of operation in the second endurance test, thruster operation became unstable, and
the endurance test was stopped. The microwave neutralizer had logged over 5500 h of operation. The magnetic
nozzle with a graphite shield had logged over 5200 h of operation. The other parts of the thruster had logged over

7100 h of operation.
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By having the microwave engine onboard, microsatellites can oper-
ate in LEO longer. This capability is particularly advantageous for
remote sensing applications because high-resolution images can be
obtained by relatively inexpensive microsatellites from LEO with-
out new advances in sensor technologies. The microwave engine en-
hances functionality and lifetime of microsatellites, thus expanding
their utility for a number of space applications. The miniature mi-
crowave thruster can provide stationkeeping and primary propulsion
solutions for the microsatellites. The priority in the development of
the microwave engine was placed upon minimizing the total system
power, sacrificing thrust and efficiency to a certain degree. The target
for total system power was set to 30 W. This approach was chosen
because of the very limited power onboard most microsatellites.

II. Experimental Setup

A. Facility

Experiments were conducted in a 0.5-m-long by 0.15-m-diam
glass vacuum chamber with a 0.15-m-diam port at the midsection
for pumping. The glass chamber was pumped by a 22-cm-diam
TOKUDA ESV-8 oil diffusion pump backed by an ALCATEL
PASCAL 2021 I rotary pump for a xenon (Xe) pumping speed



1092 KIM ET AL.

Fig. 1 Picture of the breadboard model microwave engine.
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Fig. 2 Detailed schematic of the microwave engine discharge chamber
and magnetic nozzle. The Sm-Co magnets in the discharge chamber
form ECR regions where primary ionization occurs. The ECR formation
is influenced by the Sm-Co magnets in the magnetic nozzle.

of approximately 1500 L/s. During thruster operation, the back-
ground pressure was approximately 2.6 x 1073 Pa (2.0 x 107 torr)
(corrected for xenon) and was measured by a UNITEC IG-8 hot-
cathode ionization gauge. The gauge was located on a vacuum port
just above the diffusion pump. The chamber base pressure was
roughly 4x10~* Pa (3 x 107 torr) (air) for these tests. High-purity
(99.995% pure) xenon propellant was supplied to the microwave en-
gine from a compressed gas bottle through stainless-steel feed lines.
Propellant flows to the thruster discharge chamber and neutralizer
were controlled and monitored with separate STEC SEC-7320R
mass flow controllers specifically calibrated for xenon. The system
is capable of providing up to 0.1 mg/s of xenon with an accuracy of
within 1% of the full-scale value, according to the manufacturer.

B. Microwave Engine

Figure 1 shows a picture of the breadboard model microwave
engine, and Fig. 2 shows a detailed schematic of the microwave
engine discharge chamber and magnetic nozzle.

The microwave engine consists of four major components: dis-
charge chamber, magnetic nozzle, neutralizer, and ignitor. The mi-
crowave engine utilizes 1.5-GHz microwave power to heat the elec-
trons, resulting in excitation and ionization of Xe propellant by
electron impacts in the discharge chamber. The Sm-Co magnets in
the discharge chamber form electron cyclotron resonance (ECR)
regions where electrons resonantly absorb energy from the mi-
crowave. Primary ionization occurs in the ECR region. Then, hot
electrons in the ECR region diffuse into the bulk of the plasma and
excite/ionize neutrals there. Unabsorbed microwave power is con-
verted to other modes by scattering (wave vector change), and then,
is more or less absorbable via the resonance modes.! Microwave
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Fig. 3 Simple electrical schematic of the microwave engine indicating
the acceleration current I, and the beam current /.

power is transmitted to the plasma by a KAMAN Instrumentation’s
ultra-high-vacuum microwave feed-through (part # 853872). The
molybdenum antenna is at the discharge chamber potential to reduce
sputtering.

