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Abstract

The accumulation of orbital debris poses many risks for current and future space missions.
Along with an increasing number of satellite launches forecast for the coming years, it has
now become mandatory for newly launched payloads to have end-of-life disposal mecha-
nisms. Furthermore, as the market for small satellites continues to grow, there is a demand
to improve the performance of these systems to allow for more complex missions to be
realised. An on-board propulsion system would allow a spacecraft to perform various orbital
manoeuvres, like formation flying and altitude control, which would greatly improve the

operational capabilities of the satellite.

Recent advancements in Microelectromechanical systems detectors and miniaturised ra-
dio frequency transmitters are facilitating a new domain for CubeSat-based astronomy
research. Such in-space observatories, consisting of a constellation of CubeSats forming
large distributed apertures, may allow for a rapid cost effective means of making major
scientific breakthroughs. In the field of particle cosmology, these CubeSat missions can work
in conjunction with ground based observatories to conduct multiwavelength observations.
One of the key components for mission success is an on-board micropropulsion system

needed for satellite maneuverability.

To date, the integration of miniaturised propulsion systems on CubeSats has proven chal-
lenging, due power and mass budget restrictions. To address these issues, a proof of concept
DC discharge microthruster was developed. The system utilises a coupling of propellant
ionisation and acceleration mechanisms which eradicates the need for additional components,
leading to reduced mass and power consumption. In this research, experimental tests were
performed to characterise the system’s feasibility for use as an on-board propulsive mecha-
nism. Preliminary experiments were conducted whereby the relation between the thruster’s
electrical behaviour against variations in the electrode aperture size were explored and the
thruster’s stable operating parameters were deduced. The subsequent experiments aimed to
study the effect of variations in the number of electrode extraction apertures on the discharge

behaviour and the magnitude of extracted ion beam current. From the measured values the



vi

system’s main performance metrics (thrust and electrical efficiency) were inferred and used

to evaluate the overall feasibility of the thruster concept.
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Chapter 1

Introduction

1.1 Characteristics of Small Satellites

The advent of small satellites (SmallSats) has seen a substantial increase in the interest in
space-related activities particularly among the private sector. These miniaturised systems
allow for low cost access to space due to their reduction in manufacturing costs, small size
and subsequently reduced mass, in comparison to conventional spacecraft [5]. SmallSats can

be subdivided into categories based on their mass, these are [13]:
1. Microsatellites: 10-100 kg,
2. Nanosatellites: 1-10 kg,
3. Picosatellites: 0.01-1 kg,
4. Femtosatellites: 0.001-0.01 kg.

To date, the most popular type of small satellite is the CubeSat- a class of nanosatellites
consisting of individual cubic modules or units. The standard unit size, referred to as 1U,
of a CubeSat is 10 x 10 x 11.35 cm?, provides 1 litre of volume and weighs roughly 1.33
kg [14]. CubeSat units can also be stacked lengthwise and deployed in 3U form factors!,
6U and 12U form factors have also been considered [15]. They are launched as secondary
payloads on-board larger launch vehicles.

n this context, form factor is a term used to describe the size, shape and mass of the CubeSat.
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1U Standard 3U Standard
Dimensions: Dimensions:
10cm x 10 cm x 11 cm 10 cm x 10 cm x 34 cm

Fig. 1.1 1U and 3U CubeSat configurations developed by California Polytechnic State
University [1].

Since all CubeSats are required to have the same dimensions they can be deployed into
orbit using a common deployment system called a Poly-Picosatellite Orbital Deployer, or
P-POD [16]. The restrictions imposed on the dimensions and mass of the CubeSat has limited
the available power supply of these systems to 100 W [17]. Moreover, the size, mass and
power restrictions have made it difficult to design effective on-board miniaturised propulsion

systems, which in turn limits the performance capabilities of the CubeSat.

