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Resonant and Ground Experimental Study
on Microwave Plasma Thruster
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Two types of microwave plasma thruster system setup, one operating at 1-kW power level and the other op-
erating at 0.2-kW power level, are introduced. Only when their thruster cavities are in the resonant state can
the microwave energy efficiently produce thrust. According to the test method on the return loss of passive mi-
crowave components, the resonance state of thruster cavity is experimented with the scalar network analyzer.
The objects are to analyze the cavity efficiency and research the matching condition of the cavity dimension, mi-
crowave coupling probe position, and the medium within the cavity. The microwave plasma thruster systems are
investigated under the condition of atmosphere. The propellant gas of argon and helium for 1-kW thruster will
be ionized to produce thrust under the help of a vacuum pump, whereas the same gas for 0.2-kW thruster will
be ionized directly because of the high volume power density. Reflected microwave power from 0.2-kW thruster
cavity, mass flow rate, and total efficiency of microwave generation subsystem and cavity are measured, which
explains that in order to improve microwave plasma thruster performance the parameters and gas must be chosen

properly.
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return loss, dB; length, mm
mass flow rate, mg/s
pressure, kPa; power, kW
reflected power, kW
volume, m?

anode voltage, V
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1. Introduction

ICROWAVE plasma thruster (MPT) is one type of electric

propulsion, which can be offered as a high-performance al-
ternative for geosynchronous satellite altitude control and station-
keeping. Although it does not operate on satellite now, its electrode-
less design, high efficiency, and simple electric power make it very
attractive for future use.!

The microwave plasma thruster is composed of three parts: mi-
crowave generation subsystem, propellant supply subsystem, and
resonant cavity (the thruster cavity). It is also called a microwave
electrothermal thruster (MET) in the united states. Its investiga-
tion originated in the 1960s. At that time the cyclotron was used
as the resonant cavity. Its efficiency was too low and the device
weight too heavy to be competitive with other electric propulsion.
In the 1980s with the advancement of electronics, the availability
of lightweight and high-efficiency electroapparatus, and increased
satellite electric power, MET studies reached a high point.>~® There
are three groups carrying the work: a 0.5-2.2-kW device at Michi-
gan University, a 30-kW device at NASA Lewis Research Center,
and a 0.1-2.2-kW at Pennsylvania State University. After millennia
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the Aerospace Corporation measured the performance of a compact
MET fed with water.'

Developed MET devices can be classified as noted in the follow-
ing subsections.

A. More-Than-500-W-Power Device

This type of device uses an economic, industrial microwave gen-
erator, which can produce a continuous wave with standard fre-
quency of 2.45 GHz. Earlier thruster cavity is rectangular, but exper-
iment shows that plasma floats toward forepart of the cavity, causing
low efficiency. Afterwards, a reliable design of cylinder cavity with
TM;; mode is demonstrated, which uses swirl injection of propel-
lant gas to create a favorable condition for gas breaking down.

B. Less-Than-500-W-Power Device

Although the typical microwave generator with a 2.45-GHz fre-
quency can reduce the MET device cost, the bulky thruster cavity
makes the volume power density too low for breakdown of the pro-
pellant gas at low power. M. M. Micci at Pennsylvania State Univer-
sity developed a minitype MET device at 7.5-GHz frequency.!!12
The cylinder cavity, resonating at TMy;; mode, used by this type
of MET has a small volume and high volume power density, which
makes it possible to operate MET at low power level.

In Northwestern Polytechnic University, Xi’an, People’s Repub-
lic of China, two types of MPT systems with 2.45-GHz frequency
are explored, one at 1 kW and the other at 0.2 kW.'3~!3 The thruster
cavity for 1 kW is similar to that in the United States. The 0.2-kW
system is different and uses coaxial cavity, resonating at transverse
electromagnetic mode (TEM), as thruster. The coaxial cavity is very
small compared with the cylinder cavity. Section II gives the setups
of the two systems.

Microwave source and thruster cavity of MPT constitute a loop,
within which microwave is transferred and reflected. When the cav-
ity is out of resonance condition, microwave energy can almost not
be absorbed by the cavity. Therefore, it is very important to study the
cavity resonance state for improving the device efficiency according
to the method of microwave testing. Because of the comparability of
MPT operation between the actual power and low signal level con-
ditions, the energy absorbing efficiency of the thruster cavity can
be deduced from the regulating research on the developed cylinder
and coaxial cavities with a microwave network analyzer.

