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Abstract

The microwave ion thruster µ10 was first demonstrated in space by the Japanese asteroid

explorer Hayabusa. In its successor Hayabusa2, the thrust was increased by 25%. To apply

ion thrusters to future missions, it is necessary to increase the ion current of the ion sources,

which in turn requires the electron current of the microwave discharge cathode to be increased.

In this dissertation, two types of performance enhancements are reported. Firstly, the

performance was improved by weakening the magnetic field at the cathode’s nozzle using a

coil. It was confirmed that when the axial magnetic field of the plume of the microwave

discharge cathode is weakened to 14 mT in this way, the anode current increases from 180

mA to 260 mA at a constant anode voltage of 37 V. Secondly, the magnetic field intensity

and mirror ratio in the discharge chamber were increased. By increasing the magnet field

intensity by 10 mT and the mirror ratio from 2.0 to 8.3, the electron current was increased

from 300 mA to 560 mA.

To investigate the plasma inside and outside the microwave discharge cathode, a microwave

discharge cathode with a small optical window was developed. It was confirmed that the

I–V characteristics of the developed viewable cathode matches that of the flight-model of

Hayabusa2 within 7% accuracy. Laser-induced fluorescence (LIF) spectroscopy was performed

on the cathode under nominal conditions. The axial and radial ion velocity distribution

functions (IVDFs) in the plume region and the axial IVDFs inside the cathode were measured

and found to exhibit multimodal characteristics. The measured functions, which represent

the number density of Xe II (3P2)6p[3]5/2, were compared to a previously reported relative

number density of xenon ions measured by an electrostatic probe on the plume. In order

to discuss the multimodal characteristics, anode current oscillation and radiated emission

measurements were conducted. Theoretical models based on the measured current oscillation

support the multimodal characteristics. Finally, LIF measurements were conducted on the

improved cathodes with the performance enhancements applied. In both improved cathodes,

it was confirmed that the density was twice that of the nominal model in the plume, suggesting

that the dense plasma contributes to the improvements.
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8 W, ṁc = 0.7 sccm, Ia = 180 mA. · · · · · · · · · · · · · · · · · · · · · · · · 96

3.41 Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =
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10 W, ṁc = 0.7 sccm, Ia = 180 mA. · · · · · · · · · · · · · · · · · · · · · · · 98

3.43 Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =
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Chapter 1

Introduction

1.1 Electric propulsion

There are mainly two types of spacecraft propulsion: chemical propulsion and electric

propulsion. The nozzle converts propellant at high temperature and high pressure into thrust.

As detailed later, the exhaust velocity is an order of magnitude lower than that of electric

propulsion, but the thrust density is large due to the large propellant mass. Therefore, it

is suitable for launch rockets that require large thrust density and attitude control for quick

response. However, it has a lower specific impulse than electric propulsion and is not suitable

for deep space exploration that requires a large ∆V .

On the other hand, electric propulsion has a low thrust density due to its small exhaust

mass, but has a large specific impulse. This is because the ionized propellant is directly

affected by electromagnetic and electrostatic forces used to accelerate the spacecraft. Due to

these characteristics, it is not suitable for spacecraft that require a large force in a relatively

short time. However, it is suitable for spacecraft that require a large ∆V with low fuel

consumption, such as for deep space exploration. In other words, it is possible to increase the

payload ratio of a spacecraft and increase the degrees of freedom of a mission using electric

propulsion.

Electric propulsion can be classified into three types, electrothermal, electromagnetic, and

electrostatic, depending on the acceleration mechanism. The characteristics of each and the

thrusters used for each are summarized in Table 1.1.

1.2 Principle of ion thruster

An ion thruster consists of two major components: an ion source and a neutralizer cathode.

Ions generated in the ion source are accelerated by two or three grids and form an ion beam.

In the discharge chamber of an ion source, neutral particles are discharged, as described

later. The ions are accelerated by fields applied by the grids and generate a thrust force. An

ion thruster achieves a relatively higher exhaust velocity (10s to 100s of km/s) than other
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Table 1.1: Types and thrusters in electric propulsion

Type Characteristics Thrusters

Electrothermal
Aerodynamic acceleration by high-temperature

gas generated by electrical heating
DC arcjet

Resist jet

Electromagnetic Electromagnetic acceleration by ionized gas MPD thruster

Hall thruster

Electrostatic Electrostatic acceleration of ionized gas Hall thruster

Ion thruster

types of electric propulsion, and a high specific impulse of 3,000–10,000 s. However, the

ion beam current density is limited by the Child–Langmuir law, and the thrust density is

relatively low compared with other types of electric propulsion. Figure 1.1 shows a schematic

diagram of an ion thruster.

As shown in the figure, an ion thruster consists of three major components:

1. Ion production

2. Electrostatic acceleration

3. Neutralization

Each component will be described in detail in the next section.

1.2.1 Ion production

In the ion production part, the propellant is discharged and ions are generated. In general,

the ions are generated through the following steps.

1. Generation of energetic electrons with enough energy to discharge the propellant

2. Energetic electrons confined by a magnetic field

3. Collisions between energetic electrons and neutrals, generating ions

4. Transport of the ions to the electrostatic acceleration part

It is necessary to reduce the power consumption for ion production as much as possible

because the power does not directly contribute to the thrust force. Therefore, ions should be

generated with high efficiency, and ion loss should be suppressed.
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Neutralizer 
Cathode
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Figure 1.1: Schematic diagram of ion thruster.

1.2.2 Electrostatic acceleration

The grids are porous electrodes. They are installed to electrostatically accelerate and expel

ions to generate a thrust force. Figure 1.2 shows a schematic diagram of ion acceleration.

Two or three grids with a large number of holes with diameters of several millimeters are

installed at intervals of several millimeters. The grid on the ion production part is called a

screen grid, and a positive voltage of about 1 kV is generally applied. An accelerator grid is

installed downstream of the screen grid. A negative potential of −300 to −500 V is generally

applied to the accelerator grid, and ions are accelerated by the potential difference relative

to the screen grid. The accelerator grid also plays a role in preventing back-flow of electrons

from the neutralizer cathode. Downstream of the screen grid, low-energy ions generated by

charge exchange collisions between high-energy ions and low-energy neutrals cause erosion of

the accelerator grid. Therefore, a “grounded” discell grid is often installed downstream of the

accelerator grid. As the grid material, molybdenum, titanium, or a cabon-carbon composite
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material, which has a low coefficient of thermal expansion and a low sputtering rate, is used.

Ion beam

Accelerator 
Grid

Screen 
Grid

Plasma

VAcVScVd

VAc

VAc

Sheath

Figure 1.2: Schematic diagram of ion acceleration.
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1.2.3 Neutralization

If only positive ions are extracted from the ion source, the spacecraft will be negatively

charged to −10s of kV in a few milliseconds and ion acceleration will be immediately inter-

rupted. The neutralizer cathode emits electrons at the same rate as that at which the ions

are accelerated, to avoid an electrostatic charge imbalance between the spacecraft and the

space plasma. Reduction of gas and power consumption is important because the cathode

does not contribute to the thrust force. The neutralizer cathode is placed near the ion beam,

but not directly in the beam path in order to avoid sputtering by the energetic ion beam.

The electrons are extracted to the ion beam by the potential difference between the cathode

and ion beam. Hollow cathodes are commonly used as neutralizer cathodes, as described in

detail later.

1.3 Types of ion thrusters

Ion thrusters can also be classified into several types according to the plasma generation

method. In this section, specifications are compared between DC, RF, and microwave dis-

charge thrusters, the latter being the type considered in this study. The specifications are

summarized in Table 1.2.[1][2][3][4]

1.3.1 DC ion thruster

Figure 1.3 shows a schematic diagram of a DC ion thruster. For DC discharge, a hollow

cathode is installed in the discharge chamber, and the electrons emitted from the cathode are

accelerated by the potential difference from the plasma potential, and the propellant is ion-

ized by collisions with energetic electron. A magnetic field is applied to increase the collision

frequency between electrons and neutrals, to reduce the cost of ion generation. The ions are

efficiently transported because the magnetic field forms a diffuse shape in the electrostatic

acceleration region. In addition, the ion density is uniformly distributed because the mag-

netic field is relatively weak in the region surrounded by the ion production region and the

electrostatic acceleration region. However, because a hollow cathode is generally used as the

cathode, DC ion thrusters can be prone to oxidization and low durability of the heater, as

will be described in detail later.
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1.3.2 RF ion thruster

Figure 1.4 shows a schematic diagram of an RF ion thruster. RF thrusters also need a hollow

cathode to ignite the plasma in the discharge chamber. Electrons entering the ion source are

accelerated by radio-waves, which also keep the RF plasma in the discharge chamber. The

discharge chamber is made of alumina, a dielectric material. The antenna system is enclosed

in a metal plasma shield to avoid electron collection from space plasma.

1.3.3 Microwave discharge ion thruster

Our laboratory previously developed a microwave discharge ion thruster µ10, which was

the main propulsion system for the asteroid sample return mission Hayabusa and its successor

Hayabusa2.[5][6][7][8] The second-generation model of the thruster, which increased the thrust

force from 8 to 10 mN, was used in the Hayabusa2 probe, which launched in December 2014

and returned to Earth in December 2020 (an extended mission is planned). The latest model

of the thruster, which has a 12-mN thrust force, is planned to be used in the comet fly-by

mission DESTINY+.[9]

Figure 1.5 shows a schematic diagram of a microwave discharge ion thruster. The microwave

discharge ion thruster requires a DC block that insulates the microwave system and provides

a high potential to the thruster system. Xenon gas is injected into the discharge chamber

and 4.25-GHz microwaves are transmitted from the antenna into the discharge chamber. A

magnetic circuit generates an azimuthal mirror magnetic field. Electron cyclotron resonance

(ECR) heating occurs where the magnetic field intensity is 0.15 T. During ECR heating,

high-energy electrons exhibit three types of motion: Larmor motion around the magnetic

field lines, reciprocating motion between the magnetic mirrors, and azimuthal motion due to

the curvature and grad-B drift.

No electrodes are used to generate plasma in the microwave discharge ion thruster and,

therefore, a long life is expected in principle. In the case of the microwave discharge ion

thruster µ10, the ion source and neutralizer cathode use the same plasma generation method.
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Figure 1.3: Schematic diagram of DC ion thruster.

–8–



1.3 Types of ion thrusters

Propellant
Tank

Flow 
Controller

Flow 
Controller

Neutralizer 
Cathode

Ion Source
e-

e-

Sc P.S.

Ac P.S.

Heater

Flow 
Controller

Xe+

Xe+

e-

Plasma

Cathode

Heater Keeper Discharge

Keeper

RF coil

RF Generator

Figure 1.4: Schematic diagram of RF ion thruster.

–9–



Chapter 1 Introduction

Microwave 
Generator

DC 
Block

DC 
Block

Propellant
Tank

Flow 
Controller

Flow 
Controller

Neutralizer 
Cathode

Ion Source

Xe+

e-
e-

Xe+

Sc P.S.

Ac P.S.

Neut. P.S.

Plasma

e-

Figure 1.5: Schematic diagram of microwave discharge ion thruster µ10.

Figure 1.6: Photograph of microwave discharge ion thruster µ10. ©Copyright 2002 JAXA
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1.4 Ion thruster performance

Thrust, specific impulse, ion production cost, propellant utilization efficiency, electrical

efficiency, and thrust efficiency are used to evaluate the characteristics of an ion thruster.

The definition of each parameter is described below.

1.4.1 Thrust

Eq. 1.1 is the thrust calculation formula.

F = ηdivηmultiIbeam

√
2MVb

e
(1.1)

As shown in Eq. 1.1, the thrust F is proportional to the beam current Ibeam. However, as

shown by Eq. 1.2, the beam current of the ion thruster is limited by the Child–Langmuir

law.

Jsi =
4

9
ε0
√
2eM

V
3/2
s

L2
s

(1.2)

For example, when the potential difference Vs is 1.5 kV and the distance between the electrodes

Ls is 1 mm, the current density is 28 mA/cm2. Because the thrust of the ion thruster is small,

it is difficult to directly measure it with sufficient accuracy. Therefore, the thrust is calculated

from the ion beam current. It has been confirmed that this calculated thrust is equivalent to

the actual thrust obtained through operation of Hayabusa and Hayabusa2.

1.4.2 Specific impulse

Specific impulse Isp is defined in Eq. 1.3.

Isp =
F

ṁg
= ηdivηmultiηu

ue
g

=
ηdivηmultiηu

g

√
2eVb

M
(1.3)

The product of Isp and the standard gravity g can be considered to be the average exhaust

velocity. Xenon is generally used as the propellant because it has a high molecular weight

and is easy to handle.

1.4.3 Propellant utilization efficiency

Eq. 1.4 is the definition of the propellant utilization efficiency ηu.

ηu =
MIbeam
eṁa

(1.4)

However, note that Eq. 1.4 assumes that all the ions are singly charged. When ηu is low, Isp

decreases. In addition, the number of charge exchange collisions increases, so the amount of

erosion on the accelerator grid increases. This is an important parameter that greatly affects

the propellant flow rate in the actual operation of a spacecraft.

–11–



Chapter 1 Introduction

1.4.4 Ion production cost

Eq. 1.5 is the definition of the ion production cost Ci, which is the power consumption for

the production of an ion.

Ci =
Pd

Ibeam
(1.5)

For a DC discharge ion thruster, Ci is the ratio of the discharge voltage at the ion source to

the total power consumption, and is also called the discharge loss. For a microwave discharge

ion thruster, Ci is the microwave power divided by the beam current. Ci should be reduced

as much as possible while considering the balance with ηu.

1.4.5 Electrical efficiency

Eq. 1.6 is the definition of the electrical efficiency ηP, which is the ratio of the power

consumption for thrust to the total power consumption of the ion thruster.

ηP =
IbeamVb

IbeamVb + Pd + Pc
(1.6)

For a DC discharge ion thruster, ηP is generally about 80%. For example, in the case of

XIPS-25, it is 88 %. For a microwave discharge ion thruster, ηP is about 70% because it is

limited by the microwave amplifier loss and transmission loss.

1.4.6 Thrust efficiency

Eq. 1.7 is the definition of the thrust efficiency ηT, which is the ratio that pertains to

kinetic energy generation.

ηT =
1
2ṁu2e
P

=
1
2FgIsp

P
= η2divη

2
multiηuηP (1.7)

As shown in Eq. 1.7, ηT increases for high Isp and gradually approaches ηu, but decreases as

Isp decreases.

1.5 Neutralizer cathode

This section outlines the neutralizer cathode used in electric propulsion. As described

above, the neutralizer cathode is important for electrical neutralization of the ion beam.

If the ion beam is not neutralized, the spacecraft will be negatively charged, as shown by

Eq. 1.8.

dVs

dt
=

1

Cs

dQs

dt

Ibeam
Cs

(1.8)

Here, Vs is the potential of the spacecraft, Cs is the electrostatic capacity of the spacecraft,

and the Qs is the electric charge on the spacecraft. For example, when Cs = 10 pF and
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Ibeam = 100 mA, the spacecraft will generate a potential of −10 kV in 1 ms. Therefore,

when operating the ion thruster, an electron source called a neutralizer cathode is used to

electrically neutralize the ion beam.

As shown in Figure 1.7, there are four methods of supplying electrons for neutralization.

(a) Filament cathode outside the ion beam

(b) Filament cathode inside the ion beam

(c) Electron gun ejecting electrons into the ion beam

(d) Plasma bridge

In method (a), to supply enough electrons to a low-density ion beam, an applied potential

of −50 V to −100 V should be applied to the filament. The short lifetime of the filament is

a serious problem with this method.

In method (b), if the filament is inserted at a position where the ion density is high, sufficient

electron current is emitted even with a relatively small bias voltage. However, the durability

of the filament due to ion beam sputtering when inserted into the plume is a serious problem.

Early ion thrusters such as SERT1 used this method, but the filament deteriorated due to

repeated thermal cycles, and the lifetime of the filament limited the operating time of the

thruster system.

Method (c) exhibits problems with the complicated structure of the propulsion system and

high power consumption.

In recent years, method (d) has been generally used. Plasma is generated in the cathode,

and electrons are selectively extracted by an applied field. Hollow cathodes and microwave

discharge cathodes, which will be described later, are classified as method (d).

1.5.1 Filament cathode

The filament cathode is an electron source that utilizes thermionic emission. Free electrons

are emitted when the thermal energy exceeds the work function of the material. Eq. 1.7 is

the Richardson–Dushman law.

Jf = AT 2 exp(− ϕ

kT
) (1.9)

Here, T is the surface temperature, ϕ is the work function of the filament material, A is the

Richardson coefficient, and k is the Boltzmann coefficient.

The filament cathode is a simple system and is often used in ground tests and preliminary

experiments, though sputtering and degradation by heating are serious problems.
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bridge.

1.5.2 Hollow cathode

Hollow cathodes are often used as cathodes for electric propulsion satellites.[10] Figure

1.8 shows the schematic diagram of hollow cathode. Hollow cathode generates thermionic

electrons by heating a low work function material called an insert. Hollow cathode generate

plasma by the arc discharge between the keeper electrode and cathode. The insert material

is generally BaO or LaB6.

However, a hollow cathode has some disadvantages comparing with the microwave dis-

charge cathode which is explained in the next section. Table 1.3 shows the comparison of

characteristics of a microwave discharge cathode and hollow cathode. A hollow cathode needs

to be heated to about 1,000◦C by a heater and a high voltage must be applied to a keeper

–14–



1.5 Neutralizer cathode

at the start of ignition operation,[11] which makes it relatively difficult to handle. Also, there

is a cathode failure mode due to repeated cycling of the heater.[12] Furthermore, due to the

characteristics of the electron emitting material, hollow cathodes cannot be exposed to at-

mospheric conditions for as long as a few thousand hours. For ion thrusters of 500 W or less,

the discharge current of the hollow cathode is 1 A or less, and the heat flux is not sufficient

to maintain a self-heating mode. Therefore, the efficiency is poor because it needs power for

the keeper and heater to maintain discharge.[13][14][15]

Plume

Xe+
Xe+

Xe+
Xe+

Thruster plume

e-
e-

Insert

Xe+

e-
e-

Xe+

Xe+

Xe+
Keeper

Heater Heat shield

Figure 1.8: Schematic diagram of hollow cathode.
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1.5.3 Microwave discharge cathode

Figure 1.9 shows the schematic diagram of microwave discharge cathode. The cathode

consists of permanent magnets, magnetic circuits, a discharge chamber, an antenna, and a

nozzle. As shown in the figure, electrons are generated via two methods. In the first electron

generation method, collisions between neutral particles and high-energy electrons heated by

ECR at electron cyclotron frequency, as shown in Eq. 1.10, are used.[16]

fe =
ωe

2π
=

eB

2πme
(1.10)

Microwaves at a frequency of 4.25 GHz are transmitted from the antenna into the discharge

chamber. A magnetic circuit generates an azimuthal mirror magnetic field, within which

a region with a field strength of 0.15 T gives rise to ECR heating. Xenon is injected into

the discharge chamber, where electrons are continuously accelerated by microwave electrical

oscillations and trapped by a mirror magnetic field due to ECR. Through electron-neutral

collisions, ECR plasma is generated. During ECR heating, high-energy electrons exhibit three

types of motion, namely Larmor motion around the magnetic field lines, reciprocating motion

between the magnetic mirrors, and azimuthal motion due to the curvature and grad-B drift.

