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Chapter 1

Introduction

1.1 Electric Propulsion

Electric propulsion (EP) is a technology to generate thrust by giving electric power to propellant,
generally achieving higher specific impulse than that of chemical propulsion (CP) [1,2]. As a result,
EP requires less amount of propellant to achieve a given thrust than CP does, which increases
payload when it is applied to space mission. For space missions with large velocity increment such
as deep space exploration, EP have been of great importance improving the payload ratio of
spacecrafts. In addition, utilization of EP is expected to enhance the feasibility of in-space
transportation of large mass structure from the viewpoint of cost, in which slight improvements in
payload ratio results in reduction of great amount of propellant due to the large mass of the payload.
The realization of in-space transportation of large mass structure would make space development
much more active than it is with space missions such as construction of a solar power satellite or
manned exploration of Mars. Therefore, researches have to be conducted to improve the
performance of EP so as to enhance the feasibility of in-space transportation of large mass structure.

Another characteristic of EP is its small thrust ranging from 10 uN to 1 N, which requires EP
systems to be operated for long periods to accomplish maneuvers. For example, the operational
hours of an ion engine ul on Hayabusa, a Japanese asteroid explorer, reached 14,830 h [3].
Therefore, the lifetime is one of the most important indexes of the performance of EP. Furthermore,
the lifetime is considered to be one of the essential performances to be improved for the realization
of in-space transportation of large mass structure, because the accumulative operational hours of EP
has to be quite long due to its large mass.

Since EP was first conceived in 1906, several concepts of electric thrusters have been developed.
Those electric thrusters are generally classified into three categories in terms of the acceleration
method: electrothermal, electromagnetic, and electrostatic. An arcjet thruster is classified as the
electrothermal thrusters, whereas a magneto-plasma-dynamics (MPD) thruster and a pulsed plasma
thruster (PPT) are electromagnetic thrusters. An ion engine and a Hall thruster are electrostatic
thrusters, which have high thrust efficiency of 60 — 70%. As is shown in Figure 1.1, the specific
impulse of a Hall thruster and an ion thruster is higher than that of the other electric thrusters, and it
is around ten times higher than that of CP. Although the specific impulse of a Hall thruster is
relatively low compared to an ion engine, the thrust density of a Hall thruster is quite higher than
that of an ion engine, which shows that a Hall thruster is suitable for space missions which require

large thrust.
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1.2 Hall Thruster

A Hall thruster, as exemplarily shown in Figure 1.2, is the most actively studied electric thruster
in recent years [4], which has following features.

* High thrust efficiency of higher than 50% is achieved with relatively low specific impulse of

1000 - 3000 s.

e The thrust density is higher than that of an ion engine.

e The thruster system is compact and lightweight.

Because a Hall thruster is suitable for large thrust applications, many high-power Hall thrusters
were developed all over the world: SPT series thrusters (0.35 — 5 kW) developed in Russia [5], a 1.5
kW thruster PPS1350 [6] which was launched on SMART-1 [7], a lunar exploration satellite of ESA,
and a 5 kW thruster at MELCO [8]. Besides, Hall thrusters with higher power up to 250 kW are
actively studied in recent years [9,10,11,12,13,14].

Figure 1.2 Picture of a Hall thruster UT-58 in operation.



1.2.1 Principles of Hall Thruster

The Hall thruster’s principle operation is illustrated in Figure 1.3. Typically, the discharge
channel has an annular shape, and radial magnetic field is imposed throughout the channel by a
magnetic circuit. Because of this applied radial magnetic field, strong axial electric field is sustained
throughout the discharge channel, rather than concentrated only on the near-electrode region due to
the plasma Debye shielding. The electrons emitted from the cathode are trapped by the radial
magnetic field due to the E x B drift. This azimuthal guiding center drift forms Hall current, which
enables the heavy particle acceleration and thrust generation. The entrapped electrons are gradually
accelerated toward the anode due to the diffusion, and ionize the propellant supplied through the
anode. The ionized propellant are accelerated by the axial electric field and exhausted in high speed
generating thrust. Different from ion thrusters, the ionization and ion acceleration area is not
separated in Hall thrusters, and the quasi-neutrality is sustained throughout the discharge channel
with the exception of sheath region. This feature enables Hall thrusters to achieve much higher thrust
density than ion thrusters, because the current density is not limited by the Child-Langmuir law. The
cathode has the function of not only an electron source but also a neutralizer that the entire system is
electrically neutralized by emitting excess electrons. It is to be noted that the exhausted propellant
ion beam itself is not necessarily neutralized. In summary, the thrust of Hall thrusters is generated by
the electric static acceleration of propellant, whereas the thrust is transferred to the thruster by
electromagnetic force generated by the Hall current. This is why the Hall thrusters are classified to
the electrostatic thrusters, though they have the features of electromagnetic thrusters at the same
time.

There are three fundamental design criteria of Hall thrusters as written follows:

w,r, > 1. (L.1)
re € I € . (12)
< A (1.3)

Where, w, is electron cyclotron frequency, z. is electron’s characteristic time of collision,

w,7, =, is electron Hall parameter, | is characteristic length of discharge channel, r. and r; are
respectively Lamor radius of electron and ion, and /, and /; are collision mean free path of neutral
and ion, respectively. First, Eq. (1.1) means the cyclotron frequency should be much higher than the
collision frequency for electrons that the electrons should be well confined by the applied magnetic
field. Second, Eq. (1.2) indicates that only the electrons are trapped by the magnetic field but the
ions are exhausted without suffering guiding center drift. Finally, Eq. (1.3) denoted that the neutral
propellants should be efficiently ionized within the discharge channel, whereas the ions should be
exhausted before they recombine with electrons. Generally, these three fundamental criteria are

easily satisfied and more detailed considerations are necessary for actual Hall thruster design.
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Figure 1.3  Principle of Hall thruster operation.



1.2.2 Types of Hall Thruster

Hall thrusters are usually classified to two major types according to their acceleration mechanism
as follows:

e Stationary Plasma Thruster (SPT)

e Thruster with Anode Layer (TAL)

SPTs were first developed by Morozov during 1960s [5], whereas TALs were first developed by
Zharinov [15]. The schematics of both thrusters are shown in Figure 1.4.

SPTs have a dielectric ceramic discharge channel wall, usually Boron Nitride (BN). The major
advantage of SPTs is that their operation is very stable and has small discharge oscillation amplitude.
Consequently, SPTs are the most developed and the most used Hall thrusters for satellite missions.
On the other hand, the electron wall loss is relatively high because of the secondary electron
emission from the wall, which is the main energy loss mechanism of SPTs. Thus, usually SPTs have
relatively long channel length for sufficient propellant ionization, because the electron temperature is
regulated to low level. This is the major disadvantage of SPTs that the plasma inflow to the wall is
intense which decreases the thrust performance.

In comparison, TALs have a metallic channel wall biased to cathode potential to minimize the
electron wall loss. Thus, the electron temperature inside the TALSs is usually higher than that of the
SPTs, and the necessary channel length is accordingly shorter. There exists near anode electron
sheath in TALs and the propellant acceleration inside this anode layer is significant, which is the
reason why the TALs is called anode layer type. Compared with SPTs, TALSs have the disadvantages
of larger discharge oscillation and lower operation stability, which results in the limited use of TALs
for flight missions. However, TALs have advantages in the thrust performance, which is typically
higher than that of SPTs due to the reduced plasma wall loss. Therefore, this research focuses on
TALs.
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1.3 Solar Power Satellite

A Hall thruster is considered to have less difficulty to develop high power thrusters which are
necessary for in-space transportation of large mass structure. A solar power satellite (SPS) is one of
satellites which require such in-space transportation. The concept of a SPS is to generate power in
orbit and transmit the power to Earth [16]. SPSs have several advantages: 1) SPSs utilize renewable
energy, 2) photovoltaic cells yield 5 - 10 times higher power in orbit compared to the ones on Earth
[17], 3) power generation of SPS is stable. Among these advantages, the stability of power
generation is most important, as the abrupt fluctuation of power generation is a continuing issue in
the utilization of renewable energy [17]. However, the typical mass of a SPS is in the range of tens
of thousands of tons making it difficult to construct a SPS system using current transportation means
from the view point of the transportation cost. Therefore, this research first focuses on the cost
analysis of in-space transportation of a SPS using Hall thruster propulsion systems to deduce the

specifications that Hall thrusters for in-space transportation should have.

