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Introduction

1.1. Current states of 1-kW-class electric propulsions

Nowadays, electric propulsion is widely used in space crafts for their attitude control,*> orbit
raising and even as a bus equipment in space exploration. The development of electric propulsion
started from 1960°,%" and the first demonstration in space was an ion engine, which was tested in
the Space Electric Rocket Test (SERT-1) mission in 1964.8:° Since then, numerous ground
experiments, numerical studies, and orbit demonstrations have been conducted.?-26 In 2013,
more than 200 space crafts were equipped with electric propulsion system and operated in space.?’

Because the available power in space is limited up to 10 kKW class, the input power to the
electric propulsion system is mainly 1 kW class. For example, the electric propulsion named as
“satellite-plasma-thruster (SPT) series” (primarily used for attitude controls propulsion system of
6 tons class of satellites) is operated with 1.5 — 4.5 kW input power and can exhaust xenon
propellant at 16 — 18 km/s.?82° The input power to the 25 cm-Xenon lon Propulsion System
(XIPS)*® and PPS®-5000%! (used for orbit rising from low earth orbit to geo stationary orbit)
was 4.5 kW and 5.0 kW, respectively. The input power to the NASA Solar electric propulsion
Technology Application Readiness (NSTAR)*? (the main engine of Deep Space 1% and Dawn
asteroid probe#) and PPS®-1340°%! (the main engine of Small Missions for Advanced Research
in Technology-1 (SMART-1) moon probe®) was 2.3 kW and 1.1 kW, respectively. In addition to
the input power, the exhaust velocity ue and thrust-to-power ratio F/P (which means thrust with
unit input power) are necessary to calculate the required propellant mass and transition time to the

designated orbit with specified velocity increment requirements.®® For P ~ 1 kW class operation,
1



scaling laws about thruster geometries, operating conditions and semi-empirical optimum
operating conditions to maximize thrust efficiency have been proposed.®’*° Existing thrusters,
which operated in space, were designed based on these criteria and typical thruster performances

of ue ~ 14 km/s, F/P ~ 40 mN/kW were achieved.3%442

1.2. High impedance ion accelerations and wall losses

The input power P to the electric propulsion is given by the product of the discharge current
Ja and the discharge voltage Vyq, i.e. P = J4Vq. Even with the same input power, the acceleration

mechanisms and design criteria could be different depending on the set value of Jq and V.

Electromagnetic
acceleration

L Input power=0.1kW
|||||||.|] |||||||.|] ""“\EI

10t 10° 10t 107
Jg, A
FIG. 1.1 Typical operating conditions of 0.1-100 kW input power electric propulsions.”204!

Figure 1.1 shows Jq and Vg values of typical electric propulsion system in each input power
operation. In Fig 1.1, ionization energies of typical propellants such as Ar (15.8 eV), Xe (12.1eV),
and Li (5.4 eV) are also shown as dashed lines. Depending on the input power, the Jqg and Vg set
values are roughly classified in two types. In input power P ~ 1 KW class operation, small Jg (~10*
A) and high V4 (~10° V) values are utilized. In this dissertation, this small current and high voltage
operation is referred to as “high impedance operation”. Most of the existing electric propulsions
with high impedance operation are classified under the electrostatic acceleration type (see red

symbols in Fig. 1.1), in which a thrust is generated by electrostatically accelerating the ions.

2



According to the energy consumption laws of electrostatic acceleration, the ratio of ionization
power dissipation to the total input power can be decreased by increasing the discharge voltage.*?
Thus, with the constant input power, the electric energy is efficiently converted to ion Kinetic
energy by the high impedance operation. The electric field to accelerate the ions is maintained by
installing grid electrodes inside plasma flow* or applying magnetic field in the discharge
channel.?® XIPS and NSTAR have a set of grid electrodes at the thruster exit. The ions are
collimated towards exhaust direction and electrostatically accelerated without collisions by using
the potential difference between the grid electrodes. PPS®-5000 and PPS®-1340 have an applied
magnetic field in radial direction. Figure 1.2 shows the electrodes and applied magnetic field
configurations of these PPS® series thrusters. Typically, B ~ 50 mT of magnetic field is applied
in the direction perpendicular to the discharge channel wall between the upstream anode and
downstream hollow cathode. It is well known from the classical diffusion theory, that the electron
mobility perpendicular to the magnetic lines of force is proportional to B and the mobility
perpendicular to the magnetic lines of force is 2 — 3 orders smaller than that along the magnetic
lines of force.*® Accordingly, low mobility electrons emitted from the hollow cathode are trapped
by the applied radial magnetic field. As a result, electric impedance increases locally and axial
electric field is maintained. This axial electric field accelerates electrons. Propellants supplied
from upstream are ionized by collision with the accelerated electrons and, subsequently

accelerated by the electric field.

Hollow cathode

i
Neutral I_HJ
I
i
/- Electric field

Radial magnetic
. . | g
Anode  Dielectric wall field (0.01T class)

FIG. 1.2 Schematics of ion accelerator using radial magnetic field.



The small electron mobility perpendicular to the magnetic lines of force makes magnetic lines
of force equals to equipotential surface. In practice, it is difficult to apply uniform radial magnetic
field in the acceleration region because of the leaked magnetic field which result in bending of
lines of force. Therefore, a part of the generated ions is accelerated towards the discharge channel
wall and recombines at the wall surface.*®-*® lon collisions with the wall causes not only thrust>*>*
but also loss in the input energy. As a result of ion bombardments, the discharge wall temperature
increases and 10 — 20% of the input power is consumed in this wall heating.>>%® Moreover, the
ion bombardment erodes the discharge channel wall at, typically, 15 — 20 pug/h®* and restricts the
thruster lifetime.>>>’ It is shown in Ref. 38 that decreasing the input power miniaturizes the
discharge channel and decreasing the volume-to-surface ratio makes the ion bombardment more
effective.

1.3. lon-wall-loss mitigation campaigns in electrostatic accelerator

To address the above mentioned problems, several ion-wall-losses mitigation method have
been proposed.®-72 Hofer et al. proposed the concept of “magnetic shielding”, where an
acceleration channel design is combined with that for an applied magnetic field so that ion
collisions against the discharge channel wall are mitigated with a superimposing magnetic field
along the channel wall. The effectiveness of this scheme was demonstrated for 6-kW class
laboratory Hall thrusters.®2%2 However, the scheme is still under development, especially in a
power range lower than 1 kW operation.®® Mazouffre et al.”* proposed the “external discharge
Hall thruster”, where both ionization and electrostatic acceleration occur outside the discharge
channel. Due to the diffusion of accelerated ions caused by curved magnetic field the thruster
performance deteriorated.”? Fisch et al.®* proposed a cylindrical Hall thruster, which consists of
an upstream annular part and a downstream cylindrical part and have a cusped magnetic field in
the effective acceleration region to make the accelerating electric field slightly inclined inward
the radial direction for mitigating ion bombardments. Figure 1.3(a) shows the schematic of a

cylindrical Hall thruster. Based on thrust measurements,® the thruster performances were ue ~ 15
4



km/s and F/P ~ 40 mN/KW. These approaches of magnetic shielding, external discharge, and
changing discharge channel geometry are based on the conventional Hall thruster principles of

trapping electrons by a radially magnetic field dominant configuration.

Dielectric wall

Hollow cathode “ Hollow cathode w
Ll Ll

l

i

Neutrzi’ — "I AHOM UU

Anode h—— magnetic field . _._._. Cusped magnetic £
(0.01T class) Neutral field (0.1T class) Electric field

Electric field
(@) Cylindrical hall thruster® (b) High efficiency multistage plasma thruster’

Hollow cathode

|
. . . RF Plasma H
Anode Diverging magnetic electron density : 10'8 1/m3 :

field (0.01T class) electron temperature : 10 eV
Neutral E el D D D D D DD D D L L e T
n Anode /
Electric field Filament cathode A
"""""""" Diverging magnetic
field (0.1T class)
(c) End-hall thruster™ (d) Helicon electrostatic thruster®®

FIG. 1.3 Schematics of ion trajectory control by using applied magnetic fields.

THALES Electron Devices GmbH in Ulm developed another concept of a High Efficiency
Multistage Plasma (HEMP) thruster.”® Figure 1.3 (b) shows the schematic of a HEMP thruster.”
In this scheme, an axisymmetric discharge chamber is magnetically separated, between the
upstream anode and the downstream cathode, by a cusped magnetic field into several stages.
Because of strong magnetic field at each cusped region, axial electric field parallel to the discharge
chamber wall is maintained and ions are accelerated towards the exit. However, in the “external
discharge” approach also, ion beams are extracted with a large diverging half-angle due to the
large curved magnetic field at the final stage of the cusped region and hence deteriorate the

thruster performance.



Confining plasmas by a magnetic nozzle is another possible method to mitigate ion-wall
collisions.” Ahed et al.”® proposed a critical magnetic field strength above which high-
confinement operation is achieved in a helicon plasma thruster, which expands helicon plasma
through the diverging magnetic nozzle without direct current discharge for acceleration.’”
However, based on the energy conservation law, the average ion Kinetic energy in exhaust plume
is limited by the plasma enthalpy in the plasma source. Therefore, compares with electrostatic or
electromagnetic accelerators with a pair of anode and cathode, the expected thrust level is a few
millinewtons with a relatively low specific impulse.”® Kaufman et al.” developed an End-Hall
thruster (or ion source), which is an electrostatic ion accelerator and combines the diverging
magnetic field and a pair of electrodes: a schematic is shown in Fig. 1.3(c). The End-Hall thruster
has a diverging section in its anode and central filament cathode. A conical “potential well” is
formed over the anode inner surface so that the accelerated ions bounce back and forth against the
well, and the extracted ion beam has a wide angular distribution. This configuration is suitable for
plasma processing rather than space propulsion application because it uniformly distributes ion
beams over a large diverging angle.

Harada et al.®° developed another type of electrostatic thruster, named “Helicon Electrostatic
Thruster (HEST)”, which has a radio frequency (RF) plasma source connected to an electrostatic
acceleration part. Figure 1.3(d) shows the ion acceleration concept of HEST. A diverging magnetic
field was applied between an upstream ring anode and a downstream hollow cathode. The
magnetic lines of force are greatly modified downstream by permanent magnets and soft iron
yokes, generating a magnetic field free region where the field strength is less than 3 mT. The
hollow cathode is set in this field free region. Assuming that emitted electrons from the hollow
cathode diffuse along the magnetic lines of force, the space potential at center axis is kept at the
cathode potential. Radial inward electric field expected to be induced between the anode and the

cathode potential center axis and ions generated at the RF plasma sources are accelerated toward



the center axis. Hence, ions are accelerated toward the direction, which is apart from the discharge
channel wall and the ion bombardments are expected to be mitigated.

This brief review shows that mitigating ion bombardment with keeping high thruster
performance has not been achieved. Suppressing the divergence of the ions in radial magnetic
field is difficult due to the large curvature of the lines of force. As expected in Ref. 80, electrostatic
ion acceleration in diverging magnetic field has a possibility to consistent the ion bombardment
mitigation with higher thruster performance.

1.4. Research objective and thesis outline

The objective of this thesis is to demonstrate high impedance ion acceleration in diverging
magnetic field by integrating several elemental technologies: maintaining high impedance
discharge in a strong magnetic field, electrostatic ion acceleration in diverging magnetic field, and
enhancing ionization near the anode.

In Chapter 2, the experimental apparatuses and data analysis procedure for each parameter are
described in detail. Two types of vacuum chambers (Chamber-A and Chamber-B) were used for
thrust measurement and plasma diagnostics. A pendulum-type thrust stand measured tens of
millinewton-class thrust. Thrust stand calibration method and procedure to correct the
electromagnetic interaction forces are also described. In this experiment, five types of plasma
diagnostic tools were used. The measurement principle, data analysis procedure, and error
analysis for each diagnostic tool are described in detail.

In Chapter 3, high impedance, electromagnetic acceleration in diverging magnetic field is
focused. The direct current discharge in diverging magnetic field is utilized in
magnetoplasmadynamic (MPD) thruster* in which both ions and electrons are accelerated by an
electromagnetic force!® in low impedance condition, i.e. large discharge current and low discharge
voltage!” (see black symbols in Fig. 1.1). In this chapter, the hollow cathode is utilized as a
discharge cathode in applied field type MPD (Af-MPD) thruster and demonstrate the high

impedance, direct current discharge in diverging magnetic field with up to 265 mT of strength.
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The power consumption in the anode sheath, as one of the main power loss mechanisms, is also
discussed.

Chapter 4 describes the contributions of pre-ionized working gas injection scheme in an
electrostatic ion acceleration in HEST operation. The acceleration performances are characterized
by the input RF power. In short, small amount of the RF power enhances ionization and
acceleration of the working gas; however, excessive amount of the RF power is only consumed
for generating low energy, doubly charged ions with high ion generation cost. The thrust efficiency
will be governed by the input power balance between ion generation and electrostatic acceleration.
In the last section of this chapter, the optimum input power balance to maximize thruster
performance is discussed.

In Chapter 5, wall-less ion acceleration demonstrated by diverging magnetic field electrostatic
thruster (DM-EST) is demonstrated. Owning to an electron cloud in the downstream region, the
generated potential structure had small potential drop near the anode and large potential drop from
the exit of the diverging magnetic field. The magnetic field strength and its distribution inside the
ring anode affect both ionization and electrostatic acceleration characteristics. By strengthening
the magnetic field only near the ring anode inner surface, high electron number density region of
10%° m3appears locally near the ring anode inner surface. lons are accelerated from anode

potential by obliquely inward electric field and extracted as ion beam.



Experimental apparatuses and procedures

In this chapter, experimental apparatuses and procedures are described in detail. In this
experiment, two different vacuum chambers named as Chamber-A and Chamber-B were used. In
Chamber-A, direct thrust measurements were conducted by using a gravity pendulum type thrust
stand (see Section 2.2). Chamber-B is smaller in size and has a traverse system consisting of a
two-axis, automatic linear stage and a stepping motor.

2.1. Vacuum Chamber
2.1.1. Chamber-A
2.1.1.1.Vacuum pumping systems of Chamber-A

Chamber-A is made of stainless steel, and has a cylindrical shape with an inner diameter of
2000 mm and axial length of 4000-mm. The inner surface is of Chamber-A polished to a grade of
#600. Figure 2.1 shows the schematics of Chamber-A. Chamber-A is evacuated from atmospheric
pressure to 200 Pa by a rotary pump (2100SD, adixen Vacuum Products) with an exhaust speed
of 33.3 I/s followed by a turbo molecular pump (3203LMC, SHIMAZU Corporation) with an
exhaust speed of 3200 I/s. An air-cooled chiller (CF700, cooling capacity; 0.7 kW, Yamato
Scientific Co., Ltd.) is used for the water-cooling of the turbo molecular pump. The ambient
pressure inside Chamber-A is measured at one-end at the downstream surface of the chamber, by
using a Pirani gauge (GP-1S, ULVAC, Inc.) and an ionization gauge (GI-TL3, ULVAC, Inc.).
Because the ionization gauge is calibrated in N2 gas, a conversion factor of 1.34 is used to correct
the measured pressure value. The ultimate pressure is 1.0x10° Pa. With an argon supply of 0.41,

1.25, and 2.08 mg/s, the ambient pressure inside Chamber-A was 6.0x1073, 18x103, 30x107 Pa,



respectively. Chamber-A has a VF-400 flange in its upper surface. The gravity pendulum type
thrust stand for direct thrust measurement is connected to the VF-400 flange. The thrust stand also
works as a feed-through for solenoid-coil-current, propellant, and cooling water. The details of

the thrust stand are described in section 2.2.