In the second electron generation method, called DC discharge, the potential difference

drives the electrostatic acceleration of electrons from the cathode plasma to the ion beam.

The acceleration is sufficient to drive the electron impact ionization of neutrals and produces

electrons for ion beam neutralization.

The microwave discharge cathode generates plasma from which electrons are emitted into

the ion beam by the negative applied voltage at the cathode. Ions, generated at the same

rate as the ejected electrons, bombard the interior of the cathode, completing the electrical

circuit.
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1.5 Neutralizer cathode

1.5.4 Performance evaluation

The performance of a neutralizer cathode is evaluated based on two parameters: the neu-

tralization cost Cn and the propellant utilization efficiency ηu. The neutralization cost is the

power required to emit a neutralization current of 1 A. For a hollow cathode, Eq. 1.11 gives

Cn. Here, a hollow cathode is assumed to operate in the current range of self-heating mode.

Cn =
IkVk + InVc

In
(1.11)

For a microwave discharge cathode, microwave power is considered instead of keeper power,

and the neutralization cost is Eq. 1.12.

Cn =
Pm + InVc

In
(1.12)

ηu is given by Eq. 1.13 for both a hollow cathode and a microwave discharge cathode.

ηg =
In
ṁc

(1.13)

Figure 1.10 shows a comparison between a microwave discharge cathode and a hollow cathode

using these evaluations.[17][18] A high-performance cathode has a high ηu and a low Cn. In

other words, the higher the performance, the lower the right side of the plot. As shown in the

figure, a microwave discharge cathode is better than a hollow cathode. This is because the

neutralization current is small. Therefore, enhancing the neutralization current is a major

research objective for microwave discharge cathodes.

In DubaiSat2, the µ20-class microwave discharge cathode achieved a neutralization current

of 500 mA.[19][20][21] This high neutralization current was achieved by increasing the microwave

power. However, as shown in Figure 1.10, this is not an efficient method to improve perfor-

mance. Figure 1.11 shows the relationship between the microwave power and the potential

difference between ground and cathode |Vcg|. Figure 1.12 shows the relationship between the

microwave power and Cn. These figures show that it is difficult to improve Cn by increasing

the microwave power. In addition, since the cathode must be operated at 47 V or less, which

is the threshold voltage for sputtering, the cathode operates in the region on the right side

of the dotted line in Figure 1.12. This leads to an increase in Cn, which is not recommended

considering the low microwave power supply efficiency of 55% and heat problems in antennas

and coaxial cables. Therefore, considering other approaches is important.
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1.6 Background

1.6.1 Previous studies on microwave discharge cathode

This section provides a quick history of previous studies on microwave discharge cathodes

and their improvement. In 1997, Suzuki developed an improved prototype microwave dis-

charge cathode (40–50 mA class).[22] In 1998, Funaki and Satori measured the inside of a

prototype model using an electrostatic probe [23][24] and significantly redesigned the discharge

chamber and magnetic field configuration to improve the electron current. This redesign was

the basis for the magnetic field and discharge chamber of the current model (100 mA class). In

1999, Onodera investigated a prototype using an electrostatic probe and laser absorption spec-

troscopy. However, to investigate the interior plasma, the discharge chamber was significantly

modified.[25] In 2001, Funaki conducted a parametric study of the microwave power and flow

rate.[26] In 2004, Koizumi applied a microwave discharge cathode for DubaiSat2, as described

above (500 mA class).[18] In 2011, Ohmichi investigated the degradation mechanism.[27] In

2014, Tani investigated the flow rate dependence of doubly ionized xenon.[28] Tani also devel-

oped the hybrid model cathode with thermionic emission.[17] The causes of the degradation in

the Hayabusa mission were analyzed by Ohmichi, but the hypotheses have not been fully vali-

dated in space.[29] Ohmichi also investigated the internal plasma using parts inside the cathode

as probes.[29] In 2017, Morita tried to measure contamination and sputtering using a quartz

crystal microbalance, but accurate measurements were difficult due to heat problems.[30]

As described above, the microwave discharge cathode interior has been investigated sev-

eral times. However, the probes have had problems with reliability due to electromagnetic

disturbances in the microwave electric field. In addition, for small plasma sources such as

microwave discharge cathodes, probe measurements have low spatial resolution. Therefore,

it is necessary to measure the internal plasma with low disturbance and high reliability.

1.6.2 Previous studies on viewable plasma sources

In previous research, some plasma sources have been visualized to investigate the plasma

inside the discharge chamber. However, it is difficult to view a discharge chamber under

plasma generation conditions. In 1994, a prototype µ10 ion source was visualized. [31] In

2000, it was reported that the ion production cost decreases by 20% for a viewable DC ion

source. [32] In 2014, the accelerator current for a viewable microwave discharge ion source

was increased by 15% compared to the original.[33] In 2015, a DC ion source was visualized,

providing a different plasma density distribution and electron temperature than those for the

original model, as well as a different ion beam current, which was investigated as part of the

study. [34]
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1.6.3 Cathodes for 200–300 W class Hall thruster

OneWeb constellation has 384 satellites with low-power xenon-fed Hall thrusters on De-

cember 2021.[35] As of January 2022, Starlink constellation already has 1,469 active satellites

equipped with krypton-fed Hall thrusters.[36] In recent years, as small satellites have at-

tracted increasing interest by government agencies, industries, and universities, the demand

low-power thrusters has increased.[37] For this purpose, a Hall thruster system operating at

200–300 W is a promising candidate.[38][39] Figure 1.13 shows the current range for a mi-

crowave discharge cathode, a BaO cathode, and a LaB6 hollow cathode. As described above,

a microwave cathode emits a smaller electron current than a hollow cathode. While a hol-

low cathode emits a relatively large flux of electrons due to the Richardson–Dushman law,

a microwave cathode emits electrons as a counterpart to ion collection on the inner wall of

the discharge chamber. Ion collection is rate-limiting for the electron emission capability of a

microwave cathode. The performance of a microwave discharge cathode and hollow cathode

is similar for currents of about 500–1,000 mA, which is in the range of a 200–300-W class Hall

thruster, and it is not yet clear which type of cathode is superior in this operating range, as

shown in Figure 1.13.[40] [41]

For a high electron emission current, a microwave discharge cathode is easier to handle

than a hollow cathode, and hence the microwave discharge cathode is a candidate for the

neutralizer cathode of a Hall thruster system. Therefore, an increased current is required in

the 500–1,000 mA region for microwave discharge cathodes.

100 mA 1 A 10 A 100 A

Cathodes

Ion sources µ10 
Ion engine

Hall thruster

Hollow cathode
BaO LaB6

Microwave 
cathode

Expand

Figure 1.13: Current range for microwave discharge cathode, BaO, cathode and LaB6 hollow

cathode.
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1.6.4 Space applications

As described above, our laboratory previously developed a microwave discharge cath-

ode as the neutralizer cathode for a microwave discharge ion thruster µ10, which was the

main propulsion system for the asteroid sample return mission Hayabusa and its successor

Hayabusa2. Prior to the first mission, the microwave discharge ion thruster µ10 completed a

20,000-hour lifetime endurance test at a ground facility. Although the mission was a success,

it was observed that the microwave discharge cathode of µ10 degraded faster than it did in

the ground endurance test. The second-generation model of the thruster, which increased the

thrust force from 8 to 10 mN and had modified microwave discharge cathodes, was used in the

Hayabusa2 probe, which launched in December 2014. The latest model of the thruster, which

has a 12-mN thrust force, is planned to be used in the comet fly-by mission DESTINY+.[9]

Table 1.4 and Figure 1.14 summarize the history and future plans for space exploration

using microwave discharge ion thruster systems. In the asteroid explorer Hayabusa, the

electron current was 135 mA. In its successor Hayabusa2, the electron current was increased

to 180 mA by enhancing the magnetic field intensity in the discharge chamber. For the future

DESTINY+ mission, an electron current of 220 mA is needed.
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1.7 Objectives

1.7.1 Objectives of this study

As described in the background section, performance improvements are needed for future

microwave discharge ion thrusters. Therefore, the objective of this study is to improve the

performance of microwave discharge cathodes, and the following studies are performed: per-

formance enhancements in the two current ranges of 200 mA and 500 mA, developing a

viewable microwave discharge cathode for optical measurements, making a plasma diagnosis

in a flight-model class viewable cathode, and making a plasma diagnosis in the improved

cathodes. The following studies are detailed in the appendix: performance enhancement us-

ing a low-work-function material, performance analysis and discussion of microwave discharge

cathode–200-W Hall thruster system with a comparison to a hollow cathode, application as a

plasma source for charge removal in high vacuum, and application for charged dust removal.

1.7.2 Outline of the content

Two approaches for performance enhancements for microwave discharge cathodes are re-

viewed in Chapter 2. Plasma diagnosis of a microwave discharge cathode is described in

Chapter 3. The conclusions obtained by this study are given in Chapter 4.

The objective of the study described in Chapter 2 is to improve the performance using two

different approaches. Firstly, to improve the performance in the 200-mA class current range,

the effect of a magnetic field at the nozzle on performance was investigated in diode mode

operation. To change the field intensity, a coil was installed at the nozzle. The difference

in the I–V characteristics was measured between the nominal model and the model with a

coil. In addition, a magnetic shield that reproduces the effect observed with the coil was

designed and the I–V characteristics of the cathode were measured. Secondly, to improve

the performance in the 500-mA class current range, the mirror ratio and magnetic field

intensity were increased. The difference in the I–V characteristics was measured between the

nominal model and the developed model in diode mode operation. To investigate the I–V

characteristics in coupling operation, a 200-W class Hall thruster was coupled. In addition,

to evaluate the validity of the developed microwave discharge cathode, a hollow cathode was

coupled with the thruster and investigated. The thrust performance and beam profile are

discussed in Appendix B.

In Chapter 3, plasma diagnostics of both the nominal and improved cathode are discussed.

Firstly, a microwave discharge cathode was developed with a small optical window in the

discharge chamber that provides visual access to the cathode interior. To investigate the

actual conditions for the Hayabusa2 onboard cathode, it is necessary to develop a viewable
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microwave discharge cathode with an optical window that has I–V characteristics equivalent

to those of the flight model. The difference in the I–V characteristics were measured between

the nominal model and the viewable cathode to verify the reproductivity. Laser-induced

fluorescence (LIF) spectroscopy was applied to the cathode due to its low plasma and elec-

tromagnetic disturbance. The axial and radial ion velocity distribution functions (IVDFs)

in the plume region and the axial IVDFs inside the cathode were measured. The measured

functions, which represent the relative number density of XeII (3P2)6p[3]5/2, were compared

to the previously reported ion density measured by an electrostatic probe in the plume region.

In the plume, the two-dimensional spatial velocity vector was calculated by axial and radial

LIF measurements. To discuss the velocity vector, the plasma potential distribution was mea-

sured by an emissive probe. Parametric measurements of axial LIF were conducted in the

viewable cathode. To investigate the effect of laser reflection on IVDFs inside the cathode, a

black-painted viewable cathode was measured by LIF. To discuss multimodal IVDFs inside

the cathode, anode current oscillation and radiated emission were measured. A theoretical

model based on the measured current oscillation was compared to the measured IVDFs. LIF

measurements were conducted for the improved models. The LIF intensity distribution was

compared to the nominal model to investigate the performance difference.

In Appendix A, the effect of the nozzle material on the I–V characteristics is discussed.

Materials with a lower work function emit more electrons at lower energy. Mo and Th-W

were compared in diode mode operation to investigate this effect.

In Appendix B, the 500-mA class improved model was coupled with a 200-W class Hall

thruster. A hollow cathode was also coupled with the thruster to compare the performance.

Firstly, the effect of the magnetic field polarity on the ignition characteristics was investigated.

Secondly, the thrust, ion energy distribution function and beam profiles were measured by

an inverted thrust stand, a retarding potential analyzer, and an ion collector, respectively.

Using these results, the thrust was measured and a deficiency analysis was performed. The

differences between these results and the trade-off point between the microwave discharge

cathode and hollow cathode are discussed.

In Appendix C, a microwave discharge cathode was applied in a charge neutralizer in a high

vacuum environment of 10−1–10−4 Pa. Firstly, the time constants for charge neutralization

were measured. Secondly, the distribution of the charge neutralization current density was

measured. The anode and orifice were changed and the distributions were compared. Thirdly,

the charge neutralization effect was demonstrated using a film transfer simulator.

In Appendix D, the microwave discharge cathode was applied in a charged dust remover

in a high vacuum. Firstly, charged dust adhering to the surface was exposed to a microwave

discharge plasma. The charging potential and the amount of adhered dust were measured.
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Secondly, the effect of the microwave discharge plasma on the mitigation of dust adhesion was

investigated. Thirdly, a charged particle was levitated by an electrostatic levitation furnace.

The effect of the microwave discharge plasma on the levitated particle was investigated.
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Chapter 2

Performance

Enhancements of

Microwave Discharge

Cathode

In Chapter 2, the two types of performance enhancements that were implemented and

described in detail. This chapter is partially reproduced from published articles[42][43], with

the permission of Elsevier.

2.1 Effect on performance of a magnetic field at a nozzle

Firstly, a magnetic field was applied at the nozzle by a coil. Secondly, to realize the

same magnetic field intensity achieved in the first experiment without any additional power

consumption, a magnetic shield was developed.

2.1.1 Experimental setup

As shown in Figure 2.1, experiments were conducted in a diode mode in which an anode

plate was placed in front of the cathode instead of an ion beam potential from an ion source.

The microwave discharge cathode system was composed of a propellant supply system and

microwave supply system. The xenon tank and mass flow controller supplied a constant mass

flow of xenon. The microwave supply system was composed of an oscillator, amplifier, and

matching circuit. The system produced microwaves of 4.25 GHz and then amplified them

to a determined intensity. The microwaves were introduced into the cathode through the

matching circuit.

The experimental conditions are summarized in Table 2.1. The propellant was xenon and

was operated at a gas flow rate of 0.7 sccm, a microwave power of 8 W, and a cathode current

of 180 mA, as the nominal conditions. The distance between the cathode and the anode plate
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was 11 mm. This is consistent with the ground durability test of the Hayabusa2. A coil was

wrapped around the nozzle of this cathode and the performance difference was investigated

by changing the coil current. The nozzle has a convex shape and the coil can be wound

around it.

The anode voltage Va was measured when the external magnetic field of the cathode was

changed by the coil current. The direction of the magnetic field was fixed so that downstream

from the cathode was a South pole. In this study, the direction of the magnetic force that

strengthens the external magnetic field is defined as the positive direction. The magnetic flux

density was measured at 1.5-mT increments from 7.5 mT to 37.5 mT. The anode current Ia

was also measured when Va was fixed at 37 V. The relationship between Ia and magnetic

flux density controlled by the coil was measured. The anode voltage Va was measured by

changing Ia at 140, 180, and 220 mA. In addition, the dependence of the gas flow rate ṁc of

the cathode was investigated. The gas flow rates ṁc were 0.5, 0.7, and 1.5 sccm.

Table 2.1: Experimental conditions for I–V characteristic measurements with coil or magnetic

shield.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.5 sccm, 0.7 sccm, 1.5 sccm

(0.049 mg/s, 0.069 mg/s, 0.088 mg/s)

Anode current, Ia 0 mA, 140 mA, 180 mA, 220 mA in Constant Current

Anode voltage, Va 37 V in Constant Voltage

Microwave antenna Flight model (Hayabusa2)

Background pressure 3 × 10−3 Pa at 0.7 sccm Xe

Nominal condition Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA
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Figure 2.1: Experimental setup for the diode mode operation with a coil. An axial magnetic

field is applied by an external coil around the nozzle.
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2.1.2 Application of magnetic field using a coil

The measurement results of Ia at a constant voltage operation of 37 V are shown in Figure

2.2. Even in this case it can be seen that Ia has increased due to a weakening magnetic

field. The anode current Ia increased by 80 mA over that of a conventional cathode when

the magnetic field intensity was weakened to 15 mT at the nozzle. For a further weakening

of the magnetic field, Va suddenly increased, reducing Ia.

Figure 2.3 shows the relationship between Va and magnetic flux density at the nozzle. Even

when the external magnetic field was strengthened, Va did not change much, but when the

external magnetic field was weakened, Va decreased. When Ia was 180 mA which is same as

Hayabusa 2 condition, Va decreased by 10 V when the magnetic field intensity was weakened

to 14 mT. When we further weakened the magnetic field, Va suddenly increased. We consider

the effect of changing the parameters of the cathode. Figure 2.3 also shows the result when

Ia is changed. When Ia was increased, the characteristic curve was shifted, increasing Va.

When Ia was decreased, Va decreased in the high magnetic flux density region.

Figure 2.4 shows the results of changing ṁc. When ṁc was increased, the magnetic flux

density dependency on Va decreased.

To investigate the plasma in the near-nozzle plume, we measured the plasma by an elec-

trostatic probe of tungsten wire of ϕ0.3 mm and an exposed length of 1 mm covered with an

alumina tube of ϕ2 mm. As shown in Figure 2.5, the probe was measured at positions of z

= 2, 6, and 8 mm in the downstream direction of the cathode. The probe was inserted in

the plume vertically. The plasma measurements were carried out for four values of magnetic

flux density at the nozzle of the microwave discharge cathode, 11 mT, 15 mT, 18 mT, and 23

mT, the same as the Hayabusa2 cathode. The relationship between the electron number

density and magnetic flux density for the coil is shown in Figure 2.6. If the external magnetic

field is weakened by the coil up to 15 mT, the electron number density increases. However,

the electron number density decreases at 11 mT. Comparing Figure 2.2 and Figure 2.3, when

Va decreased and Ia increased, the electron number density increased.
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Figure 2.2: Anode current transition with respect to the magnetic flux density at the nozzle

at Ia = 0.7 sccm, Va = 37 V.

Figure 2.3: Anode voltage transition with respect to the magnetic flux density at ṁc = 0.7

sccm. The anode current is 140, 180, 220 mA.
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Figure 2.4: Voltage transition of the anode plate with respect to the magnetic flux density at

ṁc of 0.5, 0.7, 1.5 sccm. The anode current is 180 mA.

