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Abstract: This paper describes the thrust performance of an electrothermal
microplasma thruster with an applied magnetic field (~2.4 kG), which consists of a
cylindrical microplasma source and a conical micronozzle. The microplasma is sustained by
microwaves and the propellant gas of Ar is heated up due to collisions between energetic
electrons and neutrals. In order to decrease the diffusion loss of electrons due to the large
surface-to-volume ratio in the microplasma chamber, we applied a strong axial magnetic
field. The results of the thrust measurement have indicated that the thrust performance with
the magnetic field are improved by 2.8 to 12.3% compared with the case without the
magnetic field at the microwave power of 6 W and high mass flow rates (> 20 sccm).

Nomenclature

F; = thrust

Fo = thrust in cold-gas operation

g = standard acceleration of gravity
Isp, = specific impulse

m = mass flow rate

P = power

n = thrust efficiency

I. Introduction

N recent years, the trend of space systems has been focused on miniaturization and simplification of the structure,

to decrease the mission costs and to increase the launch rates. Missions with numerous small-scale satellites
would bring a significant advantage of reducing the mission risk." Such concept has supported a new approach to
develop accurate, reliable, and low-cost micropropulsion systems, particularly for high-accuracy station keeping and
attitude control.

In this paper, we report the performance of a microwave-excited microplasma thruster with an applied magnetic
field. An advantage of microwave plasmas is that there is no electrode; thus, a serious lifetime problem caused by
plasma sputtering is avoided. However, diffusion loss is a significant problem for the microplasma source due to the
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large surface-to-volume ratio. Applying a magnetic field is a way to reduce diffusion loss to the wall because
electrons are strongly affected by the magnetic fields and confined along magnetic field lines, and ions are also
confined by ambipolar effects even though ions are unmagnetized. We studied thrust performance of the
microplasma thruster using 4-GHz microwaves with or without the magnetic field.

Microwaves propagate through a coaxial cable which is connected to the left end of the plasma chamber, where
Ar gas used as the propellant in the present study is ionized and heated up by microwaves at pressures on the order
of 10 kPa. Such high thermal energy is converted into directional kinetic energy through the nozzle, which has a
converging and diverging section, to obtain the thrust.

Experimental Setup
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Figure 1. Cross-sectional views of a microplasma thruster (a) without a magnet and (b) with a magnet.

Figure 1(a) shows a cross-sectional view of the microplasma thruster without a magnet, which consists of an
azimuthally symmetric microwave-excited plasma source and a conical micronozzle for exhausting the plasma.””’
Figure 1(b) shows a cross-sectional view of that with a magnet, and Fig. 2 shows a schematic view of the axial
diverging field created by the magnet. The microplasma source is composed of a dielectric chamber made of quartz
and a metal (Ultra-torr) around the chamber. The top of quartz cover is surrounded by aluminium tape and
connected to the metal through a cupper line in order to avoid the leakage of microwaves and eliminate the electric
potential between the metal and quartz. The inner and outer diameters of the dielectric chamber are 2.0 mm and 6.0
mm, respectively, and the length of the chamber is 10.6 mm for 4 GHz. The chamber length corresponds
approximately to A/4, where A is the wave length of microwaves in dielectric (quartz).
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Figure 2. Schematic view of axial diverging Figure 3. Experimental setup.
field created by an axially magnetized ring
magnet.

Figure 3 shows a schematic of the experimental setup. Microwaves (< 10 W) generated by a signal generator
(Agilent E8257C) and an amplifier can propagate through a coaxial semi-rigid cable (RG-405/U) in the transverse
electromagnetic (TEM) mode. The plasma is ignited using a tesla coil. Once the plasma is ignited, the discharge is
sustained by microwaves. The reflection of microwave is nearly zero by adjusting a three stub tuner. The
micronozzle has a diverging-converging section (Laval nozzle) which is fabricated by using conventional machining
process with a diamond drill. The inlet, throat, and exit diameter of micronozzle are 0.6, 0.2, 0.8 mm, respectively,
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and the length of the micronozzle is 1.0 mm. The magnet is placed to enclose the top of the quartz chamber as
shown in Fig. 1(b). The ring magnet is made of Ne—Fe-B, which has a residual magnetic field of about 11.4 kG, an
outer diameter of 13.0 mm, an inner diameter of 7.0 mm, and a length of 10.0 mm. To measure the thrust
performance, we use a target-type thrust stand for plasma-discharging operation and pendulum-type thrust stand for
cold-gas operation.

