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The effects of magnetic field configuration on thrust performance in a miniature microwave
discharge ion thruster were investigated in order to improve thrust performance. First, the extracted
ion beam current was measured for various levels of strength of the magnetic field. It was found that
there is an optimum magnitude of the magnetic field. That this is due to the tradeoff between
magnetic mirror confinement and microwave-plasma coupling was confirmed by measurement of
the ion saturation current into the antenna of the ion thruster. The ion saturation current was found
to decrease with an increase in magnetic field strength, due to the improvement in magnetic mirror
confinement. The estimated electron temperature also decreases with an increase in magnetic field
strength. This result shows that the increase in magnetic field strength leads to a decrease in
microwave-plasma coupling. Next, the ion beam current for three magnetic field shapes was
measured by changing the length of the central yoke. The results show that the optimum magnetic
field shape depends on the mass flow rate because of the tradeoff between magnetic confinement and
ionization probability. For the configurations tested, the 3 mm length central yoke is optimal for low
mass flow, whereas 7 mm is the best for high mass flow. Overall, the extracted ion beam current is
21.4 mA, at a xenon mass flow rate of 0.036 mg/s, beam voltage of 1500 V, and incident microwave

power of 16 W. © 2007 American Institute of Physics. [DOL: 10.1063/1.2822456]

I. INTRODUCTION

The demand for mN-class miniature propulsion systems
for small satellites is expected to grow in the future, since the
adoption of small satellites, with their flexibility, short devel-
opment time, and low cost, has been a breakthrough in space
applications."2 Until recently, however, size restrictions have
limited the capacity of the available propulsion systems.

An ion thruster is a rocket engine that works by pushing
ions away from the spacecraft. The action of the ions leaving
the thruster causes a reaction that pushes the spacecraft in the
opposite direction. Ions produced in the discharge chamber
can be propelled by an electric field. A pair of grids in the ion
thruster accelerates the ions to very high speed, such as
30 000-80 000 m/s, and shoots them out of the thruster. Ion
thrusters show high energy transfer efficiency, exceeding
70%, with good specific propellant consumption.3 Therefore,
ion thrusters have already been used extensively in space
missions, such as Deep Space 1,4 HAYABUSA,S’6 and
others.’

The use of ion thrusters will expand the range and capa-
bilities of small satellites;l’8 missions such as Mars explora-
tion would become possible, as would satellite self-disposal.
Miniature ion thrusters can also be used for precise high-
stability attitude and position control in large spacecraft, as
well as for primary propulsion of microsatellites. Several
studies have been conducted on the miniature ion
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thruster.” ™

Wirz et al. showed good performance of a 30
mm miniature xenon ion (MiXI) thruster, that is, the propel-
lant utilization and the ion beam production cost were 0.8
and 500 W/A, respectively, for a mass flow rate of 0.02
mg/s.9 An electron bombardment-type ion source was used
for ion production, so that operation time was limited by the
thermionic cathode lifetime. A microwave discharge ion
source would offer a potentially longer thruster lifetime,
since the microwave discharge type would be free from con-
tamination and degradation of the electron emission capacity.

The thrust performance of miniature microwave dis-
charge ion thrusters has thus far been inferior to that of con-
ventional ion thrusters, as poor microwave-plasma coupling,
as well as large plasma losses from ion and electron colli-
sions with the walls, has kept the cost of ion production very
high.lo’11 This type of ion source has a virtual cathode,” a
magnetic tube formed by a magnetic circuit, and an antenna
to emit microwaves.'® Trapped electrons gain energy from
the microwaves by electron cyclotron resonance (ECR) heat-
ing, and ionize neutral atoms while undergoing reciprocating
motion between magnetic mirrors. Therefore, most of the
ionization occurs in the magnetic tube. For effective
microwave-to-plasma energy transfer, the antenna has to
contact the ECR layer, since a strong electric field appears in
the vicinity of the antenna. Of course, magnetic mirror con-
finement in the magnetic tube also affects the performance of
the ion source.

© 2007 American Institute of Physics
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FIG. 1. Cross section of 50 W class miniature microwave discharge ion
thruster developed at Kyushu University.

The aim of this study is to investigate the effects of
magnetic field configuration on the thrust performance of the
miniature microwave discharge ion thruster.