Figure 2.5: Experimental setup for the electron number density measurements using an elec-

trostatic probe. The probe is set at 2, 6, and 8 mm from the exit of the nozzle along the

centre axis.
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Figure 2.6: Relationship between the electron number density and magnetic flux density. The

anode voltage is 40 V.
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2.1.3 Magnetic shield

In the previous section, it was confirmed that Va was decreased by using a coil. By using a

coil, it is possible to continuously change the magnetic field in the plume, which is convenient

in terms of finding the optimum value. However, when applied to spacecraft, an additional

power supply system for the coil is required, which increases the payload. Simplification

and weight reduction of the system are required for deep space exploration. There is also

a disadvantage in that electric power for the coil is required, but resources are limited in a

space mission. There is also the problem of robustness. It is possible that the wire of the coil

may become disconnected. Therefore, we aim to mechanically reproduce the same magnetic

field as the optimum magnetic field formed by the coil. The magnetic field inside the cathode

and the plume is analyzed using the magnetic field analysis software ”Finite Element Method

Magnetics”. Based on this, we formulated a method to increase Ia without a coil power

supply by installing a simple magnetic shield.

The magnetic field reproducing the coil was determined by numerical analysis and repro-

duced by a magnetic shield made from iron. To verify the effectiveness of this reproduction,

the magnetic shield was attached as shown in Figure 2.7. The other conditions were the same

as in the previous section.

Figure 2.7: Experimental setup for the diode mode operation with a shield for demagnetiza-

tion at the nozzle.
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As shown in Figure 2.2 and Figure 2.3, since Va decreased around 14 mT to 16 mT, this

region is a target to reproduce. The magnetic shield was designed as shown in Figure 2.8,

with an absolute magnetic flux density |B|(r=0) distribution for the magnetic shield at 14 mT

at the nozzle (z = 0 mm).

A performance comparison for the cases with and without the magnetic shield is shown in

Figure 2.9. A good performance shows a high current transport with a small anode voltage,

or in other words, a tendency towards the lower right in Figure 2.9. The figure confirms that

Va with the shield was reduced by 3-5 V compared with a conventional cathode. In addition,

a current increase of about 20-50 mA was confirmed.

Figure 2.8: Comparison of magnetic field density between the conventional and magnetic

shield model along the central axis
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Figure 2.9: Comparison of I–V characteristics between conventional and magnetic shield

model at Pm = 8 W, ṁc = 0.7 sccm.
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2.1.4 Discussion

In a plasma with a magnetic field, if the cyclotron frequency is sufficiently larger than the

collision frequency, the classical diffusion coefficient D⊥ in the direction perpendicular to the

magnetic field B can be written by the following approximate Eq.2.1.[16]

D⊥ =
mkTν

e2
1

B2
(2.1)

From Eq. 2.1, it can be seen that D⊥ is inversely proportional to the square of the magnetic

flux density B. This is because the charged particles move in a spiral around the magnetic

field lines with Larmor radius r inversely proportional to the magnetic flux density B due to

the Lorentz force. Where the magnetic flux density B is weak, D⊥ is large.

Figure 2.10 shows the comparison of electron transport between conventional and improved

magnetic field. In the conventional magnetic field, because the magnetic field is stronger,

relatively trapped electrons are increased around the nozzle. Therefore, the electrons are

prevented from being emitted to the outside through the nozzle. On the other hand, in the

improved magnetic field, transported electrons are increased because the nozzle magnetic field

is relatively weak. It is presumed that the applied magnetic field facilitates the detachment

of magnetic lines by the electrons inside the microwave cathode, resulting in a reduction of

Va.

Figure 2.9 confirms that Va was reduced by 3-5 V, demonstrating that the magnetic shield

reproduces the magnetic field of the coil. However, Va was larger than for the case when a coil

was used. This is believed to be because the magnetic field in the cathode was also weakened

by the magnetic shield. By analysing the magnetic field, it was confirmed that the magnetic

field of the discharge chamber was reduced to about 10 mT compared to the case when a

coil was used. Weakening the magnetic field density in the cathode likely decreases plasma

generation by ECR, which would be why Va was not small compared with the case when a

coil was used.
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Figure 2.10: Comparison of electron transport between conventional and improved magnetic

field.
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2.1.5 Summary

The experimental approach described in this section focused on the performance of a mi-

crowave discharge cathode by controlling the magnetic field intensity and its subsequent

application for space operation. The results are summarized as follows:

1. It was found that when the axial magnetic field of the plume of the microwave discharge

cathode was weakened by a coil, the anode current Ia increased by 80 mA more than

the conventional cathode operated at a constant anode voltage Va of 37 V. This is a

44% increase. Operating at a constant Ia of 180-mA, Va decreased by as much as 10

V, which is a 27% decrease.

2. It was found that the magnetic shield reproduced the effect observed with the coil

of producing lower Va at a fixed current and higher Ia at a fixed voltage. Because

the impedance of the discharge changed, it was suggesting easier transport across the

B-field lines inside the cathode. Concretely, when the magnetic shield was attached,

Ia increased by 30 mA over that of a conventional cathode operated at a constant Va

of 37 V. This is a 17% increase. Operating at a constant Ia of 180-mA, Va decreased

by as much as 5 V, a 14% decrease.
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2.2 Increase of mirror ratio and magnetic field intensity

This section firstly describes the mirror ratio, magnetic field intensity redesign and the I–V

characteristics measurements in the diode mode operation. Secondly, an improved microwave

discharge cathode was coupled with a 200-W class Hall thruster for measuring the I–V charac-

teristics in coupling test operation. In addition, to evaluate the improved microwave discharge

cathode as an alternative to hollow cathodes, the I–V characteristics were compared with a

hollow cathode in coupling operation.

The thrust performance characteristics and beam profiles were also measured and the dif-

ferences in these characteristics were analyzed, with the results discussed in Appendix B.

2.2.1 Redesign of magnetic circuit

To increase the electron current, two parts of the magnetic circuit were redesigned using

“Finite Element Method Magnetics”.[44] Firstly, the magnetic field intensity in the discharge

chamber was enhanced by increasing the number of permanent magnets, which increased

the magnetic field intensity by an average of 10 mT inside the discharge chamber, as shown

in the “Field enhanced” plot in Figure 2.11. Secondly, the mirror field was redesigned. In

the nominal model, which has the same magnetic design as DubaiSat2 and Hayabusa2, the

magnetic field lines do not match on either two side of the magnetic yoke edges, which leads to

relatively weak magnetic confinement. Therefore, by ensuring the magnetic field lines match,

the mirror ratio Rm was increased. Rm is defined in Eq. 2.2.

Rm =
Bmax

Bmin
=

1

sin2 θm
(2.2)

Here, Bmax is the maximum density on a magnetic field line, Bmin is the minimum density

on the magnetic field line, and θm is the pitch angle of the loss-cone. Eq.2.2 shows that as Rm

increases, the loss at the edges of the magnetic yokes decreases and the electron confinement

time increases. By redesigning the inner diameter of the lower yoke, Rm was increased from

2 to 8.3, as shown in the “Nominal” and “High mirror ratio yoke” plots in Figure 2.11. The

“Field enhanced with high mirror yoke” plot in Figure 2.11 is a combination of “High mirror

ratio yoke” and “Field enhanced”. Figure 2.12 shows a schematic diagram of Figure 2.11.
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Nominal High mirror ratio yoke

Field enhanced Field enhanced with 
high mirror ratio yoke

Figure 2.11: Comparison of redesigned magnetic field calculated by Finite Element Method

Magnetics.
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Figure 2.12: Schematic diagram of the redesigned magnetic field shown in Figure 2.12.
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2.2.2 Experimental setup for diode mode operation

Figure 2.13 shows the experimental setup for the I–V characteristic comparison between

the conventional and improved models in diode mode operation. The experimental conditions

are summarized in Table 2.2. The gas flow rate ṁc was fixed at 1.5 sccm. The microwave

power was also fixed at 20 W.

Figure 2.13: Experimental setup for I–V characteristic comparison between conventional and

improved models in diode mode operation.

Table 2.2: Experimental conditions for microwave discharge cathode in diode mode operation.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 20 W

Xenon flow rate, ṁc 1.5 sccm (0.15 mg/s)

Microwave antenna Flight model (Hayabusa2)

Background pressure 4 × 10−5 Pa without Xe

1 × 10−3 Pa at 1.5 sccm Xe
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2.2.3 Results and discussion for diode mode operation

Figure 2.14 compares the I–V characteristics of the nominal and improved models in diode

mode. The nominal model operated at 26 V at 100 mA, which increased to 46 V at 300 mA.

The “High mirror ratio yoke” model decreased the anode voltage by 2–5 V and increased

the anode current by 10–50 mA compared to the nominal model. The “Field enhanced”

model decreased the anode voltage by 8–11 V and increased the anode current by 90–100

mA compared to the nominal model. The “Field enhanced with high mirror ratio yoke”

model decreased the anode voltage by 8–12 V and increased the anode current by 90–120

mA compared to the nominal model. In the “Field enhanced with high mirror ratio yoke”

model, the anode current increased from 300 mA to 560 mA when the anode voltage was 37

V compared to the nominal model.

The results suggest that the electron emission capacity of the microwave discharge cathode

was improved by the enhanced magnetic field and the improvement in Rm, which implies that

the electron confinement time increased and consequently the amount of plasma generation

increased. In addition, the high mirror yoke generated a dense plasma near the nozzle and

electrons moved to the nozzle relatively easily. This is discussed in Section 3.10.2.
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Figure 2.14: Comparison of I–V characteristics of conventional and improved models in diode

mode.
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2.2.4 Experimental setup for coupling operation with 200-W class Hall

thruster

To investigate the I–V characteristics, coupling operation of the microwave discharge cathode–

Hall thruster system was performed. In addition, to evaluate whether the improved microwave

discharge cathode is a viable alternative, the I–V characteristics were compared with those

for a hollow cathode. In this experiment, the “Field enhanced with high mirror ratio yoke”

model was used as the improved model. The experiments were conducted in the space science

chamber at the Institute of Space and Astronautical Science (ISAS) of the Japan Aerospace

Exploration Agency (JAXA). The Hall thruster was a magnetic layer type developed by

Kyushu University.

The experimental setup is shown in Figure 2.15. Figure 2.16 shows the photograph of

200-W class Hall thruster with microwave discharge cathode in operation. The microwave

discharge cathode was placed 15 mm in the downstream direction and 65 mm in the radial

direction with respect to the Hall thruster. As parameters, the inner coil current Icoil and

anode voltage of the thruster Vath were changed. The outer coil current was set to be 4 times

Icoil. We measured the anode current Ia and cathode current Ic using a current probe, as

well as the potential difference between the cathode and ground Vcg.

As described in Appendix B, to investigate the thruster performance and beam profile, a

retarding potential analyzer (RPA) and ion collector were placed 950 mm downstream of the

Hall thruster. They were then moved ±500 mm along the r-direction. As a benchmark, these

same measurements were conducted for a general hollow cathode (Ion Tech HCN252).

Table 2.3 shows the experimental conditions during coupling operation. The cathode power

consumption, Pc = 20 W, and xenon flow ratio for the cathode, ṁc = 1.5 sccm, were set to

minimize Vcg and the power consumption.
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Figure 2.15: Experimental setup for coupling operation of Hall thruster and microwave dis-

charge cathode.

Figure 2.16: Photograph of 200-W class Hall thruster with microwave discharge cathode in

operation.
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Table 2.3: Experimental conditions for the coupling test of microwave discharge cathode -

Hall thruster system.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pc 20 W

Xenon flow rate for microwave discharge cathode 1.5 sccm (0.15 mg/s)

Heater and keeper power 20 W

Xenon flow rate for hollow cathode 1.5 sccm (0.15 mg/s)

Xenon flow rate for anode, ṁa 7.0 sccm (0.069 mg/s)

Inner coil current, Icoil 1.5 A, 2.0 A, 2.5 A

Anode voltage of thruster, Vath 150 V, 200 V, 250 V, 300 V

Microwave antenna Flight model (Hayabusa2)

Background pressure 4 × 10−5 Pa without Xe

3 × 10−3 Pa at 10 sccm Xe

2.2.5 Results for coupling operation with 200-W class Hall thruster

Figure 2.17 compares the I–V characteristics for the nominal and improved models for

both diode and coupling test operation. It should be noted that diode mode operation was

also conducted in the ISAS/JAXA space science chamber, which is different to the previous

diode mode operation chamber. As shown in Figure 2.17, in diode mode, the anode current

increases from 300 mA to 560 mA compared with the nominal model when the anode voltage

was 37 V. In coupling operation, the microwave discharge cathode can supply a higher electron

current than in the diode mode. This is thought to be due to the neutral particles and plasma

supplied by the Hall thruster. However, it is also considered that the plasma potential in the

plume offsets Vcg.

Figure 2.18 shows the Ia–Vcg characteristics including all parameters, such as Icoil and Vath

of Table 2.3. At Ia = 600 mA and above, the microwave discharge cathode showed different

characteristics than the hollow cathode. This indicates that the electron emission capability

of the microwave discharge cathode is comparable to that of the hollow cathode up to 600

mA, while above that, the hollow cathode is preferable. However, this trade-off point should

be smaller for an optimized low-current hollow cathode.
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Figure 2.17: Comparison of I–V characteristics of nominal and improved models for diode

and coupling test operation.
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–53–



Chapter 2 Performance Enhancements of Microwave Discharge Cathode

2.2.6 Summary

In order to increase the electron current, the mirror ratio and magnetic field intensity were

increased. In addition, to evaluate whether the improved microwave discharge cathode is a

viable alternative, the I–V characteristics are compared with those for a hollow cathode in

coupling operation. The results can be summarized as follows:

1. By increasing the magnet field intensity and mirror ratio from 2.0 to 8.3 for the mi-

crowave discharge cathode, the electron current increased from 300 mA to 560 mA

when the anode voltage was 37 V.

2. It was found that in coupling operation, the microwave discharge cathode can supply

a higher electron current than in diode mode. The anode voltage was 22 V when the

anode current was 600 mA. This is thought to be due to the effects of neutral particles,

plumes, and magnetic fields supplied by the Hall thruster.

3. Since Vcg rapidly drops above 600 mA in the microwave discharge cathode, it was found

that the performance trade-off point between the two cathodes is about 600 mA.
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Chapter 3 is partially reproduced from published article[45], with the permission of AIP

Publishing.

3.1 Principle of laser-induced fluorescence spectroscopy

Laser-Induced Fluorescence Spectroscopy, LIF is an optical measurement method based on

the resonant absorption of laser radiation by particles such as atoms and molecules. The

particles spontaneously emit photons due to de-excitation in the transition probability time

(on the order of nanoseconds). This fluorescence is isotropically radiated from the particles

and can thus be measured from any direction. The absorption frequency depends on the

particle velocity in the direction of the laser beam due to the Doppler effect. The frequency

shift ∆ν is calculated using Eq. 3.1.

∆ν

∆ν0
= −ν

c
· k

|k|
(3.1)

Here, ν is the particle velocity vector and k is the photon wave vector. The target par-

ticle velocity distribution function along the laser direction is obtained by varying the laser

frequency. In this study, a two-level energy model is considered as shown in Figure 3.1.[46]

The mathematical relationship between fluorescence intensity S and particle density N is

described by Eq. 3.2.

S =
A21B12Iex

c(A21 +Q) + 2B12Iex

Ω

4π
N (3.2)

Here, the quenching Q by ion - atom collision is negligible. In this study, ion velocity v is up
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Energy level 1

Energy level 2

Absorption Stimulated 
emission

Spontaneous 
emission

Quenching

𝐵!"𝜌 𝐵"!𝜌 𝐴"! 𝑄

Figure 3.1: Two level model for laser absorption and line emission.

to 5 km/s, neutral density nn is up to 1021m−3[46], and cross section σ is 10−19m2. Therefore,

quenching frequency νq = nnσv ∼ 105s−1. This is much lower than the spontaneous de-

excitation rate (A21 > 107s−1).[47] In this study, the laser intensity Iex is constant in the sweep

range and other coefficients are independent of N and nn. Therefore, the N is proportional

to S.

In previous research, LIF spectroscopy was applied to study plasma sources such as Hall

thrusters, [48][49][50][51][52][53] hollow cathodes,[54][55][32] and ion thrusters.[56][57][58] In the present

study, the time averaged LIF measurement of the Xe II (3P2)5d[4]7/2 → (3P2)6p[3]
0
5/2 transi-

tion at 834.7 nm is conducted in the plume region and inside the microwave discharge cathode

with an optical window. Figure 3.2 shows the partial Grotrian diagram of Xe II.

Here, the evaluation of line broadening is discussed. The beam is σ-polarized (π-polarized)

when the laser beam is perpendicular (parallel) to the magnetic field due to the Zeeman

effect. In the (3P2)5d[4]7/2 → (3P2)6p[3]5/2 transition, π-polarized splitting effects are neg-

ligible whereas σ-polarized splitting effects are not.[59] For the axial IVDF measurements in

this study, the magnetic field component perpendicular to the laser beam is up to 0.01 T,

the Zeeman splitting is ∼ 200 MHz, and is 3-10% of the typical full width at half maximum

(FWHM) of 2 - 7 GHz. For the radial IVDF measurements, the magnetic field is up to 0.02 T,

and the Zeeman splitting is 6-20% of the typical FWHM. To evaluate saturation broadening,

a saturation study is conducted. As shown in Figure 3.3, an operating regime of laser power

is between the saturation and weak pumping In order to evaluate the broadening, a two-level

energy model is used, following previous studies.[60] [61] [62] [63] For a Gaussian line shape

corresponding to the typical FWHM in this study, the saturation broadening is estimated to

cause an overestimation of the FWHM of 5-20 %. Natural broadening is 17 MHz and the laser

line width is up to ∼ 500 kHz; these values are negligible.[64] Stark broadening is neglected

because its effects are only apparent at high heavy particle density and electron density.[65][66]
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For example, Stark broadening for the 541.9 nm transition is ∼ 20 MHz for an electron density

of 1019m−3, which is the maximum electron density in the microwave discharge cathode.[46][67]

Xenon gas has 9 stable isotopes.[68] It is thus difficult to calculate the isotopic splitting for

complicated atoms such as xenon. Therefore, it was measured experimentally. The hyperfine

splitting constants are not fully known for the (3P2)5d[4]7/2 → (3P2)6p[3]5/2 transition, and

were thus estimated experimentally. In previous research, the calculation model was decon-

volved out of the LIF signal with known parameters of hyperfine and isotopic splitting.[67]

However, the (3P2)5d[4]7/2 → (3P2)6p[3]5/2 transition is not fully deconvolved.[66] In previ-

ous research, even for a narrow FWHM of 1 GHz, the broadening was within 10%, which is

negligible for the wider IVDF obtained under the typical conditions of the present study.[65][66]
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Figure 3.2: Partial Grotrian diagram of Xe II.
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Figure 3.3: Effect of laser saturation on LIF intensity.
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3.2 Experimental setup for LIF measurements

Figure 3.4 shows the experimental setup for LIF spectroscopy. The photograph of the setup

is shown in Figure 3.5. The laser beam was emitted by a continuous wave diode laser ”TOP-

TICA Photonics DL100” and amplified to the specified power. The laser beam was chopped

at 6 kHz and input to the vacuum chamber via fiber coupling. In the vacuum chamber, the

microwave discharge cathode was operated in diode mode. In the LIF measurements, a laser

beam with a diameter of ϕ1.8 mm was input through an anode to the interior of a viewable

microwave discharge cathode. As shown in Figure 3.6, the signal collection diameter was also

ϕ1.8 mm. Therefore, the collection volume Vsignal can be calculated using Eq. 3.3.