1.2 Micropropulsion Systems for CubeSats

A propulsion system is the primary mechanism responsible for the mobility of a spacecraft.
It allows the spacecraft to perform altitude control as well as various orbit modifications.
Despite the growing trend of nanosatellite launches in recent years, the total number of
nanosatellites with an on-board propulsive mechanism has been comparatively low. This is
clearly demonstrated in Fig.1.2 which shows the cumulative number of nanosats launched,
over the past 20 years, in relation the the proportion of nanosats with on-board propulsion
modules.
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Fig. 1.2 The total number of nanosatellites and CubeSats launched over the past 20 years.
The number of Nanosats launched with a propulsion module is comparatively low. Image
taken from www.nanosats.eu, date of last access: 18/11/2021.

The market for nanosatellite propulsion modules is forecasted to grow significantly in
the coming years, largely due to the need for on-board satellite de-orbiting capabilities [18].
In spite of numerous challenges faced when developing reliable micropropulsion modules,
there has been a plethora of micropropulsion concepts that have been proposed and some
already have a heritage of flying on CubeSat missions [5]. Many of these concepts have

limited performance capabilities and there is still room for improvement.

Lately, there has been a growing interest in the use of electric propulsion as these sys-
tems offer low fuel consumption and high overall efficiencies [19]. One of the most popular
types of electric propulsion is the Kaufman ion engine, first demonstrated in the 1960s
on-board the SERT-1 spacecraft [20]. Ion engines can reach efficiencies as high as 80%,
produce a fairly high thrust to power ratio and can deliver a total impulse of 10° Ns, over
many months to years of operation. These characteristics make ion engines ideal for long

duration space missions [19].

Ion engines are difficult to miniaturise due to scaling problems: at the required dimen-
sions the ionisation chamber is smaller than the mean free path of the electrons and this

prevents ionisation from occurring. The addition of magnetic fields may mitigate this prob-
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lem, however, they usually add significant mass to the spacecraft. Attempts to address these
issues have led to the development of propulsion systems that are void of accelerator grids and
have more efficient ionisation mechanisms. One such system is the Corona lonisation thruster
(or Corlon thruster), developed by the Space Propulsion Research Lab at the University of
Witwatersrand [21]. The thruster’s characteristics and principle of operation are discussed

below.

The Corona Ionisation (Corlon) thruster concept

The Corlon thruster utilises the phenomenon of corona ionisation as its primary ionisation
and thrust mechanism. The system consists of a hollow needle, with radius R ~ 0.1 mm,
embedded in an insulating material (Teflon). The bipolar design utilises two needles as
seen in Fig.1.3 below [21]. A gas flow system is connected at the insulated ends of the
needles and feeds propellant into the needles at a specific mass flow rate. The needles
are connected to a high voltage power supply. When a high voltage is applied across the
needles, a corresponding high electric field is produced. This electric field ionises the gaseous
propellant, via corona ionisation, as it exits the tips of the needle at the other end of the gas
flow system. The same electric field then accelerates the resulting ions and electrons away
from the system, generating thrust. In this way the ionisation and acceleration mechanisms
are coupled. This subsequently results in a significant size and mass reduction making the

system suitable for micropropulsion applications.
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Fig. 1.3 Schematic of the Corlon thruster principle of operation [2].
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Experimental testing on the system found that only a small fraction of neutral propellant
had been ionised through collisions with electrons. Nevertheless, the propellant utilisation
was observed to be significantly larger than the ionisation rate, implying that the small
fraction of ionised neutrals had efficiently imparted momentum to the remaining neutrals
[22]. This led to a higher plume velocity, predominantly consisting of neutral particles.
Partial ionisation is advantageous as it results in a lower power requirement. Further details
on the Corlon concept, as well as the results from preliminary tests on the thruster, can be
found in [21] and [22].

Despite its numerous advantages, the Corlon thruster suffered many drawbacks [2]:

* In its current form, it is highly unstable. The needles small size means that a high
power density is produced at the tip during the ionisation process. The resulting ions
impact the needle tips with high energies causing sputtering to occur, leading to a high

erosion rate.

* The erosion alters the shape of the needle tips, which affects the electric field and gas
flow characteristics of the system. This subsequently changes the plasma characteristics
and alters the system’s performance. These problems led to a reduction in both the

operational lifetime of the thruster and the repeatability of experiments.