The role of the magnetic nozzle is to minimize the likelihood
of forming a dc (glow) discharge between the neutralizer and the
discharge chamber and to facilitate microwave discharge. As indi-
cated in Fig. 3, the beam current I, is the ion beam current that
exits the thruster and generates thrust. The acceleration current 7,
is the current supplied by the acceleration voltage power supply.
The difference between I,. and I, is the electron current caused
by electrons from the neutralizer that enter the discharge chamber.
This electron current is a loss mechanism and should be minimized.
Therefore, a magnetic nozzle is placed downstream of the discharge
chamber to form a magnetic field that suppresses the axial mobility
of electrons from the neutralizer. The magnetic nozzle is electrically
floating with a ceramic spacer between the discharge chamber and
the magnetic nozzle (Fig. 2).

The neutralizer has the same basic configuration as the discharge
chamber. It also utilizes 1.5-GHz microwave and ECR condition
to generate plasma. However, the positions and dimensions of the
antenna and Sm-Co magnets are modified to optimize electron emis-
sion. In addition, the neutralizer has an orifice at the exit instead of
a ceramic spacer and magnetic nozzle. The neutralizer is at ground
potential and does not have an extraction electrode. Electrons are ex-
tracted from the orifice by the potential gradient between the plasma
plume and the neutralizer. The antenna is electrically shorted to the
neutralizer body.

The ignitor is a rhenium-tungsten wire loop inserted in the dis-
charge chamber. After the Xe propellant flow and microwave power
to the discharge chamber are supplied, the ignitor is turned on by
flowing 5 A of current for 0.35 s. When enough thermal electrons
are emitted from the ignitor surface, plasma is ignited after which
the ignitor is shorted to the discharge chamber by a switch in or-
der to minimize sputtering. At this point, the propellant flow and
microwave power to the neutralizer are supplied, and the accelera-
tion voltage is turned on. Occasional ion impingements on the neu-
tralizer walls induce secondary electrons that ignite the neutralizer
plasma.

Ions in the discharge chamber drift along the thruster axis pri-
marily by the pressure gradient until a fraction of them reaches the
ceramic spacer region where the ions start to experience a voltage
gradient between the discharge chamber at the acceleration voltage
of 250 V and the neutralizer at ground potential. (Fig. 3) There is no
electrode downstream to extract ions. Therefore, the beam current is
not limited by the space charge limitation. The microwave engine is
basically a two-stage electric propulsion thruster where ionization
and acceleration occur in separate regions. Some ionization, how-
ever, occurs downstream of the discharge chamber that contributes
to ion energy broadening and ion beam divergence. The potential of
the magnetic nozzle is approximately 70 V above ground when V,,
is +250 V with respect to ground.
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Fig. 4 Block diagram of the microwave engine system. (Propellant supply system not included.)

C. Experimental Measurements

A block diagram of the microwave engine system (excluding
propellant supply system) is shown in Fig. 4. The 1.5-GHz mi-
crowave oscillator-amplifier-directional coupler assemblies were
custom-built by Milli Com Corporation in Osaka, Japan. These
assemblies have variable attenuators to adjust output power from
the maximum of 10 W. Hirose coaxial line stretchers (model HLS-
JJ-1) were placed between the microwave generators and plasma
sources to prevent the high reflection of microwave power as a re-
sult of a mismatch of the plasma impedance. Once the impedance
was matched, few adjustments were needed. The ends of the line
stretchers were shorted terminators in order to have the antenna at
the same potential as the discharge chamber or the neutralizer body.
A dc block was inserted between the two line stretchers in the dis-
charge chamber microwave coaxial line so that the portion of the
coaxial line leading up to the antenna was held at the acceleration
potential.

The acceleration voltage was supplied by a TAKASAGO
GPOS500-1R (500 V/1 A) power supply. The ignitor current was
supplied by a LAMBDA PWS-350-10 (10 V/35 A) power supply.
The ignitor timer and switch were manufactured in house. National
Semiconductor’s LM35DZ IC temperature sensors were attached to
the discharge chamber, magnetic nozzle, neutralizer, and microwave
amplifiers to measure their temperatures. The accuracy of the tem-
perature measurements was £1°C according to the manufacture.
Microwave forward and reflected power was measured using diode
detectors built and calibrated in house. Acceleration current was
measured by a 10-2 shunt resistor. Acceleration voltage and mag-
netic nozzle potential were measured using voltage dividers built in
house. The voltage signals from diode detectors, voltage dividers, /,.
shunt resistor, and temperature sensors were measured and stored
by a NEC OMNIACE RT3600 data logger. The measured values
had accuracy within £1% of the true value.