II. EXPERIMENTAL EQUIPMENT
A. Thruster

The cross section of a 50 W class miniature microwave
discharge ion thruster is shown in Fig. 1. The inner diameter
is 21 mm and the size of the thruster is 50X 50X 30 mm?>.
Flat square grids were used to extract the ion beam. The
geometric parameters are shown in Table I. This geometry
was designed using a numerical analysis code developed by
Arakawa ef al.'’ The grid is made of molybdenum, and alu-
mina cylinders are used as isolators between the two grids.
The gap between the grids is 0.25 mm and the ion beam
extraction area is 16X 16 mm?. The ion source consists of
an antenna and a magnetic circuit, which is made up of sev-
eral samarium cobalt (Sm-Co) permanent magnets and iron
yokes. The magnetic field profile of this thruster with nine
Sm-Co magnets (calculated using QuickField 3.4," Tera
Analysis Co.) is shown in Fig. 2. The magnetic field strength
in the discharge chamber can be changed by changing the
number of magnets, Ny,,,, as shown in Fig. 3. The magnetic
flux density at the antenna center is increased with an in-
crease in the number or magnets. A star-shape antenna was
used, since it was shown in a previous study to perform
well.” The antenna is 1 mm thick. The antenna lifetime may
not be an important challenge for this thruster, since the neu-
tralizer adopted in HAYABUSA has an antenna and demon-
strated its lifetime in excess of 15000 h."” The tip of the
antenna is inserted into the magnetic tube formed by the
magnetic circuit, as shown in Fig. 2. Microwave power at
2.45 GHz was fed through a coaxial line and into the an-

TABLE I. Grid parameters.

Screen Acceleration
Open area ratio (%) 51 16
Hole diameter (mm) 0.90 0.50
Potential (V) 1500 -300
Thickness (mm) 0.30
Hole pitch (mm) 1.20
Material Molybdenum
Grid gap (mm) 0.20
No. of holes 211
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FIG. 2. Magnetic field profile of miniature ion thruster. Ny,,,=9.

tenna. A dc block with a loss of 0.43 dB at 2.45 GHz was
inserted to protect the microwave amplifier, as shown in Fig.
4. The screen grid and ion source were biased to +1500 V
with respect to ground and the acceleration grid was set to
—300 V. The extracted ion beam was estimated as the cur-
rent through the screen power supply minus the current
through the accelerator power supply. The validity of this
method was shown in our previous study.

No neutralizer was used in this study, as there is little
difference between the extracted ion beam current without
neutralizer and that with the filament neutralizer (0.2 mm
diameter X 100 mm length, 2% thoriated tungsten). There
are, in fact, several candidate neutralizers for this thruster,
including a field emission cathode,zh22 a filament cathode, an
internal conduction cathode,23 and a microwave discharge
cathode.”**> A miniature microwave discharge neutralizer is
under development, although it has thus far shown poor
performance,24 with an electron current of 15 mA for an
incident microwave power of 4 W and xenon mass flow rate
of 0.005 mg/s.

Thrust of the ion thrusters, F, can be estimated as

F=vyiI,NQ2m; Vyple). (1)

Here, vy, I, m;, V), and e are the thrust coefficient, extracted
ion beam current, ion mass, beam voltage, and electronic
charge, respectively. Considering the exhaust-beam diver-
gence and the effect of doubly charged ions, y; is defined as

yr=rcos 8, X (1 +a2)/(1 + a). 2)

0, and « are the beam divergence angle and the ratio of the
doubly charged ion current to the singly charged ion current,
respectively. @ and 6, are assumed to be 0.15 and 10 deg,26’27
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FIG. 3. Dependence of magnetic flux density at the antenna center on the
number of magnets.
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FIG. 4. Schematic of electric circuit.

respectively. Thus, in this study, 7y, is estimated as vy
~(0.98 X0.96=0.94. The thrust of the ion thruster is propor-
tional to the ion beam current with constant beam voltage.
Hence, the extracted ion beam current is a good indicator for
evaluating the thrust performance of the ion thrusters. The
validity of this thrust estimation has been shown.’