Figure 1.5 SPS planned by USEF [17].



1.4 Lifetime of Hall Thruster

It is expected that the lifetime is one of most important performances of Hall thruster for in-space
transportation of large mass structure, because Hall thruster has to be operated for long period due to
its small thrust and to the large mass of the payload. The most serious limitation of the lifetime of a
Hall thruster is the channel wall erosion caused by ion sputtering. lon sputtering is a process
whereby atoms or molecules are ejected from a solid material surface with the incidence of high
energetic ions. For the channel wall erosion of a Hall thruster, ions accelerated toward the channel
wall due to the electric field formed near the wall causes the erosion.

Since a Hall thruster is expected to be operated for long period, many researches have been
conducted to evaluate the lifetime of the thruster by measuring the magnitude of erosion. For
example, the endurance tests of the thrusters using ground facilities are frequently conducted
[8,18,19,20,21], as well as the development of instantaneous measurement method of the wall
erosion [22,23]. In addition, to develop a Hall thruster with less wall erosion, the models of ion
sputtering were examined based on experimental and computational results [24,25,26]. In
consequence, it was reported that BPT-4000 (a 4.5 kW SPT) reached a zero-erosion configuration
judging from the measurement of wall erosion through its duration test conducted in 2010 [20]. The
mechanism of this was examined based on numerical simulations with the conclusion that a certain
configuration of magnetic field would work as a shielding of the walls [27], which was supported by
experimental results [28]. This technology was named as magnetic shielding.

The principle of the magnetic shielding for SPTs is illustrated in Figure 1.6. The magnetic field
lines of the unshielded thrusters cross the channel walls (Figure 1.6 (b)), whereas the magnetic field
lines of the magnetically shielded thrusters is parallel to the channel walls (Figure 1.6 (c)) [28],
which can be realized by modifying the geometric configuration and the magnetic field
configuration of the channel. Because the equipotential lines forms along the magnetic field lines if
the electron temperature along the magnetic field lines is low [29], the parallel magnetic field lines
near the walls causes electric field which repels the ions from the channel walls resulting in the
reduction of the channel wall erosion, as shown in Figure 1.7.

The magnetic shielding is applied only to SPTs so far, and it has never been applied to TALs,
although the thrust efficiency of which is generally higher than that of SPTs. However, because the
electrical potential of the channel walls of TALs is different from that of SPTs, the electric field near
the channel walls is not clear in the case of TALs. Therefore, to realize the longer lifetime Hall
thrusters with high thrust efficiency, the geometric configuration of the magnetic shielding, the
application of which would not change the thrust performance greatly, was applied to TALs and the
electric field and electron temperature inside the discharge chamber of a TAL was measured to

obtain a criteria for zero-erosion TALS in this research.



Magnetic material -
lec : i Unshielded (U5, a r shi o,
Anode  Dielectric material \l Electrons from . (U . Magnetically shielded \"--'.!

Vi \\ : caLhnd.e source () configuration — l (MS) configuration /HI :
Outer wall /A
" _ T XE=E
N\ — A Ve B )
Hall-discharge I ™ i E=E S
- plasma @ _€ {0 ! E_ L B ! ; b I
Gas o™ o e e O T_-lembeam S I TR U SRR SRS (O A 100 OO g,
b i\ b
!
r : T. -~ T, ===
L»z z along centerline (CL) z along wall z along wall
(a) Basic features of the channel (b) Unshielded (c) Magnetically shielded
Figure 1.6 Principle of magnetic shielding [28].
SPT TAL
Anode ‘@
Channel wall
Floating potential Cathode potential
(=Anode potential)

Figure 1.7 Prospective potential contour in a channel of SPT (Left) and TAL (right) with

magnetic shield.

10



1.5 Probe Measurement

To measure the plasma potential and the electron temperature, a probe method would be the best
considering its high spatial resolution even inside the channel. There are two plasma diagnosis
methods: the probe method and a spectroscopy method. For the probe method, the plasma can be
diagnosed by measuring the electrical potential of the probe made of metal inside the plasma or the
current flows between the plasma and the probe [30,31]. The plasma diagnosis using the
spectroscopy method is done by monitoring the radiation emitted by the plasma and analyzing the
obtained spectrum [32].

The probe method has an advantage in its spatial resolution and simplicity, whereas the
spectroscopy has better time resolution and less perturbation to the plasma [33]. Although the
spectroscopy method has been applied to measure a plume, the plasma outside of the channel, of
electric thrusters frequently [34,35,36], there are few application of the spectroscopy method for the
measurement inside the channel [37] because the spectroscopy measurement inside the channel
requires installation of an inspection window to the channel walls which causes uncertainty to the
condition of the plasma. On the other hand, the probe method has been utilized for both the plume
[38,39] and the plasma inside the channel [40,41,42,43]. Because of high energy deposition on to the
surface of the probe, the plasma inside the channel is measured by inserting the probe from the
downstream to upstream parallel to the center axis of the thruster [44].

Among many types of the probes, a floating emissive probe is the most suitable probe for the
plasma potential measurement because of its fast response and simplicity [45]. The principle of the
floating emissive probe measurement is as follows. In general, if the metal probe is placed inside the
plasma, the electrical potential of the floating probe is lower than the plasma potential due to the
bigger thermal velocity of the electrons than that of the ions causing the lower electrical potential of
the probe to repel the electrons. However, the probe can emit enough amount of thermion to cancel
the electron inflow causing the electrical potential of the probe to be the same as the plasma potential
when the temperature of the probe is high, which makes it possible to measure the plasma potential
just by measuring the floating potential of the probe. The most attractive aspect of using the emissive
probe is that the plasma potential can be measured so instantaneously that the observation of the
local oscillation of the plasma potential due to the plasma oscillation is possible [46]. Thus, the
electric field inside the channel can be obtained by monitoring the floating potential of the probe
while the probe is moving inside the channel [47], which is done in this research.

For the electron temperature measurement, a single probe is most suitable because it is possible
to detect the existence of the influence which should be removed. The single probe has been widely
utilized for the electron temperature measurement [40,48,49]. The electron temperature can be
obtained as an inclination of the I-V curve which shows the relationship between the biased probe

potential and the natural logarithm of the current that flows from the reference electrode, the cathode

11



in this research, to the probe. The single probe measurement has an advantage on the detection of
distortion due to the magnetic field, an ion beam, and an electron beam, because those influence will
appear in the changes of 1-V curves [31,50]. Therefore, the electron temperature was measured using

the single probe in this research.
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Figure 1.8 Conceptual I-V curve of single probe measurement.
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1.6 Motivation of Research

The motivation of this research is to get the criteria for the realization of the zero-erosion TAL by
measuring electric field inside the channel of TALs with the geometric configuration of the magnetic
shielding and predicting the motion of ions. Because TALS have generally higher thrust efficiency
compared to SPTs, the realization of the zero-erosion TAL will enhance the feasibility of in-space
transportation of large mass structure. To comprehend the configuration of electric field inside the
channel, the axial electron temperature distribution is also measured.

In addition, the derivation of the impact of improvements in the thrust performance on the
feasibility of such space mission with large mass is another motivation of this research as well. That
result would give an insight about the significantly important performance of Hall thruster, which

should be focused on.
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1.7 Structure of Thesis

This thesis first describes, in the following chapter, the analysis of the cost for the in-space
transportation of a SPS to deduce the specific characteristics of Hall thrusters that will yield
significant cost reduction, especially focusing on the impact of the lifetime of Hall thrusters.