* The Corlon thruster utilises gaseous propellant, from a high-pressure propellant tank,
which significantly increases the overall mass of the system. Moreover, the amount
of gaseous propellant available to the thruster for ionisation is severely limited by the
maximum pressure restrictions imposed on CubeSats (i.e. pressure vessels on CubeSats
cannot exceed 1.2 bar [14]). These drawbacks extend to all propulsion systems that

utilise pressurised propellant as fuel source.

Modifications to the Corlon thruster concept

Attempts to address the shortcomings of the Corlon thruster led to the development of a

similar thruster concept which was inspired by the conventional glow discharge tube.

A conventional glow discharge tube consists of an insulating container enclosing a low
pressure gas with two electrodes, placed at opposite ends of each other, connected to a
high voltage power supply. Initially, electrons are emitted from the cathode through pho-
toionisation. When a high voltage is applied across the electrodes an electric field is set up

which accelerates the electrons towards the positively charged anode. As the electrons gain
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sufficient kinetic energy they begin to ionise the gaseous atoms and produce electron-ion
pairs (a Townsend avalanche forms [9]). The discharge becomes self sustaining when the
ions are accelerated towards the cathode where they impact the cathode’s surface and release
secondary electrons. Different discharge regimes are obtained by varying the potential
applied between the electrodes. These discharge regimes would allow for various operating
modes on a potential thruster. Furthermore, conventional discharge tubes have been shown
to operate in the stable glow regime for thousands of hours and thus a DC discharge based
thruster offers the potential for good lifetime and repeatability characteristics [23].

For the discharge tube to be adapted into a working thruster, the tube needs to have both its
ends open to the vacuum of space to allow for particles to be ejected outwards for thrust and
for the overall ejected charge to be neutral. By exploiting the characteristics of the plasma
produced from the discharge, the tube can be constructed into a wide range of different
geometries. The author in [2] decided to use a cylindrical "U-shaped" bipolar design as

shown in Fig.1.4 below:
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Fig. 1.4 Schematic of the "U-shaped" DC discharge based microthruster concept [2].

The system was hypothesised to produce a plasma in a similar way to a discharge tube.
In this case, two ring-shaped electrodes, placed at the ends of the thruster, are open to the
vacuum of space. The electrodes are connected to a high voltage power supply and when
turned on produces an electric field along the channel of the tube. The electrons and ions
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from the plasma are attracted to the anode and cathode respectively and are accelerated
outwards producing the necessary thrust. This thruster design shares many common elements
with the Corlon thruster: it consists of a gas flow system that feeds propellant into the tube, it
utilises a coupling of ionisation and acceleration mechanisms and, it is hypothesised that the
electrons and ions leaving the thruster should neutralise each other upstream, producing a
plasma bridge [2]. In this way the "U-shaped" thruster design was expected to retain all of the
positive characteristics of the Corlon system with the added benefits of a longer operational
lifetime and greater repeatability.

Preliminary tests conducted on the thruster aimed to measure its behaviour under different
operating parameters. These tests included: measurements of the lifetime and repeatability
characteristics, measurements of the thrust production, and plasma diagnostic measurements
used to understand the behaviour of the discharge plasma. Although the "U-shaped" thruster
had demonstrated an improved lifetime in comparison to the Corlon system, many of the
experimental tests had produced results contrary to the thruster’s hypothesised mechanism of

operation. Further details on this work can be found in [2].

Proof-of-concept DC glow discharge microthruster

Prior to testing the "U-shaped" thruster design, a proof-of-concept straight discharge tube was
tested to ascertain whether the proposed concept would in fact work as a plasma propulsion
system. In this case the discharge tube was a straight cylinder with ring-shaped electrodes at
either end opened to the vacuum of space. The proof-of-concept was able to operate stably
for a much longer time (> 5 hours) than the "U-shaped" thruster, showed very little damage
to the electrodes in comparison to the "U-shaped" thruster, and passed repeatability tests with
only small parameter fluctuations (as opposed to the "U-shaped" thruster which exhibited
larger fluctuations in the measured parameters during repeatability tests). Unfortunately, the
proof-of-concept was not studied in further detail as Wright [2] was mainly interested in the
"U-shaped" thruster design.