High-purity (99.999% pure) xenon gas was used as the
propellant. A thermal mass flow controller (full scale
=0.29 mg/s) with a flow accuracy of +0.7% for rate and
+0.2% full scale (F.S.) was used to control mass flow rate, 1.
For measurement of the loss at the antenna, the ion saturation
current into the antenna was measured. To apply dc voltage
to the antenna, bias-7" was used to separate direct current
from rf current. The insertion loss of bias-7 is 0.4 dB and the
maximum bias voltage and the maximum microwave power
are 30 V and 10 W, respectively. However, the ion currents
are not saturated at —30 V, as shown in Fig. 5. Therefore,
since the antenna can be treated as a planar electrostatic
probe, the ion saturation current into the antenna was esti-
mated as follows:

— Vi

[anzlio+leo exXp _(_d)%) s (3)
e

where I,, is the current into the antenna, I;, is the ion satu-
ration current, /, is the electron saturation current, ¢, is the
plasma potential, Vy; is the bias voltage against the discharge
chamber, and 7, is the electron temperature in the vicinity of
the antenna. Indeed, there is little difference between curve
fit and the experimental data, as shown in Fig. 5. The ex-
tracted grids were revised in order to maintain performance
for incident microwave power less than 10 W. The geometric
parameters are shown in Table II. The ion beam diameter is

E 20 . . . : :
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g 1ot 0o _ p=sw e
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FIG. 5. Ion current into antenna vs bias voltage.
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TABLE II. Revised grid parameters.

Screen Acceleration
Open area ratio (%) 51 16
Hole diameter (mm) 1.20 0.70
Potential (V) 1000 -200
Thickness (mm) 0.30
Hole pitch (mm) 1.50
Material Molybdenum
Grid gap (mm) 0.20
No. of holes 91

16 mm. The magnetic field profile is the same as that shown
in Fig. 2.

B. Vacuum chamber

A 0.6 m diameter, 1 m long vacuum chamber was used
in the experiments. The pumping system was comprised of a
cryo-pump and a turbo molecular pump. The background
pressure was maintained below 1.2X 1073 Pa for most of the
operating conditions.

lll. RESULTS AND DISCUSSION
A. Magnetic field strength

Figure 6 shows the dependence of ion beam current on
magnetic field strength for three mass flow rates. Incident
microwave power is varied to obtain the same specific en-
ergy, i.e., incident microwave power per mass flow rate, for
each mass flow rate.

The ion beam currents of Nmagz 10, 12, and 14 are 11.2,
13.2, and 12.1 mA, respectively, at m=0.018 mg/s, V,
=1500 V, and P;=8 W. That is, there is an optimum mag-
netic field strength. The maximum thrust achieved is 0.79
mN, at Ny,=12. A similar trend is seen for m
=0.027 mg/s, although in that case the optimum N, is 13,
and the thrust is estimated as 1.1 mN. This trend is due to the
tradeoff between magnetic mirror confinement and
microwave-plasma coupling; with increasing Ny,,,, the mag-
netic confinement is improved, so that the ion beam current
increases with an increase in Ny,,. Plasma-microwave cou-
pling deteriorates with an increase in Ny, due to the in-
crease in the distance between the antenna and the ECR
layer, where the microwave power is absorbed efﬁciently,28
as shown in Fig. 7. Figure 8 shows the dependence of the
reflection coefficient, I", on the number of magnets. I" is a
good indicator of the degradation of the microwave-plasma
coupling. I'’s with Nmagzll, 13, and 15 are 0.14, 0.15, and
0.17, respectively. That is, I' increases with an increase in
Nmag, as mentioned above. Therefore, the microwave-plasma
coupling deteriorates and the plasma cannot be ignited be-
yond Ny, =16 because the distance between the antenna and
the ECR layer is too great.

In order to investigate the effect of magnetic field
strength on the magnetic confinement, ion saturation current
into the antenna was measured, since it can be evaluated as
the loss on the antenna. The saturation current into the an-
tenna for several Ny,,, for m=0.018 mg/s is shown in Fig. 9.
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FIG. 6. Dependence of ion beam current on magnetic field strength. (a) m
=0.018 mg/s, P;=8 W, V,=1500 V. (b) m=0.027 mg/s, P;=12 W, V,
=1500 V. (c) m=0.036 mg/s, P;=16 W, V,=1500 V.

The ion saturation currents into the antenna for Nmag=9, 10,
11, and 12 are 23, 13, 15, and 11 mA, respectively. That is,
the ion saturation current, i.e., the loss on the antenna, de-
creases with an increase in Ny,,. This means that the plasma
in the vicinity of the antenna is pushed farther from the an-
tenna as the magnetic flux density at the antenna increases.
These results show the validity of the assumption that an
increase in the magnetic field strength leads to an improve-
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FIG. 7. Magnetic field profile for each Nyyq. () Nyype=10, (b) Npypo=12, (c)
Ninag=14, and (d) Np,e=16.
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FIG. 8. Dependence of reflection coefficient on magnetic field strength at
m=0.027 mg/s and P;=12 W.

ment in magnetic mirror confinement. The decrease in loss
leads to an increase in the extracted ion beam current, that is,
the thrust.