Under the ground condition the experimental research on two
types of the MPT device has been completed. Detailed measure-
ments on the 0.2-kW MPT system show that the thruster cavity effi-
ciency is more than 90%, and the total efficiency of the microwave
generation subsystem and cavity will be affected by mass flow rate.
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II. MPT Experimental System Setup

Of the MPT subsystem microwave generation subsystem, which
consists of the power supply, magnetron, and microwave transmit-
ting section, is important because it defines MPT experimental sys-
tem setup. Otherwise, thruster cavity is a key component, where
microwave energy is deposited and is transferred to the hot energy
of gas, which will be changed into thrust. Thruster cavity is cho-
sen from microwave resonant cavities, which may be a cylinder or
rectangular empty cavity with TEj,, or TM(y,, resonant mode or
coaxial cavity of quarter wavelength with TEM resonant mode. As
a thruster cavity of MPT, plasma must be formed near the entrance
of nozzle. According to the calculation of Ref. 16, the cylinder res-
onant cavity of 7M;; resonant mode and coaxial cavity of TEM
resonant mode can be chosen as thruster cavity. The cylinder cavity
is appropriate to the 1-kW MPT system because the gas is broken
down by high-power microwave to form high-temperature plasma,
which will float within the cavity, and the wall will be kept from heat-
ing. The inside volume of coaxial cavity of quarter wavelength with
TEM resonant mode is very small compared with cylinder cavity,
which makes the volume power density high and creates a favorable
condition for gas breaking down. Therefore, it will be appropriate
for a 0.2-kW MPT system.

A. 1-kW MPT Formation

Figure 1 shows the sketch of 1-kW MPT system. In a microwave
generation subsystem, the power supply providing the voltage for
magnetron anode and current for filament is a commuting and non-
filtering linear power. Magnetron, with more than 0.5-kW power
output, for an MPT system is chosen from that of a microwave oven.
It transfers the electric energy into microwave, which is transmit-
ted through coupling cavity, wave guide circular with three ports,
bidirectional coupler, coaxial wave guide transducer, and coaxial
line into cylinder resonant cavity. The load on one side of the wave
guide circulator absorbs the reflected energy from cavity to protect
the magnetron from influence and to keep the output power and
frequency unchanged. A bidirectional coupler is used to test output
and reflected power.
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According to the characteristics of the cylinder cavity with TMy;;
resonant mode, strong intensity of axial electric fields E, is posi-
tioned in the center area of the two end surfaces, and strong intensity
of radial electric fields E, is positioned at the middle wall, which
allows the microwave to be coupled efficiently by a coupling probe
inserted into the cavity from the center of the end surface on one side
and permits the gas to be broken down at the center of end surface
on the other side if gas is injected. The diameter of its inner round
surface is chosen to be 101.5 mm, and the length is 157 £ 20 mm.
The structure of this type of cavity is partitioned into two halves by
a dielectric plate: the forepart is under the condition of atmosphere
to avoid the air near the coupling probe to be broken down, and the
second half is a sealed cavity, which contains the nozzle in the end
plate. Gas will be injected tangentially into the sealed cavity and
ionized easily when the microwave is coupled in and the pressure
in cavity is below 5 kPa.

The actual setup of 1-kW MPT, using argon or helium propellant
gas, is shown in Fig. 2. Power output can be adjusted from 0.3 to
1 kW, and operating frequency is 2.45 GHz.

B. 0.2-kW MPT Formation

The 0.2-kW MPT system sketch is shown in Fig. 3. Providing
the magnetron with voltage and current is a commuting and filter-
ing linear power supply. Microwave energy output by magnetron is
transferred to coaxial resonance cavity through a coaxial circular
with three ports. Its two ports are connected by the magnetron and
the cavity. From the other port the reflected microwave energy from
the cavity is transmitted to the attenuator and the detector for test.
Different from 1-kW MPT system, the microwave output power is
tested accurately by measureing the anode current of magnetron be-
cause the linearity between output power and the anode current is
high.