Beam current was measured by a 10-Q2 shunt resistor. The ion
beam collector in Fig. 4 was actually a stainless-steel cylinder. The
cylinder covered most of the inner wall of the glass chamber, except
the pumping port at the midsection where a stainless-steel mesh was
used to collect ions. The ion beam collector was biased —25 V with
respect to ground to repel electrons. The voltage signal from the
I, shunt resistor was measured using a FLUKE 73111 multimeter
that had a measurement accuracy of within 1% of the true value.
A MAGNA MG-401 gauss meter and a MG-401PRB probe were
used to measure magnetic flux densities in these tests to within 5 G
of accuracy. Mass measurements in these tests used an A&D GX-

200 electronic balance that had accuracy of +0.002 g. Dimensions
in these tests were measured using a micrometer caliper with an
accuracy of £0.03 mm.

D. Thruster Performance

The microwave engine performance tests have been performed,
and the results have been reported in previous papers.”~’ Normal
operating parameters of the microwave engine were the following:
1) discharge chamber propellant flow 0.038 mg/s (0.42 SCCM),
2) neutralizer propellant flow 0.022 mg/s (0.25 SCCM), 3) discharge
microwave input power 5.0 W, 4) neutralizer microwave input power
2.4 W, and 5) acceleration voltage 250 V.

Typical numbers of the experimental measurements for the
preceding operating condition were the following: discharge mi-
crowave reflected power 0.3 W, neutralizer microwave reflected
power 0.1 W, acceleration current 43.0 mA, beam current 27.6 mA,
magnetic nozzle potential 70 V, discharge chamber temperature
68°C, magnetic nozzle temperature 75°C, and neutralizer tempera-
ture 76°C. As mentioned in the preceding subsection describing the
microwave engine, the difference between /,. and I, is a loss mech-
anism that does not contribute to thrust, and thus the acceleration
efficiency is defined to represent this loss as follows:

Nac = Ib/lac (1)

In the thruster performance calculations, P, is the sum of the dis-
charge microwave power and neutralizer microwave power. Also,
m, is the sum of the discharge chamber and neutralizer propel-
lant flows. All beam ions were assumed to be singly ionized. Al-
though the double-to-single ion current ratio was not measured, it
was thought to be very small because the microwave powers and
propellant flows were set as low as possible for a stable thruster
operation in order to minimize total system power P.

The total system power P,y is the sum of the microwave power P,
and acceleration power (V,. - I,.). However, the power losses caused
by the microwave amplifier (50% efficiency, measured), microwave
coaxial line transmission (78% efficiency, measured), and acceler-
ation power supply (91% efficiency, quoted value) were included
in the actual calculation of Py. Thus, Py = (5.042.4)/(0.5 %
0.78) 4+ (0.043 % 250)/0.91 =30.8 W.

Propellant utilization efficiency is defined as the ratio of the thrust-
generating ions to the propellant atoms supplied to the thruster and
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Table 1 Typical microwave engine performance

Item Value
Discharge chamber propellant flow rate (xenon) 0.038 mg/s
Neutralizer propellant flow rate (xenon) 0.022 mg/s
Discharge microwave power 50w
Neutralizer microwave power 24W
Acceleration voltage Ve 250V
Total system power P 30.8 W
Acceleration current [, 43.0 mA
Beam current 7 27.6 mA
Acceleration efficiency 7,¢ 0.64
Propellant utilization efficiency 7, 0.63
Thrust (calculated) T 0.6 mN
Iy 1015s
Total thrust efficiency nr 0.15
can be expressed as the following:
Nu = m; /My, = (M; - 1)/ (e - mp) @)