The relation between the electron temperature in the vi-
cinity of the antenna and the number of magnets was inves-
tigated. The estimated electron temperatures of Ny,,,=9, 10,
11, and 12 are 29, 20, 16, and 11 eV, respectively. That is, the
electron temperature decreases with an increase in Ny
These results show the validity of the assumption that an
increase in the magnetic field strength leads to a deterioration
in microwave-plasma coupling.

As shown in Fig. 6, the ion beam currents for N,,=11,
13, and 15 are 18.9, 21.4, and 21.6 mA, respectively, at m
=0.036 mg/s. That is, the beam current increases with the
number of magnets, and the ion current saturates above
Nmag=13. This trend is different from the cases with m
=0.018 and 0.027 mg/s. This is because plasma density is
high enough at m=0.036 mg/s that the low level of cou-
pling is less significant than in the m2=0.018 and 0.027 mg/s
cases.
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FIG. 9. Dependence of saturation current and electron temperature on mag-
netic field strength at m=0.018 mg/s and P;=8 W.
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B. Magnetic field shape

The effect of magnetic field shape was investigated, with
the objective of extending the magnetic tube, i.e., enlarging
the volume of the ionization zone, as shown in Fig. 10. This
will lead to an improvement in the thrust performance of the
thruster. The central magnetic yoke length was changed for a
constant chamber length. Figure 11 shows the dependence of
the ion beam current on the central yoke length, /. The num-
ber of magnets is optimized for each case. At m
=0.018 mg/s and P,=8 W, the ion beam currents for /=3,

—
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FIG. 11. Dependence of ion beam current on central yoke length. (a) m
=0.018 mg/s. (b) m=0.036 mg/s.
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5,and 7 are 12.1, 11.6, and 8.4 mA, respectively. That is, the
beam current increases with a decrease in /, due to the en-
largement of the ionization zone.

Atm=0.036 mg/s and P;=16 W, the ion beam currents
for [=3, 5, and 7 are 17.6, 19.4, and 20.2 mA, respectively.
That is, the ion beam current increases with an increase in /.
This reversal is due to the effect of the improvement in con-
finement, which exceeds the effect of the reduction in the
volume of the ionization zone. The thrust performance is
thus improved. The results show that the optimum central
yoke length depends on the mass flow rate because of the
tradeoff between magnetic confinement and ionization prob-
ability. For the configurations tested, the 3 mm length central
yoke is the best for low mass flow rates, whereas 7 mm is the
best for high mass flow rates.

IV. CONCLUSION

The effects of magnetic field configuration on the thrust
performance of a 50 W class miniature microwave discharge
ion thruster were investigated.

(I) Thrust was measured for several magnetic field strengths
in the discharge chamber. The thrusts for Ny, =10, 12,
and 14 are 0.67, 0.79, and 0.73 mN, respectively, at a
xenon mass flow rate of 0.018 mg/s, incident microwave
power of 8 W, and beam voltage of 1500 V. There is an
optimum magnetic field strength that depends on the
mass flow rate because of the tradeoff between the
microwave-plasma coupling efficiency and the magnetic
mirror confinement. Experimental results validate this
assumption: the ion saturation current into the antenna,
i.e., loss on the antenna, decreases with an increase in
Nppyg due to the improvement in magnetic mirror con-
finement. The estimated electron temperature also de-
creases with an increase in Ny, due to the degradation
of microwave-plasma coupling.

(2) The ion beam current was measured for several mag-
netic field shapes by changing the central yoke length.
At a mass flow rate of 0.018 mg/s and incident micro-
wave power of 8 W, the thrusts were 0.73, 0.70, and 0.50
mN for central yoke lengths of 3, 5, and 7 mm, respec-
tively. At a mass flow rate of 0.036 mg/s, the thrust were
1.1, 1.2, and 1.2 mN, respectively. The results show that
the optimum central yoke length depends on the mass
flow rate because of the tradeoff between magnetic con-
finement and ionization probability.

Overall, the thrust in the miniature microwave discharge
ion thruster is 1.3 mN, at a xenon mass flow rate of 0.036
mg/s, beam voltage of 1500 V, and incident microwave
power of 16 W, with a 16 X 16 mm? extracted area.
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