The third chapter will describes experimental apparatus for the operation of a Hall thruster and a
probe measurement system developed in this research.

The result of the measurement and the discussion is included in the fourth chapter.

Finally, this thesis is summarized in the fifth chapter.

14



Chapter 2

Mission Analysis of SPS Construction

2.1 Motivation

High-power electric propulsion systems ranging from few to hundreds of kW are actively studied
[12,9] in recent years. Electric propulsion systems of this power range can be applied to main
thrusters on spacecrafts causing the propellant consumption to be reduced by one order of magnitude.
As a result, the space mission capability is enhanced. Satellites recently started to employ 5 kW
electric propulsion systems [51], and electric propulsion systems with high power are considered to
improve the feasibility of space programs relying on in-space transportation of huge payload such as
SPS especially regarding transportation costs [52].

This chapter shows parametric studies of the cost evaluations of in-space transportation of a SPS
using Hall thrusters. At first, a base transportation scenario is shown, and then the following section
describes the method of cost evaluation. Then, the optimized mission scenario is discussed from the
viewpoint of transportation cost by varying the transportation condition parametrically, and finally
the specific characteristics are proposed in the last section. This section also describes the

quantitative influence of the lifetime on the transportation cost of a SPS.
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2.2 Base Transportation Scenario

SPS will be operated in a GEO, a circular orbit 36,000 km above the Earth’s equator as
exemplarily shown in Figure 2.1. SPS transportation can be divided into two parts as shown in
Figure 2.1, the launch from Earth to a LEO, a circular orbit 400 km above ground, and the in-space
transportation from LEO to GEO, which is the scope of this study. The usage of OTVs in the
in-space transportation was assumed in this study, and the merit of employing OTVs will be
discussed in Section 4.1. The OTV was modeled by two major elements; a thruster system and
structures. The thruster system includes entire elements which is necessary to operate electric
thrusters: thruster head, gimbal, PPU, cabling, propellant feed system, and tank.

To construct a SPS, huge massive structures of several 1,000 to 10,000 tons need to be
transported into GEO. This great amount of payload inevitably leads to the employment of separated
transfers in individual modules. The SPS mission assumptions used in this study are summarized in
Table 2.1. In this study, the transportation cost from LEO to GEO was evaluated to provide a
framework of SPS transportation from the viewpoint of costs. In addition, the cost to launch the
propellant consumed in this in-space transportation was also evaluated, because the amount of
propellant changes depending on the in-space scenario. The target cost for this transportation was
assumed to be $3.75 billion (300 million yen), because the entire transportation of SPS has to be
accomplished within the expense of $12.5 billion (1 trillion yen) to make it competitive enough
compared with other power sources. For the launch vehicle used from the Earth to LEO, H-IIB was
assumed. Thus, our evaluation started from the 19 tons of mass supply at LEO, which is the
maximum payload of H-11B [53].

Although there are many candidates for the electric propulsion (EP) system, recent researches
[52] show that Hall thruster would be the most promising choice for SPS orbit transfer vehicles
(OTVs). Hall thruster has high thrust efficiency, and the specific power, the propulsion power per
unit mass, of Hall thruster is also high. Although the desirable power of SEP exceeds 100 kW as will
be shown in Section 4.2, clustering of 25 kW thrusters was presumed in this study, because cluster
systems would be employed in space programs as a concrete measure against failures.

As propellant for Hall thruster, xenon is usually selected as the ideal candidate to obtain an
optimum thrust performance. Xenon is, however, considerably expensive and rare as shown in Table
2.2, and is not a preferable choice for the mass transportation which consumes huge amount of
propellant. Therefore, argon was selected as alternative propellant in this study, and, thus, specific
impulse was assumed to be 4,000 s. Although the thrust efficiency tends to be lower if argon is
employed, the two order of magnitude cost cut compared with xenon can be expected to raise the
feasibility of this mission. Taking the use of argon into account, the thrust efficiency was assumed to
be 50% at first, and was varied later on as a parameter in order to see the impact of the efficiency on

the transportation costs.
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*SPS
*OTV
*Propellant

/\ LEO

*SPS

/ *Propellant

Launch S
(H-11B 19 ton) Progress of Mission Earth

>

Figure 2.1 SPS transportation scenario.
The number of OTV Nyenicle 1S Set to three.

Table 2.1 Requirements of SPS

Weight 20,000 tons

Power output 5GW
Total: $12.5B
LEO to GEO: $3.75B

Cost target (Including propellant launch cost
from Earth to LEO)

Mission period 10 years

Table 2.2 Properties of propellant

Xe Kr Ar
Price $/kg 1,200 330 5
Specific impulse s | 2000 3000 4000
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2.3 Evaluation Method
To deduce the optimal transportation scenario, several mission cases were evaluated. The total
transportation cost is estimated by:
Ciotat =Creo_ceo + Cproptamnch- (2.1)
The elements of transportation from LEO to GEO can also be divided into two parts from the
viewpoint of costs: propellant and OTVs. Thus, in-space transportation cost is estimated by the
following equation:

*

CLEO—GEO = Nﬂight : Cprop. + Nvehicle : Cvehicle’ (22)

where Cprop is the cost of propellant per unit mass, Nyenicie IS the number of OTVs necessary to
complete transportation within the given mission period. The superscript * indicates the
consideration of cost saving along the experience curve. The experience curve is representing the
increasing efficiency through the repetitive production. The experience curve is usually expressed by
Eq. (2.3) [54], showing a relationship between the production cost and the cumulative production
number.

Cvehicle(n) = r-IogZ(n)Cvehicle(O)' (23)

As Eq. (2.3) shows, when the cumulative production number is doubled, the production cost is
multiplied by r. In this paper, r is assumed to be 0.85 with reference to aircraft manufacturing [55].
Thus, the integrated manufacturing cost of OTV is calculated using Eq. (2.4). The impact of

repetitive production on cost derived from Eq. (2.4) is shown in Figure 2.2.

N vehicle

Nvehicle : C\*:ehicle = Z I’-Iogz(n)cvehicle(o) ) (24‘)
=1

The propellant cost is proportional to its mass which is obtained by:

AV
Myop =M .{1— exp(— I—J} (2.5)
g sp

where mg is the initial mass of spacecraft. AV is calculated from the Edelbaum’s equation [56]:

V2
AV = \/VLZEO +Veéeo — 2VieoVeeo COS(Z A'j , (2.6)

where i is set to 30.4° assuming the launch from Tanegashima, Japan. The calculated velocity
increment is AV = 6.1 km/s. Using Eq. (2.5) and the AV, the mass of propellant necessary for OTV
transferring from LEO to GEO was acquired by setting m, to the sum of H-11B payload mass (=19
ton) and OTV dry mass. The propellant mass for the return trip from GEO to LEO is calculated
based on the final mass of this flight: OTV mass without propellant.
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The OTV cost Cyenicle IS Calculated using two models: one simulates the thruster system cost and
the other simulates the structure cost. The thruster system includes thruster heads, gimbals,
propellant feed systems, PPUs, a propellant tank and solar array. The structure is a framework to
integrate these elements into a single system. The detailed configuration is given in Table 2.3. The
cost of thruster systems, which include thruster head, gimbal, PPU, propellant feed system, and tank,
is determined by a model [57] obtained by extrapolating the current market prices. The model
assumes that the cost of thruster systems would be the function of output power of thruster system as
expressed in Eq. (2.7).

Comss (P) =qlogp—'“lxcmter(po), 2.7)

In this model, the constants are set as follows; po = 5 KW and Ciruster(Po) = $8 million, and g = 3.
The factor g was 2 in the reference [57], though, 3 is employed taking into account the inaccuracy of
extrapolating.