From the preliminary tests on the proof-of-concept, plasma plumes formed and were ob-
served at both of the open ends of the tube. It is hypothesised that the plume formed on the
anode end of the tube will mostly consist of electrons which are attracted to the positive
electrode, meanwhile the plume at the cathode end will predominantly consist of positive
ions, generated from the ionisation of the gaseous propellant. Since the electrons have a
significantly lower mass in comparison to the ion mass, the thrust produced by the electron
plume should be negligible, hence the net thrust will cause the spacecraft to move in the
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opposite direction to that of the ejected ions. Fig.1.5 illustrates this concept.
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Fig. 1.5 Schematic showing the working principle of the thruster concept studied in this
research. The cathode extracts the positive ions into a focused beam which creates a net
momentum providing the desired thrust.

Considering the positive observations associated with the proof-of-concept, the natural
question arose as to whether the proof-of-concept straight discharge thruster could itself be
adapted into a working micropropulsion system. Hence the motivation for conducting further

studies on this system configuration. The results of which are presented here.

1.3 Research Objectives

The general goal of this research will be to conduct a detailed study and perform further
testing on a straight DC discharge based microthruster, to determine if it is a viable option
for a propulsion system, to be used on future CubeSat science missions. The following list

highlights the specific objectives of this research:

* To design and construct a straight DC discharge microthruster, similar to the proof-of-

concept, using a ceramic as the material for the thruster body.

* To verify whether the thruster concept works as hypothesised - according to the

ionisation-acceleration coupling mechanism.
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* To deduce an optimal set of operating parameters for a stable discharge and thruster

operation.

* To investigate the effect of changes in electrode aperture size and number on the

electrical (voltage-current) characteristics of the system.

* To investigate the effect of changes in electrode aperture size and number on the total

ion beam current emanating from the thruster.

* To produce estimates of the system’s thrust and efficiency based on the measured

values.

1.4 Research Methodology

The discharge characteristics within the thruster plays a crucial role in determining the total
ejected ion current. This subsequently influences the total thrust generated by the system.
Many satellite missions implement orbital maneuvers that require specific amounts of thrust
to be produced at set periods of time. It is therefore important to develop a thruster that
operates stably and produces repeatable results when the same set of operating parameters
are applied as even small variations may lead to disastrous implications, including complete

mission failure.

This research was therefore conducted in three parts:

1. Preliminary studies were done, within a smaller vacuum chamber, to verify the system’s
hypothesised operating mechanism and to identify the optimal parameters: like the
optimal working gas pressure, the optimal electrode aperture size and related voltage-

current characteristics required for stable operation in a given thruster geometry.

2. Further testing was then conducted, in a larger vacuum chamber, to determine the
effects of changing the thruster configuration (i.e the electrode aperture size and
number) and measuring the system’s electrical characteristics in each case. These
experiments also aimed to characterise the magnitude of extracted ion current under

different system configurations.

3. Finally, the data obtained from the extracted ion current measurements, along with the
data of the system’s electrical discharge characteristics, were used to produce estimates

for the system’s thrust and overall efficiency.
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Fig.1.6 below summarises the general methodology used in this research. The exact details
of each step will be discussed in subsequent chapters.

Preliminary
Experiments

Verify the hypothesized
mechanism of operation
and deduce optimum
parameters for stable
thruster operation.

Electrical
Characteristics

Study the system's
discharge characteristics
and conduct measurements
of the extracted ion beam
current.

Thrust and Efficiency
Estimation

Use the results to produce

estimates of the system’s

thrust and efficiency under
ifferent configurations.

Fig. 1.6 Summary of Research Methodology.
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1.5 Dissertation Structure
An outline of the dissertation is provided below:

* Chapter 2 begins with a discussion on the contribution of this research to the field
of particle cosmology (i.e the study of the interface between elementary particle
physics and physical cosmology). In particular, it covers the various CubeSat mission
concepts that can enable new discoveries for particle cosmology and the role that

micropropulsion systems can play in realising these mission concepts.

* Chapter 3 contains a survey of the relevant literature and includes a brief discussion
of the principles of propulsion, the important performance metrics used to assess
propulsion systems, along with an overview of the various electric microthruster
concepts currently in use or under development. This chapter also contains a discussion
of the basic plasma physics required to understand the working mechanism of the

proposed thruster concept.