Discharge/keeper current X Leak valve
feed through | [ Chiller 1 || TMP —BK (P)

Chiller 2 NC Rotary pump
M [ GV _
| t
VF-400 flange N#M=
w/ thrust stand | 140 sccm MFC

H Y S 1] )
! valve

Coil curfent, propellant,
cooling water feed through 280 sccm MF

| [ Ar, 99.9999% }Dh%ﬁ*l: |

i VF-400 flange Coil current, propellant, cooling water,
i w/ thrust stand feed through

L]

Discharge/keeper
current feed through

¢©2000 mm
[
[
i
l“"ﬁ
i
!

Lead wire

I A R -

! 4000 mm |
FIG. 2.1 Schematics of Chamber-A.
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2.1.1.2.Feed systems

In this dissertation, argon (purity; 99.9999%) was used for as the propellant. The propellant
supplied through a 1/4 in. stainless steel tube and a 1/4 in. urethane tube. The internal pressure of
the supplying tube was regulated to about 0.2 MPa, and branched into two flow lines: one for the
main discharge and the other for the hollow cathode discharge. To control the flow rate in each
flow line, two mass flow controllers (MODEL3660, KOJIMA INSTRUMENTS INC.) were used.
The maximum argon flow for each mass flow controller was 280 sccm for the discharge flow line
and 140 sccm for the hollow cathode flow line. To control each of the mass flow controllers, lead-
out units CR-200 for discharge line and CR-300 for the hollow cathode line were used, both made
by KOJIMA INSTRUMENTS INC. The flow control accuracy is 1% of the maximum value.
After these mass flow controllers, both flow lines are connected to the propellant feed—-through,
which located at the top part of the thrust stand. Inside the thrust stand arm there are four 1/4 in.
copper tube. One of the copper tubes supplies propellants to the thruster and to the hollow cathode.
The rests of the tubes are used for supplying cooling water. In order to improve the response time
of the flow controls, both mass flow controllers located near the propellant feed-through.

In these experiments, steady-state operation characteristics were investigated. To avoid the
melting of the anode and the breakdown between solenoid coil wires, an air-cooled chiller (PCU-
6300R, cooling capacity: 6.3 kW, Apiste Corporation) was used for both the anode and solenoid
coil water-cooling. Distilled water was used as coolant. The coolant line of the anode was
connected to that of the solenoid coil in series. The coolant was supplied through the 1/4 in. copper
tube inside the thrust stand arm. The cooling water circulated from the solenoid coil to the anode.

Electrical power for both the discharge and hollow cathode operation were supplied through
a current feed-through, which located at the side flange of Chamber-A. The solenoid coil current
was supplied through the 1/4 in. copper tubes, which also used for supplying cooling water.

Chamber-Awas electrically grounded for safety. Power supplies for the discharge, hollow cathode

11



operation, and solenoid coil were all direct current type and controlled in constant current (CC)

mode. The specifications of each power supply are summarized in Table 2.1.

Table 2.1 Power supplies used in the experiments in Chamber-A.

Application CCICVIRF Model number Manufacturer Specification
Main discharge CcC HX01000-12M2] Takasago Ltd. 1000V, 36 A
CcC HX01000-12M2Bx%2
Hollow cathode CcC Kaufman &
) KC8002 _ 800V, 2A
discharge Robinson Inc.
. . CcC Kikusui
Solenoid coil PWR1600L ) ~80V, ~100 A
Electronics Corp.
CC Keysight
N8761A 300V, 17 A

Technologies

2.1.1.3.Data acquisition systems

All telemetry signals were collected by an oscilloscope (DL750, Yokogawa Meters &
Instruments Corporation) with plug-in modules (701250, 12 bit resolution, Yokogawa Meters &
Instruments Corporation) at a sampling rate of 100. A discharge voltage (voltage difference
between the anode and the cathode) and a keeper voltage (voltage difference between a keeper
electrode and the cathode) were measured with high-voltage probes, connected parallel to the
discharge circuit; P6015A (damping ratio: 1000:1, TEKTRONIX, Inc.) for the discharge voltage
and P5100A (damping ratio; 100:1, TEKTRONIX, Inc.) for the keeper voltage. The ambient
pressure inside the Chamber-A was recorded by using a monitor signal (linearity: + 15%) from
the ionization gauge.
2.1.2. Chamber-B

2.1.2.1.Vacuum pumping systems of Chamber-B

Chamber-B is made of stainless steel, has cylindrical shape with 1200mm inner diameter and
3200 mm axial length. The inner surface of Chamber-B is polished to grade #320. Figure 2.2
shows the schematics of Chamber-B. Chamber-B is evacuated from atmospheric pressure to less

12



than 10 Pa by a dry pump (AA70WN-H, EBARA International Corporation) with an exhaust
speed of 116.7 I/s followed by an evacuation to the order of 10~ Pa by a cryopanel cooled below
15 K. For the cooling of cryopanel, a cooling unit consisting of a cryopump (CRYO-U20, exhaust
speed: 8200 I/s, ULVAC CRYOGENICS Inc.) and a compressor (C30, ULVAC CRYOGENICS
Inc.) were used. The dry pump was operated by an N2 gas (purity: 99.99%) supply. The dry pump
and cryopump were water-cooled by an air-cooled chiller (RKE220Ba-V-G2, ORION Machinery
Co., Ltd.). Distilled water was used as a coolant. The dry pump and cryopump were connected to
the air-cooled chiller in parallel. The ambient pressure inside Chamber-B is measured as well in

Chamber-A. The ultimate pressure of Chamber-B was 1.0x107 Pa.
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current A

Leak valve

Roughing valve

A

utomatic positioning stage

! Auto Leak valve [ N,, 99.99%
' matching box |
11l 1

RF generator ] Chiller 3

§ 1 3200 mm

A\

FIG. 2.2 Schematics of Chamber-B.
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2.1.2.2.Feed systems of Chamber-B

Similarly to Chamber-A, the flow-rate-controlled propellants were supplied to the thruster
and to the hollow cathode. For the controlling of the flow-rate, the same mass flow controllers
and controlling units were used as in Chamber-A. However, a mass flow controller with the
maximum flow rate of 20 sccm was used for thruster flow-rate controlling.

The thruster operated in Chamber-B equipped with a solenoid coil. For the cooling the
solenoid coil, an air-cooled chiller was used (CF1100, cooling capability: 2.9 kW, Yamato
Scientific Co., Ltd.). Distilled water was used as a coolant. The cooling water was supplied from
the bottom port of the solenoid coil case and flowed out from the upper port.

The specifications of the power supply are summarized in Table 2.2. Electrical power for the
main discharge, hollow cathode operation, solenoid coil, and for plasma diagnostics were supplied
through a current feed through which located at the side flange of Chamber-B. Chamber-B was
electrically grounded for safety, and all view ports had been covered by electromagnetic shielding
films. Power supplies for the main discharge, hollow cathode operation, solenoid coil, and plasma
diagnostics were all direct current type. For generating radio frequency (RF) plasma, an RF
generator (RFK50ZH, frequency; 13.56 MHz, Kyosan Electric Mfg. Co., Ltd.), connected to an
automatic impedance matching circuit (MBK50, Kyosan Electric Mfg. Co., Ltd.) was used. By
using the auto-matching function, the output RF power from the RF generator and the reflected
RF power from the residence circuit were monitored in real time. The RF generator was controlled
by a dedicated controller. Both the RF generator and the automatic impedance matching circuits
were water-cooled by an air-cooled chiller (CF1100, cooling capacity: 2.9 kW, Yamato Scientific
Co., Ltd.). The output RF power was transmitted to the thruster through a 600-mm long coaxial
power line. The power line had a 1/4 in. copper core and a 1 in. copper shield sleeve (inner
diameter: 22.4 mm). Between the core and the shield there is a dielectric substance made of Teflon.
From the value of the relative permittivity of Teflon, the power line has a characteristic impedance

of 52 Q.
14



Table 2.2 Power supplies used in the experiments in Chamber-B.

Application CC/CVIRF Model number Maker Specification
Main discharge Ccv N8761A Keysight Technologies 300V, 17 A
Hollow cathode CcC Kaufman & Robinson

) KC8002 800V, 2A
discharge Inc.
. CcC Kaufman & Robinson
Solenoid coil BC12015 Inc 120V, 15A
RF (13.56 MHz) Kyosan Electric
RF generator RFK50ZH ) 5.0 kw
Manufacturing Co., Ltd.
: . CV (bipolar) . +200V, ~15
Plasma diagnostics NF4520 NF Corporation A
Cv Kikusui Electronics 250V, 0.25
PMC-250-0.25A
Corp. A
Cv Kikusi Electronics
PWR 800L ~80V,~80A
Corp.

2.1.2.3.Data acquisition systems

All electrical signals were collected by an oscilloscope (DL850, Yokogawa Meters &
Instruments Corporation) with plug-in modules (701250, 12 bit resolution, Yokogawa Meters &
Instruments Corporation) at a sampling rate of 100 Hz. The discharge voltage was measured with
a high voltage probe (P6015A, damping ratio: 1000:1, TEKTRONIX, Inc.) connected in parallel
to the discharge circuit. The keeper voltage was calculated based on the monitor signal from the
hollow cathode power supply. The discharge current was calculated from the voltage drop on a
resistance (10 £ 0.5 mQ, rated input power: 4 W) connected in series to the discharge circuit. The
ambient pressure inside the Chamber-B was recorded by using the monitor signal (linearity: +
15%) from the ionization gauge.
2.1.2.4.Diagnostics positioning systems

Chamber-B has a traverse system consisting of a two-axis (X and Y) automatic linear stage
and a stepping motor. Figure 2.3 shows the schematic of the traverse system; X and Y axis of
moving directions are also shown. For the X- and Y- axis motion movements, electrical actuators

XA-50L-400 and XA-42L-200 (both made by SUS Corporation) were used. The stroke-length in
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X-and Y-axis was 400 mm and 200 mm, respectively. The position accuracy was 0.1 mm in both
axes. For the controlling of the electrical actuator controlling, dedicated software (XA-PA4, SUS
Corporation) was used. On the Y-axis stage, a stepping motor (PK56, Oriental Motor Co., Ltd.)
with a power unit CRD514-KD was attached for inserting plasma diagnostics probes (see sections
2.3.4 and 2.3.5). The stepping motor was controlled by dedicated software (MEXEOQ2). The
accuracy of angular positioning was 0.1 deg. For the support of a plasma diagnostics probe, the
stepping motor has a stainless steel L-shaped tube (outer diameter: 8.0 mm, inner diameter: 6.0

mm). The probe axis was oriented parallel to the center axis of the thruster.

Automatic linear stage

Stepping motor \

SUS tube
0O.D.=8.0 mm, I.D. = 6.0 mm

v

-—-I.o- Thruster center line

150 mm

FIG. 2.3 Schematic of the probe traverse system for double and emissive probe measurements.

For the retarding potential analyzer (RPA, see section 2.3.1) and nude Faraday probe (see
section 2.3.2) measurements, a swing system consisting of a stepping motor and a 250-mm-lomg
stainless steel swing arm was used. Figure 2.4 shows the schematic of the swing system. The
center axis of the RPA or nude Faraday probe was adjusted to the same level as the center axis of

the thruster by using an aluminum rod.
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Retarding Potential Analyzer (RPA)

FIG. 2.4 Schematic of the swing system for RPA and nude Faraday probe measurements.

2.2. Thrust stand

A pendulum-type thrust stand of the same type as that of described in Ref. 81, consisting of
a stand arm, vacuum bellows, and two bearings, was used to measure the thrust. Figure 2.5 shows
the schematic of the thrust stand. The bellows and bearings were assembled on the vacuum
chamber flange interfacing between the vacuum and the atmosphere. The radial load exerted to
the bearings was compensated by adjusting the vertical position of the bearings under operating
conditions, so that the frictional force exerted on the bearings, which degrades the thrust resolution,
was effectively eliminated. The stand arm comprised of copper tubes inside its body, through
which the cooling water and propellant were supplied. The displacement of the pendulum was
amplified by an 1100 mm aluminum arm located outside the chamber and was sensed by a linear
variable differential transformer (LVDT) (LVDT1301-2, Shinko Electric Co., Ltd.).

The thrust stand was calibrated using an arrangement of weights, a pulley, and a DC motor
under identical vacuum conditions to those of during thruster operations.®? The DC motor rotated

the pulley to change the number of weights for varying the load applied to the thruster. The mass
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of the weights was measured by using an electric scale (AW320, SHIMAZU Corporation). As the
load was varied, the signal voltage of a differential transformer was measured three times. Figure
2.6 shows a typical calibration curve. The average value for each load was fitted by a least square
method and a regression line was obtained. For loads from 0 to 49 mN, linearity was confirmed,
with the regression line with a correlation coefficient of 0.997. In this calibration, the effect of the
error of the measurement of the mass of the weight on the calibration factor was £ 0.02 mN/V.
This corresponds to + 2.0x10°3 mN, which is 0.01% of the thrust range of 26 mN, measured in
this study. The thrust stand arm oscillated about the fulcrum with an oil dumper, without a
feedback control system. Operating the vacuum pumps and supplying cooling water for the anode
and solenoid coil caused vibration of the gauge head of the LVDT with an amplitude of 0.8 mm.
Due to this oscillation, the thrust stand resolution was 0.2 mN, which was 0.8% and 5% of the

measured maximum and minimum thrust value, respectively.

Cooling water and

Bearing propellant tube
Vacuum
bellows

ﬁ—'_l L=

Chamber A —x Linear variable
wall differential transformer
. . (LVDT)

DC motor 1

Pulley
Thruster
Weight

FIG. 2.5 Schematic of the thrust stand with calibration system.
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FIG. 2.7 Measured tare force Fiare With J¢ = 10 A.

The electromagnetic interaction exerts a force on the current loops (tare force, Frare). Figure

2.7 shows the measured Fre With constant Jg of 10 A. To obtain Fure, the thrust was measured

while connecting the anode and cathode.

Figure 2.8 shows the typical time history of the LVDT signal. Taking the tare force into

account, the thrust Fex, was calculated from the following equation:®2

= Fl - FZ - Ftare . (21)
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Here, F1 is the time averaged LVDT signal during the thruster operation and F is that of after the

thruster operation.