The number of round trip between LEO and GEO Ngign: Can be obtained by dividing the total SPS
mass by the single modularized SPS mass: the H-1IB payload mass (=19 ton) subtracted by the
propellant mass my, and associated tank mass.

The number of OTV Nyenicie is determined from Eq. (2.8) using Ngigni, transfer orbit duration
(TOD) of each flight and entire mission period. This equation represents the scenario when OTVs
are utilized most efficiently:

1

veide = “issionPeriod 1" (2.8)
TOD '

N

The cost for propellant launch was calculated assuming that the target cost of SPS launch from
Earth to GEO of $8.75 billion was achieved. Thus, Cyrop-tauncn Was obtained by:

C
__ “SPS-launch
prop—launch — M M prop (29)
SPS ’

C

where the target cost of SPS launch Csps.jauncn 1S $8.75 billion, Mgps is 20,000 ton, and My, is the

mass of propellant consumed through the entire in-space transportation.
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Table 2.3 Breakdown of OTV setup and parameters.

Mass Cost
Propellant (argon) calculated by Eq.(2.5) $ 5 perlkg
Thruster system -
Heads, gimbals, propellant feed | 1.8 kg/kW [52]
system -
BPUs 17 kg/kW [52] $15 million per 25 kW
Tank 4% of propellant mass
Solar array on OTV 6.0 kg/kw
Structure 10% of sum of above $250 thousand per 1 ton
1 T T T

*
€ Vehicle / Cyehicle

0 50 100 150 200
N,

vehicle

Figure 2.2 Impact of repetitive production on cost assumed in this study.
Cost of single OTV ¢ vehicle 1S Normalized by the cost without considering experience curve Cyenicle-
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2.4 Optimum Scenarios
This section shows the optimum scenarios deduced following the method described in the
previous section. Two factors are considered here: the choice of reusing or disposing the OTVs, and

propulsion power.

241 OTV Scenario

A comparative study is conducted to derive which option is better: to restrain the number of
OTVs by having them to LEO after unloading the payload at GEO and reuse them; or to avoid the
flight back to LEO. In this section, propulsion power is assumed to be 125 kW.

The upper row of Table 2.4 shows the calculation result, where Cyuster = $15 million is the cost of
the thruster system derived from Eq. (2.7). The better choice is to reuse OTVs rather than disposing
them, as the reusing scenario yields a 74% lower cost of $5.47 billion.

However, the cost of reusing scenario is still higher than the target cost of $3.75 billion. In this
case, the expense of OTVs’ manufacturing cost is as huge as almost 70 % of the total cost as shown
in Figure 2.3. Therefore, another cost estimation was conducted assuming the cost of the propulsion
system to be low enough so that the total cost could be kept below the target $3.75 billion. The target
cost was achieved as shown in lower row of Table 2.4 when the cost of a 25 kW Hall thruster is
reduced to as low as $7.5 million, half of the value used in the previous estimation. The desirable

improvements required for the realization of such a cost-down will be discussed in Section 2.5.
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Table 2.4 Cost comparison of two OTV scenarios.

. P !
Cthruster Scenario LEO-GEO I aﬁ)r?gh ant Total
- reusing $3.84B $1.63B $5.47B
$15million | yicnosing | $19.7 B $152B $21.2B
. reusing $2.09B $1.63B $3.72B
$75million | yiosing | $10.6B $152B $12.1B

Propellant Launch
$1.67B

Propellant Cost

$0.02B \

69.5%

Figure 2.3 Cost breakdown of the reusing scenario.

(Cthruster = $15 million)
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Figure 2.4 Relationship between x and the minimum total cost (left), and associated Py,
(right).
x shows proportion of power contribution from SPS. Eq. (2.10) shows its definition.

4.4 . . . 1000
4.3 .
=) 1 800
£ 42 .
Ug alr Total Cost 1 600 é
2 4 F Number of OTV —— - o
3 400 =
—_ 39
3
S 38 ¢t 200
37 ¢
1 1 1 O
50 100 150 200

P, (kW)

Figure 2.5 Relationship between P, and the total cost (left), and Nyenicie (right).
(r was set to 0.6 considering the result of Section 2.4.2)
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2.4.2 Propulsion Power and Power Contribution from SPS

The propulsion power of OTV is another important factor for the cost, because it affects the
number of thruster systems and leads to the changes of TOD. This power can be provided by both
the OTV’s solar array and the SPS module during the transportation from LEO to GEO, whereas the
power from the SPS module will no longer be achievable from GEO to LEO. As the mass of solar
array is relatively high, the power contribution from the SPS module would reduce the considerable
mass and cost. In this section, the optimum propulsion power during the transportation from LEO to
GEO P, and the optimum power from GEO to LEO Py, Which is described using «,

Pyoun =K Pyp- (2.10)

Figure 2.4 shows the minimum cost as a function of x. The minimum point was obtained by
evaluating the cost for the wide range of power at each «. In addition, the power at which the cost
yielded a minimum value is also plotted in Figure 2.4 using right ordinate. Small value of k denotes
the expanded use of SPS as the power source to drive OTVs. The remarkable cost increase in the
low «x range can be explained by the rapid increase of TOD of return journey. This is because the
mass of thruster system for Py - Pgown = (1 - x)Py, will perform only as dead mass in the
transportation from GEO to LEO. It is concluded that the utilization of SPS as power source has
little merit.

The relationship between the power and the cost is described in Figure 2.5, where x was set to 0.6
considering the previous result. P = 112 kW yielded the minimum cost where the effect of
decreasing TOD and growing OTV manufacturing cost were balanced. From Figure 2.4 and Figure
2.5, it is clear that as long as the power and x was set around the favorable value, the cost is not very
sensitive to these parameters. However, a power of less than 100 kW should be avoided, because
TOD increases drastically with the decrease of the power as described in Figure 2.5. This is
important, because a radiation belt exists between LEO and GEO which OTVs would inevitably pass
through, and the longer TOD leads to a greater exposure to space radiation hazardous to the SPSs’
electric circuits. However, equipment which is strong against space radiation is being developed
rapidly [58]. Thus, in order to focus on technologies of Hall thrusters, the effect of space radiation is

not considered in this study.
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2.5 Specific Characteristics
This section describes the specific characteristics of Hall thruster, which leads to an achievement

of target transportation cost of a SPS.

2.5.1 Propellant

In this study, argon has been considered as propellant, because the price of argon is quite low as
shown in Table 2.2. However, the current research on use of argon is limited, and the efficiency of
Hall thruster with argon still remains unclear. Thus, this section describes the derivation of the
influence of both the choice of propellant and the thrust efficiency on the total cost. Three
propellants are considered: xenon, krypton, and argon. In this calculation, specific impulses are
assumed as shown in Table 2.2.

The result is shown in Figure 2.6. Selecting argon as propellant provides significant cost
reduction at a high thrust efficiency range. However, the cost for the case of a thrust efficiency of
below 30% with argon exceeds that with krypton. Thus, developing a thruster with a thrust

efficiency of more than 30% with argon is desired.
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Figure 2.6 Relationship between thrust efficiency and total cost with propellant of argon.
(Thrust efficiency, Kr: 50%, Xe: 60%).
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2.5.2 Thrust Efficiency

The impact of thrust efficiency was derived as shown in Figure 2.6. In the case of argon, the
result shows that 10% growth in thrust efficiency offers about $400 million cost reduction around
efficiency of 50%. As the target cost is $3.75 billion, efforts to improve this efficiency should be

conducted to enhance the mission feasibility.

2.5.3 Lifetime

The introduced cost evaluation gives rise to a demand for the reduction of the thruster system
manufacturing cost. One of the most effective way to reduce the manufacturing cost is to realize the
longer lifetime of the thruster.