A coaxial cavity of quarter wavelength with TEM resonant mode
consists of an outer conductor, as cavity, and an inner conductor. As
Fig. 4 shows, only radial intensity E, of electric fields and tangential
intensity He of magnetic fields exist in this cavity. Near the end of
inner conductor, E, becomes stronger, and in the gap between the
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inner and outer conductors E, is maximum, which creates favor-
able conditions for microwave coupling and gas breaking down,
respectively.

The diameter D and d of the outer and inner conductors are
chosen to be 30 and 10 mm, respectively.'® Near the entrance of the
nozzle, the microwave is coupled in with a round disk connected
by a coaxial connector. Gas breakdown is taking place in the gap
between the tip of inner conductor and the nozzle entrance. The only
strong electric intensity zone in this cavity is high enough to break
down the gas without any assistance, which makes it unnecessary
to apply the vacuum pump.

The setup of 0.2-kW MPT, with argon or helium propellant gas,
is depicted in Fig. 5; its output power can be adjusted within the
range of 0.03-0.2 kW, and frequency is 2.45 GHz.

C. Comparison of the Two Systems
The parameters of the two developed MPT systems are tabu-
lated in Tables 1 and 2. It can be concluded that the low-power

Table 1 Parameters of different microwave generation subsystems

Type of parameter, kW vV, m3 W, kg Vo, V I,, mA
1 0.075 30 4000 358
0.2 0.020 20 1750 220

Table 2 Parameters of different resonance cavities

Type Length, mm Outer diameter, mm W, kg
Cylinder with TMy;; mode 200 110 1.5
Coaxial with TEM mode 103 70 0.9

MPT system constructed with coaxial structure will be compact
and lightweight.

III. Regulation on Thruster Cavity

A. Conditions and Requirements of Cavity Resonance

A section of closed wave guide or coaxial cavity applied
as thruster cavity is composed of inductance and capacitance
impedance in parallel or series. It will deposit electric and magnetic
energy when the microwave is transferring along it. If its length is
appropriate, the cavity state will be in resonance, and stored energy
will be maximum. Now the closed wave guide or coaxial cavity
is called resonance cavity, which absorbs energy most efficiently.
According to microwave theory, the resonance conditions of the
thruster cavity are as follows:

The maximum electricity and magnetism energy are equal.

Stationary waves with the wave number of 1/4+n/2 or
1/2 4 n/2 exist in the closed cavity (n =1, 2, 3, ...).

Inductance impedance is equal to capacitance impedance.

The resonance state of thruster cavity will be affected by the struc-
ture, medium within the cavity, manufacture technology, and assem-
bly condition. It is necessary to develop the thruster cavity under the
following requirements: 1) highest energy-absorbing efficiency to
form powerful electric intensity, 2) the widest resonance frequency
band for regulating cavity to a steady state easily, 3) appropriate
distribution of electric fields, which is favorable for propellant gas
breakdown near the entrance of nozzle, and 4) compact size and
lightweight.

Changing the cavity state will lead to different changes of the
energy-absorbing efficiency and the resonance frequency band.
High efficiency will result in a narrow frequency band, which ought
to be compromised when developing thruster cavity.

B. Cavity Regulating Method

According to the return loss testing method of passive parts of mi-
crowave apparatus,'’'® the thruster cavity of MPT will be resonated
accurately with a microwave scalar network analyzer. Return loss is
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Fig. 8 Structure of coaxial resonant cavity.

defined as L =10/g(P,/P;)(d B). The relation between the return
loss and efficiency of cavity is as L =10[g(1 — n)(d B).

The test equipment, shown in Fig. 6, consisted of scalar network,
Anritsu54147A, which can produce a low power level of microwave,
standing wave ratio (SWR) autotester, which actually is a coupler
with high directional property, and the resonance cavity under test.
‘When the output port of SWR is shorted, the power will be reflected
entirely to the scalar network analyzer, and the return loss will be
0 dB. After the cavity is connected to the output port of SWR, the
screen of scalar network analyzer will show the return loss curve
changing as a function of frequency as shown in Fig. 7. The point B
on the curve denotes the resonance state of cavity, and the resonance
frequency band is defined as Af = f, — f;. Changing the cavity
state or altering the media material within cavity will change point B
forward and backward. If the changing is appropriate, the frequency
of point B will be invariable.