* Chapter 4 provides a detailed description of glow discharge physics including a 1D
simulation of an argon glow discharge used to develop insights on the variation of

plasma parameters along the axis of the thruster’s discharge channel.
* Chapter 5 presents the materials and apparatus used in all experimental tests.

 Chapters 6 and 7 contains the results obtained from the preliminary tests, along with
results from measurements of the thruster’s electrical characteristics and the extracted
ion beam current. Chapter 7 ends with a discussion on the relationship between the
estimated thrust and efficiency as a result of changing the system’s configuration. All
data obtained from experiments along with a detailed error analysis is provided in
Appendix E.

» Chapter 8 gives an overall evaluation of the research, including the main findings and

recommendations for future work on the system.



Chapter 2

CubeSat Micropropulsion- Enabling
Breakthroughs in Particle Cosmology

2.1 Introduction

In 2009, the European Space Agency (ESA) launched the Planck space observatory which
produced a higher resolution and higher accuracy map of the temperature fluctuations in the
CMB in comparison to its predecessor WMAP [24]. The Planck mission had established
precise measurements of several key cosmological parameters, including the average densi-
ties of dark matter and ordinary matter as well as the approximate age of the universe [24].
Sophisticated space observatories, like Planck, take many years to develop, have high risks
of technical failure and are extremely expensive.

The recent surge in CubeSat development has led to significant advancements in micro-
electromechanical systems (MEMS) detectors that are compatible with the nanosatellite
platform [3]. Additionaly, compact radio frequency transmitters, in both the X-band (8-12
GHz) and the Ka-band (26-40 GHz), are becoming more readily available. These compact
RF transmitters have the potential to extend the downlink data rate to >100 Mbps [3]. These
advancements, coupled with improvements in terrestrial digital processing, are providing the
key technological requirements for in-space astronomical observatories on the nanosatellite
platform.

There are two major factors that make CubeSats highly appealing for conducting astro-

nomical research [4]:
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* They can be developed in a relatively short period of time (it usually takes 18-24

months to go from mission conception to realisation).

* Since CubeSats can be manufactured using commercial off the shelf components, they
can be built for a fraction of the cost of larger spacecraft and can thus meet strict budget

requirements.

Furthermore, the reduced cost of launching lower mass payloads makes in-situ space research
more accessible to developing nations, like South Africa, and affords the opportunity for
university students to engage directly in the building and launching of satellites [1]. This will
likely increase the public interest in space science and contribute towards the growth of a

knowledge-based economy.

In addition to the technologies mentioned above, a reliable and energy efficient on-board
micropropulsion system is foreseen to be a prerequisite for many of these future in-space
observatories. The reasons for which will be elaborated on more in this chapter. The main
motivation driving the use of CubeSats to conduct research in astrophysics will be presented.
Examples of current CubeSat missions, as well as novel mission concepts, aimed at address-
ing fundamental questions in particle cosmology will be discussed. The chapter ends with
concluding remarks and justifies the contribution of this research to the field of particle

cosmology.

2.2 Motivation for utilising CubeSats to conduct research

in particle cosmology

The major criticisms directed towards the use of CubeSat based astronomy mainly revolve
around the need for large apertures, high precision pointing stability and sophisticated
cryogenic detectors which are, at the time of writing this, incompatible with the nanosatellite
platform [4]. However, a study conducted by the Keck Institute for Space Studies (KISS)
[4] had identified various survey missions that would be more suited towards utilising
constellations of CubeSats rather than a typical singular large telescope. These missions
would allow for continuous all-sky surveys across a greater portion of the electromagnetic
spectrum (see Fig.2.1) and have the potential to resolve fundamental questions in astrophysics

and particularly particle cosmology [4].
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Fig. 2.1 Diagrammatic representation of the atmospheric electromagnetic opacity. CubeSats
would enable all-sky surveys to be conducted across portions of the EM spectrum not
accessible to ground-based telescopes. Image taken from: Caltech.edu, date of last access:
1071172021

There are a number of notable advantages that CubeSat astronomical observatories could
afford, namely [25]:

* The CubeSat design specifications facilitate a streamlined delivery of instrument

payloads to space.