Thrust was calculated by assuming that ionization and acceleration
occur in completely separate regions and that all ions are acceler-
ated by V,.. Also, beam divergence half-angle was set to 34 deg
from visual observation. Then, the thrust can be estimated using the
following:

T =m;-u =+ (2M;/e) cosbuy - I - y/ Vac 3

Specific impulse I, can be calculated from the thrust using its defi-
nition, Iy, = T/ (n1,, - o). Total thrust efficiency is defined as the ratio
of thrust power to total electrical power P, and can be calculated
using the following:

miul 1T Iy g

nr = =3 4)
! Pt 2 N Po

Typical thruster performance numbers were calculated using the
preceding equations and are summarized in Table 1. By the mea-
surement accuracies described in the preceding subsection, the un-
certainties for the thruster performance numbers were estimated to
be within 5%. Here 7, and Iy, will greatly improve if a propellant-
less electron source such as a barium-impregnated cathode is used
as a neutralizer. Such a neutralizer will also improve 1y because the
required cathode heater power is much less than that needed for the
neutralizer microwave power of more than 6 W (including amplifier
and transmission line losses).

III. 1200-h Endurance Test

A breadboard model of the microwave engine was put through a
preliminary endurance test of 1200 h to verify the durability of the
thruster design before the 5300-h life test. The mass, dimensions,
and magnetic flux densities of each part were measured before the
test for later comparison. The neutralizer used in this first endurance
test was a rhenium-tungsten filament neutralizer with triple carbon-
ates [(Ba-Sr-Ca)COs] applied in and around the filament. It was
decided to test the thruster head (discharge chamber and magnetic
nozzle) first in the preliminary endurance test while a microwave
neutralizer was being developed in order to make effective use of
time. The microwave engine was disassembled after the 1200-h test,
and the masses, dimensions, and magnetic flux densities were mea-
sured after each part was cooled down to room temperature.

Figure 5 shows a picture of the discharge chamber after 1200 h
of operation. No significant sputtering could be observed inside the
discharge chamber. The midsection of the Sm-Co permanent mag-
nets on the inner wall of the discharge chamber became somewhat
glossy. These surfaces appeared to be polished by the impinging
ions with energies equivalent to the plasma potential. However, the
ions were not expected to cause any significant damage because
of their low energies. The magnetic flux density in the discharge
chamber had, on average, decreased by 3.3%. There was virtually
no deposition of sputtered material inside the discharge chamber.

Fig. 5 Discharge chamber after the 1200-h preliminary endurance
test. No significant sputtering damage or deposition of sputtered mate-
rial inside the discharge chamber. (The hole under the Sm-Co magnets
on the inner wall is for installing a plasma ignitor.)

TIon Beam Direction

Sputtering Damage"

Fig. 6 Inner wall of the magnetic nozzle after the 1200-h preliminary
endurance test. Sputtering damage can be seen near its exit (top) that
extends to the midsection of the Sm-Co magnets on its inner wall.

The L-shaped, molybdenum antenna had a matte finish originally.
But the antenna became glossy where it was exposed to the plasma.
The polishing was also attributed to the ion impingements upon
the antenna surface with the energies close to the plasma potential.
The mass of the antenna decreased by 8.90 mg over the 1200 h.
The diameter of the antenna decreased from 1.57 to 1.45 mm in the
middle of the bent section. However, the diameter was the largest
at the tip and decreased towards the bend. According to this rate of
sputtering, the antenna diameter after 5000 h of thruster operation
would be approximately 1 mm, and the antenna was expected to
function normally.

Figure 6 shows a picture of the magnetic nozzle after 1200 h of
operation. The magnetic nozzle had sputtering damage near its exit
that extended to the midsection of the Sm-Co magnets on its inner
wall. The diameter of the nozzle exitincreased from 21.0to 21.7 mm.
The mass of the magnetic nozzle decreased by 466 mg. Deposition
of metallic material was observed on the vacuum chamber wall that
was thought to have come from the sputtered material from the
magnetic nozzle. From the relative positions of the deposition and
the magnetic nozzle exit, most of the sputtered material seemed to
be confined within a half-angle of 35 deg with respect to the thruster
axis. Magnetic flux density in the magnetic nozzle had decreased
by 4.7% on average.