C. Resonance Study on Two Types of MPT Cavity
1. Coaxial Cavity

Figure 8 shows the detailed structure of coaxial cavity. Its two
states are regulated. One is cavity length L, gap L,, and L3 ad-
justable. The other is that L, and Lj are adjustable at fixed L. The
results of resonance test are tabulated in Table 3.

Analyses for the table are as follows:

1) No matter how L; changes at a given range, which means
changing inductance impedance, resonance states with same fre-
quency can always be captured by changing L,, which means chang-
ing capacitance impedance. This kind of cavity has many resonance
states, provided that the inductance impedance and capacitance
impedance are equal.

2) When the value of L, is greater, corresponding large volume
for absorbing microwave energy, the value of return loss is less;

Table 3 Test results of coaxial cavity resonating

Li,mm Ly,mm Lz mm fy,GHz Af,GHz Lmin,dB 7, %

11 0.05 2 2.47 0.056 —6.95 80
135 0.2 2 2.44 0.058 —8.36 85
18 0.8 2 245 0.076 —20.83 99.2
18 0.8 32 2.46 0.017 —19.98 98.9
18 2.5 32 3.71 0.052 —12.11 94
18 1.1 2.1 2.44 0.113 -3.55 56
18 3.1 2.1 3.70 0.159 -3.20 52

Table 4 Cylinder resonance cavity test

State parameter Teflon plate State®  State®  State®
Li, mm 98 94 92 111 107 98
L, mm 10.3 7.8 4.8 5 5 5
Lmin, dB -3 —4 —-13  —-142 -9 —-5.5
n, % 49.9 60 95 96.2 87.4 71.8
Af,GHz 0.007 0.005 0.005 0.005 0.0065 0.006

2Without isolate plate. °Teflon isolate plate. °Quartz glass isolate plate.

Coupling
FProbe

G 0 0

4 H N
Isolate h -

\ Plate ]

+:l<£ L1

i

¥

Fig. 9 Structure of cylinder resonant cavity.

moreover, the resonance frequency bandwidth is wider. Compared,
the cavity with this state will operate more stably and efficiently
under a practical power level.

3) When inductance impedance, or the cavity length L, is fixed,
a small value of L; leads to greater value of L, to keep a resonant
state with unchanged frequency. The reason for that is the shorter
L5 is equivalent to greater capacitance impedance; longer L, means
smaller capacitance impedance. When L,and L3 are matching, the
capacitance impedance of cavity will be unchanged.

4) High resonant frequency will be obtained by increase the gap
L,.
5) The lowest return loss of —20.83 dB tabulated in Table 1 shows
that the highest efficiency of cavity will be 99.2%.

2. Cylinder Cavity

The detailed structure of cylinder cavity is illustrated in Fig. 9.
Changing cavity length L, the insertion depth L, of the coupling
probe and the plate material or removing the plate to find out the
cavity resonate state can make clear how these factors affect the re-
turn loss and resonance frequency band. Testing results for different
resonance states are tabulated in Table 4.

Analyses for the table are as follows:

1) At a fixed range, when the insertion depth L, of coupling probe
changed, the resonance state with same frequency can be captured by
adjusting the cavity length L. The greater the space between the out-
side surface of coupling probe and the inside surface of cavity struc-
tures is, which means greater L, or greater inductance impedance,
the smaller the room is between the end surface of coupling probe
and the opposite surface of cavity, which means smaller L,—L,,
which forms greater capacitance impedance. Therefore, when L,
and L, are all decreased properly, inductance impedance will be
equal to capacitance impedance, which leads to resonance state as
original.
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2) When L, is decreased, the value of return loss will be small,
but the frequency band will be narrow.

3) The material of the separating plate will decrease the cavity
length in order to make the resonance frequency unchanged. The
reduced value of cavity length when using Teflon® plate is smaller
than that of quartz glass.

4) The lowest return loss of —14.2 dB, tabulated in Table 2, ex-
plains that the highest efficiency of cavity will be 96.2%.