EETAWAWAW /R

Time zone 1| Time zone 2

LVDT signal
0.1 V/div
]

- -t

Time, 2.0 s/div.

FIG. 2.8 LVDT signal time history. The thruster operates in time zone 1.

2.3. Plasma diagnostics

In order to obtain plasma parameters in the discharge channel and the exhaust plume, plasma

diagnostics were conducted as follows.

B lon energy distribution function (IEDF) and average ion beam energy measurement by a
retarding potential analyzer (RPA).

B Integrated ion beam current and ion beam divergence half-angle measurement by a nude
Faraday probe.

B Current fractions of each charge-state ion in the exhaust plume by an ExB probe.

B Electron number density and electron temperature measurement by a double probe.

B Space potential measurement by an emissive probe.
In this section, each measurement system and parameter calculation procedures are described

in detail.

2.3.1. Retarding potential analyzer (RPA)

A retarding potential analyzer (RPA) has metal grid electrodes and works as a high-pass-filter

for ion energy.®® The cut-off energy eVrea varies as the applied voltage to the grid electrode. The

RPA also has an ion collector. lons that have a larger energy than the cut-off energy can pass

through the grid electrodes and collected at the ion collector. If the value of the Vrea and the
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collected ion current Jc is known, then the IEDF can be calculated. The kinetic energy of the

incoming ion is expressed in Eq. (2.2) by using potential difference V

eV :%m.uz. 2.2)

Here, e, m;, and u are elementary charge, ion mass, and ion velocity in the exhaust direction with

the assumption of a one-direction motion. From Eqg. (2.2), we have

du= /%%v *2qv. (2.3)

Using the velocity distribution function fy(u), Jc is expressed as follows:

J,=en Ajuf, (u)du=enA [ ﬂfg(v)\/%%vwdv

evrea | 1M
e’n A =
=— f(V)dV.
m; BVJPAg( ) (2-4)

Here, nj is ion number density, A is effective ion collection area, and f;(V) is the IEDF. Jc is

composed only ions whose energy is higher than eVrpa. Therefore,

dJ e’n A
A\ 2.5
Ve~ m V) (2.5)

From Eq.(2.5), IEDF f,(V) is calculated by differentiating Jc with respect to Vrea.

Figure 2.9 shows the schematic of the RPA. It consists of three stainless steel grids (mesh size:
0.28x0.28 mm, blockage ratio: 66%), Photoveel spacers for isolating each of the grids, and a
copper ion collector for the measurement of J.. The RPA cover, which made of stainless steel, was
connected to ground. The electric potentials of each grid were applied with respect to the cathode
potential. The first grid set to a floating potential. Because the floating potential was lower than
the space potential, incoming electrons were repealed. Moreover, the first grid decreased the

plasma number density below the first grid to increase the Debye length Ap:*

goKT,
Ap = eozne : (2.6)
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Here, o, K, Te, and ne are permittivity of vacuum, the Boltzmann constant, electron temperature,
and electron number density, respectively. Based on double probe measurements (see section
2.3.4), typical ne and Te values around the RPA position were 10 m™ and 5 eV, respectively.
Assuming that the sheath thickness is five times larger than the Debye length,8* the grid size (0.28
mm) is smaller than the sheath thickness (1.25 mm). Therefore, on the second and third grid, the
applied voltage infiltrated in the grid space. The second grid was negatively biased to 100 V with
respect to the cathode potential by using a direct current power supply (PMC-250-0.25A, Kikusui
Electronics Corp.) to repeal electrons. The third grid selected the incoming ions by varying its
potential Vrea With respect to the cathode potential. The value of Vrea varied from -20 V up to
440 V in 1 Hz steps, by using a bipolar power supply (NF4520, NF Corporation). The copper ion
collector was negatively biased to 30 V with respect to the cathode potential by using a direct
current power supply (PWR800L, Kikusui Electronics Corp.). The collected ion current was
calculated by using the voltage drop on the connected precision resistance (15 kQ + 150 Q)

connected in series.

Cathode ® ¢
Electron repel 1 Ion selectJ_?aO v
100 V -[ = Vapa j -
. — % Signal
T :| v | | voltage
e30 mm | i —
X — J;
- h

First Grid —
Second Grid —
Third Grid —

\\ Ceramic insulators

Ion collector

FIG. 2.9 Schematic and electrical circuit of the RPA.
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FIG. 2.10 1-V characteristics of the normalized ion current Jc —and the voltage Vrea Of the RPA’s
third grid of the RPA measurement (left axis) in Vq = 200 V. The calculated IEDF is also shown
(right axis).

Figure 2.10 show a typical current — voltage characteristic of the RPA measurement. The black
line shows J. normalized by an average value in Vrea < 0 V. As shown by the red line, the
normalized Jc was smoothly fitted to the superimposed Gaussian function by using a least square
method. The IEDF (blue line) was calculated by differentiation of the fitting curve with respect to
Vrea. The calculated IEDF had two peaks at Vrpa = @s and Vrea = ¢p. Because Vrea varied with
respect to the cathode potential, the first peak (Vrpa = ¢s) corresponds to the space potential at the
position of RPA. The second peak (Vrra = ¢b) corresponds to the average energy of the accelerated
ions by the thruster operation. As shown in Fig. 2.10, both first and second peaks have energy
dispersion. The energy dispersion mainly comes from the charge exchange collisions in the
exhaust plume®® or/and ionization position dispersion.® For the latter case, the energy dispersion
decreases as the propellant flow rate increases.®” Another possibility is the incident angle of
injecting ions to the RPA. Because the RPA oriented perpendicular to the exhaust direction, only
the axial component of the kinetic energy of the ions was taken into account. If the injecting ions
have an incident angle, the energy of ions will distribute in the low-energy region. As shown in
Fig. 2.10, there are ions that have a higher energy than the discharge voltage (in the case shown

in Fig. 2.10, the discharge voltage was 200 V). However, quantitatively identifying the origin of
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the dispersions is difficult and the dispersions are also affected by facility-induced collisions.®
Because of the facility-induced effects, quantitative investigation of the dispersions is meaningless.
In this dissertation, the ion beam energy, for characterizing the experimentally-measured ion beam
energy distribution without quantifying the dispersions, is defined as:
Ei=0, -9, (2.7)
2.3.2. Nude faraday probe
To measure the integrated ion beam current Ji and the ion beam divergence half-angle <6>, a
nude Faraday probe®® was used. Figure 2.11 shows the schematic of the nude Faraday probe.
The nude Faraday probe has an ion collector part on its center and a coaxially guard ring. Both
the ion collector part and the guard ring were made of copper. The ion collector has a circular
shape with a diameter of 12 mm and the guard ring has an inner diameter of 13 mm and an outer
diameter of 23 mm. The gap between the ion collector part and the guard ring was 0.5 mm. Both
the ion collector part and the guard ring was negatively biased to 50 V by using a direct current
power supply (PWR800L, Kikusui Electronics Corp.) with respect to the cathode potential to
collect ions and repeal electrons. The Faraday probe is surrounded by an ion sheath. In practice,
the effective ion collector area is not equal to the plasma-exposed area of the ion collector part,
because of the sheath-edge effect. The guard ring suppresses the sheath-edge effect. As the sheath
thickness is 1.0 mm (see section 2.3.4), a plane and uniform sheath can be formed in front of the
ion collector part, because the gap is smaller than the sheath thickness. As a result, the effective

ion collection area equals to the plasma-exposed area of the ion collector part.*

- lon sheath edge

50V
1 kQ I—O Cathode

¢23 mm

170
Signal voltage

FIG. 2.11 Schematic and electrical circuit of the nude Faraday probe.
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The nude Faraday probe was installed on the swing system (see Fig. 2.4) and the swing to the
azimuthal direction in the horizontal plane on the axis. Here, angle 6 is defined with respect to the
center axis of the thruster (see Fig. 2.2). The swing radius R was set to 250 mm and & ranged from
-n/2 to /2. With varying 6, the ion current was calculated based on the voltage drop on a resistance
(1 k) connected in series. An ion current density at angle 6, ji(0) was calculated by dividing the
measured current by the ion collector part area. Figure 2.12 shows a typical ion current density j;
dependence on the rotation angle 6. Assuming that the exhaust plume is axisymmetric, the

integrated ion beam current Ji can be calculated as

J, = ERZKZZ ji(9lsin9|d6’/(l+ 7). (2.8)
Here, a secondary electron emission is taken into account. The secondary electron emission
coefficient y for single ionized argon impact, with less than 1.0 keV incident energy is 0.05 — 1.2
for the Ar* — Cu impact.®® The ion beam divergence half-angle <6> is calculated by Eq. (2.9):%

[7, ;(0)sin6|cosede

0) =
(cos?) jf;jz ji (0)sing|do

(2.9)

In each operating condition, ji(0) was measured at least twice in both from the -z/2 to #/2 direction
and the #/2 to -z/2 direction. The following figure about Ji and <#>; an average values of each

trial and their standard deviation are shown in symbols and error bars, respectively.

12 ¢

10 |
08 |
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FIG. 2.12 Dependence of the normalized ion current density j; on rotation angle 6.
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2.3.3. EXB probe

To calculate the current fractions of each charge-state ion, an ExB probe was used. The ExB

probe works as a band-pass filter for the velocity of incoming ions.®® lons that have a velocity

within the specific range can pass through the electromagnetic field applied in the ExB probe,

and are collected as ion current Jexs. Figure 2.13 shows the schematics of the ExB probe. The

ExB probe is composed of an entrance collimator, an ExB deflection section, an exit collimator,

and a copper ion collector. The ExB deflection section selects ions based on their incoming

velocity and both the entrance and the exit collimators enhance the selection accuracy. In the ExB

deflection section, a uniform magnetic field B is applied by a permanent magnet and a soft iron

yoke. A set of electrodes, with inter-electrode distance d apply an electric field E, perpendicular

both to the magnetic field and exhaust velocity.

88 mm

Metal mesh

300 mm

| Permanent magnet :

10 mmé
L

,
] i

ANV N AN =

¢ 4.2 mm orifice ¢2.0 mm orifice
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I
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ion collector

—il

/
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\

Electrodes s
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FIG. 2.13 Schematic and electrical circuit of the ExB probe.

The working principle of the ExB probe is as follows.% E, B, and ion velocity u are defined

in a rectangular coordination system. Here, E and B are uniformly applied inside the ExB

deflection section in one direction only:
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0 0 Ui,
E=|E,|,B=/0],u=0 (2.10)
0 B, 0

Here, Ey, B, and uiz are the y-axis component of E, z-axis component of B, and the Z-charged ion
velocity, respectively. In this experiment, the charge state Z is a positive integer. For moving a

single ion of charge state Z, the equation of motion is

m,, ?j—l::eZ(E+u><B). (2.11)
Here, miz is the mass of the Z-charged ion. Substituting Eq. (2.10) into Eq. (2.11), we get
du
m,, d—tX:eZ(Ey +u,,xB,). (2.12)

For the ion to move through the ExB deflection section linear motion of a velocity of uexs, the

right-hand-side of Eq. (2.12) needs to be zero.

Il
©

eZ(E, +Ug.q xB,)
E, Vee (2.13)

B, B,d’

Here, Vexs is a relative voltage difference between the two electrodes. Therefore, in the uiz # Uexs
case, the trajectory of the ion depends on the magnitude of the correlation between uy and uexs. If
Uiz < Uexs Is satisfied, the electrostatic force, represented by eZE in Eq. (2.11), is larger than the
Lorentz force, eZ(u x B)in Eq. (2.11). In this case, the ion is deflected towards the negative
potential side of the electrode. On the other hand, in the uiz > uexs case, the Lorentz force is larger
than the electrostatic force, and the ion is deflected towards the positive potential side of the
electrode. Because B.d = const. in Eq.(2.13), uexs depends only on Vexe. In principle, assuming a
collision-less motion inside the ExB probe, only the ions that satisfy uiz = uexs can pass through

the ExB deflection section. The expected Jexs is

V X
Jew = ;ezni,ZuExBA: ;ezni,z BECE; A. (2.14)

z
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Here, niz is the number density of Z-charged ions and A is the effective ion collection area. From
Eq. (2.14), Jexs varies with Vexs. From the Jexe — Vexs characteristics, the effective acceleration

voltage of a Z-charged ion Va7 can be calculated.®*% From the conservation law of energy, the

U - 2eZV,, 215
o=t (2.15)
iZ

2e7V,,
V.., =B,d 2z (2.16)
mi,Z

incoming velocity uiz relates to Vaz as

In the uiz = uexs condition,

From Eq. (2.16), Vaz of each charged states can be calculated.

All dimensions of the entrance collimator, the ExB deflection section, and the exit collimator
are determined by the ion trajectory simulation® using Eq. (2.11). In practice, due to the finite
orifice diameter of both the entrance and exit collimators, all the ions with a specific velocity,
which depending on the dimensions of the collimators can pass through the ExB deflection
section. Moreover, if ions have an incident angle with respect to the axis of the ExB probe center,
the accuracy of ion selection also depends on the axial length of the collimators. Decreasing the
orifice diameter and increasing the collimator length improve the ion selection accuracy. However,
at the same time, the signal-to-noise ratio of the Jexs measurement is deteriorated. In this
experiment, the entrance collimator and the exit collimator have a 4.2 mm dia. orifice with a length
of 6 mm and a 2.0 mm dia. orifice with a length of 7 mm, respectively. The length of the ExB
section is 110 mm and the inter-electrode distance d was set to 10 mm. The ion collector which,
with a 5-mm-diameter effective collection area was set 8 mm axially below the exit of the exit
orifice. The relative potential of the electrodes can be varied from 0 to 100 V by using a voltage
applying system, containing a set of function generators (SG-4322, IWATSU Electric Co., Ltd.)
and a power amplifier (NF4520, NF Corporation). Two resistances with 100 kQ were connected

in parallel to the voltage applying system to keep the space potential at the center of the two
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electrodes to ground. Jexsz is calculated from the voltage drop on a 15 kQ resistance, through a
second order low-path filter with a cutoff frequency of 33 Hz.

Figure 2.14 shows a typical current — voltage characteristic of the ExB probe measurement.
The measured Jexsz is normalized by its peak value. The normalized Jexsz fit smoothly to the
superimposed Lorentzian functions, using the least squares method. In Fig. 2.14, these are two
peaks and each peak corresponds to a singly-charged ion (Z = 1, red dashed line) and doubly-
charged ion (Z = 2, blue dashed line). The obtained current fractions of each charge-state ion are
based on the peak height ratio.” The secondary electron emission®® is taken into account. In the
case shown in Fig. 2.14, the current fractions of singly-charged ion and doubly-charged ion are

76% and 24%, respectively.
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FIG. 2.14 Dependence of the normalized ion current Jexsz on the swing voltage Vexs of the
ExB probe measurement.