In general, magnetic flux density of a permanent magnet de-
creases as its temperature increases and vice versa. If the temper-
ature reaches above a critical temperature, magnetic flux density
cannot recover completely even after the magnet cools down. This
critical temperature for Sm-Co magnets is 250°C according to the
manufacture. The Sm-Co magnets in the microwave engine reached
near 80°C, well below the critical temperature. Therefore, the de-
crease in magnetic flux density cannot be attributed to the operating
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Graphite shield

Fig. 7 Graphite shield that protects the magnetic nozzle. White frames
are added to highlight the boundaries of the shield. The top shaded area
is the boundary between the graphite shield and the ceramic spacer. The
bottom shaded area is the upstream surface of the discharge chamber.
(The antenna is not shown.)

temperature. Observations in the following section will show that
sputtering of the Sm-Co magnet surface was the main factor for
the decreases in the magnetic fields. Incidentally, the critical tem-
perature just discussed is different from the Curie temperature at
or above which the material loses magnetic force completely. The
Curie temperature of Sm-Co magnets is about 750°C.

Although the operation of the microwave engine was unchanged
by the reduction in the magnetic field strength, the sputtering damage
on the magnetic nozzle surface was significant considering the target
lifetime of 5000 h. Therefore, a shield was installed to protect the
magnetic nozzle. Graphite was chosen to be the shielding material
because of its low sputtering yield. The dimension of the magnetic
nozzle and the size of the Sm-Co magnets were modified to install a
graphite shield without changing the inner diameter or the magnetic
circuit.

IV. 5300-h Endurance Test

After the 1200-h preliminary endurance test, the magnetic noz-
zle was replaced by a new one that incorporated a graphite shield
(see Fig. 7). Also, the filament neutralizer was replaced by a
microwave-discharge neutralizer (Fig. 1). The discharge chamber
including its antenna from the 1200-h test was used. The microwave
engine was disassembled after the 5300-h test, and the masses, di-
mensions, and magnetic flux densities were measured after each part
was cooled down to room temperature.

A. Engine Operation

The microwave engine operation became unstable after nearly
7200 h of operation including the 1200-h test, and the endurance
test was stopped. The microwave neutralizer had logged over 5500 h
of operation, the magnetic nozzle with a graphite shield had logged
over 5200 h of operation, and the other parts of the microwave engine
had logged over 7100 h of operation at the end of the endurance test.

Figure 8 shows the acceleration current during the 5300-h en-
durance test. The microwave engine was operated at the accelera-
tion voltage of 200 V instead of nominal 250 V between 3500th
and 5300th hours. This change was made to eliminate flickering
of the discharge plasma that started to appear around the 3500th
hour. During the flickering, the plasma did not seem to be in any
danger of extinguishing. This flickering was different from the in-
stability that led to the end of the tests where the acceleration current
started to oscillate between 10 and 43 mA with a period of approx-
imately 2 min. Sputtering yields for Xe on molybdenum (antenna
material) and carbon (graphite shield material) decrease by approx-
imately 30% when impacting ion energy is decreased from 250 to
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Fig. 8 Acceleration current during the 5300-h endurance test. The
microwave engine was operated at the acceleration voltage of 200 V
instead of nominal 250 V between 3500th and 5300th hours.
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Fig. 9 Averaged acceleration current during the 5300-h endurance
test. The data in Fig. 8 were averaged over 24-h periods to cut out
the cyclic oscillation in the acceleration current caused by the daily
temperature change of the laboratory air.

200 V (Ref. 8). This reduction in sputtering yields can result in the
extension of thruster lifetime by roughly 500 h. Sputtering of the
graphite shield was probably reduced by more than 30%, because
the acceleration voltage reduction also decreased the ion current to
the magnetic nozzle surface. On the other hand, sputtering of the
discharge chamber magnets and antenna were probably reduced by
less than 30%, because the energies of the impacting ions in the dis-
charge chamber were only indirectly influenced by the acceleration
voltage. As will be discussed later, the decrease of magnetic field
in the discharge chamber was attributed to the end of stable thruster
operation, and thus, the impact of the acceleration voltage reduction
on the thruster lifetime in this test was thought to be small.