The lifetime of Hall thrusters have significant influence on the transportation cost, because the
manufacturing cost of thruster systems are high. In this study, the lifetime is assumed to be 10 years
considering future innovations related to lifetime. However, if the lifetime were 5 years, the
transportation cost would increase by 45%. Therefore, the technologies to increase the lifetime are

quite important.
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Figure 2.7 Relationship between mass of PPU and total cost.
Mass of PPU was normalized using previously assumed value of 1.7 kg/kW.
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2.6 Summary

In-space transportation of a SPS was examined and the following knowledge was obtained,
which is also shown in Table 2.5. A better choice of OTV scenario was reusing OTVs rather than
disposing them, because the manufacturing cost of OTVs was the dominant part of the expenses,
occupying 70% of the total cost. In addition, the power of OTV has limited impact on the total cost,
and therefore OTVs can choose its power from a wide range. The fraction of power dependence on
SPS during the flight from LEO to GEO yielded no advantage from the viewpoint of cost as
described in Section 2.4.2.

The cost of the optimal scenario reflecting this knowledge is shown in Figure 2.3. Based on the
results, the specific characteristics of Hall thrusters suitable for in-space transportation of a SPS are
presented as follows:

e Capability of operation with argon

e Improved thrust efficiency

e Long lifetime
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Table 2.5 Optimum scenario of SPS transportation
(The cost of thruster systems (25 kW) was assumed to be one of fourth of that of the state of the art)

Parameters Optimum value Impact on cost
. if disposed,
OTV scenario Reuse OTV cost is 4 times higher
if xenon,
Propellant Argon cost is 3 times higher
.- the higher 10% eff. improvement,
Thrust efficiency the better 10% cost reduction
Thrust power 112 kw small, Figure 2.6
Power contribution from SPS 40% from SPS small, Figure 2.5
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Chapter 3

Experimental Apparatus

3.1 Apparatus for Hall Thruster Operation
3.1.1 Hall Thruster UT-58

In this research, a thruster with anode layer UT-58 developed at the University of Tokyo was
tested. A 3D drawing and a picture of UT-58 is shown in Figure 3.1, as well as specifications of
UT-58 in Table 3.1.

A magnetic circuit to impress a radial magnetic field in a channel consists of a pole peace, outer
cases both made of pure iron (SUYBL1). There are two types of solenoid coils used in this thruster:
four solenoid coils placed outside of a channel manufactured by winding ceramic insulating magnet
wire PIMK-U around coil cases made of copper 160 times, and a solenoid coil placed at the center of
the thruster manufactured by winding PIMK-U 320 times. The magnetic field around the channel
exit was designed to have mostly radial component along the channel center line, and hollow pure
iron parts prevent magnetic field inside the anode from being formed, as shown in Figure 3.2 (a),
which was calculated using FEMM 4.2. A magnetic flux density can be varied by controlling a coil
current, however, the coil current was set to constantly 2.50 A in this research to measure the electric
field with a stable discharge condition of the thruster. Therefore, the magnetic flux density
distribution was constant with its maximum magnetic flux density of 55.6 mT, as shown in Figure
3.2 (b).

A channel wall is made of stainless steel (SUS304), and biased at a cathode potential to repel
electrons inside the channel keeping an electron temperature inside the channel high.

A plenum chamber was designed to diffuse the propellant azimuthally uniformly before the
propellant reaches an anode through 24 small holes (g1 mm) between them. In addition, to restrain
the axial velocity of neutral particles in the channel, and to enhance the azimuthal uniformity of the
particles, the channel was designed to be collided at least once by each neutral particle having a
change in its diameter in the middle of the channel.

Finally, an ignition sequence is explained here. In general, the operational parameters of Hall
thrusters have three degree of freedom: a propellant mass flow rate, a discharge voltage, and a coil
current (a magnetic field intensity). In this research, first the mass flow rate and the discharge
voltage are set to parameters to measure with the coil current of a relatively higher value, and then,
the coil current is reduced gradually until the discharge starts. After the ignition, the coil current is

increased gradually to set it to a parameter to measure.
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(a) 3D drawing of UT-58
Figure 3.1 2 kW Hall thruster UT-58 (TAL) developed at the University of Tokyo.

(b) Picture of UT-58

Table 3.1 Specification of UT-58

Anode material

Holes for propellant supply
Channel outer diameter
Channel inner diameter
Channel length

Insulating material
Magnetic circuit material
Magnetic wire

Number of turns of windings

Cooling medium

Cupper

g1lmm

g 66 mm

250 mm

2mm

Alumina

SUYB1

g 1 mmPIMK-U

160 turns for four outer coils
320 turns for single inner coils
Water
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(a) Lines of magnetic force and cross-section schematics.
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(b) Axial distribution of magnetic flux density along the channel center line.

Figure 3.2 Computed magnetic flux density distribution of UT-58.
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3.1.2 Hollow Cathode

A hollow cathode [59] HCN-252 (Veeco Instruments), a tip part of which is shown in Figure 3.3,
was used as an electron source during Hall thruster operation. Hollow cathodes are currently the
most used electron source for electric propulsions [2]. The hollow cathode has following advantages
compared to those other devices: a field emission cathode [60], a microwave plasma cathode [61], a
filament cathode.

e  Long lifetime (> 1,000 hours)

*  Contamination free

e Relatively low energy consumption

Figure 3.4 shows working principle of hollow cathodes. A tantalum foil (an insert) inside a

cylinder of the hollow cathode has a layer of low work function R-500 (double carbonate
(Ba/Sr)CO3) on its inner surface, so that the insert starts to emit thermions when the temperature of
the insert reaches 1,000 degree Celsius in about three minutes after beginning to heat with 7.25 A
current. The thermions collide with gas particles generating plasma. The potential difference at the
orifice generated by the keeper extracts those generated electrons to outside of the cathode. On the
other hand, ions are confined inside the cathode under the influence of double sheath at the orifice of
the cathode, and ions recombine with electrons due to the collision with inner wall of the insert. This
collision converts ion’s kinetic energy into heat energy. The wall accepts the converted heat as well
as the heat from the heater. Therefore, the heater current during the operation of the cathode is set to
6 A to avoid overheating.

The following requirements of the hollow cathode were fulfilled throughout this research.

e The cathode is operated with the ambient pressure lower than 2.7 x 107 Pa to avoid
sputtering erosion of the grid caused by collision of CEX ions or anomalous discharge
between the thruster.

e The gas supplied into the cathode is regulated to 99.999% high purity xenon to avoid
oxidization of the insert. In addition, the cathode is cooled down for one hour before
exposing the cathode to the atmosphere, and during the exposure, argon (20 sccm) is
supplied to the cathode to avoid contact of the insert with the atmosphere.

*  The cathode is thermally insulated from its support using photoveel and mica sheet to keep

the temperature of the cathode high during its operation.
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Figure 3.3 A cathode tip of a hollow cathode.

Heater power supply  Keeper power supply

Keeper
H lon sheath
Electron Y. J’
% lonization o o
. E——
Neutral particle S @
] Electron
Electronsheath
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Cathode wall

Heater
Figure 3.4 Working principle of hollow cathode.
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3.1.3 Propellant Feed System
(A) Hongo

The propellant of the thruster and the gas into the cathode are supplied from cylinders of xenon
or argon. Regulators attached to the cylinders reduce the pressure to 100 — 200 kPa, and mass flow
controllers (Figure 3.5) control flow rate of the gas, which is supplied into the vacuum chamber
using 1/4 inch stainless steel pipe. Inside the vacuum chamber, tubes with an outer diameter of 6 mm
and an inner diameter of 4 mm are used to supply the gas to the thruster and the cathode. Mass flow
controllers MODEL 3200 (KOFLOC) are used for the propellant of the thruster, and MODEL 3660
(KOFLOC) is used for the gas of the cathode. Table 3.2 shows specification of mass flow controllers.
These mass flow controllers are operated using read out units MODEL CR-300 (KOFLOC) as

shown in Figure 3.6.