2.3.4. Double probe

To measure the electron number density ne and the electron temperature Te, a double probe®®
was used. Figure 2.15 shows the schematic of the double probe. In the plasma collection part, a
tungsten wire with a diameter of 0.3 mm and with an effective length of 3 mm was used. The
distance between two wires is 2.2 mm. Each wire is held inside a single bore mullite tube,

connected to a larger double bore alumina tube. The double tier design is used for the cross section
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of the probe in order to decrease the discharge perturbation. The double bore alumina tube is held
by a stainless tube, connected to the probe traverse system (see section 2.1.2.4). The voltage
difference between two wires was varied in 10 Hz steps, by using the same bipolar power supply,
which was used for the RPA (see section 2.3.1). A current | in the wires was calculated by using

the voltage drop on a resistance connected in series.

W wire Torr seal ~ SUS tube Signal voltage
(0.3 mm) v / ( « v
- i R 150 Q H44 °
2.2 mm ;

3 mm Double bores alumina tube solder & heat-

(0.D. =5.5 mm) shrinkable tubing

Single bore mullite tube
(0.D.=1.0 mm, I.LD. = 0.4 mm)

FIG. 2.15 Schematic of the double probe and electrical circuit.

Figure 2.16 shows a typical | — V characteristic of the current and voltage V, of the double
probe measurement. The value of Vp was varied in 10 Hz steps. The ne and Te calculation
procedure were as follows.*® As shown in Fig. 2.16, the measured 1 is fitted to a hyperbolic
tangent curve (red line) for a symmetric cylindrical double probe, with Eq. (2.17) incorporating

the least square method:

Vv
| = Isattanh(zk_l_p /ej+clvp +C,. (2.17)

In Eq. (2.17), the ion saturation current lss, the electron temperature Te, coefficients ci
corresponding to sheath expansion in the ion saturation region and ¢z corresponding to any offset
current due to stray capacitance, are all calculated as fitting parameters. It is noted that the electron
energy distribution function is possibly a bi-Maxwellian distribution due to the beam current from
the hollow cathode. However, double probe cannot obtain the low energy distribution temperature,

because they are limited to collecting the high-energy tail of the electron energy distribution.
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Therefore, the presented Te value is spuriously assumed that the plasma contains single
temperature corresponding to the higher energy distribution owing to this restriction. From lsa and

Te, Ne is calculated from Eq. (2.18), using Bohm approximation'® for the ion velocity:

e M
=i (2.18)

Here, x (= 0.61) is the density decrement inside the pre-sheath and As is electrode collection area.
The effective collection area depends on the sheath surrounding the wires. By using Te and ne, the

Debye length ip can be calculated from Eq. (2.18). The sheath thickness ¢ is then calculated

12
s 2[ 2 TY 1. (m) 1 1, (m,
s e {_5'”&}_31 [‘5'”&}“} .

By using the probe radius rp and the probe exposed area Ay, As follows from Eq. (2.20)% as,

according to®

&z%@+§} (2.20)

p

Substituting Eq. (2.20) into Eq. (2.18), a new ne can be calculated from this new effective

collection area and this process is iterated until convergence.
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FIG. 2.16 Current | — voltage V, characteristic of the double probe measurement.
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2.3.5. Emissive probe
To measure the space potential Vs, an emissive probe!® was used. The principle of the
measurement of space potential is as follows. In plasma, the electric potential of a floating object
Vit is lower than the space potential for adjusting the net current to zero. When an object is heated,
thermionic electrons are emitted from the surface of the object. As a result, the floating potential
moves towards the space potential. However, because of the space-charge effect, Vr obtained by
the emissive probe is lower than Vs %2 The measured V: value was corrected by a factor of
wekTe/el® as
V, =V, +y_ kT, /e. (2.21)
The correction factor yc depends on the Debye length to the filament radius ratio, and it varies
between 0 <y < 1.5 for argon gas. Figure 2.17 shows the schematic of the emissive probe. The
electron emission part is made of a 1%-thoriated tungsten wire bent to a 2.0-mm-dia semicircle.
The diameter of the wire is 0.185 mm and held by a single bore mullite tube, connected to a larger

double bore alumina tube. In general, the electron emission part is Joule heated, by supplying a

heater current Jn to emit sufficient amount of thermionic electrons.1%

WT wire Current monitor

(90.185 mm)
)‘| —

Signal voltage [

RI mm Enamel wires Cu wire
Cathode

FIG. 2.17 Schematic of the emissive probe and electrical circuit.

Figure 2.18 shows the dependence of the floating potential V¢ on the heater current J, at two
different positions on the central axis; the anode inlet (red symbol) and the thruster exit (black

symbol). In the Jn < 4.5 A case, V¢ is kept constant. As J, increases above 4.5 A, Vr increases
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rapidly and saturates in the case of J, > 5.5 A. For the measured V¢ the J, > 5.5 A case is used, and

Jn is kept above 5.5 A during the floating potential measurement.
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FIG. 2.18 Dependence of the floating potential Vr on heater current Jy at two different positions
on the central axis; the anode inlet (red symbol) and the thruster exit (black symbol).

2.3.6. Error analysis in double probe and emissive probe experiments

In particular, introducing probes into a bulk plasma may cause non-negligible perturbations
to the thruster discharge.!%51% The disturbances influences the thruster operation characteristics
and plasma properties, especially around the probe location. The former effects can be
characterized by the discharge current Jq. Figure 2.19 shows the measured Jq at each double probe
measurement positions, Zprove, at rprobe = 0 and 10 mm in a Type A magnetic field (see, Fig.5.2).
The cylindrical coordinate definition is described in section 5.2. By inserting the double probe in
the downstream region (zprove > 115 mm), the difference in the values of Jq with and without the
double probe operation was smaller than 2%. The difference in Jqg was largest, up to 12% (absolute
value), at zprobe = 0 mm, then decreased lowering its location. In 30 mm < Zprone < 115 mm, the
highest difference in Jq was 7%. The insertion of the probe influences the plasma properties, as
Staack et al.1" reported that due to the secondary electron emission from probe body, inserting

the probe causes the decrement of the electron temperature. However, in this dissertation, the data
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for quantitative validation of the secondary electron emission effect did not obtained. The electron
number density has a weak dependence on the electron temperature (see Eq. (2.18)). In the
ionization and acceleration region, the space potential exceeded 100 V and several electron volts
of uncertainty in electron temperature does not change the distribution of the space potential; in
Eq. (2.21), Vs is much larger than wckTe/e. The value of Te presented in this dissertation can be
underestimated, however, this decrement do not have a significant effect on the distribution of

plasma parameters.
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FIG. 2.19 Probe perturbation distributions on Jq at two different radial positions rprope.

Because the double probe and the emissive probe are used in floating voltage, the dominant
influence of the probe insertion depends on the sheath thickness as calculated by Eqg. (2.19). From
the electron number density and electron temperature measurements at rprone = 0 mm in the case
shown in Fig. 2.19, Ap varied between 0.02 — 0.05 mm and therefore, the sheath thickness is 0.1 —
0.25 mm. As shown in Fig.2.19, the variation of Jq is the largest when the probe was inserted at z
= 0 mm. At this point, ¢ equaled to 0.1 mm and the effective probe diameter 2(r, + 6) is 0.5 mm.
Inside the ring anode, a double probe measurement point was set at every 2 mm. Because the
effective probe diameter was smaller than the measurement point interval, the insertion of the

probe influenced the local plasma properties and the measured parameter distributions were
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limited. In addition to the plasma disturbances, ne, Te, and Vs measured by probe diagnostics had
uncertainties. Large combinations of effects are contributed to into the uncertainties: the

109 noise in the collected

uncertainty of the electrode collection area,’®® finite ion temperature,
signal, and the applicability of the probe theory.®® As mentioned above, Iss: and T are determined
directly as fitting parameters in Eq. (2.17). The standard deviation of the fitting of Te was up to
15%. The uncertainty of ne is due to combinations of uncertainties of each parameter in Eq. (2.18),
i.e. the standard deviation of the Is fitting, the finite ion temperature effect on x, accuracy of Aeff,
due to probe manufacturing, and uncertainty in Te. Applying the laws of error propagation in Eq.
(2.18), the estimated uncertainty in ne was +13/-16%. From Eq.(2.21), the uncertainty of Vs is in
the same order as the uncertainty of Te. However, Eq (2.21) neglects the potential drop in the pre-
sheath region.*'% In the typical operation condition of a Hall thruster, the pre-sheath thickness is
comparable to the discharge channel width, i.e. 20 mm.* This is comparable to the inner diameter

of the ring anode. Moreover, heating current flows in the emission probe causes a 4.5 V potential

drop in the emission part. Therefore, the uncertainty of Vs is +0.3(kTe/e)/-0.9(kTe/e) £ 2.25 V.

35



High impedance electromagnetic acceleration in diverging

magnetic field by using hollow cathode

3.1. Thermionic electrons for electric arc

In arc discharge, the major charge carrier is thermionic electrons. Previous studies used a rod
cathode made of thoriated tungsten. Using a conventional rod cathode, a discharge current of the
order of 102 to 10* A was necessary to increase the cathode surface temperature forcibly to obtain
thermionic electrons for maintaining arc discharge.'** Myers et al.''? measured the cathode
surface temperature. With 12 mg/s of nitrogen as a propellant and 875 A of discharge current, the
surface temperature on the 2% thoriated tungsten rod cathode reached more than 3000 K. This
high temperature operation could cause severe cathode erosion and shorten the thruster lifetime.
In quasi-steady operation, the cathode surface temperature is typically low (with an average
temperature < 1000 K) and spotty arc attachment occurs.’'® This increases the local surface
temperature of the cathode, resulting in a much higher erosion rate.'** Such cold cathode
conditions also occur during the startup phase of steady-state operation, until the surface
temperature becomes sufficiently high for thermionic electron emission.

As mentioned in section 1.2, high impedance operation is a promising method to utilize input
power efficiently. However, unless using the conventional rod cathode, high impedance operation
cannot be achieved. In this study, a thermionic electron emission-type hollow cathode was used
in order to supply the thermionic electrons for sustaining a direct-current discharge in steady-state

Af-MPD thruster. Before starting the main discharge, the hollow cathode has been ran with a
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small propellant flow rate of approximately 0.2 mg/s and a keeper current of 2.0 A. Steady-state
thruster operation was achieved at a discharge current level of up to 20 A, which is 10 to 1000
times lower than that of previous studies, while obtaining competitive thrust performance.

3.2. Applied-field MPD thruster using hollow cathode

In this chapter, a hollow cathode was utilized as a discharge cathode in Af-MPD thruster and
demonstrated the high impedance, direct current discharge in diverging magnetic field with up to
265 mT of strength.

Figure 3.1 shows a diagram of the axisymmetric-type Af-MPD thruster. The thruster head
comprises an axisymmetric anode, a hollow cathode on the central axis, insulators, and a solenoid
coil. The anode is cylindrically shaped and made of copper, with the inner diameter varying from
52 mm to 80 mm in a conical transition. The hollow cathode (shown in Fig.3.2) consists of a
commercial emitter made of Tantalum!*® (LHC-03AE1-01, Kaufman & Robinson Inc.), and its
keeper electrode has a 2.0 mm diameter orifice. The solenoid coil applies the external magnetic
field. Magnetic field strength distribution was measured using a Gauss meter (GM-4000,
Denshijiki Industry Co. Ltd.). On the thruster axis, the maximum magnetic field strength was
measured to be 265 mT at the center of the coil, and 103 mT at the exit of the anode. One flow
channel inside the emitter and two outside flow channels at 11 mm off-axis (Fig.3.2 shows only
one of the two outside flow channels) inject propellant into the discharge channel. The propellant
mass flow rate through the hollow cathode is designated by 71, and that through two off-axis
supply channels by #z,. In this chapter, z designates the axial position originating at the anode exit.
The position of the hollow cathode tip, zc, was set either at the anode exit (zc = 0 mm) or 105 mm
upstream from the anode exit (zc = -105 mm). The center of the solenoid coil was set at z = -80
mm. The anode and solenoid coil were water-cooled and could maintain steady operation at up to

6 kW.
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FIG. 3.1 Cross-sectional view and circuit diagram of axisymmetric Af-MPD thruster.
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FIG. 3.2 Cross-sectional view if hollow cathode.

3.3. Discharge characteristics in diverging magnetic field

3.3.1. Operating range identification

All experiments in this chapter were conducted in Chamber-A. Table 3.1 summarizes the

operating conditions used in these experiments. In the table, n: represents the total propellant mass
flow rate, m = 1 + m2. The representative value of the applied magnetic field, B, is equal to the
value at the coil center. The values for thrust F, discharge voltage Vg, and keeper voltage Vk were
measured, while m1, r2, Jo, B and zc were variable control parameters. As shown in Fig. 2.8, the
thruster was operated at least for 4 s before turning off the discharge current. During this time, the
ratio of the root mean square (RMS) of discharge current to the time averaged value was also

evaluated. In this study, when this ratio was less than 10%, the operation was categorized as

38



“stable”. The uncertainties obtained for 77, Jo, B, Ra, and measured Vg were + 6.2x1072 mg/s, +
51 mA, £ 10 mT, £ 0.1 mm, and £ 2.0 V, respectively. In the following figures in which
experimental results are plotted, the symbol represents the time-averaged value, and the error-bar

represents the RMS with a 68% confidence interval.

Table 3.1 Operating conditions.

Parameter, unit Unit Value

ny mg/s 0.83-2.10
72 mg/s 0-3.10
7 mg/s 0.83-3.90
Jd A 10-20
B mT 133 - 265
Ra mm 40

Zc mm 0-105

Zhurin et al.1*® presented the operating characteristics of an axisymmetric-type MPD thruster
with applied magnetic field (they named it a “high-current end-Hall thruster”) and with a
discharge current of up to 8 kA, in which the self-field thrust was treated as the dominant thrust
component. They used the flow Mach number, the ratio of the self-field thrust to the gas-dynamic
thrust, and the ratio of flow velocity to ExB drift velocity as dimensionless, characteristic
quantities. Their formulae contain a term proportional to Jq° for the self-field thrust and another
term for the gas-dynamic thrust. However, as will be shown in the following discussions, their
formulae do not apply to the present thruster performance because these terms are negligible in
this study. In contrast, in an axisymmetric-type Af-MPD thruster, if the swirl acceleration is
dominant, the thrust is proportional to the radius of the acceleration region.*'” The characteristic
applied-field thrust, Fa, is expressed by the following equation:

F.=J,BR,. (3.1)
On the other hand, the self-field thrust** is characterized by the following equation:

Fs = 1035 - (3.2)
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Based on Egs. (3.1) and (3.2), the ratio « of the applied-field to self-field thrust, which is a

representative values of operating conditions in an acceleration region, is given by

J,BR, BR, (3.3)
ﬂon Hod g .

a

In order to obtain real thrust components, Fa and Fs should be multiplied by their respective,
effective factors. However, a still represents the relative contribution of an applied to self-

magnetic thrust because its order of magnitude does not vary by this factorization.
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FIG. 3.3 Input power and propellant flow rate. A to E correspond to the same symbol as those
used in Table 3.2. The uncertainties of s and P were no more than + 7.4% and £ 0.2% of the
measured value, respectively.