3. Comparison

The data shown in Tables 3 and 4 indicate that the resonance
frequency bandwidth of coaxial cavity is 0.017-0.15 GHz, whereas
the one of the cylinder cavity is no more than 0.01 GHz. Therefore,
the coaxial cavity can easily be adjusted to a stable resonance state,
but adjusting the cylinder cavity to a stable resonance state is not
easy. The efficiency of the cylinder cavity is less than that of the
coaxial cavity.

IV. Experimental Study Under the Ground Condition

A. 1-kW MPT

After regulating cylinder thruster cavity to the resonance state of
2.45-GHz frequency on scalar network analyzer, cavity is resonated
again on microwave generation subsystem at the minimum power
output on account of the output frequency difference of two equip-
ments. Blocked with jam, pressure of the cylinder resonant cavity is
reduced to 5 kPa below by a machine pump. After increasing pres-
sure to 100 kPa by feeding propellant gas in, it is vacuumed again to
5 kPa below. Then a plasma zone will be formed at nozzle entrance
after tuning output power to 0.9 kW. As Fig. 10 shows, plasma will
exit out of the cavity after propellant gas is injected tangentially to
increase pressure to 100 kPa upwards. Steady plasma flow from the
thruster cavity nozzle will be maintained after the pump is turned off.

B. 0.2-kW MPT

The thruster cavity must be resonated on a scalar network ana-
lyzer and the microwave generation subsystem of 0.2-kW MPT sys-
tem separately. When starting plasma, propellant gas with absolute
pressure of 200 kPa is fed into coaxial cavity in the radial direc-
tion. Plasma can be formed within the cavity and exit from nozzle
after slowly tuning output power to 0.030 kW. Plasma exit speed
will be higher if gas inlet pressure is increased. Because the energy
needed to break down gas is increased with the increasing of gas den-
sity, gas pressure must be appropriate to avoid plasma disappearing.
The image of plasma flow is shown in Fig. 11. Figures 12 and 13
show the reflected power change of the cavity with the variation of
argon and helium mass flow rate, respectively. Figures 14 and 15
show the total efficiency change of the microwave generation sub-
system and coaxial resonant cavity with the variation of argon and
helium mass flow rate, respectively. On the figures the data range
of mass flow rate is the scope when plasma steadily ejects from the
nozzle. The different shapes of nodes on the figures are experimental
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Fig. 10 Plasma generation by the cylinder cavity of 1-kW MPT.
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measurements under different unchanged microwave output power
from the magnetron.

Analyses for the figures are as follows:

1) At the fixing output power from the magnetron, reflected power
from the cavity decreases as the mass flow rate is increased, when
the propellant gas is argon or helium, whereas the total efficiency of
the microwave generation subsystem and cavity changes contrarily.

2) At the fixing output power reflected power from the cavity
when argon plasma is generated is smaller than helium, but the total
efficiency is reverse.

3) At the fixing mass flow rate reflected power is increased as
output power is increased, when propellant gas is argon or helium,
but the total efficiency changes contrarily.

The experiments explain that the greatest total efficiency of the
microwave generation subsystem and coaxial cavity is 73% for ar-
gon and 60% for helium. Although increasing output power can
increase power absorbed by cavity, the total efficiency will be
decreased.

V. Summary

The designed thruster cavity ought to be adjusted for find-
ing the resonance state, which will improve the cavity efficiency
and stabilize the operational state under the practical output
power.

For cylinder thruster cavity its length, the position of the cou-
pling probe, and the dielectric material will affect the resonance
state. For coaxial thruster cavity, its length and the position of the
inner conductor and coupling probe are the factors that influence
the resonance state. Microwave coupling probe position has the re-
verse effect on efficiency and resonance state. Compared with the
cylinder cavity, the coaxial cavity has higher efficiency and a more
stable operation state.

At the atmosphere condition the microwave power per unit vol-
ume of cylinder cavity is too low to start the 1-kW MPT system
with argon or helium propellant, but the electric intensity within
the coaxial cavity of 0.2-kW MPT is high enough to break down
the gas. Detailed experiments on the 0.2-kW MPT system show
that output power, mass flow rate, and propellant gas all affect the
reflected output power from cavity and the total efficiency of mi-
crowave generation subsystem and coaxial cavity. To improve MPT
performance, the parameters and propellant gas must be considered
properly.
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