Table 3.2 Specification of mass flow controllers (Hongo)

MODEL 3200 MODEL 3660

SIN U07010500, U07010510 0607P05213N

Correction of CF Corrected using xenon

Valve type Normally closed, solenoid, diaphragm Normally closed, solenoid, poppet
sheet valve valve

Max. flow rate 50 sccm 20 sccm

Control range 2 — 100%F.S. 2 — 100%F.S.

Accuracy +1.0%F.S. +1.0%F.S.

Linearity +0.5%F.S.

Repeatability +0.2%F.S. +0.5%F.S.

Allowable  diff. 49 -294 kPa 49 — 294 kPa

pressure

Leakage rate smaller than 1x10°® Pa-m?/s smaller than 1x10°® Pa-m?/s
(Permeation of He is not included.) (Permeation of He is not included.)
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Figure 3.6 Read out units of the mass flow controllers (Hongo)

37



(B) Kashiwa

The propellant is supplied in the same way as in Hongo using different apparatuses. Mass flow

controllers SFC1580 (200 sccm, Hitachi metals) are used for the propellant of the thruster, and

SFC1580 (20 sccm, Hitachi metals) is used for the gas of the cathode as shown in Figure 3.7. Table

3.3 shows specification of mass flow controllers. These mass flow controllers are operated using
read out units FMT1580 (Hitachi metals) as shown in Figure 3.8.

Table 3.3 Specification of mass flow controllers (Kashiwa)

SFC1580FPYMC-4VL24 (200 sccm)

SFC1580FPYMC-4VL24 (20 sccm)

SIN
Correction of CF

Valve type

Max. flow rate
Control range
Accuracy
Linearity
Allowable
pressure

Leakage rate

diff.

7TA0421

Corrected using xenon

Normally closed, piezo actuator, metal
diaphragm sheet valve

200 sccm

2 — 100%F.S.

+0.5%F.S.

+0.3%F.S.

0.05-0.3 MPa

smaller than 1x10™ Pa-m%s (He)

7A0420

Corrected using xenon

Normally closed, piezo actuator, metal
diaphragm sheet valve

20 sccm

2 — 100%F.S.

+0.5%F.S.

+0.3%F.S.

0.05-0.3 MPa

smaller than 1x10™ Pa-m%s (He)
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Figure 3.7 Mass flow controllers (Kashiwa).

MAX 200sccm MAX 20sccem
1 2

Figure 3.8 Read out units of the mass flow controllers (Kashiwa).
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3.1.4 Electrical circuits
(A) Hongo

Figure 3.9 shows an electrical diagram of the power supply system in Hongo. A resistor for
measurement of the discharge current and a fuse for overcurrent protection are connected in series
between a positive terminal of the main discharge power supply and the anode of the thruster. For
the resistor for measurement of the discharge current, fixed metal film resistors are used taking
account of their high frequency characteristic of 100 MHz, their small thermal noise, and their small
temperature coefficient of resistance. The resistance is 0.5 Q, and power rating of them is 60 W. The
discharge current was measured by monitoring a potential difference between the two ends of the
resistors using a differential probe. For the discharge voltage measurement, a potential difference
between the point immediately after the anode of the thruster and a negative terminal of the main
discharge power supply using another differential probe. The influence of the differential probes on
the discharge is negligible, because an input impedance of the differential probe of around 3 MQ is
much greater than an equivalent resistance of a Hall thruster of around 100 Q. A fixed metal film
resistor with resistance of 0.5 Q and power rating of 20 W is connected in series between the body of
the thruster and a negative terminal of the main discharge power supply to measure the guard ring
current.

Vacuum current feedthroughs are used for electrical connection between the inside and outside of
the vacuum chamber, such as power supply for the thruster, measurement of a probe current, and
signal transferring of sensors.

Pictures of DC regulated power supplies used in this research are shown in Figure 3.10, and rated

values of them are shown in Table 3.4.
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Figure 3.9 Electrical diagram of the power supply system (Hongo).

Table 3.4 Rated values of power supplies (Hongo)

Application Model humber Manufacturer  Rated value
Main discharge GEN 300-11 TDK Lambda 300V -11.0A
Coils in the thruster PAD16-30L Kikusui 16 V-30.0A
Heater of the hollow cathode =~ PAN16-10A Kikusui 16V-10.0A
Keeper of the hollow cathode = PANG600-2A Kikusui 600V -2.0A
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(b) Heater of the cathode (c) Coil of the thruster

(e) Keeper of the cathode

Figure 3.10 Power supplies (Hongo).
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(B) Kashiwa

Figure 3.11 shows an electrical diagram of the power supply system in Kashiwa. Fixed metal
film resistors are used for measurement of the discharge current, the resistance of which is 0.5 Q,
and power rating of them is 60 W. Differential probes are used to monitor the discharge current and
the discharge voltage in the same way as in Hongo. A fixed metal film resistor with resistance of 0.5
Q and power rating of 20 W is used to measure the guard ring current.

Pictures of DC regulated power supplies used in this research are shown in Figure 3.12, and rated

values of them are shown in Table 3.5.
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Figure 3.11 Electrical diagram of the power supply system (Kashiwa).

Table 3.5 Rated values of power supplies (Kashiwa)

Application Model humber Manufacturer  Rated value
Main discharge GEN 300-11 TDK Lambda 300V -11.0A
Coils in the thruster PAN110-5A Kikusui 110V-5.0A
Heater of the hollow cathode PAN35-5A Kikusui 35V-50A
(Two sets in parallel) (35V-10.0A)
Keeper of the hollow cathode PVS 600-4 Kikusui 600V -4.0A
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(d) Keeper of the cathode

Figure 3.12 Power supplies (Kashiwa).
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3.1.5 Vacuum System
(A) Hongo

To simulate the vacuum environment, a large vacuum chamber SSC-2000 (ULVAC, stainless
steel, Diameter: 2.0 m, Length: 3.0 m, Volume: 10 m®) is used as shown in Figure 3.13. For the
vacuum pumps, three types of pumps are used: an oil diffusion pump SPD-36 (ULVAC, Pumping
speed: 37,000 L/s) as a primary pump directly connected to the chamber, a mechanical booster pump
PMB-060B (ULVAC, Pumping speed: 1,720 L/s) as a second pump connected to the primary pump
in series, and dual rotary pumps PKS-070 (ULVAC, Pumping speed: 115 L/s) as third pumps. These
vacuum system including valves is controlled using a single control unit. Appearance of these pumps
and the control unit are shown in Figure 3.14.

For the measurement of the pressure inside the vacuum chamber, two types of vacuum gauges are
used: a Pirani gauge GP-1S (ULVAC, Gauge head: WP-02) for low vacuum of atmospheric pressure
to 1.0 x 10" Pa and an ionization gauge GI-TL2 (ULVAC, Gauge head: W1-T15) for the higher
vacuum. The ionization gauge requires sensitivity calibration depending on the gaseous species. A

relative sensitivity factor of xenon gas is 2.5.
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(c) Dual rotary pumps (d) A control unit
Figure 3.14 Vacuum pumps and control unit (Hongo).
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(B) Kashiwa

A vacuum chamber MB94-1066 (ULVAC, stainless steel, Diameter: 1.4 m, Length: 3.0 m,
Volume: 10 m®) is used as shown in Figure 3.15. For the vacuum pumps, two types of pumps are
used: dual cryopumps Cryo-U20P (ULVAC, Pumping speed for nitrogen: 10,000 L/s) and SA-18T
(Suzuki shokan, Pumping speed for nitrogen: 8,000 L/s) as a primary pump directly connected to the
chamber and a rotary pump KRP-3000 (DIAVAC, Pumping speed: 50 L/s) as a roughing pump. The
appearance of these pumps and the control unit are shown in Figure 3.16.