Vsignal =
16

3
a3 (3.3)

Here, a = 0.9 mm in this setup. The laser power was set to 40 mW at the measurement

point. The microwave discharge cathode was installed on a two-axis stage, which allowed

the two-dimensional distribution to be measured. For the radial direction measurement,

the microwave discharge cathode was rotated 90◦ with respect to the Y axis and the laser

beam was input between the anode and the cathode. LIF was detected by a photomultiplier

tube (PMT) ”Hamamatsu Photonics K.K. H11462-031”. The signal was amplified by a lock-

in amplifier. To measure the Doppler shift, we compared the results to those for a xenon

reference cell.

In this LIF setup, the signal-to-noise ratio (SNR) had to be improved because of the small

size of the microwave discharge cathode. In addition, a relatively high spatial resolution

is required to measure the plasma distribution inside the cathode. Therefore, the signal

collection system required a small Vsignal and a sufficient SNR. Due to the redesign of the

focal length, Vsignal decreased. The main problem was the input efficiency at the fiber coupling.

Therefore, a 6-axis alignment coupler was constructed and the lens was redesigned to minimize

chromatic aberration to increase the input laser power and fluorescence. The spatial resolution

was improved five-fold and the coupling efficiency was doubled compared to those of the

original setup.[56][57] As described above, the laser saturation effected the FWHM of the

IVDFs. However, due to the doubled laser power, the FWHM was up to 2% larger than

that for the previous setup. Therefore, the improved setup was used because of its high SNR

despite the small saturation effect.

The experimental conditions are shown in the Table 3.1. The parameters are microwave

power Pm, xenon flow rate ṁc, anode current Ia and type of microwave antenna. Figure 3.7

shows the measurement points for the axial and radial direction. For the radial direction mea-

surement, for sufficient SNR, the parameters of PMT and lock-in amplifier were changed. The
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results of this measurement were therefore examined only in terms of the velocity. Although

it was difficult to measure the inside of the microwave discharge cathode with sufficiently high

SNR and spatial resolution, the axial direction measurement was successful.

DL100

PMT

BoosTA

Half-wave plate

Xe cell

Fiber coupling

Wavemeter

Data logger

Lock-in 
amplifier

Anode

Microwave discharge cathode 
with optical window

Z axis

Y axis
PMT

2-axis stage

Vacuum chamber

Z axis

X axis
2-axis stage

Mechanical chopper

F = 50 mm

Figure 3.4: Schematic diagram of microwave discharge cathode measurement setup for axial

LIF spectroscopy. For the radial measurement, the microwave discharge cathode was rotated

90◦ with respect to the Y axis.
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DL100

BoosTA

Wavemeter

Cell
PMT

Laser

PMT

Microwave discharge cathode 
with optical window

Laser

Figure 3.5: Photograph of microwave discharge cathode measurement setup for axial LIF

spectroscopy.

Laser beam
Plasma

Diameter, Φ1.8 mm

PMT Diameter, Φ1.8 mm

Figure 3.6: Schematic diagram of measurement point.
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Table 3.1: Experimental conditions of the microwave discharge cathode for LIF measure-

ments.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 6 W, 8 W, 10 W

Xenon flow rate, ṁc 0.5 sccm, 0.7 sccm, 0.9 sccm

(0.049 mg/s, 0.069 mg/s, 0.088 mg/s)

Anode current, Ia 0 mA, 135 mA, 180 mA, 220 mA in constant-current mode

Microwave antenna Flight model (Hayabusa2)

Black antenna to suppress laser refrection

Background pressure 9 × 10−5 Pa without Xe

7 × 10−4 Pa at 1-sccm Xe

Nominal conditions Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA, flight model antenna
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Figure 3.7: Measurement points of LIF spectroscopy.
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3.2.1 Diode Laser

In the study, an external cavity diode laser (TOPTICA DL100) was used for LIF measure-

ments, as shown in Figure 3.8. Compared with conventional lasers, such as a CO2 laser or a

dye laser, the cavity diode laser has a lower cost, a wider wavelength range, and is easier to

handle. As shown in Figure 3.9, a temperature and current controller was used for the laser

head.

Figure 3.8: Diode laser.

Figure 3.9: Controller for diode laser.
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3.2.2 Optical amplifier

To obtain sufficient laser power, the laser beam emitted from the diode laser was amplified

by an optical amplifier (TOPTICA BoosTA), as shown in Figure 3.10. In this study, the laser

power was amplified from 30 mW to 500 mW by the optical amplifier.

Figure 3.10: Optical amplifier.

3.2.3 Wavelength meter

Figure 3.11 shows the wavelength meter (ADVANTEST TQ8325) used for LIF measure-

ments of Xe II at 834.954 ±0.050 nm. It offers high resolution and accuracy, and a repeata-

bility of less than 1 pm, although it requires high power for measurements.

Figure 3.11: Wavelength meter TQ8325 for 600–1,600 nm.
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3.2.4 Lock-in amplifier

Figure 3.12 shows the lock-in amplifier (AMETEK 7270). Figure 3.13 shows the mechanical

chopper (THORLABS MC1F60). A lock-in amplifier measures the amplitude and phase of

a target signal by comparing with a reference signal. This technique is called phase sensitive

detection (PSD). The lock-in amplifier increases the SNR of a target signal by averaging the

signal over time. In this study, the reference signal was generated by a mechanical chopper

at 6.0 kHz. Two lock-in amplifiers were used for the cathode plasma and reference cell.

3.2.5 Signal detection system

Figure 3.14 shows a photograph of the signal detection system, and Figure 3.15 shows

its schematic diagram. The LIF signal passed through two lenses and a band-pass filter

(THORLAB FL543.5 10 CWL=543.5). The band-pass filter passed wavelengths of 543.5 ±2

nm. The filtered signal was detected by a photomultiplier tube (HAMAMATSU H11462-031).

Figure 3.12: Lock-in amplifier.
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Figure 3.13: Mechanical chopper.

Figure 3.14: Photograph of signal detection system.
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F=150 mm F=100 mm

Lens tube

Stand

PMT

Band-pass 
filter

Connector

Sensor

Figure 3.15: Schematic diagram of signal detection system.

3.2.6 Other optics

Figure 3.16 shows the DC discharge reference cell for 1-Torr xenon. Figure 3.17 shows a fiber

coupl. The laser beam was focused by a near-infrared (NIR) objective lens (SIGMAKOKI

PAL-20-NIR-HR-LC00).

3.2.7 Effect of angle between reference cell and laser in velocity measure-

ments

The LIF signal was measured by varying the laser frequency as shown in Figure 3.18.

As described above, a reference cell was used to determine the zero value in the velocity

measurements. The velocity error when the angle of the reference cell was changed was

evaluated. In the LIF measurements, the angle between the reference cell and the laser beam

was 0◦, so that the beam passed through the electrodes on the central axis of the reference

cell. The LIF signal was measured when the angle was changed to 30◦ to compare the velocity

measurements under the same conditions. Figure 3.19 shows a comparison of the LIF signal

when the angle between the reference cell and laser was changed. The LIF signals were

measured at X = 0 mm, Z = 1 mm in the plume and in the reference cell. The velocity

difference is within 30 m/s. This is smaller than the value of 50–100 m/s for the standard

error in the LIF measurements.
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Figure 3.16: DC discharge reference cell for xenon.

Figure 3.17: Fiber coupler.
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Figure 3.18: Example of axial LIF signal varying the laser frequency at X = 0 mm, Z = -11

mm.
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Figure 3.19: Comparison of LIF signals when the angle between the reference cell and laser

was changed.
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3.3 Microwave discharge cathode with optical window

It is difficult to measure plasma parameters inside a cathode without affecting its perfor-

mance. Because optical windows are insulators, they interfere with the absorption of ions,

which are the counterparts of the emitted electrons. Optical windows thus degrade cathode

performance. To investigate the actual conditions of the Hayabusa2 onboard cathode, we

needed to develop a viewable microwave discharge cathode with an optical window that has

I–V characteristics equivalent to those of the flight model. As described in section 1.6.2, it is

difficult in general to view the inside while maintaining the I–V characteristics. Therefore, in

this study, the design requirements were as follows:

1. The I–V characteristics of the developed cathode are equivalent to those of the flight

model.

2. Minimize changes in the shape of the discharge chamber.

3. Allow observations near the antenna, nozzle, and the mirror magnetic field.

To allow the microwave discharge cathode to be visually monitored, we replaced part of the

side wall with a SiO2 plate, as shown in Figures 3.20 and 3.21. The magnet was moved in the

circumferential direction, but the total magnetic flux was guaranteed to be the same as the

nominal. The magnetic circuit supported circumferential uniformity of the magnetic field. In

addition, the orifice nozzle was partially visible through the SiO2 plate to allow introduction

of a laser beam. To suppress the disturbance caused by the SiO2 wall, the SiO2 wall area was

set to be as small as possible. The entire discharge chamber could be observed by rotating the

antenna, gas port, and nozzle. Figure 3.22 shows a photograph of the microwave discharge

cathode in diode mode operation. As shown, a high-density plasma was distributed along

the central axis. This microwave discharge cathode can be used to continuously measure the

plume region and the interior of the cathode.

Figure 3.23 compares the I–V characteristics of the microwave discharge cathode with an

optical window and the Hayabusa2 flight model in diode mode operation for various values of

microwave power Pm. Under the nominal conditions for Hayabusa2, the electron current was

180 mA and Pm = 8 W. As shown in the figure, the performance of the developed microwave

discharge cathode was very similar to that of the flight model under Hayabusa2 conditions

(anode voltage error within 2%). Under other conditions, the anode voltage error was at most

7%. LIF spectroscopy experiments were thus conducted on the developed cathode.

Figure 3.24 shows the anode voltage difference in the duration test of the developed cathode.

In the LIF measurements, it took up to 12 hours to measure the two-dimensional map of the

IVDF. As shown in the figure, it was confirmed that the anode difference is not significant in
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a period of 12 hours.

To evaluate the reproducibility of the LIF signal, the LIF signals were measured under

the same conditions at the start and end of the experiments. The time interval was 8 hours.

Figure 3.25 shows a comparison of the LIF signals measured before and after the experiments.

The two signals closely match (R2 = 0.97). The intensity difference is 3%. The result suggests

that the condition of the optical window was maintained during the experiment.
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From window side

Edge of lower yoke
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Cutout of wall
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Figure 3.20: Design of the microwave discharge cathode with an optical window.
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Antenna

Upper yoke

Figure 3.21: Photograph of the microwave discharge cathode with an optical window.
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Figure 3.22: Photograph of the microwave discharge cathode with an optical window in diode

mode operation.
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Figure 3.23: Comparison of I–V characteristics between the microwave discharge cathode with

an optical window and the Hayabusa2 flight model for various values of microwave power Pm

(6, 8, and 10 W) at ṁc = 0.7 sccm. 8 W (red) is the nominal microwave power for Hayabusa2.

60,000 hours ground endurance test model is also compared (green).
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Figure 3.24: Duration test of the developed cathode at Pm = 8 W, ṁc = 0.7 sccm, Ia =180

mA.

Figure 3.25: Comparison of LIF signals measured before and after the experiment.
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3.3.1 Optical observation

Figure 3.26 shows a photograph of the optical observation near the antenna. Figure 3.27

shows the results of a static magnetic field analysis inside the discharge chamber by Finite

Element Method Magnetic. High intensity emission was distributed in the magnetic mirror

magnetic field near the root of the antenna and the edge of the yoke. Ions were generated by

high energy electron collisions with neutrals in the mirror magnetic field. In addition, high

intensity was confirmed in the mirror magnetic field in the direction in which the antenna

was facing. A boundary line was observed in the area, considered to be the ECR region based

on static magnetic field analysis.

Figure 3.28 shows a comparison between the cases of Ia = 180 mA and 0 mA for nominal

conditions. In the case of Ia = 0 mA, the intensity was weak in the discharge chamber and

plasma was reddish purple, which is characteristic of a low electron temperature.

Figure 3.29 shows the optical observation of the internal plasma with the antenna facing

the optical window for nominal conditions. Similar to Figure 3.22, high-density plasma was

distributed along the central axis. A high intensity region was observed especially at the bent

inner root of the antenna and at the edge of the mirror magnetic field.

Figure 3.30 shows burning ceramic near the root of the antenna for high microwave power

conditions (Ia = 180 mA, ṁc = 0.7 sccm, and Pm = 25 W). When Pm = 25 W, the ceramic

antenna cap glowed red. After this operation, the antenna cap was partially sublimated.

These result suggest that Pm = 20 W is the maximum power that can be operated stably in

the coupling operation, although the flow rate was different.

Figures 3.31 and 3.32 show comparisons of the discharge chamber plasma for various values

of the parameters Pm, ṁc, and Ia, for the nominal and improved models, respectively. The

improved model had a high mirror ratio yoke and a nominal magnetic intensity. The magnetic

intensity was nominal because the number of magnets was not increased to observe the internal

plasma. The details are described in Section 2.2. A larger Pm led to a higher intensity in

both cathodes. In addition, a larger Ia led to a higher intensity in the mirror magnetic field

in both cathodes. In the case of the improved cathode, the high intensity region was closer

to the nozzle compared to the nominal model in all conditions. At Pm = 15 W, ṁc = 1.5

sccm, Ia = 300 mA, it was confirmed that dense plasma distributes near both edges of the

mirror field in both models. Figures 3.33 and 3.34 compare histograms of Figures 3.31 and

3.32, respectively, for various parameters. These histograms were calculated in same area to

compare with both models. As shown in Figures 3.33 and 3.34, there were two populations.

The lower luminance population was from the antenna. The higher luminance population

was from the red-purple region and pale region. The high mirror ratio yoke model had up to

22% higher luminance in higher luminance population.
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ECR region

Root of antenna Magnetic mirror

Part of magnetic circuit

ISO25 F1.8 1/129

Figure 3.26: Photograph of optical observation near the antenna.
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ECR region

Figure 3.27: Static magnetic field analysis inside the discharge chamber by Finite Element

Method Magnetics.
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8 W, 0.7 sccm, 180 mA, 32 V 
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Figure 3.28: Comparison between the cases of Ia = 180 mA and 0 mA for nominal conditions.
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Figure 3.29: Optical observation of internal plasma with the antenna facing the optical win-

dow for the nominal conditions.
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Figure 3.30: Burning ceramic near the root of the antenna at Ia = 180 mA, ṁc = 0.7 sccm,

and Pm = 25 W.
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(a) Nominal, 180 mA, 0.7 sccm, 8 W (b) Nominal, 180 mA, 0.7 sccm, 6 W

(c) Nominal, 180 mA, 0.7 sccm, 10 W (d) Nominal, 180 mA, 0.5 sccm, 8 W

(e) Nominal, 180 mA, 0.9 sccm, 8 W (f) Nominal, 0 mA, 0.7 sccm, 8 W

(g) Nominal, 135 mA, 0.7 sccm, 8 W (h) Nominal, 220 mA, 0.7 sccm, 8 W

(i) Nominal, 300 mA, 1.5 sccm, 15 W

Antenna

Nozzle

Figure 3.31: Comparison of discharge chamber plasma with varying parameters (Ia, ṁc, and

Pm) for the nominal model. (F4.0 1/500 ISO100 600 mm)
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(a) Improved, 180 mA, 0.7 sccm, 8 W (b) Improved, 180 mA, 0.7 sccm, 6 W

(c) Improved, 180 mA, 0.7 sccm, 10 W (d) Improved, 180 mA, 0.5 sccm, 8 W

(e) Improved, 180 mA, 0.9 sccm, 8 W (f) Improved, 0 mA, 0.7 sccm, 8 W

(g) Improved, 135 mA, 0.7 sccm, 8 W (h) Improved, 220 mA, 0.7 sccm, 8 W

(i) Improved, 300 mA, 1.5 sccm, 15 W

Antenna

Nozzle

Figure 3.32: Comparison of discharge chamber plasma with varying parameters (Ia, ṁc, and

Pm) for the improved model with high mirror ratio yoke. (F4.0 1/500 ISO100 600 mm)
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Figure 3.33: Comparison of histograms of Figure 3.31 with varying parameters (Ia, ṁc, and

Pm) for the nominal model.

–85–



Chapter 3 Plasma Diagnostics Inside and Outside a Microwave Discharge Cathode

Figure 3.34: Comparison of histogram of Figure 3.32 with varying parameters (Ia, ṁc, and

Pm) for the improved model with high mirror ratio yoke.
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3.4 Axial IVDF in plume region

Figure 3.35 shows the axial IVDF in the plume region. A bimodal IVDF is confirmed. It

is also confirmed that the population ratio is different between the central axis and the off

axis. On the central axis, the mean velocity is toward the cathode. At X = ±5 mm, the

mean velocity is toward the anode. A comparison of the results at X = -5 mm and X = 5

mm reveals different SNR values. The excited ion density on the central axis is about 5 to

10 times higher than that at X = ±5 mm.

Figure 3.36 shows the spatial distribution of axial LIF intensity obtained by fitting results

in Figure 3.35. A raw data is measured 10 times and fitted by Voigt function. The color

contour shows the LIF signal intensity of the IVDF (arbitrary unit). On the central axis, the

mean velocity of ions is toward the inside of the discharge chamber; these ions serve as current

carriers. The excited ion density is high near the nozzle and gradually decreases toward the

anode. In addition, it is confirmed that there are bimodal IVDF on the plume, and the

results are discussed in Section 3.8. In previous research, the plume was measured using an

electrostatic probe.[42] Figure 3.37 compares the plasma density slope between the previous

probe measurement and the LIF measurement. Although the comparison is between relative

values, with a proper calibration value and the assumption of uniform electron temperature

Te in the previous research,[25] the slope of the density distribution is reasonable compared

to the probe measurement. (R2 = 0.96) The excited ion density at the root of the antenna

is about 3 times higher than that at the nozzle outlet (the results for the discharge chamber

are shown in Section 3.6).
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Z=1 mm Z=5 mmZ=3 mm

X=0 mm

X=5 mm

X=-5 mm

Figure 3.35: Axial results of LIF spectroscopy in plume region at Pm = 8 W, ṁc = 0.7 sccm,

Ia = 180 mA.
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Figure 3.36: Spatial distribution of axial LIF signal at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180

mA.