* Mission designers have the freedom to tailor CubeSat orbits to meet observational
needs and can quickly reschedule observations to respond to transient phenomenon

(i.e. extremely short-lived astrophysical events).

* The growing commercial interest in CubeSats has resulted in a thriving supply chain
subsequently making commercial-off-the-shelf (COTS) componets, including power

systems, solar panels and reaction wheels, more accessible.

* The increased commercial interest has also led to reduced costs for components which
allows for a greater portion of the budget to be spent on developing the payload,
including the on-board scientific instrumentation.

In addition to the advantages listed above, the authors of [25] also note that an improved

spectral, temporal, and spatial coverage of astrophysical targets, relative to a single large
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telescope, can be enabled using CubeSat constellations or swarms. The CubeSats can
also be used solely for technology demonstration purposes without making any scientific
observations. These technology demonstrations may allow for risk mitigation and could
increase the technology readiness level of various spacecraft components (for example:
detectors, optical sub-assemblies, actuators and micro-controllers) that would be crucial for
future mission success.

2.3 Enhancing mission capabilities with on-board

micropropulsion systems

A spacecraft generally consists of multiple subsystems including: a propulsion system, a
thermal control mechanism, power generation and power distribution systems, telemetry
command and control mechanisms, transmitters/antenna, computers and on-board processing
units [26]. These subsystems are required to work synergistically to ensure mission success.
In the context of small satellites, the propulsion system is of much interest as it affords the
spacecraft the ability to perform various maneuvers like: altitude control, station keeping and
formation flying. These characteristics are particularly important for astrophysics observa-
tions that would require nanosatellite constellations to produce large distributed apertures
for greater sensitivity or resolution. Fig.2.2 provides an overview of the main advantages
associated with having an on-board propulsion system.

Orbit maintenance Expansion of launch options

A larger variety of launch options will become

An on-board propulsion system would enable
relative orbit maintenance, from coarse set-up
of constellations to precision formation flying
affording the ability to set up large apertures in
orbit.

available including low-cost launch
opportunities that delivers a satellite to a non-
optimal orbit from which it can then use the
on-board propulsion system to modify its orbit
once separated from the launch vehicle.

Nanosatellite Propulsion

Advantages

Orbital lifetime extension

An on-board propulsion module can extend or
reduce the operational life of satellite systems
by either providing drag compensation to
maintain altitude and extend mission life or
provide an end-of-life de-orbit capability.

In-orbit collision avoidance

Propulsion systems can provide collision
avoidance capability, which is critical in
formation flying missions but also increasingly
important in congested orbits containing many
orbiting satellites.

Fig. 2.2 Advantages of micropropulsion systems for nanosatellite space science missions [3]
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2.4 CubeSat mission concepts for particle cosmology

A number of nanosatellite missions aimed at answering fundamental questions related to
particle cosmology have already been launched [25]. The most notable among these is the
HaloSat (deployed from the ISS in July 2018 [27]) and the Cosmic X-Ray Background
Nanosatellite (CXBN) mission whose successor CXBN-2 was launched in 2012 [25]. In
addition to these missions, a number of proposed nanosatellite missions have been put forth
by the Keck Institute of Space Studies, for example; the UVIP-UV Re-ionisation probe,
SoftX and RELIC [27]. A brief description of the mission requirements and research goals
for two of these mission concepts, namely: HaloSat and RELIC, will be provided in this

section.

2.4.1 HaloSat: The search for mission baryons
Background

Observations of minute temperature fluctuations in the Cosmic Microwave Background
(CMB) had shown that nearly 5% of the universe is composed of ordinary baryonic matter
[24]. Until recently, cosmologists could only account for about half of this baryonic matter.
This had been an open question in cosmology and was dubbed, "the missing baryon problem."
An example of this can be seen in the Milky Way, where a large discrepancy exists between
the theoretically estimated baryonic mass of the Milky Way in comparison to the observed
baryonic mass in the stars and disk gas (see [28] and [29]) indicating a large fraction of
missing baryons. Attempts to better understand the missing baryon problem had led to the
deployment of the HaloSat mission, which was the first astrophysics-focused NASA funded
CubeSat mission [27], in 2018.