For the measurement of the pressure inside the vacuum chamber, two types of vacuum gauges are
used: a Pirani gauge PT-3DA (DIAVAC, Gauge head: PSG-1) for low vacuum of atmospheric
pressure to 13 Pa and an ionization gauge M-431HG (CANON ANELVA TECHNIX, Gauge head:
MG-2) for the higher vacuum. The ionization gauge requires sensitivity calibration depending on the

gaseous species. A relative sensitivity factor of xenon gas is 2.5.

Figure 3.15 A vacuum chamber (Kashiwa).
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(b) A compressor for SA-18T (c) A compressor for Cryo-U20P

(b) A rotary pump (c) A control unit with vacuum gauges and a thermometer

Figure 3.16 Vacuum pumps and control unit (Kashiwa).
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3.2 Apparatus for Probe Measurement

3.2.1 Emissive Probe

The plasma potential was measured using an emissive probe, an instantaneous measurement
device for the plasma potential. The dimension and picture of the emissive probe used in this
research is shown in Figure 3.17. The electrode to measure the plasma potential was a filament, the
diameter of which is 0.15 mm, and a filament current of 3.20 A was fed to the filament to heat the
electrode using a power supply PAN16-10A (Kikusui, 16 V — 10.0 A). This is because the floating
potential saturated with the filament current of 3.20 A as the filament current was increased, as
shown in Figure 3.19. To enhance the axial spatial resolution, the distance of the tip of the electrode
from the insulating tube was regulated up to 0.5 mm.

For the insulating tube, an elliptical alumina tube having the transverse diameter of 3.0 mm and
the conjugate diameter of 1.5 mm was used. The probe was fixed so that the minor axis cross the
channel walls perpendicularly to maximize the radial measurement range. This insulating tube was
covered with a stainless tube staring from the 25 mm downstream of the electrode to enhance the
positioning accuracy of the probe by strengthen the probe. The insulating tube was fixed to the
stainless tube using low vapor-pressure epoxy resin sealant Torr Seal (Varian).

The floating potential was measured as the voltage difference between the electrode and the
cathode using a differential probe. To correct the influence of the potential gradient at the filament,
the output voltage of the power supply for the filament was added to the measured floating potential.
The obtained sample was smoothed using a digital filter and averaged for the five smoothed data to
obtain a reasonable electric field as shown in Figure 3.20. The positioning accuracy was confirmed
to be quite high, because the sample obtained by moving the probe from outer to inner of the thruster

is almost the same as that of inner to outer motion, as shown in Figure 3.20.
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Figure 3.17 Dimension of an emissive probe (left) and its picture (right).

Figure 3.18 A power supply for the filament of an emissive probe.
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Figure 3.19 Relationship between filament current and floating potential of emissive probe.
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Figure 3.20 Typical sample of the radial plasma potential distribution of the emissive probe.
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3.2.2 Single Probe

Single probe measurement was conducted to obtain an electron temperature distribution. The
dimension and picture of the single probe is shown in Figure 3.21. The diameter of the electrode is
0.1 mm and the length is 1.0 mm, so that the length of the probe is bigger enough compared to the
diameter. This is because the existence of magnetic field parallel to the probe surface around the
measurement point has a negative influence on the 1-V curves to measure the electron temperature
from the inclination of the I-V curve [62], as shown in Figure 3.22. The electrode was covered by
two different diameter cylindrical tubes and a stainless tube, and these tubes were fixed using Torr
Seal.

The electrical diagram for the measurement of the current of the probe is shown in Figure 3.23,
as well as the picture of the electric circuit in Figure 3.24. As Figure 3.23 (a) shows, the bias voltage
control part consists of two elements: a power supply for biasing the voltage of the electrode
PMC250-0.25L (Kikusui, 250 V — 0.25 A, Figure 3.25) and a switch SS-1A 05DM (Shoi electric).
The output voltage of the power supply was controlled using a LabVIEW program, which also
controls the motion of the motors, so that the voltage biasing and the positioning of the probe works
together. The switch is installed to keep the electrode floated during the motion of the probe, because
the floating potential of the probe changes so rapidly during the motion that it is impossible to
control the biased voltage corresponds to that change. This switch is also controlled using the
LabVIEW program.

For the current measurement, the voltage difference between two ends of a 20 Q resistor was
monitored as shown in Figure 3.23 (b). To measure the wide range of the voltage difference
accurately, which ranges from around 0.1 mA to 250 mA, a logarithmic amplifier LOG112 (Texas
Instruments, 5 decades measurement range) was used. The biased voltage was measured at a point
between the resistor and the probe using a differential probe. To reduce the error of any ICs outputs
due to the signal oscillation, passive filters (f. = 16 kHz) were installed between the measurement
points and the ICs. The sampling frequency of the single probe measurement is 5 kHz; therefore the

filter does not change the sampled data.

53



«— Tungsten
@: 0.1 mm

L: 1

<— Alumina tube
@:0.8
L:5

i | <— Alumina tube
: @:1.5
t i L: 15

<« SUS304 tube
@:2.6
L: 180

Figure 3.21 Dimension of a single probe (left) and its picture (right).
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Figure 3.22 Conceptual diagram of 1-V curves obtained both in small/large magnetic flux

density parallel to the probe [62].
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Figure 3.23 Electrical diagram for the single probe measurement.
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Figure 3.24 Picture of electric circuit for single probe measurement.
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Figure 3.25 Power supply for single probe voltage biasing.
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Chapter 4

Experimental Results

4.1 Channel Wall Loss

The channel wall loss of UT-58 was measured and compared with a thruster without the channel
wall geometric configuration of a magnetic shielding, UT-38. To evaluate the channel wall loss, the
guard ring current was measured for UT-58 to obtain the ratio of ion loss current and the discharge

current gion.waii, Which is defined by Eq.(4.1).
I I

— 9 g
Id

& _—
I+ 1, +1

(4.7)

ion-wall

where, |q is a guard ring current and |4 is a discharge current. During the measurement of a guard
ring current, the front surface of the thruster was covered with boron nitride (BN) powder to prevent
the ions from flowing into the thruster from the front surface, as shown in Figure 4.1 and Figure 4.2,
Insulating the thruster surface is effective for cancelling the current due to the charge exchange
(CEX) ions, which increases a guard ring current considerably [63]. The thruster was operated with
the following conditions: the discharge voltage of 150 V, the xenon mass flow rate of 1.95 mg/s
(20.0 sccm, 1.43 Aq), and the maximum magnetic flux density of 55.6 mT (Coil current of 2.50 A).
For UT-38, the ion energy loss ratio toward the wall &ion.wan Was derived from the previous study
with the operating conditions: the discharge voltage of 250 V, the xenon mass flow rate of 2.04 mg/s
(20.9 sccm, 1.50 A¢q), and the maximum magnetic flux density of 51.0 mT.

The &ion-wan OF UT-58 is 3.8%, 60% smaller than eion-wan 0f UT-38 (9.6% [63]).This result shows
that the ion loss toward the wall of UT-58 (with magnetic shield) is small compared with UT-38
(without magnetic shield). Therefore, the channel wall erosion of UT-58 can be inferred to be
reduced due to the installation of geometric configuration of magnetic shielding. To verify the effect
of the geometric configuration of magnetic shielding with TAL on the reduction of the channel wall
erosion, however, investigation of the ion motion inside the channel by measuring the electron
temperature distribution for the detection of the approximate ionization region and the electric field

for the estimation of the ion trajectory is inevitable.
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Figure 4.1 Channel wall erosion rate measurement method.

Figure 4.2 Picture of the thruster covered its front surface with boron nitride powder.
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4.2 Axial Electron Temperature

An axial electron temperature distribution was measured to estimate the ionization region inside
the channel, which is necessary to discuss about the ions flowing into the channel wall. An electron
temperature is one of the physical quantities to determine the ionization rate: an electron number
density, a neutral number density, and an electron temperature. Figure 4.3 shows the axial electron
temperature distribution and computed magnetic flux density along the channel center line. The
electron temperature inside the hollow anode is low ranging from 3.5 to 7 eV at every point. As the
axial position increases, the electron temperature increases sharply, and it takes its peak value of 18
eV at the channel exit plane (2 mm of the axial position from the anode edge). The electron
temperature decreases rapidly as the position moves toward the outside until around 8 eV at 5 mm of
the axial position from the anode edge, and the electron temperature takes a constant value of around
8 eV from 5 to 20 mm of the axial position.