Figure 3.3 shows a plot of P vs. rz. In the figure, the letters A to E represent results from this
study and previous studies, as indicated in Table 3.2. The figure does not include the data set of
study C (Table 3.2), since the value of V4 is not indicated in the article. In this study (A), the values
of both i and P were one to two orders of magnitude lower than those in the previous studies (B,
C, E), but the specific power P/n1, in the range 10% — 10* MJ/Kkg, is at almost the same level. As
mentioned in section 3.1, 10?2 — 10* A of Jg4 was necessary to obtain the thermionic electrons for
keeping arc discharge using a conventional rod cathode. On the other hand, in this experiment, a

thermionic-emission-type hollow cathode was used. Therefore, stable operation even with a small
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propellant flow rate (approximately 0.2 mg/s) and a small current (~2 A) was achieved. As a result,

operating with a small propellant flow rate and small input power can yield the same specific

power level as in the previous studies.

Table 3.2 Operating ranges.

Data set A B C D E
Myers Tikhonov Tahara Sasoh
Reference ) et al.118 et al.119 et al.1?0 et al.1?
Ja, KA 001-0.02 075-1 6.5 16.5 12-29 0.085-0.2
B,mT 133 - 265 30 — 165 38 - 190 45-90 25 — 250
i1, mgls 0.83-3.9 25— 100 400 45— 126 09-9
P, KW 0.76 — 3.26 2396 53 — 186 - 3-98
. 9
P/”’r:]’zl’;%o 023-391 02-25  09-17 ] 03_11
a, - 210 — 840 0.7-35 1-4.7 0.13-028 22-51
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FIG. 3.4 Characteristic exhaust velocity ranges. A to E correspond to the same symbol as those

used in Table 3.2.

Figure 3.4 shows the characteristic velocity based on the applied-field thrust, ua, vs. that of

the self-field thrust, us, given by:

[
>
1l
3[,n

(3.4)



u, % (3.5)
The dashed lines correspond to constant values of a. As summarized in Table 3.2, « obtained in
this study (A) was in the order of 102, while that of previous studies (B — E) was in the order of
107* to 10, As can be seen from Eq. (3.1), applying a strong magnetic field (~265 mT) increases
the applied-field thrust even when a hollow cathode supplies a small discharge current (~20 A).
In this way, Af-MPD thruster operation was achieved at very high values of a, which were higher
than those reported in any previous study. In other words, operation was achieved in an applied-
field-dominant condition.
3.3.2. High impedance discharge characteristics
Neglecting the Hall effect and ion slip, the generalized Ohm’s law is given by
j=o(E+uxB). (3.6)
In the rigid rotator model, each component in Eq. (3.6) can be expressed as follows in the

cylindrical coordinate system.

) E, 0 0
j={ 0|, E= 0|, B={0]|, u=|u,| (3.7)
0 0 B, 0
Using Egs. (3.6) and (3.7), the discharge voltage is expressed as
Ra Ra J U, —
V, =V, - [E.dr ;VO’+j(ueBz——rjdrEV0+cv—ABRa. (3.8)
Re Re o 2

Here, Vo’ is the sum of the anode sheath and cathode sheath drop. Vo represents offset voltage; the

sum of the potential drop due to Vo’ and plasma’s electrical residence drop. ua andu,BR, /2 are
the characteristics exhaust velocity of applied-field force and the representative value of the back

electromotive force,*?? respectively. In the rigid rotator model, cy is expressed as

Cyrr E|:1_3( E: ]2j| (3.9)

Substituting the keeper orifice radius for Rc (= 1 mm), cvrr ~ 1.0.
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Figures 3.5 (a) and (b) show graphs of Vg4 vs.u,BR /2 in 1 =0.83 —-0.21 mg/s, m2=0-3.1
mg/s, Ja=10-20 A, B =133 - 265 mT, Ra =40 mm. The uncertainty of V4 was no more than
+ 2.7% of the measured value. As can be seen from the figure, Vg increases almost linearly with
u,BR,/2. The rigid rotator model neglects the effect of viscosity; therefore, owing to viscosity,
the effective value of cy is smaller than that of cvrr. In this experiment, the effective value of cy
was estimated by curve fitting based on Eq. (3.8) and is represented as cv,exp. The fitted line is

shown as the solid line (A), and the dashed line (B) shows the case for ¢y = cvrr. Only stable
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operating conditions, with RMS values (shown by the magnitude of the error bar) lower than 10%
of the time-averaged value during thruster operation (shown by the symbol), were employed to
the fit, thereby yielding cv,exe = 0.084, Vo = 74 V at zc = -105 mm; and cvexp = 0.32, Vo =79 V at
zc =0 mm. As increasing u,BR,/2, the ratio of Vo to Vq decreases, becoming 45% for both z =
—-105 mm and zc = O mm. Therefore, for increasing u,BR, /2 , the contribution of the
electromagnetic thrust generation in the power consumption increases.

In Ref. 123, with m = 100 mg/s (argon), a ~1 (Ja=1 kA, B~40mT,Ra=51 mm, zz=0
mm), the azimuthal Lorentz force causes the plasma to rotate and induces a shear force. This shear
force and Joule heating due to kA-order discharge current causes the ion temperature to increase
by up to 5 eV and transfer the internal energy to kinetic energy through the expansion along the
magnetic nozzle. In this case, the azimuthal torque increases as J,BR, increases, but the shear
force also increases. Therefore, the azimuthal velocity should saturate so that u,BR,/2 and Vg
are proportional to B . On the other hand, under the conditions of this experiment, in which iz ~
3.9 mg/s and o ~ 100 (Jg ~ 20 A, B ~ 265 mT, Ra = 40 mm), From Fig. 3.5, Vg is proportional to
u,BR,/2 and from Eqgs. (3.1) and (3.4), ua is proportional to B .As a result, Vq is a linearly
increasing function of B 2. Assuming that limiting the discharge current to 20 A suppresses heavy
particle heating by decreasing the Joule heating, up and u,BR,/2 increase as J,BR, increases.
In the rigid rotor model, the plasma is assumed to act as a rigid rotator by an azimuthal Lorentz
force, J,BR, , and expands through a diverging magnetic field. Owing to this expansion, the
rotational energy is converted to the axial kinetic energy. In order to rotate ions inside the
discharge channel, ions need to be magnetized; ion’s Larmor radius must be smaller than Ra. In
the case that the work done by the azimuthal Lorentz force is completely converted to rotational
energy before the axial kinetic energy conversion, the ion’s Larmor radius would become 37 mm
with an ion rotational kinetic energy of 70 eV at B =200 mT. This radius is closer to Ra and
effect of finite ion-Larmor radius is not negligible. In reality, the plasma rotates in the azimuthal

direction, and at the same time expands through the diverging magnetic field. Therefore, the
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energy conversion from rotational energy to axial kinetic energy must occur simultaneously.
Moreover, the viscous friction force accompanying the rotation is affected by the ions, and some
portion of the rotational energy is converted to thermal energy. Therefore, the estimated value of
Cvexp 1S N0 more than 32% of cyvrr. As with the rotational-kinetic energy conversion, the energy
conversion from thermal energy to axial kinetic energy must occur simultaneously. As a result,
the “effective” Larmor radius should be much smaller than the above overestimation. In the same
manner, Vq is expressed in terms of the quantity u,BR,/2, and this results in the characteristic
current-voltage behavior observed in Fa-dominant, high-o operation.

3.3.3. Thruster performances and loss mechanisms

The specific impulse, lsp, and the thrust efficiency, #, are defined as

F
I, =B
* = hg (3.10)
F 2 F 2
n= EXP EXP . (3.11)

C2mP 2m(3,V, + 3V, )
Figure 3.6 shows the estimated values of Isp and # of this study compared with those of previous
studies, using argon as the propellant. Here, the effective propellant flow rate due to electrode

erosion was not taken into account.
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measured value, respectively.
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In this experiment (A), Isp was 330 — 3200 s. In the data sets B and E, lsp was 460-2400 s.
From Egs. (3.10) and (3.11), it can be seen that with constant #, the exhaust velocity is proportional
to the square root of the specific power P/m. Therefore, as shown in Fig. 3.6, Is is at the same
level as in previous studies since P/n1 is at the same level. However, the thrust-to-power ratio is
lower by a factor of two.

The thrust efficiency » was at most 13%. This values are about half of those obtained in
previous studies. In an Af-MPD thruster, anode power consumption P has long been recognized
as a major loss mechanisms: most of the input power is wasted in heating anode. Gallimore et
al.** reported a breakdown of input power JqVq using argon as propellant under 31 mT of B
and 850 A of Jq. In this case, anode power consumption fraction Pa/J¢Vq was 75% of total input
power. Within this magnetic field range, the heat flux to the anode increased monotonically with
B . Myers et al.''! also evaluated the power fraction of anode power deposition with several
operating conditions and thruster geometries. They reported that Pa/J¢Va was 50 — 85% through
22 — 225 mT of B, 750 and 1000 A of Jg4, 25 — 100 mg/s of argon, and 25.4 — 51 mm of Ra.
Pa/JaVq was increased as decreasing propellant mass flux 72/(nRa%). In Myers’s report, 7ir/(nRa%)
was 1.2x102 — 3.0x10? kg/m?/s. On the other hand, in this experiments, 7i/(nR4%) ranged 1.6 — 7.7
kg/m?/s. In rix = 1.25 mg/s, riz = 0 mg/s, Ja = 20 A, B =265 mT, and Vg = 144 V operation, y
had maximum value of 13%. Using Pa/JqVq = 0.5 as in Ref. 111, P, = 1442 W. Assuming P, comes
from the energy consumption at anode fall, anode sheath drop voltage is estimated as Pa/Jq = 72
V. This value agree well with Vo in Fig. 3.5. From Eg. (3.8), schematic potential profile can be
estimated as shown in Fig. 3.7. Owning to utilize the hollow cathode, the cathode sheath drop is
expected to be small. Because supplied propellant mass flow rate was 1/10 — 1/100 times smaller
than that of previous studies (see Fig. 3.3), space potential near the anode must be much lower
than anode potential to collect electrons for sustaining constant current discharge. Thereby, the
predominantly component of Vo is expected to be anode sheath voltage, and the input power was

predominantly consumed in anode fall.
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Another source of limiting thrust efficiency is collisional process. As shown in Fig. 3.6,
calculated Isp reached up to 3200 s. Assuming that ion velocity u;i is uniform on the thruster exit

plane, ion kinetic energy <ei> is calculated as in Eq. (3.12).

<si>=imiui2 =2iemi(glsp)2. (3.12)
From Eq. (3.12), <&i> =~ 200 eV. This is larger than V4 (= 144 V). In practice, ion’s velocity is
higher than glsp because glsp is averaged plume exhaust velocity and Lorentz force accelerate only
charged particles. Nerheim et al.*?> called this phenomena as anomalous velocity and explained
from the view point of momentum transfer by Coulomb collisions between ions and electrons.
However, this anomalous ion acceleration causes large velocity difference between ions and
neutrals. The dominant mechanisms for momentum transfer from ions to neutrals is charge
exchange collision. Assuming that 1.0 eV of electron temperature, 50% of propellant utilization
(= Jil(eri/mi)),>° and the neutrals flow in acoustic velocity, neutral velocity and number density is
1500 m/s and 2.0x10% m=, respectively. At 200 eV of ion kinetic energy, charge exchange
collision cross section?® is 2x10*® m? and mean-free-path of charge exchange collision is
calculated as 1.0 m. This is much larger than thruster characteristics length. Therefore, ions and
neutrals have insufficient momentum transfer collisions in downstream region. This condition is
referred to as ion slip and causes deteriorate the thrust efficiency because of uncoupling of the

electromagnetic process from the gasdynamic.**
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3.4. Summary of Chapter 3

In this chapter, the operating characteristics of Af-MPD thruster , with a ratio of applied- to
self-field thrusts « in the range of 102 — 103, was investigated. Discharge voltage was expressed
using back electromotive force u,BR,/2. Using a hollow cathode, applied-field dominant
operation was achieved under the same specific power level (102 — 10* MJ/kg) but with 10 to 100
times smaller mass flow rates than reported in previous studies. This was mainly achieved by the
employment of a hollow cathode to maintain stable arc discharge at discharge current levels of up
to 20 A. Even with a 10 A level of discharge current, the thrust efficiency achieved 13% as
maximum. However, the input power can be mainly consumed by anode sheath drop and from the

thrust measurement, ion anomalous acceleration can make the thruster operation inefficiently.
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Contribution of radio-frequency power on electrostatic ion

acceleration

4.1. Pre-ionization propellant injection

Foster et al.1?” reported that the anode sheath drop voltage is in inverse proportion to near-
anode ionization rate. They also made three proposals for increasing plasma density near the
anode;*?® injection of pre-ionized propellant, consumable anode insert, and increasing discharge
chamber pressure. In order to make the pre-ionized propellant, helicon plasma sources are useful
because they produce high-density plasma on the order of 10*® m= using a relatively simple
arrangement. In electrostatic acceleration process, the propellant utilization is close to unity, and
only ions are accelerated using a static electric field without collisional dissipation process. This
acceleration process is suitable for preventing ion slip losses as mentioned in section 3.3.3. Harada
et al.%° demonstrated electrostatic acceleration of helicon plasma using a cusped magnetic field
and electrode placed at the exit of the helicon plasma source (Helicon Electrostatic Thruster,
HEST). Nevertheless, a few open questions remain, i.e., the extent of the helicon plasma source
contribution for enhancing the thrust efficiency, and whether there exists an optimal RF power to
acceleration power ratio. In this chapter, the electrostatic acceleration method in diverging
magnetic field is investigated by using HEST. The aim of this chapter is quantitatively
investigating the power matching between RF plasma generation and electrostatic acceleration in

HEST.
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4.2. Helicon electrostatic thruster (HEST)

Figure 4.1 shows a schematic of HEST. HEST has an RF plasma source in the upstream region
and electrostatic acceleration electrode in the downstream region. The RF plasma source was
comprised of a ceramic (Photoveel) tube with an inner diameter of 27 mm and length of 150 mm.
A Nagoya type Il (m = +1) helical antenna was coaxially fixed the ceramic tube. The exit of the
RF plasma source was located at the center of the solenoid coil. The magnetic field strength was
100 mT at the coil center. A copper ring anode had an inner diameter of 27 mm and thickness of
10 mm. The left-side-surface of the ring anode was located at 25 mm axially downstream from
the coil center. In the downstream region, the magnetic field was greatly modified using 16
cylindrical Nd—-Fe—B permanent magnets and soft iron yokes to generate a diverging magnetic
field followed by a field-free region where the magnetic field strength was less than 3 mT. A
commercial hollow cathode (DLHC-1000, Kaufman & Robinson Inc.) was used and its orifice

was placed 70 mm off-axis at 175 mm axially downstream from the coil center.
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FIG. 4.1 Schematic of HEST.
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4.3. Plasma source effects on ionization and acceleration performances
4.3.1. Operating conditions