A. Static Magnetic Field Analysis

A two-dimensional static magnetic field analysis was performed with ANSYS software. Figures 4(a) and (b) show
the two-dimensional distributions of magnetic flux density and magnetic field lines generated by the ring magnet,
respectively. In the microplasma chamber (radial position: r < 2 mm), magnetic field line is almost along the axial
direction as shown in Fig. 4(b), which would impede energetic electron diffusion in radial direction.
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Figure 4. Two-dimensional distributions of the calculated (a)magnetic flux density and (b)magnetic field
lines.

Figure 5(a) shows the calculated axial magnetic flux density as a function of axial position on the centerline (r =
0 mm) of the magnet. The peak axial magnetic flux density on the centerline is about 2.4 kG. Figure 5(b) shows the
comparison between calculated and measured axial magnetic field values, which were measured with a gauss meter
(F.W.Bell, 4048). The calculated value is in good agreement with the measured one as shown in Fig. 5(b). The
measurement inside the inner ring magnet could not be conducted because there was no space to insert the probe,
and thus we measured it only over the axial range of 6-10 mm.
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Figure 5. (a)Calculated axial magnetic field on the centerline and (b)comparison between calculated and
measured values on the centerline.

B. Thrust Measurement
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A pendulum method and target method are used for
thrust measurement.®> To measure the thrust
performance, firstly the microthruster is mounted on
the pendulum instead of the target as shown in Fig. 6,
and then the displacement of the thruster in cold-gas
operation is obtained as a function of mass flow rate.
The microthruster and pendulum are installed in a
stainless steel vacuum chamber evacuated by a rotary
and turbo-molecular pump. The displacement of the
pendulum is detected by a laser sensor (Keyence, LK-
G85), where the resolution is about £0.2 um. The
relation between the displacement and force is
calibrated in advance by hanging some small weights
of 13.6-23.5 mg with a thin wire 10 um in diameter.
Then, the thrust in cold-gas operation is determined as
a function of mass flow rate. This procedure is referred
to as the pendulum method 2™

Secondly, the cylindrical target is mounted on the
pendulum as shown in Fig. 6. The plasma plume
ejected from the thruster hits a cylindrical target,
mounted on one end of a pendulum with some weights
being on the other end for balance. Figures 7(a) and
7(b) show the front and side views of the cylindrical
target, similar to the one made by Yanagi and
Kimura.!* The plasma beam comes into the target
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Figure 6. Schematic view of the experimental setup
for the thrust measurement using the target thrust
stand.
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made of Teflon, through the entrance hole on the front
plate. The bottom plate of the target is conically
shaped, and most rebounding gas particles from the
bottom plate leave radially from the target through a Ples |

number of slits on the side of the cylinder; in practice, Entrance Hole Slifs Tem

the total opening area normal to the side is much larger  gigyre 7. (a)Front and (b)side views of the cylindrical
compared with the area of the entrance hole. Thus, it is target made of Teflon.

expected that the effect of rebounding particles on

thrust measurement is negligible with this target.

In the same way as the pendulum method, the displacement of the target in plasma-discharging operation is
obtained as a function of mass flow rate. The pendulum rotates around fulcrums of two knife edges without friction.
The calibration is carried out by detecting the displacement of the target in cold-gas operation by changing the mass
flow rate of 10-70 sccm and using the relationship between the mass flow rate and the thrust in cold-gas operation
obtained by the pendulum method. To confirm the accuracy of the thrust measurement by the target method, we
compare the thrust obtained by the pendulum method with that by the target method in cold-gas operation. After the
difference between the thrust performances measured by the two methods is confirmed to be negligible, the thrust in
plasma-discharging operation is obtained by the target method.

One might imagine that it is much easier and more accurate to measure the thrust by the pendulum method in
plasma-discharging operation. However, microwaves are injected into the thruster through semirigid or flexible
coaxial cables, which are much thicker and more rigid than those for dc and rf circuits. In addition, the microwave
energy is easily converted into thermal energy during propagation through coaxial cables, and thus the thermal
expansion of cables significantly degrades the signal-to-noise (S/N) ratio during the thrust measurement.

Once the thrust F; is measured, the specific impulse I, is determined using the mass flow rate m and the standard
acceleration of gravity g as

Isp = F/mig 1)
In plasma-discharging operation, the thrust efficiency # is estimated from
n=F¢/2mP + F§) @

where F is the thrust in plasma-discharging operation, Fy is the thrust in cold-gas operation, and P is the microwave
power absorbed in the thruster.
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The thrust measurement was conducted at least five times for each experiment. The symbols in the figures
shown below represent the average value, and the error is within 10%. Note that the error of the specific impulse
have a tendency to become larger with decreasing mass flow rate, because the relative error of the mass flow rate
resulting from the accuracy of the mass flow controller is larger at lower gas flow rates.