Figure 9 shows acceleration current in the same period as in Fig. 8,
but the data were averaged over 24-h periods in order to cut out the
cyclic oscillation in the data that were caused by the daily tem-
perature change of the air in the laboratory where the endurance
tests were conducted. The thruster performance was affected by the
air temperature in the laboratory because the efficiency of the mi-
crowave amplifiers, which sat in the room, was temperature depen-
dent. The air temperature in the laboratory varied normally between
21 and 29°C. And correspondingly, the microwave amplifier tem-
perature varied between 23.4 and 30.3°C. For this 6.9°C rise in the
amplifier temperature, the forward microwave power decreased by
about 3%, which resulted in the reduction of the acceleration current
by approximately 1.5% (Ref. 6). These observations were valid only
when the amplifier temperature was around 27°C, because the tem-
perature characteristic of the microwave amplifier was not linear.
These temperature cycles did not seem to affect the overall thruster
operation.

As can be seen in Fig. 9, the acceleration current varied approx-
imately £5 mA throughout the test, excluding the period where
the thruster was operated at 200 V. However, the thruster perfor-
mance was affected not only by daily room temperature changes
but also seasonal changes of the laboratory air. The least change in
the air temperature and humidity occurred between 1800th hour and
2500th hour when the air conditioner was turned on in the summer.
During this period, the acceleration current varied £0.6 mA, which
corresponds to a thrust variation of +1.5%.
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Fig. 10 Discharge chamber after the 5300-h endurance test, after log-
ging over 7100 h of total operation time. Deposition of sputtered material
can be seen on all surfaces, which had not been observed in the 1200-h
test (see Fig. 5). The L-shaped antenna in the center had been sputtered
most at the bend.

B. Discharge Chamber

Figure 10 shows the inside of the discharge chamber after the
5300-h endurance test. The discharge chamber had logged over
7100 h of total operation. There was a dark purple deposition on the
lower side of the Sm-Co magnets on the inner wall of the discharge
chamber. The same kind of deposition was found on the perimeter
of the Sm-Co ring magnet located on the plenum surface, the center
of which the antenna came through. This deposition is most likely
the sputtered Sm-Co material. The ring magnet was coated with a
shiny, silvery deposition that was believed to be sputtered molybde-
num from the antenna. The ceramic spacer between the discharge
chamber and the magnetic nozzle was covered by graphite and a sil-
very material (likely molybdenum), but the electrical isolation was
maintained until the end of the endurance test.

The mass of the antenna had decreased by 49.2 mg, approximately
1.5% of the original mass, because the beginning of the test. Most
of the sputtering of the L-shaped antenna occurred at the bend. The
diameter at the antenna tip had decreased from 1.55 to 1.25 mm,
while the diameter at the bend had decreased from 1.35 to 0.49 mm
in 7100 h of operation. The sputtering pattern follows the magnetic
field lines where the lines are converging; most sputtering occurred
at the magnetic field cusps. This correlation is also the reason why
the Sm-Co magnet surfaces in the inner wall of the discharge cham-
ber were the most sputtered locations in the discharge chamber. It
is postulated that sputtering is greatest at the magnetic field cusps
because the plasma density is higher there than in other regions in
the plasma.

The magnetic flux density of the discharge chamber magnets de-
creased by 5.0% on average during the 5300-h test. Therefore, the
magnetic flux density had decreased by a total of 8.3% in approxi-
mately 7100 h of operation. Meanwhile, the magnetic flux density
of the ring magnet on the plenum remained constant despite the
sputtering and heat (~60°C). A computer calculation of the mag-
netic field in the discharge chamber showed that a much stronger
magnetic field cusp was formed near the inner wall magnets than
near the ring magnet. Therefore, the inner wall magnets were likely
to have suffered much more ion impingement than the ring magnet.
Another computer calculation showed that the original ECR con-
dition was altered by the decrease of the magnetic flux density in
the discharge chamber. The instability in the acceleration current at
the end of the endurance test was attributed to this change in the
ECR condition. Instabilities in the ion production propagated to the
discharge plasma, eventually affecting thruster operation.