All experiments were conducted in Chamber-B. The working gas flow rate supplied to the
plasma source J1 was set to 0.5 or 1.0 Aeq, and the RF power to the plasma source Ps was increased
every 20 W from 0 to 300 W and every 100 W from 300 to 1500 W. The discharge voltage Vg
was set to 300 V in the Ei(0), Ji, and discharge current J¢ measurements. In the probe
measurements, Vg was set to 200 V. The hollow cathode was operated with a working gas flow
rate, J2, of 0.36 Aeq, and the keeper current Jx was set to 2.0 A. Ei(0), Ji, <>, Ju, and keeper
voltage Vk were measured at least twice in same operation condition. In the following figures, the
circles represent the average value. The error bars in Ei(0), Ji, Jd, and <> correspond to the
standard deviation (x ¢) obtained from the number of trials. The operation time was at least 3.5 s
at each operating condition.
4.3.2. lon current and energy characteristics in Ji= 0.5 Aeq operation

Figure 4.2(a) shows the variation of J; with Ps for the /1 = 0.5 Aeq and Vg = 300 V operation.
Ji increased with Ps. In particular, Ji increased from 0.07 to 0.36 A as Ps increased from 0 to 40
W. When Ps > 40 W, Ji increased more gradually. At Ps = 1500 W, Ji was equal to 0.80 A, which
is 93% of the total supplied flow rate J1 + J2. Figure 4.2(b) shows the variation of Ei(0) with Ps
with J1 = 0.5 Aeq and Vg = 300 V operation. E;(0) decreased from 133 to 107 eV as Ps increased
from 0 to 40 W. Conversely, while Ps increased from 40 to 80 W, Ei(0) increased rapidly from
107 to 188 eV. At Ps = 1500 W, Ei(0) reached 265 eV, which is 88% of Vq4. In Ref. 129, by
combing the annular helicon plasma source with a Hall thruster, the ion beam current increased
up to 50% of J1 + J> with the increase in helicon plasma source input power. However, the ion
beam energy decreased to 80% of Vq. In this experiment, Ji and Ei(0) increased by a factor of 11
and 2, respectively, as Ps increased from 0 to 1500 W. Therefore, in the J1 = 0.5 Aeq operation

case, the RF plasma source contributed to both the ion generation and electrostatic acceleration.
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Figure 4.3 shows the distribution of ne, Te, and Vs on the center axis for the Ps = 0 and 300 W
and Vg = 200 V operation. Due to a low signal-to-noise ratio, the ne and Te values at z > 150 mm
were not obtained except the center axis. In the Ps = 0 W operation, ne was equal to 2.0x10Y" m™3
at z= 0 mm and decreased toward the downstream region. However, it had a local minimum of
6.3x10% m=2 at z = 85 mm and a local maximum of 1.5x10'" m2 at z = 125 mm. Meanwhile, in
the Ps = 300 W operation, at z =0 mm, ne = 3.0x10'® m™3. This is more than 10 times higher than
that of the operation at Ps = 0 W. ne then decreased monotonically toward the downstream
direction. Shoji et al.**® measured the variations in electron number density with the change in
RF power. By using Nagoya type Il antenna (m = + 1), a steep density increase was observed at
approximately 400 W of RF power in the argon gas operation. They also reported that the required
RF power to produce a steep density increase was smaller when the RF power frequency was

close to the lower hybrid frequency wrH, which can be calculated as in Eq. (4.1).

Oy =W " Wgg (41)

Here, wc and wce are the ion cyclotron frequency and electron cyclotron frequency, respectively.
For a singly charged argon ion, win = 10.3 MHz at B = 100 mT. This is close to the RF power

frequency (13.56 MHz). Therefore, the HEST also exhibited a density jump in the same RF power
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range to that reported in Ref. 130; as a result, Ji increased from 0.07 Aat Ps =0 W to 0.61 A at Ps

=300 W (see Fig. 4.2(a)).
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FIG. 4.3 ne Te, and Vs distribution on axis. J1 = 0.5 Aeq, J> = 0.36 Aeq, V4 = 200 V.

In the Ps = 0 W operation, Vs at z=0 mm was 99 V and started to decrease from z = 85 mm,
which is the same location to where Te had the peak value of 20 eV. At z = 350 mm, Vs was 26 V.
The electron temperature distribution relates to the space potential distribution.®*! Figure 4.4
shows the relation between potential distribution and electron energy. Electrons comes from low
potential region (right side) and neutrals comes from high potential region (right side). Through
the potential drop, the thermionic electrons diffused from the hollow cathode gained kinetic

energy and then lost it by ionization collision with the injected working gas.
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In the Ps = 300 W operation, Te exhibited a double-peak distribution; small peak of 16 eV at
z =125 mm and large peak of 27 eV at z = 125 mm. One possible reason for this double-peak Te
distribution is that electron impact ionization occurred two times; the first one was at z = 125 mm
and the second one was at z =85 mm. Atz =125 mm, Vs = 135 V. The electrons can be accelerate
again toward the anode potential and obtain the kinetic energy. Then, at z = 85 mm, the electrons
collide with neutrals once again and lost their energy. Vs at z= 0 mm was 198 V, which is almost
identical to the discharge voltage (200 V). At z = 85 mm, V; started to monotonically decrease
toward the downstream direction and reached 38 V at z = 350 mm. The measured Vs values at z =
0 and 350 mm were consistent with the IEDF, i.e., in the Ps = 300 W operation, the ion beam
potential and space potential were 184 and 41 V, respectively. By injecting the pre-ionized
working gas, the generated ions were electrostatically accelerated from near the anode potential
and obtained an average energy of Ei(0), as shown in Fig. 4.2(b).

Figure 4.5 shows the color contours of ne, Te, and Vs for the Ps = 300 W and Vg4 = 200 V
operation. The ne distribution is affected by the diverging magnetic field. As shown in Fig. 4.5(a),
ne was confined within r <20 mm. From z = 70 mm, the end of the diverging magnetic field, the
low electron number density region spread within r <20 mm. As shown in Fig. 4.5(b), in the r >

20 mm region, Te maintained a constant value along the magnetic lines of force because electrons
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have a considerably larger mobility in the direction parallel to the magnetic lines of force than
that in the perpendicular direction.!32 Conversely, in the r <20 mm region, Te varied along the
magnetic lines of force. From Fig. 4.5(c), Vs decreases toward the downstream direction and the
axial electric field was generated. Oudini et al.13 reported that if the electron temperature and/or
plasma density gradients are large, the magnetic lines of force will no longer be equipotential. As
shown in Figs. 4.5(a) and (b), ne and Te varied along the magnetic lines of force, particularly,
within z < 20 mm and r < 20 mm. Therefore, the space potential also varied along the magnetic

lines of force and decreased in the axial direction.
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4.3.3. lon current and energy characteristics in Ji= 1.0 Aeq operation

Figure 4.6(a) shows the variations of J; with Ps in the J1 = 1.0 Aeq and Vg4 = 300 V operation.
In the Ps = 0 W operation, Ji was equal to 1.0 A, which is 77% of J1 + /2. In general, Ji increased
with Ps. However, Ji had a local minimum at Ps = 40 W. When Ps > 40 W, J; increased with Ps.
At Ps = 400 W, J; was equal to the value of J1 + ./, and, at Ps = 1500 W, J; was 1.2 times larger
than Ji + /2. According to the current fraction of each charge-state ion measured by the ExB probe,

the doubly charged argon ion current had 22% of J; at Ps = 500 W and increased to 27% at Ps =

700 W.
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FIG. 4.6 Psdependence with /i = 1.0 Aeq, /> = 0.36 Aeq, and Vg = 300 V. (a) Ps vs. Ji, (b) Ps
vs. Ei(0).

Figure 4.6(b) shows the variations of E;(0) with Ps for the /1 = 1.0 Aeq and Vg = 300 V
operation. When Ps <200 W, Ei(0) maintained approximately 60 eV and then increased from Ps
= 200 W. However, Ei(0) was gradually saturated at approximately 220 eV, which is 73% of Va.
From the ExB probe measurement in the Ps = 600 W operation (see Fig. 2.14), the effective
acceleration voltage of a singly charged and doubly charged argon ion were 186 V and 143V,
respectively. Figure 4.7 shows schematic of the relation between an ionization position and an
effective acceleration voltage for Ar* and Ar?*. The effective acceleration voltage is space

potential difference from where the ions were generated to downstream. Kim et al.*** measured
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the effective acceleration voltage on the axis of a Hall thruster. The effective acceleration voltage
of a doubly charged ion was 10 — 30 V lower than that of a singly charged ion. From simulations
by Katz et al.'®, the doubly charged ions were generated at a lower space potential region than
that of the singly charged ions. Youbong et al.®* measured the effective acceleration voltage of
each charge-state ion in a cylindrical Hall thruster and reported an up to 30 V lower acceleration
voltage of doubly and triply charged ions than that of singly charged ions. In our experiments, the
doubly charged ions had a 43 V lower effective acceleration voltage than that of the singly charged
ions. As shown in Fig. 4.3 the space potential of the HEST decreased monotonically from the
upstream anode potential toward the downstream direction. Therefore, as described in Ref. 135,
doubly charged ions were generated in a low space potential region, and, as a result, the effective
acceleration voltage was also lower than that of singly charged ions. These results indicate that,
in this /1 = 1.0 Aeq operation, the contribution of Ps to the increase of Ei(0) was limited because

of the generation of low-energy doubly charged ions.
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FIG. 4.7 Schematic of the relation between ionization position and effective acceleration
voltage for single- and doubly-charged ions.

Figure 4.8 shows the color contours of ne, Te, and Vs for the J1 = 1.0 Aeq, Ps = 300 W, and V4
=200 V operation. By increasing /1, the maximum value of ne increased to 6.9x10'® m2 at (r, z)
= (0 mm, 0 mm). As shown in Fig. 4.8 (a), the electrons were confined by the diverging magnetic
field as well as the J1 = 0.5 Aeq operation (see Fig. 4.5 (a)). However, in the J1 = 1.0 Aeq operation,

the local peak of electron temperature vanished and the maximum electron temperature decreased
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to 16 eV at (r, z) = (20 mm, 5 mm). As shown in Fig. 4.8 (c), in the r > 5 mm region, Vs maintained
a constant value along the magnetic lines of force. In the r <5 mm region, Vs varied along the
magnetic lines of force because of the large ne and Te gradient;**® this also occurs in the J1 = 0.5
Aeq operation (see Fig. 4.5 (¢)). In general, Vs decreased from the upstream to downstream regions,
and an axial electric field was generated. At (r, z) = (0 mm, 0 mm) and (0 mm, 350 mm), Vs was
equal to 159 and 35 V, respectively. In the J1 = 0.5 Aeq operation, ions were accelerated from the
anode potential (see Fig. 4.3). However, by increasing 1, the working potential difference

decreased and, as a result, the acceleration performance deteriorated, as shown in Fig. 4.6 (b).
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FIG. 4.8 Distribution of (a) ne, (b) Te, and (c) Vs. J1 = 1.0 Aeq, > = 0.36 Aeq, Vg = 200 V, Ps =
300 W.
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4.4. Thruster performances
4.4.1. Discharge current characteristics

Figure 4.9 shows the dependence of Ji on Jq and J1 for the Ps = 0 — 1500 W and Vg = 300 V
operation. Being independent of /1 and Ps, Ji was almost a linear function of Jg. Ji/Jg was
adequately fit to a gradient of 0.4 — 0.6, which indicates that the discharge current was composed
of 40 — 60% of the ion beam current from the plasma source, and the rest was the electron

backflow from the hollow cathode.

J, A

00 1.0 2.0 3.0 4.0
I, A
FIG.4.9 Jgvs. Ji. 2=0.36 Aeq, Va =300V, Ps =0 — 1500 W.

4.4.2. Input power matching between plasma source and -electrostatic
acceleration

In this section, the thruster performance such as thrust F, specific impulse Isp, and thrust

efficiency # are estimated. From the energy conservation law, the average Z-charged ion velocity

Uiz can be calculated as

1 2

3 mu;, =eZn,,V,. (4.2)
Here #a,7V4 IS effective acceleration voltage of Z-charged ions, respectively. By combining the law

of the conservation of momentum, F can be calculated as
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J; Jiz
FaX|m Jt2i2y .
;(m, Ze ) u,yzjcosw) (4.3)

Here, Jiz/Ji is the current fraction of Z-charged ions. The 7a,zV4 and Jiz/J; values are obtained by
the ExB probe measurement. In reality, the Jiz/Ji value is a function of 6,134 but, in this here, it is
represented by a center axis value. The cos<#> value is also assumed to have no dependence on
Z. The definition of # can be expressed as follows;

FZ
2md/e-(P+JV,+V,)

n (4.4)

Figure 4.10 shows the # dependence on Ps/(J¢Vd), which is the RF power ratio against the
electrostatic acceleration power. In the J1 = 0.5 Aeq case, Z < 1 is assumed, i.¢., the exhaust plume
consists of only singly charged ions. By varying Ps/(JaVad), 7 achieved a peak value of 6.6% at
Ps/(JaVd) = 1.0, which corresponds to Ps = 300 W. Yamagiwa et al.'% analyzed the relation
between the effective ion generation cost Ciefr. and 7 in a double-stage electrostatic thruster. Based

on the energy conservation relation, Ciefr. is defined by

P.+J.V, —EJ;
Cier = - (4.5)
Ji
Using Ciefr. and Ps/(JaVa), 7 can be represented by
gt i (cos(6))
J,+J, P +JV,
_ Ji _1+Ps/(‘]dvd)_ci,efr/vd'Ji/Jd -(COS<9>)2 (4.6)
J,+3, 1+P/(JV,) -

From Eq. (4.6), # is the product of the ion current ratio against the total supplied working gas flow
rate, energy conversion efficiency, and ion beam divergence efficiency. <6> had only a small
dependence on both /1 and Ps, and was equal to 46 + 2 deg, which corresponds to (cos<6>)? ~
0.48. In the J1 = 0.5 Aeq operation, as shown in Fig. 4.2 (a), Ji was saturated at J1 + > and, as
shown in Fig. 4.9, Ji/Jq varied between 0.4 and 0.6. By substituting Ji, Ei(0), and Jq in EqQ. (4.5),

Ciefr. can be calculated. When Ps/(JaVd) < 1.0, with the increase in Ps, Ji/(J1+.J2) increased rapidly
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from 0.08 to 0.81 and ciert. varied between 390 and 840 W/A. Therefore, the increase in the first
term of Eq. (4.6) i.e. Ji/(Ji+.J2), mainly affected 5. Conversely, when Ps/(JdVq) > 1.0, with the
increase in Ps, Ji/(J1+.5) slightly increased from 0.71 to 0.91 and cif. increased from 870 to 2190
W/A. In this case, the decrease in the second term of Eq. (4.6) i.e. energy conversion efficiency,
mainly affected ». Consequently, » had a peak value at the optimum input power ratio, which
depends on both the ion generation and effective ion generation cost.