I11. Results and Discussion

Figures 8 show the thrust as a function of mass flow rate in cold-gas and plasma-discharging operation with and
without the magnet at the microwave power of 3 W (Fig. 8(a)) and 6 W (Fig. 8(b)). Note that the thrust in cold-gas
operation is measured by pendulum method and the thrust in plasma-discharging operation is measured by target
method.
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Figure 8. Thrust measured as a function of gas flow rate in cold-gas and plasma-discharging operation
with and without the magnet at the microwave power of (a) 3 W and (b) 6 W.

Figure 9 shows the specific impulse in cold-gas and plasma-discharging operation with and without the magnet
as a function of mass flow rate, calculated by substituting the thrust obtained the thrust measurement and the mass
flow rate into Eq. (1). Figure 10 shows the thrust efficiency, which is also calculated by substituting the thrust both
in plasma-discharging and cold-gas operation and input microwave power and the mass flow rate into Eqg. (2) and
plotted as a function of mass flow rate.
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Figure 9. Specific impulse as a function of gas flow rate in cold-gas and plasma-discharging operation
with and without the magnet at the microwave power of (a) 3 W and (b) 6 W.
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Figure 10.  Thrust efficiency as a function of gas flow rate in cold-gas and plasma-discharging operation
with and without the magnet at the microwave power of (a) 3 W and (b) 6 W.

Although the difference of the thrust between plasma-discharging operation with and without a magnet is
basically within the error, the results focused on the average value indicate that the thrust obtained in plasma-
discharging operation with the magnet is several percent higher than that without the magnet at high gas flow rates
(> 20 sccm). Under this condition, the thrust obtained with the magnet is increased by 1.8-5.6% compared with that
without the magnet at the microwave power of 3 W. Similarly, the thrust is increased by 2.8-12.3% at the
microwave power of 6 W.

In the case of microwave power of 3 W at the gas flow rate of 60 sccm, the thrust obtained is 1.08 mN with the
magnet, giving the specific impulse of 62 s and thrust efficiency of 10.0%, whereas the thrust obtained is 1.03 mN
without the magnet, giving the specific impulse of 59 s and thrust efficiency of 9.2%. In the case of microwave
power of 6 W at the gas flow rate of 60 sccm, the thrust obtained is 1.23 mN at the microwave power of 6 W with
the magnet, giving the specific impulse of 70 s and thrust efficiency of 6.8%, whereas the thrust obtained is 1.11 mN
at the microwave power of 6 W without the magnet, giving the specific impulse of 64 s and thrust efficiency of 5.6%.

The difference of the thrust performance between with and without the magnet seems to depend on the
microwave power as shown in Figs. 8-10, which indicates that the effect of applying magnetic field would occur
clearly at higher microwave powers. This is probably because more energetic electrons are generated by increasing
microwave power, and then, they are interacted with the strong magnetic field in the microplasma chamber. Thus,
more electrons would collide with heavy particles more often prior to the direct loss to the wall. Moreover, heavy
particle temperature would be increased; finally, the thrust would be increased. At lower mass flow rates, rarefaction
effect would be dominant; therefore, the specific impulse becomes lower than at higher mass flow rates as shown in
Fig. 9. The difference of the thrust between plasma-discharging operation with and without the magnet is so small at
low mass flow rate, and it is possible that plasma-discharging operation with the magnet does not effectively
improve the thrust performance compared with that without the magnet. If the thrust performance in the case with
the magnet is worse than that without the magnet at low mass flow rates, some loss mechanisms caused by applying
magnetic field would exist, such as increasing inelastic collisions between electrons and heavy particles, and
increasing the direct loss of electrons to the wall running along axial magnetic field lines even though they are well
confined in radial direction. It is necessary to further investigate the magnetic field shape and strength to confine
energetic electrons sufficiently.

IVV. Conclusion

A thrust measurement of microwave-excited microplasma thruster with and without an applied axial magnetic
field were performed in order to investigate the effectiveness of applying magnetic fields. The results indicate that
the thrust obtained in plasma-discharging operation with the magnet increases by 2.8 to 12.3% compared with that
without the magnet at high gas flow rates and the microwave power of 6 W. However, at low mass flow rates, we
could not obtain a clear improvement of the thrust performance with the magnet. Optical emission spectroscopy
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measurement is underway in order to investigate the electron density and gas temperature and the result will be
presented at the conference.
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