_——

Deposition

Fig. 11 Neutralizer chamber after the 5300-h endurance test (antenna
removed). There was a significant amount of deposition of sputtered
Sm-Co, molybdenum, and graphite. The Sm-Co magnets on the inner
wall had been shielded from the plasma by an aluminum cylinder (not
shown).

C. Magnetic Nozzle

The magnetic nozzle with a graphite shield had logged over 5200 h
of operation. At the end of the endurance test, the part of the graphite
shield covering Sm-Co magnets had been sputtered through. As
in the discharge chamber, most of the sputtering occurred at the
magnetic field cusps, near the Sm-Co magnet surfaces. Small holes
started to appear on the graphite shield surface at around 4700th
hour and had grown in diameter to about between 1 and 2 mm at the
end of the endurance test. Because the exposure to the plasma was
minimal, the Sm-Co magnets experienced minimum sputtering. And
the magnetic flux density of the Sm-Co magnets remained constant
during the 5200 h of operation. Most of the sputtered graphite was
deposited on the vacuum chamber walls. Some of the sputtered
graphite was found on the ceramic spacer and inside the neutralizer
chamber. The exit diameter of the graphite shield had increased
from 18.93 to 20.50 mm during 5200 h of operation. Recall that the
exit diameter of the magnetic nozzle without the graphite shield had
increased from 21.00 to 21.70 mm during the first 1200-h endurance
test. Therefore, the sputtering was decreased by almost half using
graphite shield.

D. Microwave Neutralizer

The microwave neutralizer had logged over 5500 h of operation.
There was a significant amount of deposition inside the neutralizer
chamber at the end of the endurance test (see Fig. 11). The de-
position consisted of sputtered Sm-Co, antenna molybdenum, and
graphite. The Sm-Co ring magnet on the plenum had rounded cor-
ners caused by sputtering, but the Sm-Co magnets on the inner wall
of the neutralizer chamber had no sputtering damage because they
were shielded from the plasma by an aluminum cylinder. The L-
shaped neutralizer antenna had much more sputtering damage than
the discharge chamber antenna. The tip of the antenna had been
sputtered away and became needle like. The mass of the antenna
had decreased by 154 mg in 5500 h of operation. The mass loss
rate was approximately three times as fast as that of the discharge
chamber antenna. The diameter at the bend was 0.9 mm, and the
diameter at the root was 1.3 mm. The tip of the antenna experienced
the greatest erosion because of its proximity to the convergence of
the magnetic field lines. The neutralizer orifice, which is made of
aluminum, had no sputtering damage. The magnetic flux density
of the neutralizer chamber magnets remained constant during the
5500 h of operation caused by the aluminum cylinder shield. The
magnetic flux density of the ring magnet also remained constant.
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V. Conclusions

A breadboard model of the microwave engine was manufactured,
and two endurance tests were performed to verify its durability. After
more than 5000 h of operation in the second endurance test, thruster
operation became unstable, and the test was stopped. The test has
shown that the microwave engine had a lifetime of over 5000 h. The
instability in the acceleration current at the end of the endurance test
is attributed to the inefficient ECR condition in the discharge cham-
ber that resulted from the decrease in the magnetic flux density of
the discharge chamber magnets (8.3% decrease). Instabilities in the
ion production propagated to the discharge plasma and eventually
led to the adverse effects seen in thruster operation. The magnetic
flux density of the magnetic nozzle magnets and neutralizer chamber
magnets remained constant because those magnets were physically
shielded from the ions. Therefore, a similar shield in the discharge
chamber would be expected to protect the chamber magnets. Such
a shield would likely require modifications in the chamber dimen-
sion and Sm-Co magnet size. After making such modifications, the
main life-limiting element in the microwave engine would be the
antennas, which are also subjected to ion impingement.
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