–89–



Chapter 3 Plasma Diagnostics Inside and Outside a Microwave Discharge Cathode

Figure 3.37: Number density comparison of Xe II (3P2)6p[3]5/2 measured by LIF and xenon

ion measured using electrostatic probe at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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3.5 Radial IVDF in plume region

Figure 3.38 shows the radial IVDF on the central axis and ±5 mm from the central axis at

the plume. As described above, for radial direction measurements, we changed the parameters

for the PMT and lock-in-amplifier to obtain a sufficient SNR. However, when the Z position

was not changed, the parameters for the PMT and lock-in-amplifier were the same. The

results of radial direction measurements could then be analyzed for velocity. At Z = 1 mm,

the peak velocity was positively biased. At Z = 3 mm, velocity symmetry with respect to the

X-axis was found and a weak peak at about −3,000 m/s was observed. In addition, as shown

in Figure 3.19, a similar weak peak at about −4,200 m/s was observed in the plume region,

while the peak was not found in the reference cell. Therefore, it was suggested that the weak

peak did not generated by a hyperfine structure. At Z = 9 mm, the peak velocity converged

on the central axis.

Figure 3.39 shows the spatially two-dimensional velocity vector on the plume obtained by

the axial and radial LIF measurements in Figures 3.35 and 3.38. As shown in Figure 3.35, an

axial bimodal IVDF was found on the plume, and therefore the velocity in Figure 3.39 was

calculated as the mean velocity. The mean velocity v̄X and v̄Z are defined in Eq. 3.4 and Eq.

3.5, respectively.

v̄X =

∫ +∞

−∞
vXf(vX)dvX (3.4)

v̄Z =

∫ +∞

−∞
vZf(vZ)dvZ (3.5)

As shown in Figure 3.39, the mean velocity on the central axis was directed toward the

cathode. The mean velocity was largest near the anode and decreased as it approached the

cathode. Between Z = 3 mm and 5 mm, the mean velocity decreased by about 300 m/s. At

X = ±5 mm, the mean velocity was directed toward the anode. The radial velocity was up to

about 300 m/s, which was much smaller than the axial velocity. These results are discussed

in Section 3.9.

In the LIF measurement in the plume region of a hollow cathode, it was reported that ions

flow mainly in the downstream direction but flow back near the nozzle.[69][70] The ion flow

difference may be due to differences in anode shape, presence or absence of a keeper, and

plasma generation method. For a hollow cathode, a cylindrical anode is used and ions easily

flow to the downstream. In diode mode operation with a plate anode, it was reported that ion

velocities were lower compared to those for a cylindrical anode.[71] The cylindrical anode has

a smaller effect on the neutral flow downstream of the nozzle. Therefore, the neutral density

is lower compared to that for the plate anode. Lower collision probabilities lead to larger
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velocity. In addition, because the keeper of the hollow cathode is kept floating or positively

biased during cathode operation, most ions flow toward the anode, with only a small fraction

of highly energetic ions moving toward the keeper. In contrast, for a microwave discharge

cathode in diode mode, the anode is a meshed plate (diameter: 3.0 mm; pitch: 5.0 mm;

aperture ratio: 32.6%) and it is possible for the field generated by the anode to affect ion

flow. In addition, a microwave discharge cathode requires ion absorption on the wall to emit

electrons. Therefore, there are differences in the ion flow between a hollow cathode and a

microwave discharge cathode.

Z = 1 mm Z = 5 mmZ = 3 mm

X = 0 mm

X= 5  mm

X = -5 mm

Figure 3.38: Radial results of LIF spectroscopy in plume region at Pm = 8 W, ṁc = 0.7 sccm,

Ia = 180 mA.
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Nozzle

Anode

: +1,000 m/s (Reference)

Figure 3.39: Mean xenon ion velocity vectors in plume region at Pm = 8 W, ṁc = 0.7 sccm,

Ia = 180 mA.
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3.6 Axial IVDF in viewable microwave discharge cathode

In this section, the results of a diagnosis inside the viewable microwave discharge cathode

are compared based on the parameters in Table 3.1.

Figure 3.40 shows the axial IVDF at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA, which are the

nominal conditions for Hayabusa2. The numbers in the figure indicate the intensity of each

velocity population normalized by the intensity at X = 0 mm, Z = -11 mm under nominal

conditions. The numbers in brackets indicate the ratios normalized by the total intensity

for the given condition. The populations include a negative-velocity population toward the

upstream called“Population A”(green), a near-zero-velocity population called“Population

B” (red), a positive-velocity population toward the downstream called“ Population C”

(orange), and the total signal (blue). As shown in Figure 3.40, a trimodal IVDF is confirmed

at X = 0 mm, Z = -11 mm. At other positions, a bimodal IVDF is observed. At X = 5

mm, Z = -15 mm, the most upstream measurement point in this study, the peak velocity

of Population A (about -1,700 m/s) is the largest. At other positions, the peak velocity

of Population A is -1,200 to -1,300 m/s. As shown in Figure 3.40, the highest intensity is

distributed at X = 0 mm, Z = -11 mm. At other positions, the density is about 15% of the

intensity at X = 0 mm, Z = -11 mm. At X = 0 mm, Z = -11 mm, the intensity ratio is

55% for Population A, 15% for Population B, and 30% for Population C. At other conditions,

Figure 3.41 – 3.47 show the axial IVDF inside microwave discharge cathode at Pm = 6 W,

ṁc = 0.7 sccm, Ia = 180 mA; Pm = 10 W, ṁc = 0.7 sccm, Ia = 180 mA; Pm = 8 W, ṁc

= 0.5 sccm, Ia = 180 mA; Pm = 8 W, ṁc = 0.9 sccm, Ia = 180 mA; Pm = 8 W, ṁc = 0.7

sccm, Ia = 0 mA; Pm = 8 W, ṁc = 0.7 sccm, Ia = 135 mA; Pm = 8 W, ṁc = 0.7 sccm, Ia =

220 mA, respectively. The intensity ratio and peak velocity of each velocity population are

similar for a given position.

Figure 3.48 shows an LIF intensity comparison of the microwave power Pm, xenon flow rate

ṁc, and anode current Ia at X = 0 mm, Z = −11 mm. The larger Pm, the higher the total

intensity. A 2-W microwave increase enhanced the total intensity by about 20%. In contrast,

the larger ṁc, the lower the total intensity, while the larger Ia, the higher the total intensity.

As shown in the Figures 3.41– 3.47, the same trends were observed at other positions.

Figure 3.49 shows a comparison of the axial LIF signal intensity ratio and peak velocity

at X = 0 mm, Z = −11 mm for Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA, calculated using

the results shown in Figures 3.41– 3.47. As shown in Figure 3.49, for other parameter values

(Pm, ṁc, and Ia), the intensity ratio and peak velocity of each velocity population were not

very different for the same positions. It is noted that the same trends were observed for Ia =

0 mA.
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Figure 3.50 summarizes a comparison of the axial LIF intensity normalized by the intensity

at X = 0 mm, Z = −11 mm for nominal conditions. The intensity in the discharge chamber

increased or decreased uniformly as the parameters were changed. No local changes were

confirmed for these parameters, such as an intensity increase or decrease only in the mirror

magnetic field.

Figure 3.51 shows a photograph and schematic diagram of a black antenna model. Figure

3.52 shows an axial IVDF comparison for the microwave antenna condition at X = 0 mm, Z

= −11 mm. The black antenna model was used to suppress reflection of the laser beam. The

surface resistance was 5-10 Ω, measured using a digital multimeter. The anode voltage Va of

the black antenna model increases by 20 V because the carbon black coating deteriorated the

microwave transmission characteristics.

As shown in Figure 3.52, there is not much difference in the velocity at each peak with

respect to the antenna type. As before, the peak velocity of Population A is about -1,300

m/s and that of Population C is about 1,500 m/s. However, the intensity ratio of each peak

is different due to the type of microwave antenna. The intensity of Population A decreases

by 50% and that of Population C decreases by 30% compared to the former results; the mean

velocity decreases as a result. The intensities decrease because the plasma density decreases

due to the microwave emission performance degradation caused by the black antenna, as

shown by the Va increase of 20 V. Although the total intensity decreases, the intensity ratio

of Population C increases. Therefore, it is inferred that Population C is not a reflected

Population A caused by laser reflection at the antenna or wall.

As shown in Figure 3.52 and Figure 3.45, it is noted that the total intensity at Ia = 0

mA is higher than that of black antenna model. Therefore, black-painted model require to

generate higher density plasma on the plume to compensate for performance deterioration in

the discharge chamber. Therefore, the anode voltage Va increases by 20 V.
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A:0.53

B:0.16

C:0.31

Total:1

0.10
(0.66)

0.05
(0.34)

0.15
0.06
(0.47)

0.07
(0.53)

0.13

X = 5 mm, Z = -11 mm X = 5 mm, Z = -15 mm 

X = 0 mm, Z = -11 mm 

Upstream Downstream

Figure 3.40: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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Figure 3.41: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

6 W, ṁc = 0.7 sccm, Ia = 180 mA.

–97–



Chapter 3 Plasma Diagnostics Inside and Outside a Microwave Discharge Cathode

0.09
(0.62)

0.05
(0.38)

0.14
0.05
(0.50)

0.05
(0.50)

0.09

0.65
(0.53)

0.44(0.36)

0.14(0.11)

1.23

Upstream Downstream Upstream Downstream

Upstream Downstream

X = 5 mm, Z = -11 mm X = 5 mm, Z = -15 mm 

X = 0 mm, Z = -11 mm 

Figure 3.42: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

10 W, ṁc = 0.7 sccm, Ia = 180 mA.
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Figure 3.43: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.5 sccm, Ia = 180 mA.
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Figure 3.44: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.9 sccm, Ia = 180 mA.
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Figure 3.45: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.7 sccm, Ia = 0 mA.
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Figure 3.46: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.7 sccm, Ia = 135 mA.
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Figure 3.47: Axial results of LIF spectroscopy inside microwave discharge cathode at Pm =

8 W, ṁc = 0.7 sccm, Ia = 220 mA.
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Figure 3.48: Comparison of axial LIF intensity for each population (A, B, C), near the antenna

(X = 0 mm, Z = −11 mm).
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Figure 3.49: Comparison of axial LIF signal intensity ratio and peak velocity at X = 0 mm,

Z = −11 mm for Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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(a) !!=8 W , "̇" =0.7sccm, %#=180mA (b) !!=6 W , "̇" =0.7sccm, %#=180mA

(c) !!=10 W , "̇" =0.7sccm, %#=180mA (d) !!=8 W, "̇" =0.5sccm, %#=180mA

(e) !!=8 W, "̇" =0.9sccm, %#=180mA (f) !!=8 W , "̇" =0.7sccm, %#=0mA

(g) !!=8 W, "̇" =0.7sccm, %#=135mA (h) !!=8 W, "̇" =0.7sccm, %#=220mA

Figure 3.50: Comparison of axial LIF intensity normalized by intensity at X = 0 mm, Z =

−11 mm for the nominal conditions in (a).
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Black-painted(carbon)

Nominal

Antenna: 
Mo

Antenna cap: 
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Laser

Black-painted

Figure 3.51: Photograph and schematic diagram of black antenna model.
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Upstream Downstream

A:0.53 B:0.16 C:0.31

A:0.27 B:0.06 C:0.21

Nominal:

Black:

Figure 3.52: Comparison of axial IVDF and its populations (A, B, C) between nominal

antenna (cyan) and black antenna (blue) (painted to suppress laser beam reflection) near

antenna (X = 0 mm, Z = -11 mm). The numbers indicate the intensity normalized by that

for the nominal conditions.
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3.7 Anode current oscillation and radiated emission measure-

ments

In the LIF measurement of Hall thrusters, it was reported that ion oscillation affects the

IVDF in the time-averaged LIF.[72][73] The relationship between ion oscillation and time-

averaged IVDFs has been discussed.[74] In addition, it was reported that the integrated time-

resolved LIF signal is comparable to the time-averaged LIF signal.[75] In this study, the results

suggest a similar phenomenon for a microwave discharge cathode.

3.7.1 Experimental setup

To investigate the relationship between the IVDF and ion oscillation, the anode current

oscillation and the radiated emission are measured using a current probe ”YOKOGAWA

700937” and a conical log spiral antenna ”RAVEN ENGINEERING 93491-2”, respectively.

Photograph of conical log spiral antenna is shown in Figure 3.54. To measure the radiated

emission, the microwave discharge cathode is installed in a glass chamber, as shown in Figure

3.53. The radiated emission was measured from the axial and radial directions. Experimental

conditions are summarized in Table 3.2. This experiment is conducted in diode mode under

nominal conditions (Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA). In previous research, the

radiated emission measurement was conducted before cathode improvement for Hayabusa2,

and a fundamental frequency of 160 kHz as well as harmonics up to the fifth harmonic were

confirmed.[76] Therefore, we conducted a radiated emission measurement for the developed

cathode for comparison with the anode oscillation measurement using a current probe.

Table 3.2: Experimental conditions for measurements of anode current oscillation and radi-

ated emission.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.7 sccm (0.069 mg/s)

Anode current, Ia 180 mA

Anode voltage, Va 32 V

Microwave antenna Flight model (Hayabusa2)

Background pressure 3 × 10−3 Pa at 0.7 sccm Xe

Nominal conditions Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA
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Anode

Microwave 
discharge cathode

Glass chamber

Current probe

Conical log
spiral antenna

Spectrum analyzer

Axial

Radial

0.7 m

0.4 m

Figure 3.53: Experimental setup for anode current oscillation and radiated emission measure-

ment.

Figure 3.54: Conical log spiral antenna.
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3.7.2 Results

Figures 3.55(a)-(c) respectively show the current waveform obtained by the current probe,

its fast Fourier transform (FFT), and the radiated emission in diode mode operation at

nominal conditions. Table 3.3 summarizes the results shown in Figure 3.55. Figure 3.55(b)

shows a fundamental frequency of about 180 kHz and harmonics up to the fourth harmonic.

Similarly, Figure 3.55(c) shows a fundamental frequency of about 180 kHz and harmonics up

to at least the third harmonic. It is found that the measurement direction did not significantly

affect the results. Additionally, the fundamental frequency is within 2% of that derived from

the current probe results. This fundamental frequency has a difference of about 20 kHz from

that reported in previous research because of differences in the cathode conditions.

Table 3.4 shows a comparison of the amplitude of the fundamental frequency for different

mass flow rates with Pm = 8 W, Ia = 180 mA. The amplitudes of the anode oscillations were

not significantly different, but the amplitude was largest at ṁc = 0.7 sccm, while ṁc = 0.9

sccm was the second largest and 0.5 sccm was the third largest. These characteristics were

also confirmed in previous research.[76]

Table 3.3: Experimental results from anode current probe and radiated emission measure-

ments.

Anode current probe Radiated emission

Degree of harmonics, i ωi, kHz θi, rad Gi ωi, kHz

1 183 25.2 1 187

2 373 20.0 0.39 375

3 553 1.8 0.21 560

4 739 -14.6 0.11 -

Table 3.4: Comparison of the amplitude of the fundamental frequency for different mass flow

rates with Pm = 8 W, Ia = 180 mA.

Xenon flow rate, ṁc Amplitude of fundamental frequency, dB

0.5 −4.8

0.7 5.0

0.9 3.0

–111–



Chapter 3 Plasma Diagnostics Inside and Outside a Microwave Discharge Cathode

-140

-120

-100

-80

-60

-40

-20

0
0 200000 400000 600000 800000 1000000

Fi
el

d 
in

te
ns

ity
, d

Bm

Frequency, kHz

Radial
Axial
Environment noise

200 400 600 800 1,000

187 375 560

183 373 553 739

Radiated emission

Anode current oscillation
(a)

(c)

(b)

Figure 3.55: (a) Current waveform obtained using current probe and (b) its FFT. (c) Radiated

emission in diode mode operation at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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3.8 Discussion of multimodal IVDF

The results of the LIF measurements can be summarized as follows:

・ Multimodal IVDFs were measured inside the cathode and in the plume region.

・ Changing the parameters (Pm, ṁc, Ia) did not affect the fluorescence intensity ratio for a

given population.

・ The black antenna model showed a significantly degraded performance and changed the

LIF intensity ratio for each peak, while the intensity ratio for Population C increased.

In this study, we obtained a time-averaged LIF signal that integrated the instantaneous

velocity function over the wavelength sweep time of the laser. When the plasma oscillated,

the time averaged LIF signal included a multimodal IVDF.

To discuss the possibility of multimodal IVDFs, a simple model is introduced. For simplic-

ity, the Maxwellian distribution is that expressed in Eq. 3.6

f(v) = A exp

{
M(v − v0)

2

2kTi

}
(3.6)

Here, we assume that the instantaneous bulk velocity v0 has the oscillation components shown

in Eq. 3.7,

v0(t) = v0c +∆v0
∑
i

Gi sin(ωit+ θi) (3.7)

Here, i is the degree of the fundamental wave and harmonics. As an example, Figure 3.56

shows the case of simple oscillation at Ti = 423 K, v0c = -200 m/s, and ∆v0 = 2,000 m/s. The

ion temperature Ti is taken to be the cathode wall temperature (423 K). Figure 3.56(a) shows

the instantaneous bulk velocity with simple oscillation. Figure 3.56(b) shows the single 423-

K Maxwellian distribution. Figure 3.56(c) shows the IVDF simulated using the model. The

single Maxwellian distribution moves to the negative- or positive-velocity region depending

on the probability distribution, which is determined by the instantaneous bulk velocity v0

oscillation.
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423-K Maxwellian

(a) (b)

(c)

Figure 3.56: Effect of ion oscillation on IVDF. (a) Instantaneous bulk velocity with simple

oscillation, (b) single 423-K Maxwellian distribution, and (c) IVDF simulated using model.
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The actual ion oscillation is more complicated. Therefore, it is possible that the asymmetry

of a multimodal IVDF depends on phase θ, intensity G, and frequency ω. From the results

in Figure 3.55(a), we simply simulated the signal in the time-averaged LIF using Eq. 3.6.

As described above, the anode current oscillates and the radiated emission shows the same

spectrum characteristics. We assume that the electric field and ions oscillate in the same

manner. The normalized waveform in Figure 3.55(a) was substituted into Eq. 3.6. Figure

3.57 shows a normalized comparison between the simulated asymmetric IVDF at at Ti = 423

K and ∆v0 = 2,000 m/s and the measured IVDF at X = 0 and Z = 1mm in Figure 3.35.

As an example, we compare the LIF signal at X = 0 and Z = 1mm in Figure 3.35 because

this point shows dense plasma and should significantly affect the results of current oscillation

and radiated emission. The measured IVDF is 30%-40% wider than the simulated IVDF.

This is because the simulated IVDF was derived from a Maxwellian distribution, whereas the

measured IVDF includes Lorentzian broadening (especially Zeeman splitting and saturation

broadening), as described above. As shown in Figure 3.57, the simulated IVDF well matches

the measured IVDF, with an R2 value of 0.82. Therefore, the asymmetry of the multimodal

IVDF is considered to be due to ion oscillation.

In order to consider the total effect of Gaussian (f of Eq. 3.6) and Lorentzian (≡ l)

functions, both functions were convolved as follows.