In the J1 = 1.0 Aeq case, assuming Z < 1, » exhibited the same dependence on Ps/(J4Va) as in
the J1 = 0.5 Aeq case; # increased rapidly with the increase in Ps/(JaVa4) from 0 to 0.6. In the 0.6 <
Ps/(JaVd) < 0.9 region, n maintained a constant value and started to decrease from Ps/(JqVd) > 0.9.
In the 0.6 < Ps/(JaVa) < 0.9 region, # had a maximum value of 8.7%. Considering doubly charged
ions (Z < 2), with the increase in Ps from 500 to 700 W, Ps/(J4V4) increased from 0.53 to 0.67 and
n increased from 6 to 7%. Therefore, without taking into account the doubly charged ions, # can
be overestimated to 17 — 20%. This overestimation comes from the thrust calculation in Eq. (4.3).
In the /1 = 1.0 Aeq and Ps = 700 W operation, the calculated F in the Z < 1 and Z < 2 cases were
13 and 11 mN, respectively. As discussed in section 4.3.3, the doubly charged ions have a low
effective acceleration voltage. The average momentum flux in the exhaust plume decreased and,
as a consequence, the lsp and # values decreased. From Fig. 4.10, # had maximum value with
Ps/(JaVa) = 0.6 — 1.0 for J1 = 0.5 and 1.0 Aeq operation. This means that in order to maximize the
thrust efficiency, required total input power is 1.6 — 2.0 times higher than that of without plasma
source operation. In Ji = 0.5 operation,  had maximum value of 6.6% with total input power of
710 W. In this case, specific power was 2.0x10% MJ/kg. This is same order of the applied magnetic
field thruster (10?2 — 10* MJ/kg) discussed in chapter 3. By inputting an optimal input power to the

helicon plasma source, thrust efficiency reaches same level as high-impedance, Af-MPD thruster.
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FIG. 4.10 Thrust efficiency # vs. input power ratio Ps/(JaVa). J2 = 0.36 Aeq, V4 = 300 V.

4.5. Summary of Chapter 4.

In the operation of the HEST, the effects of RF power on the ion generation and electrostatic
acceleration characteristics were evaluated. The RF power had different effects on thruster
operation characteristics in different power range under constant discharge voltage of 300 V. For
argon gas flow rate of 0.5 Aeq operation, in the RF power range of 0 to 80 W, the RF power
increment was utilized for working gas ionization in the plasma source and then enhance the
electrostatic acceleration through an axial electric field from the end of the diverging magnetic
field. In this power range, ionization enhancement in the plasma source contributed to improve
ion acceleration performance. However, in the RF power range of more than 80 W, the ion beam
current and ion beam energy were both gradually saturated at 93% of total flow rate and 88% of
discharge voltage equivalent, respectively. In this case, injected working gas was ionized with
high effective ionization cost of up to 2190 W/A. Meanwhile, in the 1.0 Aeq operation, the ion
beam current exceeded the total supplied working gas flow rate of 1.36 Aeq by inputting the RF
power more than 400 W. The RF power increment was consumed for low energy, doubly charged
ions generation. The thrust efficiency was governed by the RF power ratio against to electrostatic
acceleration power. In both flow rate, the thrust efficiency reached maximum value at the RF

power ratio against to electrostatic acceleration power of 0.6 — 1.0.
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Near-anode ionization and high impedance electrostatic ion

acceleration in diverging magnetic field

5.1. lonization near the anode potential region

Foster et al.'?® also proposed that increasing ionization rate near the anode decrease anode
sheath drop voltage. As mentioned in section 4.1, Uchigashima et al.’*" investigated electron
current path in HEST and concluded that electrons from the hollow cathode flow into the ring
anode from anode inner surface. As shown in Fig. 4.6(a), by supplying 1.0 Aeq flow rate of argon,
77% of total supplied working gas was ionized by direct discharge. The extracted ion beam current
was at the same level as that of inputting 200 W of RF power to the helicon plasma source. Based
on afore-mentioned proposal and results, it is possible to remove helicon plasma source and thus,
working gas injection near the anode inner surface is investigated to enhance ionization around
the anode. In this chapter, this type of ion accelerator is termed as a “Diverging Magnetic field
Electrostatic Thruster” (DM-EST).

5.2. Diverging magnetic field electrostatic thruster (DM-EST)

Figure 5.1 shows a schematic of the DM-EST. The main components, a solenoid coil, a ring
anode, and a hollow cathode that are identical to those in the HEST.®° As opposed to the helicon
plasma source, an alumina-made insulating plate with a projection diameter of 24 mm was
included at the ring anode entrance. The projection and the anode inner surface forms an annular
slit with length and width corresponding to 2 mm and 1.5 mm, respectively. The supplied working

gas was diffused azimuthally in advance, and it entered inside the ring anode through the slit.

63



1,

.

Hollow cathode

MR

Magnetic field

mm Copper
3 Brass
Pz Soft iron
L
3
]

BN

Permanent magnet

=4 Solenoid coil Ceramic

| . | . | : N
-100 0 100 200

FIG.5.1 Schematic of DM-EST, “nominal” (N) configuration.

The magnetic configuration and device geometry are similar to those of the End-Hall thruster
(as shown in Fig 1.3 (c)). However two significant differences exist between the DM-EST and
End-Hall thruster. As mentioned in section 1.3, the End-Hall thruster has a diverging section in
its anode that is parallel to the diverging magnetic field lines of forces to create an ion beam with
a wide divergence half-angle for plasma processing application. Conversely, the anode of the DM-
EST has a ring shape without a diverging section. In the DM-EST, the ring anode surface is
exposed only in the short zone at which efficient ionization of the propellant is expected to occur.
Second, in the DM-EST, the propellant gas that is injected in the axial direction through an annular
slit between the ring anode and an insulator does not directly impinge against any wall in the
downstream. The enhancement of the ionization at the exit of the slit on the inner surface of the
ring anode is essentially important for decreasing the anode potential drop.'?® Therefore, it is
necessary to open the downstream region of the annular slit toward downstream such that a

sufficient potential drop is generated near the anode inner surface.
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Figure 5.2 shows the four types of magnetic field profiles that are examined in this chapter,
namely Types N, S, A, and C. Type N corresponds to the same magnetic field profile as in the
HEST. The cylindrical coordinates (r, z) for the axisymmetric configuration are defined on the
central axis with their origin at the downstream surface of the insulating plate. The magnetic field
strength B at the origin, B(O mm, 0 mm), and at the exit of the annular slit, B(13.5 mm, 0 mm)
were used to characterize each magnetic field profile. In Type N (Fig. 5.2(a)), the inner support
that backed the insulating plate was made of copper. The magnetic field inside the ring anode was
relatively uniform, i.e., B(0 mm, 0 mm) = B(13.5 mm, 0 mm) = 100 mT. In the other types shown
in Figs. 5.2(b) to 5.2(d), the magnetic field profile near the ring anode was modified by changing
the material of the inner and outer supports. In Type S (Fig. 5.2(b)), the magnetic field inside the
ring anode was almost uniformly enhanced by using inner and outer supports composed of soft
iron. The length of the outer support at its inner-most portion corresponded to only 9 mm and was
connected to another 9 mm long cylinder composed of copper. Bothe the magnetic field strengths
at the center and the ring anode inner surface were both increased within a variation of 10%, i.e.,
B(0O mm, 0 mm) =210 mT and B(13.5 mm, 0 mm) =190 mT. In Type A (Fig. 5.2(c)), the insulating
plate was backed by a copper inner support with the same shape as the inner support of Type S.
The magnetic field increased only near the ring anode inner surface by using an outer support
composed of soft iron, which possessed a full length without a copper extension cylinder such as
that used in Type S. The magnetic field displayed a higher enhancement near the ring anode inner
surface (B(13.5 mm, 0 mm) = 250 mT) when compared to that on the central axis (B(0 mm, 0
mm) =150 mT). In Type C (Fig. 5.2(d)), the copper inner support was replaced by an inner support
composed of soft iron with the same shape as that of Type S. Additionally, the outer support was
composed of copper. The magnetic field displayed a maximum enhancement near the central axis,

with B(0 mm, 0 mm) =300 mT and B(13.5 mm, 0 mm) = 190 mT.
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FIG. 5.2 Applied magnetic fields: (a) Type N, (b) Type S, (c) Type A, and (d) Type C.

5.3. Operating conditions

All experiments were conducted in Chamber-B. The flow rate of the working gas injected
through the slit, J1, was set to 1.0 Aeq and the discharge voltage Vq ranged from 125 V to 225 V.
The hollow cathode was operated with a working gas flow rate, .2, of 0.36 Aeq, and the keeper
current Jx was set as 2.0 A. Each operating condition used to measure E;, Ji, <6>, Jq4, and the keeper
voltage Vi was repeated at least twice. A symbol depicts an average value in the following figures.
The error bars in Ej, Ji, J4, and <> correspond to the standard deviation (£ o) obtained by several
trials. The working gas supplied through the slit as well as through the hollow cathode
corresponded to argon (purity 99.9999%). The operation time corresponded to a minimum of 3.5
s in each operating condition. In order to evaluate the effect of the insulating plate erosion, the
insulating plate mass was measured by an electric balance (AW320, Shimazu Corp.) before and
after five operation cycles (10 s run and 30 s interval) at the condition corresponding to J1 = 1.0

Aeq, J> = 0.36 Aeq, and Vg = 200 V in a Type A magnetic field. The mass difference before and
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after operation was smaller than the resolution of the electric balance (0.1 mg), and this
corresponds to a maximum of 2 pg/C.

5.4. lonization and acceleration scenario in diverging magnetic field

Figure 5.3 shows ne, Te, and Vs distributions in the Type N magnetic field.
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FIG. 5.3 ne, Te, and Vs distributions for Type N magnetic field with /1 = 0.50 Aeq, J> = 0.36
Aeq, and Vg = 300 V.

As shown in Fig. 5.3(a), electrons are radially confined around the center axis by the diverging
magnetic field. Additionally n exhibited a peak value of 3.2x10%* m in the vicinity of the anode
inner surface. As described in Ref. 128, the discharge chamber pressure increased when the
working gas was injected through efflux holes or slits in the anode itself. The density of neutrals

increases with increase in pressure, and thus, the ionization probability for a given electron flux
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also increases. At this position, Vs corresponded to 180 V, and this is lower than the anode voltage
by 20 V. This voltage drop exceeds the ionization energy of argon (15.8 eV). Therefore, the
injected working gas was ionized at the exit of the slit by collisions with the accelerated electrons
through the voltage drop. This scheme is hereafter referred to as “near-anode ionization scheme.”
The location where Te exhibited a maximum (exceeding 30 eV) shifted downstream at z = 90 —
10 mm (see Fig. 5.3(b)) because the magnetic field rapidly diverged in the magnetic-field-free
region. In the region that is immediately downstream from this zone, Vs began decreasing toward
the downstream by 150 - 160 V in the region of the measurement.

These potential structures are explained by the mobility difference between ions and electrons.
Figure 5.4 shows a schematic of the potential structure between parallel plate electrodes. In Fig.
5.4(a), it was assumed that the anode and the cathode possess same effective electrode areas.
Because the electrons has much higher mobility than those of ions, the plasma’s space potential
(ps) exceeded the wall (electrode) potential (¢w). In the vicinities of the anode and the cathode,
the electron sheath was formulated (¢s > ¢w) to repeal electrons to maintain quasi-neutrality.
However, if the effective electrode area of the cathode significantly exceeds that of the anode (see
Fig. 5.4(b)), ion flux toward the effective cathode area increases, pw exceeds gs in the vicinity of
the anode to collect more electrons. As shown in Fig. 5.5, the DM-EST has the hollow cathode in
the magnetic field-free region. An electron cloud is created in this region. The electron cloud
works as an ion sink. Therefore, the effective cathode area exceeds that of the anode, and the space
potential of the plasma was lower than that of the anode potential. In summary, the whole scenario
of ion’s generation and acceleration is as follows: At the entrance slit in the anode inner surface,
the introduced neutral gas was ionized by electrons that gained a kinetic energy by the radial
potential difference corresponding to the order of 10* V that exceeded the ionization energy of
argon (15.8 eV). Subsequently, ions were accelerated by the potential drop corresponding to the

order of 102 V from the exit of the diverging magnetic nozzle.
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5.5. lon acceleration characteristics
5.5.1. Effect of magnetic field strength

In this section, the effect of the magnetic field strength was examined by comparing the ion
beam characteristics of Types N and S in which have a relatively uniform applied magnetic field.
Figure 5.6(a) shows the ji(9) distribution in Types N and S. In Types N and S, more than 175 V of
discharge voltage was necessary for the breakdown and steady-state operation. In Type N, ji(6)
exhibited a local peak at & = 0 deg. and + 50 deg. However, in Type S, ji(#) exhibited a maximum
only at approximately & = 0 deg. and then monotonically decreased with increase |6|. As shown in
Fig. 5.6(b), the <6> value of Type S was smaller than that of Type N by more than 10 deg. For

example, at Vq = 225 V, <#> corresponded to 52 deg. and 40 deg. for Types N and S, respectively.
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In the case of Type N, <> increased by 3 deg. with increase in Vq from 175 to 225 V. However,

the variation of <@> did not exceed 1 deg in Type S.
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FIG.5.6 lon beam distribution characteristics in Types N and S magnetic fields, where J1 = 1.0
Aeq and J> = 0.36 Aeq; (a) normalized ion beam current density j; relative to angle 6 with respect
to the central axis for Vq = 200 V, (b) <6> relative to V.

Figure 5.7 shows the Vq dependence of E;, Ji, and Jq for Type N and S. In both types, the average
value of E; increased almost linearly with increase in Vq. In the steady-state operation (Vg > 1.75
V), the slope dEi/dVq corresponded to 0.65 and 1.0 for Type N and Type S, respectively. At Vg4 =
225 V, Ji was 87% and 100% of the total working gas flow rate Ji + J> for Types N and S,
respectively. In the latter, ion production by magnetized electrons increased due to the better
confinement achieved by the stronger magnetic field. In both types, Ji was saturated to a value of
J1 + J> with increase in Vq. As shown in Fig. 5.7, Jq increased with the stronger magnetic field of

Type S; at Vg =225V, Jg = 2.1 A and 2.6 A for Type N and S, respectively. Additionally, Jq
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increased with increase in Vq in both types without saturation and exceeded /1 by a factor of 2 or
higher. Jq equaled the electron current flowing into the ring anode, which corresponded to the sum
of the ion current that should be neutralized by electrons and an “excess” electron current due to
the diffusion of thermionic electrons from the hollow cathode. Additionally, Ji saturated with
increase in Vq while Jq increased monotonically, and thus, the ratio Ji/Jq¢ exhibited a maximum
value corresponded to 0.67 for both types in the presented configuration; 67% of Jq corresponded
to the ion current and the remaining corresponded to the electron backflow from the hollow
cathode to the acceleration region. In Type N, Ji/Jq exhibited a peak value at Vg = 200 V. In Type

S, it exhibited a maximum at Vg = 175 V and decreased monotonically with increase in V.
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FIG.5.7 Vqvs. Ei, Ji, and Jg for magnetic field Types N and S with Ji1 = 1.0 Aeq and J> = 0.36
Aeqg.