Although it is necessary to have the three physical quantity distribution to determine the
ionization region properly, it can be inferred from this electron distribution that the ionization takes
place mainly in the region from 1 to 3 mm of the axial position. Therefore, the target area of the

following electric field measurement inside the channel was set to this area.
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Figure 4.3 Electron temperature distribution along the channel center line.
(Vg=150V, m =272 mg/s, |B| =55.6 mT)
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4.3 Axial Potential Distribution

To detect the ion acceleration region, the axial potential distribution was measured using an
emissive probe. The measurement was done while the axial position of the probe was shifted with
the reciprocating motor, and then the obtained signal history was converted to the axial distribution.
The distribution was then smoothed by using a finite impulse response (FIR) filter, five datasets of
which were averaged to enhance the reliability of the data. Figure 4.4 shows the axial potential
distribution with the discharge voltage of 150 V, the xenon mass flow rate of 1.95 mg/s (20.0 sccm,
1.43 Ay), and the maximum magnetic flux density of 55.6 mT (Coil current of 2.50 A). The
potential inside the anode is around 150 V, and it drops to around 30 V at 50 mm of axial position
from anode edge. The ions generated around the anode are accelerated by this potential difference,
and as the most dominant potential drop exists in a regulated region starting from axial position of 0
to 10 mm from anode. Therefore, the following electric field measurement was conducted between

these two points.
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4.4 Electric Field
4.4.1 Acceleration Region

Figure 4.5 (a) shows the electric field of the acceleration region with the measurement area as
illustrated in Figure 4.5 (b). The axial measurement interval is 1.0 mm starting from 4.0 to 10.0 mm
of the axial position from anode edge, and also the potential was measured at 3.5 mm of the axial
position. In general, the potential contour near the channel exit is parallel to the channel exit plane
up to around 3.0 mm from the channel center line on both sides. lons will be accelerated along the
center line in this area. The width of this area is almost to the distance between the exterior surfaces
of anode (7.0 mm). On the contrary, the potential contour increases its radial component as the
distance to the center axis increases, and the direction of the gradient of the potential reverses at a
radial position of around 6.0 mm. Consequently, a portion of ions which exists in the outside area of
anode will be accelerated toward the thruster causing erosion.

As a result, accelerating ions towards the center of the channel exit is important not only for the

higher acceleration efficiency, but also for the reduction of erosion.
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(a) Potential contour.

(b) Measured area (Red) and lines of magnetic force.
Figure 4.5 Electric field around acceleration region.
(Vg=150V, m =1.95mg/s, |B| =55.6 mT)
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4.4.2 Inside a Channel

The electric field inside the channel is shown in Figure 4.6 (a). The measurement was done at
every 0.5 mm starting from 1.0 up to 3.0 mm of the axial position from the anode, and its width is
8.0 mm inside the channel and 10.0 mm outside. As described in Chapter 1.4, a steep potential
gradient towards the wall had possibility to form inside the channel of TAL causing channel wall
erosion by accelerating ions towards the wall. However, the potential gradient inside the channel is
generally small, and there is no steep potential gradient towards the wall, which supports the
contribution of the geometric configuration of magnetic shielding to the small channel wall erosion
rate compared with a thruster without magnetic shielding as described in Chapter 4.1.

However, the potential contour inside the channel has a convex shape, accelerating partial ions
toward the wall. Thus, for further restraint of the channel wall erosion, the potential contour has to
be controlled to have a trough shape.

For the realization of the trough shape potential contour, modifications in the magnetic field
configurations in addition to the geometric configuration would be necessary, as shown in Figure 4.7.
Because the thruster configurations tested in this research was determined so that the magnetic flux
density in a channel is sufficiently high, a slight difference exists in the magnetic field configurations
between the ideal one and the design. Therefore, it can be expected that the modified thruster would
have better performance in the channel wall erosion. Although the magnetic flux density of modified
thruster shown in Figure 4.7 (b) is lower than the original shown in Figure 4.7 (a), the modified one
would yield competitive performance compared with the original one with high magnetic flux
density, because high power Hall thrusters, in general, require less magnetic flux density inside the

channel.
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Figure 4.6 Electric field in a channel.
(V¢g=150V, m =1.95mg/s, |B|=55.6 mT)
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Anode | Wall

(a) A thruster configuration tested in this research.

(b) A modified thruster configuration for zero-erosion.

Figure 4.7 Cross-section diagrams of the thruster tested in this research (Left) and modified
thruster (Right).
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4.5 Outlook of the Research

This study, so far, have measured an electric field in a channel enabling the prediction of
trajectory of ions which have a given initial position. In addition, further evaluation of the channel
wall erosion is possible by obtaining an ionization rate distribution to discuss the wall erosion rate
quantitatively.

To obtain the ionization rate distribution, three physical quantity distributions are necessary: an
electron number density, a neutral number density, and an electron temperature. The electron
temperature has been already measured in this research. For the other two quantity distribution, a
double probe measurement is the most suitable for the electron number density distribution assuming
the plasma neutrality, and a numerical simulation is the best for the neutral number density
distribution.

In summary, by measuring the electron number density distribution with a double probe and
calculating the neutral number density distribution, the channel wall erosion can be evaluated

quantitatively.
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Chapter 5

Conclusion

For the realization of a zero-erosion Hall thruster, two investigation were conducted in this

research: 1) the derivation of the impact of zero-erosion Hall thruster on the feasibility of the

construction of a SPS from the view point of a transportation cost, 11) the measurement of an electric

field in a channel of a TAL with a magnetic shield to examine the applicability of magnetic shielding

to TAL, which has higher thrust efficiency than the conventional SPT, as well as to get the criteria

for a zero-erosion Hall thruster.

The following knowledge was obtained from the two investigations.

1) The cost analysis of the construction of a 20,000 ton SPS using argon as propellant with

optimized scenarios for the SPS construction:

1.

Cost for propulsion system is 3.55 billion dollars, 64.9% of the total in-space transportation
cost.
The lifetime of the thruster has a significant impact on the total in-space transportation cost:

as the lifetime of the thruster increases twice as long, the cost decreases by 31%.

I1) The investigation of a TAL with the geometric configuration of the magnetic shielding by

evaluating the channel wall erosion rate, measuring electron temperature, and measuring an electric

field in a channel:

1.

Based on a measurement of a guard ring current, the channel wall erosion rate of UT-58 is
lower than that of UT-38 without the geometric configuration of the magnetic shield.

From an axial electron temperature, the ionization region of UT-58 can be inferred to exist
around the region 1 to 3 mm of the axial position from the anode edge.

The acceleration region starts from 0 up to 10 mm of the axial position from the anode edge.
The potential difference between both ends of this acceleration region is 72.9 V, 48.6% of
the discharge voltage.

In the acceleration region, the potential contour near the channel exit is parallel to the
channel exit plane up to 6 mm of width, which is almost the width of anode exterior surface
of 7 mm. On the contrary, the potential contour increases its radial components as the
distance to the center axis increases.

A magnetic shield is applicable to TAL, judging from small potential gradient toward the

wall.
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For further investigation of the zero-erosion Hall thruster, the following studies are the most

suitable.
1.

Performance test of a thruster with modified configurations of magnetic field and geometry.
This modification can have a negative influence on the thrust performance, thus, the study
has to evaluate both the channel wall erosion performance and thrust performance.

The channel wall erosion can be evaluated quantitatively, by measuring the electron number
density distribution with a double probe and calculating the neutral number density

distribution.
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