W = (f ∗ l)(vZ) (3.8)

Here, the Lorentzian broadening was assumed to be 40%. Figure 3.58 shows the case for a

Lorentzian broadening of 40% of that of the Gaussian broadening. The figure shows that

the R2 value of 0.94 was higher than that in Figure 3.57. The IVDF was smoothed by the

Lorentzian broadening, but a bimodal characteristic was observed.
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Figure 3.57: Comparison of measured IVDF at X = 0 and Z = 1 mm (blue) and simulated

IVDF at Ti = 423 K, ∆v0 = 2,000 m/s (red). The peak value for the model is normalized

with respect to the measured data.
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Figure 3.58: Comparison of measured IVDF at X = 0 mm, Z = 1 mm (blue) and simulated

IVDF at Ti = 423 K, ∆v0 = 2,000 m/s (red) with 40% Lorentzian broadening. The peak

value for the model is normalized with respect to the measured data.
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3.9 Plasma potential measurements

As shown in Figure 3.39, ions flow from the anode to the nozzle on the central axis.

The mean velocity was largest near the anode and decelerated as the ions approached the

cathode. To investigate why this is the case, we measured the plasma potential in the plume

region. In previous research, the plasma potential was measured on the central axis of the

prototype cathode,[29] whereas the current measurement examined the plasma potential in

two-dimensions.

3.9.1 Experimental setup

To measure the plasma potential, we used an emissive probe. Figure 3.59 shows a schematic

diagram of the emissive probe and Figure 3.60 shows a photograph of the probe. Figure 3.61

shows the experimental setup for the plasma potential measurements. The emissive probe

was inserted from the radial direction. Figure 3.62 shows the measurement points. A total

of 56 measurement points, X = 0–9 mm and Z = 3–10 mm, were taken, and were selected

so that the change in anode voltage was 1 V or less. Near the nozzle, the plume cannot be

maintained, as this would require a significant increase in anode voltage. Due to physical

interference between the probe holder and the cathode stage, only one side (X ≥ 0) was

measured with respect to the central axis.

Figure 3.63 shows the relationship between the probe potential and the heater current.

The probe potential saturated above 5.5 A and the heater disconnected above 7 A. It was

found that the change in the anode voltage during the heater current sweep was 0.1 V or less.

Therefore, the heater current was set to 5.5 A. Experimental conditions are summarized in

Table 3.5.
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Th-W
Φ 0.15 mm
R 0.5 mm
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Figure 3.59: Emissive probe for plasma potential measurements.

Figure 3.60: Photograph of emissive probe.
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Anode, Z=11 mm

Z axis

X axis
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Figure 3.61: Experimental setup for plasma potential measurements.
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Figure 3.62: Plasma potential measurement points.

–120–



3.9 Plasma potential measurements

0

5

10

15

20

25

30

35

0 2 4 6 8

Pr
ob

e 
po

te
nt

ia
l, 

V

Heater current, A

Emissive probe floating 
near plasma potential

Probe 
disconnection

Figure 3.63: Relationship between probe potential and heater current.

Table 3.5: Experimental conditions for plasma potential measurements.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.7 sccm (0.069 mg/s)

Anode current, Ia 180 mA

Anode voltage, Va 35 V

Microwave antenna Flight model (Hayabusa2)

Heater current 5.5 A

Background pressure 3 × 10−4 Pa at 0.7 sccm Xe
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3.9.2 Results

When the emission current from the probe surface becomes higher, a sufficient amount of

electron cloud forms in front of the surface, which makes the zero electric field, and space-

charge limited condition is reached. Because the space-charge effect exists in plasma potential

measurements using emissive probe I-V characteristics, it affects the accuracy of the measure-

ments. The difference between plasma potential Vp and probe potential Vf is known in Eq.

3.9.[77][78][79][80]

Vf − Vp ≈ −Te/e (3.9)

The probe potential Vf determines the plasma potential Vp with an accuracy of an order of

Te/e, and the accuracy does not depend on the plasma density. Therefore, the Vp is calculated

by the Eq. 3.9 using a measured value of Te in previous research.[30]

Figure 3.64 shows the results of the plasma potential measurements. Figure 3.65 shows a

two-dimensional plot of the plasma potential. These figures show that there is a potential

valley on the central axis. The plasma potential rises by 1 V between Z = 4 mm and 5 mm,

which corresponds to a deceleration of about 500 m/s based on conservation of energy. As

shown in Figure 3.39, the measured mean velocity decreases by about 300 m/s between Z =

3 and 5 mm, comparable to the results of the plasma potential measurements.

Notably, at X = 1 mm, the potential gradient is large in the deceleration direction. This

potential gradient is the cause of ion deceleration near the nozzle. Away from the central

axis, this potential gradient generates slow ions in the downstream direction.

In addition, the plasma potential increases in the radial direction, which is why the radial

velocity is smaller than the axial velocity.
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Figure 3.64: Plasma potential distribution measured by emissive probe in plume at Pm = 8

W, ṁc = 0.7 sccm, Ia = 180 mA, Va = 35 V.
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Figure 3.65: Two-dimensional plot of plasma potential shown in Figure 3.64.
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3.10 LIF measurements for improved models

This section details LIF measurements conducted on the improved microwave discharge

cathode described in Chapter 2.

3.10.1 Improvement by coil magnetic field

In Section 2.1, the nozzle magnetic field was redesigned and the performance was improved.

In this section, we detail the measurements of the IVDF for the improved model on the plume.

Figure 3.66 shows the spatial distribution of the axial LIF intensity. Similarly, in the

improved model, it was found that there were two peaks in the axial IVDF in the plume.

Figure 3.67 shows an intensity comparison between the improved model and the nominal

model at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA. It was found that the improved model

had twice the intensity of the nominal model in the plume. It is suggested that the dense

plasma was distributed in the plume due to the improvement of electron transportability by

the weak magnetic field near the nozzle.

Figure 3.68 shows the mean xenon ion velocity vectors in the plume. The mean velocities

differ by a maximum of several 100 m/s compared to the nominal model in the axial and

radial directions.

Figure 3.66: Spatial distribution of axial LIF signal for improved model with a coil at Pm =

8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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Figure 3.67: Intensity comparison between improved model with a coil and nominal model at

Pm = 8 W, ṁc = 0.7 sccm, Ia =180 mA.

Nozzle

Anode

: +1,000 m/s (Reference)

Figure 3.68: Mean xenon ion velocity vectors for improved model with a coil in the plume

region at Pm = 8 W, ṁc = 0.7 sccm, Ia = 180 mA.
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3.10.2 Improvement of mirror ratio and enhancement of magnetic field

intensity

In Section 2.2, the mirror ratio and the magnetic field intensity were increased by the re-

design of the discharge chamber. In this section, the IVDF measurements using the improved

model are described. The experimental conditions are shown in Table 3.6.

Figures 3.69 and 3.70 show the spatial distribution of the axial LIF intensity for the nominal

and improved models, respectively. It is noted that the contour scale is different from Figures

3.36 and 3.66 because the parameters of the lock-in amplifier were different. As shown in

these figures, the intensity was higher over the whole plume for the improved model.

Figure 3.71 and Figure 3.72 show results of LIF spectroscopy inside nominal and improved

model at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA. The improved model generated a 40%

higher plasma density inside the cathode with peak velocities increased by 25%.

Figure 3.73 shows a fast Fourier transform (FFT) of the anode current oscillation for the

improved model at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA. A fundamental frequency of

about 85 kHz is can be seen.

The same theoretical model as described in Section 3.8 was applied to these results. Figure

3.74 shows a normalized comparison between the simulated asymmetric IVDF at Ti = 423

K and ∆v0 = 2,000 m/s and the measured IVDF of the improved model with high mirror

ratio yoke and enhanced field at X = 0 and Z = 1mm. The measured IVDF was about

45% wider than the simulated IVDF. This is because the simulated IVDF was derived from

a Maxwellian distribution, whereas the measured IVDF includes Lorentzian broadening, as

described above. As shown in Figure 3.74, the simulated IVDF closely matches the measured

IVDF, with an R2 value of 0.88.

Figure 3.75 shows an intensity comparison between the nominal and improved model at

Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA. It was found that the improved model produced

twice the intensity of the standard model in the plume. The dense plasma contributed to the

improved performance.

Figures 3.76 and 3.77 show the mean xenon ion velocity vectors for the nominal and im-

proved models, respectively. Similarly, on the central axis, the mean velocity was toward the

cathode. The mean velocity was largest near the anode and decreased nearer the cathode. At

X = ±5 mm, the mean velocity was toward the anode. As shown in these figures, there was

no significant difference between the two models. Compared with the nominal conditions, as

shown in Figure 3.39, the deceleration was large on the central axis. It is suggested that the

higher neutral density increases collisions between ions and neutrals.
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Figure 3.69: Spatial distribution of axial LIF signal for the nominal model at Pm = 15 W,

ṁc = 1.5 sccm, Ia = 300 mA.

Figure 3.70: Spatial distribution of axial LIF signal for the improved model with high mirror

ratio yoke and enhanced field at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA.
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Figure 3.71: Axial result of LIF spectroscopy inside the nominal model at Pm = 15 W, ṁc =

1.5 sccm, Ia = 300 mA.
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Figure 3.72: Axial result of LIF spectroscopy inside the improved model with high mirror

ratio yoke and enhanced field at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA.
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85

Figure 3.73: FFT of anode current oscillation for the improved model with high mirror ratio

yoke and enhanced field at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA.
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Figure 3.74: Comparison of measured IVDF of the improved model with high mirror ratio

yoke and enhanced field at X = 0 and Z = 1 mm (blue) and simulated IVDF at Ti = 423 K,

∆v0 = 2,000 m/s, Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA (red).
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Figure 3.75: Intensity comparison between the nominal model and improved model with high

mirror ratio yoke and enhanced field at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA.
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Nozzle
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Figure 3.76: Mean xenon ion velocity vectors of the nominal model in the plume at Pm = 15

W, ṁc = 1.5 sccm, Ia = 300 mA.
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Figure 3.77: Mean xenon ion velocity vectors for the improved model with high mirror ratio

yoke and enhanced field in the plume at Pm = 15 W, ṁc = 1.5 sccm, Ia = 300 mA.
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Table 3.6: Experimental conditions for improved microwave discharge cathode for LIF mea-

surements.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 15 W

Xenon flow rate, ṁc 1.5 sccm (0.147 mg/s)

Anode current, Ia 300 mA

Anode volrage, Va Nominal: 45 V

Improved: 35 V

Microwave antenna Flight model (Hayabusa2)

Magnetic circuit Nominal

Improved (high mirror ratio yoke and enhanced field)

Background pressure 9 × 10−5 Pa without Xe

7 × 10−4 Pa at 1 sccm Xe
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3.11 Ion current in plume region

In this section, ion current Ii in plume region is discussed. As shown in Eq. 3.10, Ii is

calculated.

Ii = eniv̄ZSp (3.10)

Here, value of ni was calculated by axial LIF results calibrated by the probe measurement

results. A diameter of cathode nozzle was ϕ4 mm. For simplicity, Ii was calculated from X

= -2 mm to X = 2mm. The parameters of v̄Z and ni were measured values at X = 0 mm.

For a simple model, they were assumed to be uniform from X = -2 mm to X = 2 mm.

Figure 3.78 shows Ii and its ratio in the plume region of nominal model. At Z = 3 mm and

5 mm, Ii was about 6 mA, and its ratio was 5%. In the case of improved model with a coil,

as shown in Figure 3.79, they are 12 mA and 10%, respectively.

As shown in Figure 3.78 and Figure 3.78, the ratio of Ii to the anode current decreases

toward the downstream. It was suggested that the erosion ratio by ions coming from the

outside was not significant. The ion energy that affects the durability is mainly obtained in

the ion sheath on the discharge chamber wall (however, it cannot be measured by the LIF

in this study). It is known that a potential difference between the cathode and ion beam in

coupling operation is larger than a potential difference between cathode and anode in diode

mode. It was suggested that the difference in plasma parameters in the downstream region

did not significantly affect the ion impact on the discharge chamber wall. In the future, the

validity will be confirmed by LIF measurements in coupling operation.
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Figure 3.78: Ion current and its ratio in plume region of the nominal model.
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Figure 3.79: Ion current and its ratio in plume region of the improved model with a coil.

–136–



3.12 Summary

3.12 Summary

To investigate the plasma inside a microwave discharge cathode and in the plume region,

LIF measurements were conducted during diode mode operation. For this, a microwave

discharge cathode with a small optical window, with a performance similar to that of the

flight model for Hayabusa2 (with an anode voltage error within 7%), was developed. The

anode current oscillation and the radiated emission were measured to examine the relationship

between ion oscillation and the IVDF. The results are summarized as follows:

1. It was confirmed that the spatial plume excited ion density distribution obtained from

axial LIF measurements matches previous results obtained using an electrostatic probe

(R2 = 0.96).

2. On the central axis of the plume, mean ion flow was toward the cathode. It was

confirmed that the mean ion flow off axis was toward the anode.

3. On plume region, the calculated ion current Ii was up to 6 mA, and its ratio to anode

current was up to 5%. It was suggested that the erosion ratio by ions coming from the

outside was limited. In addition, the difference in plasma parameters in the downstream

region did not significantly affect the ion impact on the discharge chamber wall.

4. Near the microwave antenna, a trimodal IVDF was confirmed, with an upstream-

velocity population (Population A), a near-zero-velocity population (Population B),

and a downstream-velocity population (Population C). At other points inside the cath-

ode and in the plume region, bimodal IVDFs were observed.

5. A parametric study showed that larger microwave power Pm and anode current Ia and

a smaller xenon flow rate ṁc led to a higher total fluorescence intensity (integration of

all velocity populations).

6. Near the microwave antenna, the peak velocity of Population A was -1,200 to -1,300

m/s and that of Population C was 1,400 to 1,600 m/s. The intensity ratio of Population

A was 50% - 55%, that of Population B was 10% - 15%, and that of Population C was

30% - 35%. The results were the same for all values of parameters Pm, ṁc, and Ia.

However, the peak velocity and intensity ratio were different at different positions.

These results suggest that the shape of the IVDF depends on the position rather than

the values of Pm, ṁc, and Ia.

7. A black antenna model, which increased the anode voltage by 20 V, was compared

to evaluate the effect of laser reflection. The intensity of Population A decreased by

50% and that of Population C decreased by 30%. Therefore, Population C was not a

reflected Population A caused by laser reflection at the antenna or wall.

8. Anode current oscillation and radiated emission measurements showed that the fun-
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damental frequency was 180 kHz, and harmonics up to the third or fourth harmonic

were observed. The error for both results is within 2%.

9. Relationship between the current oscillation and the measured IVDF were investigated.

The IVDF simulated using the ion oscillation model well matched the measured IVDF

(R2 = 0.82). The measured IVDF was 30% - 40% wider because of broadening such as

Zeeman splitting and saturation broadening. These results support that ion oscillation

generated a bimodal IVDF.

10. The plasma potential was measured in the plume by an emissive probe. It was found

that there was a potential valley on the central axis. The potential gradient causes ion

deceleration near the nozzle.

11. LIF measurements for the improved models described in Chapter 2 were conducted.

For the improved cathode using a coil, it was found that the improved model had twice

the intensity of the nominal model in the plume. It was shown that the improved model,

with an increased mirror ratio and enhanced magnetic field intensity, had twice the

intensity. In the discharge chamber, a 40% higher plasma density was present. The

dense plasma contributes to the improved performance.
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Conclusion

This study was performed to improve the performance of microwave discharge cathodes. In

order to reach this goal, the following studies were conducted. Firstly, the performance was

improved by redesigning the magnetic field in the 200-mA class and 500-mA class current

ranges. Secondly, plasma diagnostics were conducted for the microwave discharge cathode.

In order to measure the plasma inside and outside of the cathode, a viewable microwave

discharge cathode was proposed. The major conclusions of this study are as follows.

Performance Enhancements

In Chapter 2, the microwave discharge cathode was improved by two approaches.

Firstly, the anode current was increased by 80 mA compared to the conventional cathode

operated at an anode voltage of 37 V when the axial magnetic field of the plume was weakened

to 14 mT by a coil. This was a 44% increase. Operating at a constant 180-mA anode current,

the anode voltage decreased by as much as 10 V, which was a 27% decrease. In addition,

it was found that a magnetic shield reproduced the effect observed with the coil. When

the magnetic shield was attached, the anode current increased by 30 mA over that of a

conventional cathode operated at a constant anode voltage of 37 V. This was a 17% increase.

Operating at a constant 180-mA anode current, the anode voltage decreased by as much as

5 V, a 14% decrease.

Secondly, the mirror ratio and magnetic field intensity were increased in the discharge

chamber. By increasing the magnet field intensity and the mirror ratio for the microwave

discharge cathode from 2.0 to 8.3, the anode current increased from 300 mA to 560 mA for

an anode voltage of 37 V. In coupling operation, the microwave discharge cathode supplied a

higher anode current than in diode mode. The anode voltage was 22 V for an anode current

of 600 mA. In addition, to evaluate whether the improved microwave discharge cathode is

a viable alternative, the I–V characteristics were compared with those of a hollow cathode

in coupling operation. It was found that Vcg rapidly drops above 600 mA in the microwave

discharge cathode, indicating that the performance trade-off point between the two cathodes

is about 600 mA.
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Plasma Diagnostics

In Chapter 3, a microwave discharge cathode was optically measured by LIF spectroscopy

in diode mode operation.

Firstly, a microwave discharge cathode with a small optical window was developed. It was

found that the performance was similar to that of the flight model for Hayabusa2 (anode

voltage error within 7%).

Secondly, axial and radial LIF measurements were conducted in the plume region. In the

plume, bimodal IVDFs were observed. The spatial plume excited-ion density distribution

obtained from the axial LIF measurements matched the previous results obtained using an

electrostatic probe (R2 = 0.96). Based on the axial and radial LIF measurements, the two-

dimensional mean ion flow in the plume was calculated. On the central axis of the plume, the

mean ion flow was toward the cathode and decreased nearer the cathode. It was also found

that the off-axis mean ion flow was toward the anode. The plasma potential was measured

in the plume by an emissive probe. A potential valley was identified on the central axis

and it was suggested that the potential gradient was the cause of the ion deceleration near

the nozzle. Ion current on plume region was calculated by the axial LIF results. The ion

current was up to 6 mA, and its ratio to anode current was up to 5%. It was suggested that

the erosion ratio by ions coming from the outside is limited. In addition, the difference in

plasma parameters in the downstream region did not significantly affect the ion impact on

the discharge chamber wall.

Thirdly, axial LIF measurements were conducted in the discharge chamber. Near the

microwave antenna, a trimodal IVDF was confirmed, with an upstream-velocity population

(called Population A), a near-zero velocity population (Population B), and a downstream-

velocity population (Population C). At other points inside the cathode, bimodal IVDFs were

observed. A parametric study found that a larger microwave power Pm and anode current

Ia and a smaller xenon flow rate ṁc led to a higher total fluorescence intensity (integration

of all velocity populations). In the parametric study, the intensity ratio and peak velocity

were calculated. Near the microwave antenna, the peak velocity for Population A was −1200

to −1300 m/s and that for Population C was 1,400 to 1,600 m/s. The intensity ratio for

Population A was 50–55%, that for Population B was 10–15%, and that for Population C

was 30–35%. The results were the same for all values of the parameters Pm, ṁc, and Ia.