71



5.5.2. Effect of magnetic field distribution

In this section, the operation characteristics of Types A and C were compared to those of Type
S to evaluate the effect of the magnetic field distribution. Figure 5.8(a) shows the ji(6) distribution
for Types S, A, and C. Only in Type A, breakdown and steady-state operation were possible at a
low discharge voltage corresponding to a minimum of Vg = 125 V. In Type A, ji (6) exhibited local
maxima at 6 = + 10 deg., and these exceeded ji(0) by 5 to 10%. In a manner similar to Type S, ji
() in Type C exhibited a peak value only at the central axis at & = 0 deg. Figure 5.8(b) shows the
Va dependence of <> in Types S, A, and C. In contrast to Type S, the <> value of Type C
increased with increase in Vq. However, it decreased in Type A. Among the types examined in this

study, Type A exhibited the smallest <¢>, and this corresponded to 39 deg. at Vg = 225 V.
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FIG. 5.8 lon beam distribution characteristics for magnetic field Types S, A, and C with J =
1.0 Aeq and J> = 0.36 Aeq; (a) normalized ion beam current density ji vs. angle @ with respect to
the central axis for Vq = 200 V, (b) <6> vs. V.

72



300 1T
Field type Ei=Vy \ 3

200 [F2S T
> e A T e ]
@ F @ C .- ® ° .
T [ ® o ]
100 - e ® 7
0 @@
R N N
< : ) @) ]
- 10F o .
i X ]
05 F .
0.0 —|—|—|—|-¢-|—|—|—|-¢-|—|—H—|—|—|—|—|—|—|—|—H—|—|—|—|—|—
30 | o .
< F ]
S 20 g © $ 8 E
SN Aeh
1.0 Frommmmmmm e L -
(Y1) T VY VI E D T

100 125 150 175 200 225 250

Vg,V

FIG. 5.9 Vg vs. Ei, Ji and Jg for magnetic field Types S, A, and C with /1 = 1.0 Aeq and /> =
0.36 Aeq.

Figure 5.9 shows the V4 dependence of E;j, Ji, and Jq for Types S, A, and C. In Types Aand C
with increase in Vg, Ei increased almost linearly with the same increasing rate as Type S, dEi/dVq4
~ 1.0 in the steady-state region (V4 > 175 V for Type C, and V4 > 150 V for Type A). When Vg4
corresponded to the range 175 V — 225 V, E; of Type C differed from that of Type S by not more
than 8%. However, in Type A, Ei exceeded that of Type S by approximately 40 eV, and Ei/Vq4
corresponded to 0.79 at Vq = 225 V. A clear difference was not observed in the variation of J;
among Types S, A, and C. At V4 = 225 V, J; saturated at a value that slightly exceeded J1+ J>. The
cause for this excess value was not clearly identified and could be due to failure of the symmetry,

doubly charged ions, or other reasons. However, it is expected that this small discrepancy will not
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affect the conclusions obtained from the present experiments. In both Types A and C, Jq increased

without saturation and subsequently Ji/Jq¢ decreased with increase in Vg.

5.6. High impedance ion acceleration mechanisms in diverging magnetic field
In this section, the probe diagnostics results are used to analyze the ion acceleration and

discharge characteristics discussed in Section 5.5.

5.6.1. Enhancement of the near-anode ionization scheme
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FIG. 5.10 Distributions of ne for varying magnetic field types: (a) Type N, (b) Type S, (c) Type
A, and (d) Type C with J1 = 1.0 Aeq, J> = 0.36 Aeq, and Vg4 = 200 V.

As shown in Figs. 5.7 and 5.9, in Types S, A, and C, Ji exceeded that of Type N by 18 — 25%,

and this indicates that Ji increases with increase in B. Figure 5.10 shows the ne distribution for
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each magnetic field type. In Types S, A, and C with a strong magnetic field, ne on the central axis
inside the ring anode corresponded to the order of 10'® m=. In Type C, ne exhibited a local peak

value of 1.8x10* m2 at (r, z) = (0 mm, 40 mm).
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FIG.5.11 Distributions of ne, Te, and Vs at z = 10 mm for various magnetic field types with J1
= 1.0 Aeq, /2 = 0.36 Aeq, and Vg = 200 V.

Figure 5.11 shows the radial distributions of ne, Te, and Vs at z = 10 mm near the right-hand-
side end of the ring anode. In Type N with a relatively weak magnetic field of 100 mT, ne remained
at a low level of up to 2x10%" m=for r <8 mm. However, it increased to 2x10® m= at r = 10 mm
due to the near-anode ionization scheme. In all other locations, ne was higher in Types S and C
when compared with that in Type N, and ranged between 5.0x10'" and 1.0x10'® m™ in the entire

r range. In Type A, ne was at the same level as those in Types S and C for r <4 mm, and it
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subsequently increased to 1.0x10%° m2 at r = 8 and 10 mm. Figure 5.12 shows the obtained current
— voltage characteristics of the double probe measurements in Type A magnetic field at (a) (r, z)
= (20 mm, 10 mm) and (b) (r, z) = (0 mm, 10 mm), respectively. The ion saturation current ls. at
(r, z) = (10 mm, 10 mm) exceeded than the ion saturation current at (r, z) = (0 mm, 10 mm) by
102 times. In both locations, the correlation coefficient exceeded 0.99, and thus, ne in the vicinity

of the ring anode inner surface can exceed that of the central axis value by 102,

400

200 |

, MA

FIG.5.12 Current (I) — voltage (Vp) characteristics of the double probe measurement in Type A
magnetic field at (a) (r, z) = (10 mm, 10 mm), and (b) (r, z) = (0 mm, 10 mm), /1 = 1.0 Aeq, J> =
0.36 Aeq, Vg =200 V.

In Types N, S, and C, T, approximately corresponded to 5.0 eV and increased slowly with
increase inr. In Type N, Te decreased at r = 10 mm, and this corresponded to an increase of ne. In
Type S, Te continued to increase with increasing r. In Type A, Te remained at the highest level
corresponding to 10 — 16 eV. In Type C, Te increased to the same level as Type A at r =8 mm as
shown in Fig. 5.10, and only Type A displayed a region of very high ne of the order corresponding
to 10'° m™ near the inner surface of the ring anode. In Type N, Vs at z = 10 mm decreased with
increase in r from 180 V at the center to 170 VV at r = 10 mm. In Types S, A, and C that has a
stronger magnetic field, Vs increased from the axis to the ring anode inner surface. In Type A, Vs

was lowest at the central axis with a value of 171 V, and this was lower than the anode potential
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(= Va) by 29 V. Hence, strengthening magnetic field in the vicinity of the ring anode enhanced the

near-anode ionization scheme.

5.6.2. Obliquely inward electric field

As shown in Figs. 5.6(b) and 5.8(b), <6> depends on the strength as well as the profile of the

applied magnetic field. Specifically, <6> decreases in the following order: Types N, C, S, and A.

Figure 5.13 shows color contours of Te for all types. Each Te distribution exhibited a peak in the

diverging magnetic field. In Type N, Te exhibited a maximum of approximately 34 eV near the

central axis at z=100 mm. In Types S, A, and C, the maximum Te near 30 eV appeared upstream,

at approximately z = 55 — 85 mm.
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FIG. 5.13 Distributions of Te for various magnetic field types: (a) Type N, (b) Type S, (c) Type

A, and (d) Type C with J1 = 1.0 Aeq, J> = 0.36 Aeg, and Vg = 200 V.
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FIG. 5.14 Distributions of ne, Te, and Vs at the central axis for various magnetic field types with
J1=1.0 Aeq, J> = 0.36 Aeq, and Vg = 200 V.

Figure 5.4 shows the distributions of ne, Te, and Vs at the central axis. In the region near the
maximum Te, Vs began decreasing in the downstream direction. In Type N, Vs began decreasing
at approximately z = 100 mm, where Te corresponded to a maximum. However, in the other types
that possess a stronger magnetic field, Vs began decreasing at z = 70 — 80 mm. These results
suggest that increasing the magnetic field results in shifting the location of the ion acceleration
region toward the ring anode. Figure 5.15 shows the color contours of Vs for all the examined
magnetic field types. The strengthening of the magnetic field, as shown in Types S, A, and C, an
electric field oriented obliquely inward, particularly in 50 mm <z < 100 mm region. The electric
field collimated ions, and thereby decreased the <6> value of Types S, A, and C with respect to

that of Type N. The strength of the electric field was based on the space potential distribution and
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resulted in a lowered space potential at the central axis. As shown in Fig. 5.4, Type A had the

lowest space potential at the central axis for z = 0 — 55 mm and the smallest <6>.
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FIG.5.15 Distributions of Vs for various magnetic field types: (a) Type N, (b) Type S, (c) Type
A, and (d) Type C with J1 = 1.0 Aeq, J> = 0.36 Aeq, and Vg = 200 V.

As shown in Eq. (2.7), the ion energy E; of electrostatic acceleration was determined by the
space potential difference from the ionization position (see ¢n in Fig. 2.10) to the IEDF
measurement position (see ¢s in Fig. 2.10). As shown in Figs. 5.7 and 5.9, Type A exhibited the
highest E; and while the difference in Ei among Types N, S, and C did not exceed 5 eV. In Type
A, ionization was locally enhanced near the ring anode inner surface, as shown in Fig. 5.10. The

measured Vs at (r, z) = (10 mm, 10 mm) corresponded to 193 V and was close to the ¢, value
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(=190 V) measured by the RPA. In Types N, S, and C, ne exhibited maxima corresponding to 172
V, 181V, and 179 V at (r, z) = (10 mm, 10 mm), (0 mm, 40 mm), and (0 mm, 40 mm), respectively.
With respect to the IEDF measurement position (r, z) = (0 mm, 350 mm) as shown in Fig. 5.4, Vs
was almost equal for all magnetic field types. Therefore, Ei mainly depends on Vs at the ionization
position. In Type A, the enhanced ionization near the ring anode potential induced by the
combination of the near-anode ionization scheme with the strengthened magnetic field increased
the efficiency of the electrostatic ion acceleration.
5.7. Summary of Chapter 5

Working gas was injected along the inner surface of the ring anode, and the ionization
efficiently occurred by the near-anode ionization scheme, and ions were electrostatically
accelerated by an axial potential drop near the exit of the diverging magnetic field. A locally
strengthened applied magnetic field at the ring anode inner surface achieved the highest ion beam
energy and the smallest beam divergence of 39 deg. In the acceleration region, an obliquely inward
electric field converged ions to the central axis, thereby mitigating ion collisions against the

channel wall. Subsequently, ions were accelerated through a potential drop in the axial direction.
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Conclusions

The present dissertation involved experimentally demonstrating high impedance ion
acceleration in applied diverging magnetic field to realize high thruster performance in
conjunction with mitigating ion wall losses.

A thermionic emission type hollow cathode was used to maintain small current — high voltage
discharge in a diverging magnetic field of applied-field magnetoplasmadynamic (Af-MPD)
thruster. The ratio of applied- to self-field thrusts ranged from 10? to 10°. The discharge voltage
has a useful component of back electromotive force. Using the hollow cathode, applied-field
dominant operation was achieved under the same specific power level (102 — 10* MJ/kg) although
with 1/10 to 1/100 times smaller mass flow rates when compared to those reported in previous
studies. A maximum thrust efficiency of 13% was achieved even with a 10 A level of discharge
current. However, estimated back electromotive force ratio to the discharge voltage indicated that
the input power was mainly consumed by anode sheath drop; based on the thrust measurement,
excessive acceleration of the ions led to an inefficient thruster operation.

In order to decrease power consumption in the anode sheath drop, injecting pre-ionized
working gas was examined in helicon electrostatic thruster (HEST), which has a radio-frequency
(RF) plasma source. The RF power had different effects on thruster operation characteristics at
different RF power ranges under a constant discharge voltage of 300 V. With respect to an argon
gas flow rate of 0.5 Aeq operation in the RF power range of 0 W to 80 W, RF power was utilized

for working gas ionization in the plasma source and subsequently enhanced electrostatic
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acceleration through an axial electric field from the end of the diverging magnetic field. In this
power range, ionization enhancement in the plasma source contributed to improving ion
acceleration performance. However, in the RF power range exceeding 80 W, the ion beam current
and the ion beam energy were both gradually saturated at 93% of the total flow rate and 88% of
the discharge voltage equivalent, respectively. In this case, injected working gas was ionized with
a high ionization cost corresponding to a maximum of 2190 W/A. In the 1.0 Aeq operation, the
ion beam current exceeded the total supplied working gas flow rate of 1.36 Aeq by inputting RF
power exceeding 400 W. The RF power increment was consumed for low energy and doubly
charged ion generation. The thrust efficiency was governed by the RF power ratio relative to
electrostatic acceleration power. In both flow rates, the thrust efficiency reached a maximum value
at the RF power ratio relative to the electrostatic acceleration power of 0.6 — 1.0. Although
additional RF power was input to the electrostatic acceleration power, expected thruster
performance remained less than 10% under the same specific input power level of 10° MJ/kg as
that of the Af-MPD thruster.

Instead of the RF plasma source, injecting working gas from the vicinity of the anode is
another method for enhancing ionization near the anode without additional inputting power. An
electron cloud was created in the downstream region due to the magnetic field-free region.
Because the effective cathode area is larger than that of the anode, the anode potential was higher
than that of space potential in order to keep quasi-neutrality. Thus, electrons obtained kinetic
energy exceeding ionization energy through this potential difference. Electron impact ionization
occurred in the vicinity of the anode (near-anode ionization scheme) by colliding with the locally
injected working gas. The generated ions were electrostatically accelerated by an axial potential
drop from the exit of the diverging magnetic field. As a result, the applied voltage was efficiently
utilized for electrostatic acceleration. The strengthening of the magnetic field locally near the ring

anode inner surface exhibited the highest ion beam energy and smallest beam divergence
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corresponding to 39 deg. In the acceleration region, an obliquely inward electric field converged
ions to the central axis, thereby ion beam divergence half-angle was decreased.

In summary, the high impedance ion acceleration in diverging magnetic field was
demonstrated. (1) By using the hollow cathode, small current — high voltage operation in the
diverging magnetic field was maintained. (2) The ions generated by the near-anode ionization
scheme were efficiently electrostatically accelerated through the diverging magnetic field.
Expected thruster performances based on probe diagnostics, namely 2900 s of specific impulse
and to a maximum thrust efficiency of 33% with 30 mN/kw exceeded that of the HEST with
inputting optimal RF power, and was comparable to previous electrostatic thrusters operated with

a xenon propellant.
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