However, the peak velocity and intensity ratio were different at different positions. These

results suggest that the shape of the IVDF depends on the position rather than the values
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of Pm, ṁc, and Ia. A black antenna model, which increased the anode voltage by 20 V, was

compared to evaluate the effect of laser reflection and investigate the origin of Population C.

The intensity of Population A decreased by 50% and that of Population C decreased by 30%,

indicating that Population C was not a reflected Population A caused by laser reflection at

the antenna or wall. To evaluate the effect of ion oscillation on the multimodal IVDFs, anode

current oscillation and radiated emission measurements were conducted. These measurements

showed that the fundamental frequency was 180 kHz, and harmonics up to the third or fourth

harmonic were observed. The error for both results was within 2%. Based on the results of

anode current oscillation, an IVDF was simulated using the ion oscillation model, and the

results were found to be in good agreement with the measured IVDF (R2 = 0.82). The

measured IVDF was 30–40% wider because of broadening, such as Zeeman splitting and

saturation broadening. These results support the conclusion that ion oscillation generated

a bimodal IVDF. LIF measurements on the improved models described in Chapter 2 were

conducted. For the improved cathode using a coil, it was found that the improved model had

twice the intensity of the nominal model in the plume. The results also indicated that the

improved model with an increased mirror ratio and enhanced magnetic field intensity had

twice the intensity. In the discharge chamber, a 40% higher plasma density was produced.

This dense plasma contributed to the improved performance.
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Appendix A

Effect of Nozzle

Material on I–V

Characteristics

In appendix A, the investigation of the effect of nozzle material on the I–V characteristics

in diode mode operation is detailed.

A.1 Experimental conditions

Table A.1 shows a comparison of the work function ϕ of the materials used. The work

function is the minimum thermodynamic energy required to remove an electron from the

surface to the outside. Materials with a lower work function emit more electrons at a lower

energy. In this experiment, Mo and La-W were compared.

The experiment was conducted in nominal diode mode operation and the setup is the same

as Figure 2.13. Table A.2 summarizes the experimental conditions.

A.2 Results

Figure A.1 shows a comparison of the I–V characteristics of Mo and La-W nozzles. The

La-W nozzle model has a voltage that was 1–5 V lower than that for the Mo nozzle model. In

addition, the La-W nozzle model had a 20–40 mA higher current. For example, at an anode

voltage of 35 V, the anode current for the Mo nozzle model was 180 mA and that for the

La-W model was 220 mA. The difference tended to be larger at higher current.

A.3 Discussion

As described above, a microwave discharge cathode emits electrons as counterparts of ion

collection secondary electron emission on the inner wall of the discharge chamber. The charge
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exchange on the wall is different for different materials, and three fluxes are discussed, as

shown in Figure A.2.[25]

・ Ion current

・ Secondary electron emission by ion

・ Secondary electron emission by Auger de-excitation of metastable molecules

Firstly, a flux of multi-charged ion current Jn+ is considered. In this estimation, singly and

doubly charged ions are considered.

Jn+ = 0.61enNn+

√
kTe

M
(A.1)

Secondly, a flux of secondary electron emission by ion Jγn+ is considered.

Jγn+ =
1

n
γn+Jn+ (A.2)

γn+ = 0.032(0.78En − 2ϕ) (A.3)

Eq. A.3 is the Baragiola approximation. En is the n-th ionization potential.

Thirdly, a flux of secondary electron emission by Auger de-excitation of metastable molecules

Jγm is considered.

γm =
eγ1Nm

4

√
8kTn

πM
(A.4)

The parameters for the flux calculation are summarized in Table A.3.[25][28][29] In previous

research, N1+ was measured in the plume. In this research, the density near the nozzle is es-

timated based on the results of the LIF measurements shown in Figure 3.37. Figure A.3 shows

a comparison of the flux for the Mo and La-W nozzle models. The flux of secondary electron

emission by singly charged ions showed the largest difference. The difference in the total

current was 10 mA. This is reasonable compared with the results for the I–V characteristics

including error bars shown in Figure A.1.
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Table A.1: Comparison of work functions ϕ.

Material Work function ϕ, eV

BaO-W 1.34

Th-W 2.63

La-W 2.8

W 4.55

Mo 4.6

Fe 4.6

Ni 5.15

Table A.2: Experimental conditions for evaluation of nozzle material differences.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.7 sccm (0.069 mg/s)

Microwave antenna Flight model (Hayabusa2)

Background pressure 9 × 10−5 Pa without Xe input

7 × 10−4 Pa at 1 sccm Xe

Table A.3: Parameters for flux calculation.

Parameter Value

Xe+ density, N1+ 8.7 × 1017 m−3

Metastable molecule density, Nm 1.3 × 1017 m−3

Electron temperature, Te 3.2 eV

Neutral temperature, Tn 373 K

Doubly-charged ion ratio, ϵ 0.2%
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A.4 Summary

To investigate the effect of nozzle material on performance, the I–V characteristics were

compared between Mo and Th-W in diode mode operation. The results can be summarized

as follows:

1. The La-W nozzle model had a voltage 1–5 V lower than that of the Mo nozzle model.

The La-W nozzle model had a current 20–40 mA higher.

2. In order to discuss these differences, three types of flux were considered: ion current,

secondary electron emission by ions, and secondary electron emission by Auger de-

excitation of metastable molecules.

3. Secondary electron emission by singly charged ions was found to be the largest and

generated a 10 mA difference.
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Appendix B

Performance Analysis of

200-W Hall Thruster

System

In Section 2.2, the mirror ratio and magnetic field intensity were redesigned and the I–V

characteristics were measured in diode mode configuration. The improved microwave dis-

charge cathode was coupled with a 200-W class Hall thruster to measure the I–V charac-

teristics in coupling test operation. In appendix B, the results of the thrust performance

characteristics and beam profiles are described. The differences between these characteristics

and those of a hollow cathode are discussed.

B.1 Ignition characteristics

At first, experiments were conducted to investigate the relationship between the magnetic

field polarity of the Hall thruster-microwave discharge cathode and the performance. It was

found that the magnetic field of the Hall thruster and the magnetic field of the microwave

discharge cathode interfere with each other and affect the ignition characteristics. The mag-

netic field of the Hall thruster was formed by an inner coil and four outer coils, forming the

magnetic field around the channel. The microwave discharge cathode formed a magnetic field

not only inside the discharge chamber but also outside by permanent magnets. Therefore,

the magnetic field near the discharge chamber of the Hall thruster was affected by the mi-

crowave discharge cathode. There were two possible kinds of magnetic fields of the microwave

discharge cathode and Hall thruster, based on the difference in polarity, as shown by type A

and type B of Figure B.1. In Figure B.1, the left figures show the schematics of the magnetic

field and right figures show the magnetic field measured by a teslameter. In the type A of

Figure B.1, a magnetic field is formed such that the center axis of the Hall thruster and the

microwave discharge cathode are connected. In the type B, a magnetic field is formed so

that the outer coil of the Hall thruster and the microwave discharge cathode are connected.
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Figure B.1 shows the case where the thruster center was an N pole, but the situation does

not change when both the polarities of the Hall thruster and microwave discharge cathode

are reversed.

The ignition process is shown in Figure B.2. Initially, cathode plasma is ignited and Vath is

fixed to 150 V. Next, Icoil is increased from 0 A to 1.5 A. In the range of 1.0-1.5 A, a thruster

plasma tends to ignite. Then Vath and Icoil are increased to the values shown in Table 2.3.

A comparison of Icoil vs. Vcg between type A and B magnetic fields at Vath = 150 V is

shown in Figure B.3, which represents a comparison of plasma maintenance. Vcg is measured

to determine ignition. When Vcg is not 0 V, the plasma is maintained. The results show that

it is easier to ignite a plasma for type A than for type B. While for type B a plasma cannot

be maintained at Icoil = 1.4 A, type A maintains a plasma at Icoil = 1.5 A. In addition, |Vcg|
for type A is 2-6 V smaller than that for type B.
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Ignition process
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Figure B.2: Ignition process of Hall thruster - microwave discharge cathode system.
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B.2 Performance characteristics

The thrust F is measured by an inverted pendulum thrust stand, Ia using a current probe,

Vcg, the ion energy distribution using an RPA, and the ion beam profile using an ion collector.

To evaluate the thrust performance, the specific impulse Isp and thrust efficiency ηT are

defined as

Isp =
F

2(ṁa + ṁc)g
(B.1)

ηT =
F 2

2(ṁa + ṁc)(Pa + Pc)
(B.2)

Here, Pa is the anode consumption power including the coil consumption power Pcoil, defined

as follows:

Pa = IaVath + Pcoil (B.3)

The cathode consumption power Pc is 20 W for both microwave and hollow cathodes and is

defined as

Pc =


20W : Microwave discharge cathode

50− 100W : Hollow cathode at ignition

20W : Hollow cathode at steady state

(B.4)

For the hollow cathode, 50-100 W for 30 minutes is required for ignition.

Figure B.4 shows the thrust performance and electron emissive characteristics for Icoil = 2.0

A. The thrust is equivalent between the microwave discharge cathode and hollow cathode.

At Vath = 150 V, F is 3 mN and increases to 5 mN at Vath = 250 V for both types of

cathode. In addition, at Vath =250 V, the system power consumption Pa + Pc is 202 W

for the microwave discharge cathode. The specific impulse Isp is 10-20% higher for the

microwave discharge cathode. At Vath = 150 V, Isp is 370 s and it increases to 600 s at Vath

= 250 V for the microwave discharge cathode. The difference in Isp is because the microwave

discharge cathode uses 1.5 sccm xenon, while the hollow cathode uses 2.8 sccm xenon. The

Vcg characteristic is different between the microwave discharge cathode and hollow cathode.

For the hollow cathode, Vcg is constantly -15 V to -20 V at Vath = 150 V - 250 V. On the

other hand, Vcg of the microwave discharge cathode depends on Vath; as Vath increases, Vcg

decreases. For the microwave discharge cathode, at Vath = 150 V, Ia is 450 mA and is 20%

larger than for the hollow cathode, while Vcg is -16 V and is smaller than that of the hollow

cathode. At Vath = 200 V, Ia is 580 mA and is 30% larger, while Vcg is -18 V and is equivalent

to that of the hollow cathode. At Vath = 250 V, Ia reaches 600 mA and Vcg suddenly drops

to -25 V, which is an 8-V difference compared to that of the hollow cathode. These results

show that the electron emission capability of the microwave discharge cathode is better or
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equal to that of the hollow cathode up to Vath = 200 V. In addition, they show that the

electron emission capability reaches a limit at Vath = 250 V, and that Vcg drops significantly

negatively. At Vath = 150 V, thrust efficiency ηT is 5.5% for both types of cathode. However,

at Vath = 200 V, ηT is 9 % and is higher for the microwave discharge cathode because the

thrust is higher. At Vath = 250 V, ηT is lower because the thrust is equivalent but the power

consumption is larger because of the larger Ia. These trends in the performance characteristics

are also obtained for Icoil = 1.5 A, 2.5 A.
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B.3 Ion energy and beam profile (efficiency analysis)

To investigate the causes of the performance differences, four efficiencies, the acceleration

efficiency ηa, propellant utilization efficiency ηu, beam energy efficiency ηE, and beam diver-

gence efficiency ηdiv are calculated.[81] They are defined as follows:

ηa =
Ibeam
Ia

(B.5)

ηu =
IbeamM

eṁa
(B.6)

ηE =
Em

eVath
(B.7)

Em =

{∫
f(E)

√
(E)dE

}2

(B.8)

ηdiv =

{∫ r0
0 rJ(r)dr +

∫∞
r0

rJ(r)cosθdr∫∞
0 rJ(r)dr

}2

, tanθ =
r − r0
L

(B.9)

Here, the r-axis is defined in Figure B.1 and Figure 2.15, r0 is the thruster channel radius

(= 28 mm), θ is the angle between the RPA - ion collector and thruster center axis, J is the

measured current density, and L is the distance between the thruster and RPA-ion collector

at r = 0 (= 0.95 m).

Figure B.5 compares the ion energy distribution function (IEDF) and ion beam profile

at Icoil = 2.0 A,Vath = 250 V of Figure B.4 between the hollow cathode and microwave

discharge cathode. In the low energy region generated mainly by charge exchange, the IEDF

is equivalent in the microwave discharge cathode and hollow cathode. However, the mean

beam energy Em is 9 V lower in the microwave discharge cathode than in the hollow cathode.

On the other hand, the beam current Ibeam is higher for the microwave discharge cathode. In

addition, the beam profile shows that the beam focus is better for the microwave discharge

cathode.

Figure B.6 compares the four efficiencies at Icoil = 2.0 A. In the case of the microwave

discharge cathode, ηa is 3-15 % higher than that of the hollow cathode up to Vath = 200 V.

However, ηa of the hollow cathode is 6 % higher between Vath = 200 V and Vath = 250 V.

As described above, ηu tends to be 4-10 % higher in the microwave discharge cathode due

to the large Ibeam. On the other hand, ηE tends to be 4-8 % lower. These trends are also

obtained for Icoil = 1.5 A, 2.5 A. ηdiv tends to be higher in the microwave discharge cathode,

at a maximum of 5% higher.
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These results suggest a difference in the plasma generation region for the two types of

cathode as shown in Figure B.7. As described above, the microwave discharge cathode has

a magnetic field, while the hollow cathode does not. The magnetic field of the microwave

discharge cathode increases the in-channel field. Therefore, the plasma is generated closer to

the anode than for the hollow cathode, and Ia becomes larger. In addition, electrons tend to

be transported easily by the magnetic field of the microwave discharge cathode. Therefore,

Ibeam and Ia are larger than for the hollow cathode, and ηa and ηu are higher. However, over

Ia = 600 mA (Vath = 250 V), the electron emissive capability reaches a limit, and ηa of the

hollow cathode become higher. In the upper position of the plasma production region, ηdiv

increases. However, because wall loss of ion momentum increases, ηE is lower than that of

the hollow cathode. In addition, Vcg affects the space potential and the beam energy as a

result. It is suggested that the difference of ηE is caused by ion energy loss at the channel

wall and a cathode potential drop Vcg. As a result, the thrust was equivalent. The 200-W

class Hall thruster was originally developed for larger propellant operation such as 10 sccm

or more. Therefore, a better performance should be obtained for a smaller thruster.
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S
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Figure B.7: Comparison of plasma production region between a hollow cathode and mi-

crowave discharge cathode
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B.4 Summary

To determine whether a microwave discharge cathode is a viable alternative to a hollow

cathode, coupling operation with an SPT type Hall thruster was conducted. As described

in Section 2.2, the mirror ratio and magnetic field intensity were increased, and the electron

current was measured in diode mode operation. An improved microwave discharge cathode

was applied to a Hall thruster system and the performance and beam analysis results were

compared with those for the hollow cathode. The results can be summarized as follows:

1. It was found that the magnetic polarity of the microwave discharge cathode and the

Hall thruster affected the ignition and the maintenance of the plasma.

2. The hollow cathode required 20 W of heater and keeper power to emit about 500 -

700 mA of electrons, while the microwave discharge cathode required about 20 W of

microwave power. The thrust was equivalent for the microwave discharge cathode and

hollow cathode. However, Isp of the microwave discharge cathode-Hall thruster is 10

% higher because the xenon flow rate of the microwave discharge cathode is 53% of

that of the hollow cathode.

3. Since Vcg rapidly drops above 600 mA in the microwave discharge cathode, it was found

that the performance trade-off point between the two cathodes is about 600 mA.

4. Based on the IEDF and beam profile, the propellant utilization efficiency ηu and beam

divergence efficiency ηdiv of the microwave discharge cathode were found to be higher

than those of the hollow cathode. However, the beam energy efficiency ηE of the

microwave discharge cathode is lower.

5. These results imply a difference in the plasma generation region due to the microwave

discharge cathode magnetic field. The plasma generation region of the microwave

discharge cathode forms a relatively strong magnetic field in the channel of the thruster.

Therefore, the plasma is generated more in the upper region relative to the case of the

hollow cathode.
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Appendix C

Application of a Plasma

Source for Charge

Removal in High Vacuum

This chapter is partially reproduced from published article,[82] with the permission of IOP

Publishing. This chapter is also partially reproduced from published articles,[83][84] with the

permission of Institute of Electrostatics Japan.

C.1 Background

In a vacuum, electrical charging is a major cause of failure in processes such as film de-

position and semiconductor manufacturing. For example, when conveying thin films at high

speed in vacuum, contact and friction charging occurs between the roll and the film, which

can lead to the films becoming entangled. To solve this problem, electric charge is typically

neutralized by passive discharging using the Paschen condition by cyclically lowering the vac-

uum pressure, which reduces production efficiency. UV neutralizers are also used, but their

neutralization efficiency is lower than that for passive discharging using the Paschen condi-

tion. The microwave discharge cathode has several advantages, including easy ignition, ease

of use in atmosphere, and a small plasma source. Therefore, this study investigates a charge

neutralization method using a microwave discharge plasma in a high vacuum of 10−1 to 10−4

Pa.

–165–



AppendixC Application of a Plasma Source for Charge Removal in High Vacuum

C.2 Time constant for charge neutralization

C.2.1 Experimental setup

o evaluate the charge neutralization effect by a microwave discharge plasma in a high

vacuum, the time constant was measured. As shown in Figure C.1, a 50-mm square copper

plate was first charged to ±200 V. The microwave discharge plasma source was located 30

cm from the plate. An anode was installed 11 mm downstream of the microwave discharge

plasma source, and the time constant was compared with and without the application of an

anode voltage. In this experiment, xenon and argon were used as gases for plasma generation

(argon is commonly used in vacuum equipment in ground-based industry).

The measured time constant τT includes the current flowing through the resistor RR, and

hence when τT is much larger than the time constant with just the resistor τR, the measured

neutralization time constant due to the plasma τP becomes invalid. Therefore, τP has to be

estimated. Assuming an RC circuit, τT is given by Eq. C.1.

τT = RTC (C.1)

Here, RT is a combined resistance, and is given by:

RT =
1

1
RR

+ 1
RP

(C.2)

where RP is the resistance of the plasma between the plasma source and the charged plate.

τP is estimated using Eq. C.3.

τP = RPC =
τTRRC

RRC − τT
(C.3)

The experimental conditions are as shown in Table C.1.

Table C.1: Experimental conditions for measurement of neutralization time constant.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.2 sccm (0.049 mg/s)

Argon flow rate, ṁc 0.8 sccm (0.078 mg/s)

Charged plate voltage ±200 V

Background pressure 3 × 10−3 Pa without Xe input

4 × 10−3 Pa at 0.2 sccm Xe

8 × 10−3 Pa at 0.8 sccm Ar
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Figure C.1: Experimental setup for measurement of neutralization current density.

C.2.2 Results

Figure C.2 shows the time history of charge neutralization using 0.2-sccm xenon. The

results are summarized in Table C.2. For xenon and a positively charged plate, τT was 0.1 s

and 2 s for “Plume ON” and “Plume OFF”, respectively. On the other hand, for a negative

charge, τT was 27 s and 111 s, respectively. However, it should be noted that 111 s of τT

is 320 s in τP as mentioned above. The negative charge neutralization time constant was 1

order of magnitude larger than that for a positive charge. In the case of argon, τP was up to

10 times larger than for xenon.
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Figure C.2: Time history of charge neutralization using 0.2 sccm xenon.
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Table C.2: Comparison of neutralization time constants.

Gas Charge Anode voltage, V Anode current, mA τT, s τP, s

Xenon Positive 45 135 0.1 0.1

Xenon Positive 0 0 2 2

Xenon Negative 45 135 27 32

Xenon Negative 0 0 111 320

Argon Negative 100 31 122 432

Argon Negative 0 0 120 408

C.3 Distribution of charge neutralization current density

C.3.1 Experimental setup

We investigated the distribution of the charge neutralization current density generated by

a plasma source in a high vacuum, as shown in Figure C.3. 50-mm square copper plates were

placed at distances of 1.0, 1.5, and 2.0 m from the microwave discharge plasma source. A

voltage of ±200 V was applied to the copper plates and the neutralizing current was measured.

The charged plates were exposed to plasma on one side. The experimental conditions were

as shown in Table C.3.

As shown in Figures C.4 and C.5, the shapes of the anode and the orifice were changed to

investigate the differences in the neutralizing current density. The anode was used to generate

a positive plasma column, in addition to the microwave discharge plasma in the discharge

chamber, downstream of the orifice, by applying a voltage. A positive plasma column was

generated by collisions between energetic electrons extracted from the discharge chamber by

the applied electric field and neutral particles.

The experiments were performed with two types of orifice and two types of anode: a single-

hole orifice model, which is the conventional model for microwave discharge cathodes for

space use, a multiple-hole orifice model, a cylindrical electrode model (ϕ10 mm, 10 mm in

length), and a ϕ20 mm electrode model. The anode current was kept constant at 135 mA.

The multiple-hole orifice model and the ϕ20 mm electrode model used a punching plate with

a 1-mm thick opening ratio of 32.6%.

C.3.2 Results

The charge neutralization current density distribution is shown in Figure C.6. For both

positive and negative charging, it was found that the current density decreased by 1–2 orders
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of magnitude when the distance from the plasma source was increased from 1 to 2 m. In

addition, the positively charged neutralization current density was 3 orders of magnitude

larger than for the negative charge, indicating that the negatively charged neutralization

performance is rate limiting. According to Figure C.6, when a positive column was generated

by the anode, the neutralization current density was larger than without the anode (single-

hole orifice model). The neutralization current density was also greater for the multiple-hole

orifice model. For negative charge neutralization, the neutralization current density was

improved up to 5 times over the single-hole orifice model. The multiple-hole orifice model

does not require an additional power supply for the anode, so the structure of the neutralizer

system is simplified.

In Figure C.6, the necessary current density jlimit for conveying a 1-m wide film at 1,000

m/min is plotted, as determined by Eq. C.4, where VT is the film conveying speed and σ is

the maximum charging density in a general roll-to-roll system.[85]

jlimit = σVT = 27× 1000/60 = 0.45mA/m2 (C.4)

For positive charge, this condition was satisfied up to a distance of 2 m, even with the single-

hole orifice model. Using anodes and orifices increases the neutralization current density

by 1–2 orders of magnitude. For negative charge, the single-hole orifice model fulfills this

condition at a distance of 1 m. Using the multiple-hole orifice, model it is possible to extend

the distance up to 1.5 m.

C.3.3 Discussion

The mass difference between electrons and ions responsible for the positive charge neutral-

ization current density is 3 orders of magnitude larger than that of negative charge. Because

electrons have a smaller mass than ions, the positive charge is neutralized faster than the

negative charge. Eq. C.5 shows the ratio between the ion saturation current and the electron

saturation current. √
Te

Ti

M

me
= 5× 103 (C.5)

Here, Te is the electron temperature, Ti is the ion temperature, M is the xenon ion mass,

and me is the electron mass. The positive plasma column is considered to be the cause of the

large neutralization current density compared with the single-hole model. Since models with

an anode generate a positive plasma column in addition to the discharge chamber plasma,

they generate a large neutralization current density. Figure C.6 suggests that the high plasma

conductance is the reason for the large neutralization current density for the multiple-hole

orifice model. The opening area for the multiple-hole orifice was one order of magnitude

larger than that for the single-hole orifice model and the thickness was five times smaller.
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Therefore, it is considered that more plasma was exhausted from the discharge chamber and

the neutralization current density was increased.

1m 1.5m 2m

200V

Neutralizer Vacuum Chamber

MFC Amplifier

Oscillator

A

Xe Gas

Figure C.3: Experimental setup for measurement of neutralization current density.

Table C.3: Experimental conditions for measurement of neutralization current density.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.5 sccm (0.049 mg/s)

Anode current 135 mA constant current

Charged plate voltage ±200 V

Background pressure 3 × 10−3 Pa without Xe input

4 × 10−3 Pa at 0.5 sccm Xe
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Figure C.4: Schematic diagram of microwave discharge plasma sources of neutralization cur-

rent density.
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Figure C.5: Photograph of microwave discharge plasma sources of neutralization current den-

sity.
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Figure C.6: Comparison of charge neutralization current density.
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C.4 Neutralization demonstration in film transfer simulator

To demonstrate the charge neutralization effect for transferring film, a film transfer simu-

lator was used. This experiment was conducted at Kasuga Denki, Inc. Figures C.7 and C.8

show the experimental setup for the neutralization demonstration in a film transfer simulator.

A polypropylene film was transferred by three stainless rolls and charged by friction as they

rotate. The charge potential was measured using a non-contact electrometer installed 20 mm

from the film. The experimental conditions are summarized in Table C.4.

Figure C.9 shows the time history of charge neutralization of the film. Transferring the film

generated a negative charge up to −1.2 kV. As shown in Figure C.9, the potential oscillated

from 0 kV to −1.2 kV. Non-uniformity in the film surface charge was observed. After plasma

ignition, the charge was neutralized to a plasma potential of +20 V. It was thus confirmed

that the microwave discharge neutralizer system was effective in the film transfer simulator.

20cm

30cm30cm

2cm

Non-contact
electrometer

Vacuum Chamber

Neutralizer

10cm

Film width = 10cm

Roll

RollRoll

Figure C.7: Experimental setup for charge neutralization in film transfer simulator.
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Figure C.8: Photograph of the experimental setup for charge neutralization in film transfer

simulator.
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Figure C.9: Time history of charge neutralization in film transfer simulator.
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Table C.4: Experimental conditions for charge neutralization in film transfer simulator.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.5 sccm (0.049 mg/s)

Film Polypropylene

Film transfer speed 0.2 m/s

Background pressure 1 × 10−2 Pa at 0.5 sccm Xe

C.5 Comparison with a conventional neutralization system

The characteristics and neutralization performance were compared between this method

and a conventional UV neutralizer.[86] Table C.5 shows the comparison results. Note that the

neutralization time is calibrated by a capacitor. As shown in Table C.5, the microwave dis-

charge plasma neutralization system has some advantages compared with a conventional neu-

tralizer. The microwave discharge plasma neutralization system neutralizes positive charge

105 faster and negative charge 104 faster. In addition, the lifetime is 20 times longer.

As shown in Figure C.10, this neutralizer was developed and made into product with help

from Kasuga Denki, Inc.[87]

Table C.5: Comparison between proposed microwave discharge plasma neutralization system

and conventional UV neutralization system.

This study UV ionizer IUV-303[86]

Power consumption ∼10 W ∼100 W

Lifetime >70,000 h ∼2,000 h

Effective neutralization distance <2 m <0.3 m

Head size ∼3 cm ∼ 3 cm

Neutralization from +200 V to +20 V 3 × 10−8 s 2 × 10−3 s

Neutralization from −200 V to −20 V 5 × 10−5 s 1 × 10−1 s
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Figure C.10: Developed microwave discharge plasma neutralization system. ©Copyright

2019 Kasuga Denki, Inc.
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C.6 Summary

The application of a space-qualified microwave discharge plasma source as a positive and

negative charge neutralizer was evaluated. We also investigated the charge neutralization

current density distribution. When a plasma source is placed within 1.5 m, it was found that

film conveyance can be performed at 1,000 m/min. Furthermore, we studied the orifice and

anode shape to improve the plasma transparency, and achieved a charge neutralization current

density 5 times higher than for the conventional single-hole orifice type. This method was

experimentally demonstrated with a film transfer simulator. These findings suggest that a ϕ3

cm and 10-W class microwave discharge plasma source is effective for charge neutralization

in a high vacuum.
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Appendix D

Application of a Plasma

Source for Charged Dust

Removal in High Vacuum

D.1 Background

Dust mitigation is one of the most important problems to be addressed for exploration

of the Moon and Mars. Charged fine dust (regolith) attaches to mission equipment and

spacesuits by an electrostatic force. When removing a spacesuit, an astronaut who inhales

the lunar regolith may experience symptoms like hay fever.[88][89] Another concern is that

mechanical gaps such as seals and bearings are at risk of dust contamination.[90][91][92][93]

Levitated regolith will cover solar panels, heat radiators, and optical equipment, degrading

performance.[94] Fine dust is also a problem in asteroid sample return missions. In the asteroid

touchdown mission of explorer Hayabusa2, the optical navigation camera (ONC) confirmed

that fine dust was disturbed and was caused to rise by the thruster jet. After the touchdown,

the light detection level of the ONC decreased due to the coating of fine dust.

On the lunar surface, the solar wind and energetic particles arrive directly because of

the low-density atmosphere. The lunar regolith is electrostatically charged and churned up

at the boundary between the dayside and nightside by interaction between photoemission

by UV and X-rays on the dayside and the solar wind on the nightside.[95] The charged re-

golith adheres to spacesuits and equipment by an electrostatic force. Methods to address

this problem include fluidal methods,[96][97][98] mechanical methods,[99][100], electrodynamic

methods,[101][102][103][104][89] passive methods,[93][105][106][89] and plasma methods.[107][105][108][109][110]

Plasma methods use an energetic electron beam (hundreds of eV) to charge and move the

particles by the Coulomb force at 10−1 Pa.[108] Also, a plasma jet (several kV) can be used

to move particles in Martian environments of 102 Pa.[110]

In the proposed method, the charged dust is neutralized and removed by Debye shielding

using a plasma with low-energy electrons, of several electron volts for example. In this
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study we developed an apparatus to charge dust and target surfaces in a high vacuum. In

previous research, targets were charged before being introduced into a vacuum, and the

targets were neutralized by the Paschen law. Neutralization of levitated charged spheres was

not investigated. In this experimental study, we first removed charged regolith adhering to

an insulator plate by a microwave discharge plasma in a high vacuum. The dust was charged

and caused to adhere to a charged insulator plate. The microwave discharge source is an

improved model. Removal of adhering dust by plasma and the prevention of adhesion of dust

under a plasma environment were investigated. Second, we investigated the dust adhesion

characteristics under a plasma environment. Third, we exposed levitated charged particles

to a plasma. The charged particles were levitated by the Electrostatic Levitation Furnace

(ELF) in JAXA.

D.2 Effect of microwave discharge plasma on charged dust

Experimental setup Figure D.1 shows a schematic diagram of the experimental setup

for charged dust removal. We constructed an experimental setup to charge an insulator disk

and dust in a high vacuum. If the chamber is evacuated after charging the disk and dust in the

atmosphere, they will be neutralized according to Paschen’s law. The rotating insulator disk,

made of 1-mm thick acrylic, was installed 1 m vertically below the microwave discharge plasma

source. The insulator disk rotated at 1 rps and was electrostatically charged by an insulator

brush. The charge potential was measured using a non-contact electrometer installed 10 mm

from the disk. The dust was a lunar simulant (FJS-1), with a range of particle diameters

from a few tens of microns to several hundred microns, and was stored in a dust container.

When the mixer in the dust container was operated, the dust was electrostatically charged

and extracted by the charged insulator disk. The dust adhered to the lower surface of the

disk because the gas jet and plasma jet should not affect the dust. The amount of adhered

dust was measured using an electronic scale. The experimental conditions are summarized in

Table D.1.
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Microwave discharge 
plasma source

Vacuum chamber

Brush

Mixer

Dust
container

Electronic scale

Motor

Insulator disk

Non-contact 
electrometer

1 m

Figure D.1: Schematic diagram of experimental setup for charged dust removal.

Table D.1: Experimental conditions for charged dust removal.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 1.5 sccm (0.147 mg/s)

Dust Lunar simulant (FJS-1)

Disk ϕ140 mm, 1 mm, acrylic

Disk rotational speed 1 rps

Background pressure 3 × 10−3 Pa without Xe input

8 × 10−3 Pa at 1.5 sccm Xe
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Removal of adhered dust Figure D.2 shows the time history of the removal of charged

adhered dust by the microwave discharge plasma. In this time history, the disk was always

rotated. First, the isolator disk was rotated and charged to 1.5 kV. At time t = 5 s, the mixer

in the dust container was turned on to mix and electrically charge the dust by friction. The

dust gradually adhered to the disk, and about 1.8 g of dust adhered by t = 60 s. At t = 40

s, over 3 sccm pulsed xenon was introduced, but the disk potential was not neutralized, and

dust was not removed. At t = 50 s, a further 1.5 sccm xenon was introduced. At t = 60 s,

the microwave power was turned on and the microwave discharge plasma ignited. Then, the

dust began to be removed: 50% of the dust was removed in 5 s and 87% was removed in 50 s.

It should be noted that the non-contact electrometer, which measures the potential from the

electric field, does not work properly in a plasma environment because the field is shielded

by the plasma, and it was therefore turned off. At t = 160 s, 99% of the dust was removed.

-3
-2
-1
0
1
2
3
4
5
6
7
8
9

-1

-0.5

0

0.5

1

1.5

2

2.5

3

0 50 100 150

M
ic

ro
w

av
e 

po
w

er
, W

Xe
 fl

ow
 ra

te
, s

cc
m

D
is

k 
po

te
nt

ia
l, 

kV
Ad

he
re

d 
du

st
 m

as
s,

 g

time, sec

Disk potential Adhered dust mass
Microwave power Xenon flow rate

Mixer ON
Plasma OFF

Mixer ON
Plasma ON

Figure D.2: Removal of charged adhered dust by microwave discharge plasma.
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Mitigation of dust adhesion by the microwave discharge plasma Figure D.3

shows the time history of the mitigation of dust adhesion by a microwave discharge plasma.

In this time history, the microwave discharge plasma was always generated. At t = 10 s, the

disk started to rotate and the mixer was turned on. However, the dust did not adhere to the

disk. This result suggests that the microwave discharge plasma neutralized the disk and dust,

and prevented the dust from adhering to the disk. These results suggest that the adhered

dust was removed by the plasma without an energetic electron beam.
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Figure D.3: Mitigation of dust adhesion by microwave discharge plasma.
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D.3 Neutralization of levitated dust by microwave discharge

plasma

D.3.1 Experimental setup

Figure D.4 shows the experimental setup for charge neutralization of levitated charged

particles. This setup is based on the ELF in JAXA.[111] The ELF is a non-contact method

developed to measure the density, surface tension, and viscosity of high-temperature materials

without reactions between the container and melts. The ELF utilizes the Coulomb force

between the sample and surrounding electrodes to cancel the gravitational force. A positively

charged sphere was levitated between a pair of parallel disk electrodes (top and bottom

electrodes), typically d = 10 mm apart, which control the vertical position of the sphere. At

the launch of the sphere, if the top electrode has a positive potential, the sphere touching the

grounded bottom electrode attracts electrons by charge polarization. Therefore, the sphere is

negatively charged and starts to levitate due to the force from the electric field. In the case of

a negative potential, the sphere is positively charged, and a laser can be used to maintain the

charge. A CO2 laser with a wavelength of 10.6 µm was used to melt and charge the sphere

by thermal emission. We used a ϕ2 mm sphere made of glassy carbon, which is conductive.

The microwave discharge plasma source was located 500 m from the sphere. The sphere and

microwave discharge plasma source were observed by a camera. The potential of the top

electrode was controlled depending on the vertical position, calculated by a detector. The

feedback frequency of the position sensor was 600 kHz and the position error due to free fall

was within 0.03 mm. The power supply for the top electrode had enough power to maintain

a maximum voltage of 30 kV when the microwave discharge plasma source was in operation.

The experimental conditions are summarized in Table D.2.

D.3.2 Results

Figure D.5 shows the time history of the charge neutralization of a levitated charged particle

in the ELF. At first, the sphere was levitated to 1.8 mm by the Coulomb force by the top

electrode with V = +11.8 kV. When the plasma as generated, the sphere started to undergo

free fall. The dotted line is a fit to the free fall, and matches the measured position with an

R2 value of 0.98. When the sphere was in free fall, the electrode potential was increased to

prevent the sphere from falling. The electrode potential increased up to 30 kV, and could not

maintain the levitation because the plasma neutralized the sphere and shielded the electric

field.

Figure D.6 shows a photograph of the charge neutralization of a levitated charged particle:
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Figure D.4: Schematic diagram of charge neutralization of levitated charged particle in elec-

trostatic levitation furnace.

Table D.2: Experimental conditions for neutralization of levitated charged sphere.

Parameter Value

Microwave frequency 4.25 GHz

Microwave power, Pm 8 W

Xenon flow rate, ṁc 0.8 sccm (0.079 mg/s)

Sphere ϕ2 mm, glassy carbon

Maximum electrode potential 30 kV

Disk rotational speed 1 rps

Background pressure 3 × 10−3 Pa without Xe

1 × 10−2 Pa at 0.8 sccm Xe

before plasma ignition (a), after plasma ignition (b), after free fall (c). As shown in Figure

D.6(a), the sphere levitated when the Coulomb force and gravity were balanced. As shown

in Figure D.6(b), the microwave discharge plasma sources started to ignite and the sphere

underwent free fall. The blue light is the microwave discharge plasma observed by the camera

installed on the opposite side of the microwave discharge plasma source.
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D.4 Summary

To investigate the effects of microwave discharge plasma exposure on adhered dust and

levitated dust, we conducted two experiments: charged dust removal and neutralization of a

levitated sphere. For the former experiment, we developed an apparatus which can charge

dust and a disk in a high vacuum. For the latter experiment, we applied the ELF to charge

neutralization of the levitated sphere. The results are summarized as follows:

1. After plasma ignition, the dust began to be removed: 50% of the dust was removed in

5 s, 87% was removed in 50 s, and 99% was removed in 100 s. These results suggest

that the adhered dust can be removed by the plasma without an energetic electron

beam.

2. During plasma exposure, the dust did not adhere to the disk, because it was immedi-

ately neutralized and Debye shielded.

3. By plasma exposure, the levitated sphere was neutralized and underwent free fall. This

is the first demonstration of the neutralization of a levitated particle.
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