Scientific goals

The HaloSat mission aimed to map soft X-ray oxygen line emission across the Milky
Way’s halo (which covers the entire sky) in the hopes of constraining the mass and spatial
distribution of the hot gas in the Milky Way [27]. The primary goal of the mission was to
determine if this hot gas, which is gravitationally bound to galaxies, contributes significantly
to the cosmological baryon budget. In addition to its primary goal, the HaloSat mission also
had a secondary science goal of conducting observations on solar-wind charge exchange
(SWCX) emissions. These observations were required to reduce uncertainties in the oxygen

line emission measurements.
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Mission design

HaloSat aimed to survey roughly 75% of the sky with an angular resolution of at least 15°
[27]. It utilised three miniaturised detectors with each detector having an effective area of
roughly 5.1 mm? for 600 eV X-rays and a field of view of approximately 100 degrees squared.
In the context of diffuse emission observations, the grasp, which is given by the product
of the effective area of the detector and the detector field of view, is used as an important
measure of merit. For 600 eV X-rays, the total grasp of HaloSat was roughly two times
greater than the Chandra X-ray observatory was at launch. This demonstrates how CubeSats
can compete with larger space-based observatories when used to conduct specific science
goals involving efficient all-sky surveys [27]. For an extensive overview of the HaloSat

mission, including results from early observations, refer to [27].

It 1s worth noting here that, in 2021, cosmologists had determined that ~ 50% of the
baryonic matter is located outside dark matter haloes, in the space between galaxies. This
has been supported by observations (see [30]). Along with the total baryonic mass inside and
surrounding the galaxy, the total number of baryons is now compatible with early universe
measurements. Thus, the missing baryon problem has been resolved [31]. Nevertheless,

follow up measurements are needed to support the leading observations.

2.4.2 RELIC: Characterising energy transport from black holes
Background

The long wavelength, low frequency radio regime (< 10 MHz), is an interesting band for
studying the underlying mechanisms of particle acceleration in active galaxies [4]. Un-
fortunately, this portion of the EM spectrum is inaccessible to ground based telescopes
since the atmospheric opacity reaches 100% for radio frequencies lower than 10 MHz [32]
(see Fig.2.1). Therefore, probing such low frequency radio emissions requires space-based
observatories. In 2012, a novel astrophysics CubeSat mission concept called RELIC was put

forward to address this issue [4].

Scientific goal

The main objective of the RELIC mission is to image double lobbed active galaxies, to map
the low frequency radio emissions from active galactic nuclei (AGN), with the intent of

gaining deeper insights on how energy is transported from black holes to the intergalactic



2.4 CubeSat mission concepts for particle cosmology 18

medium [4]. The RELIC mission would form an integral part in multi-wavelength studies

aiming to understand the underlying physical processes occurring within active galaxies [32].

Mission design

The concept proposes a constellation of thirty 3U CubeSats, all flying in a spherical formation,
where the minimum separation distance between each satellite is kept smaller than the
wavelength of the 5 MHz radio signal. The spherical constellation would create a synthetic
aperture with a sensitivity and angular resolution that would be sufficient to probe the regions
of low frequency radio emission in AGNs [4]. Each CubeSat, within the constellation, would
consist of a single dipole antenna along with a low frequency receiver [4]. An on-board
propulsion module would be required for station keeping and formation flying. Located at
the centre of the spherical constellation is a larger, higher power consuming, host satellite
(or “mothership’) which intercepts the signals from the orbiting CubeSats. The host satellite
performs the necessary signal processing, for example through cross correlation, to produce
the desired images and is responsible for the direct transmission of the data back to Earth.

RELIC Concept - Early Configuration Study
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Fig. 2.3 Proposed design of an individual 3U CubeSat for RELIC [4].
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Fig.2.4 shows a schematic of the proposed RELIC mission design. The mission is
expected to be launched as an EELV Secondary Payload Adapter (ESPA) spacecraft. Each
ESPA spacecraft has the potential to support the deployment of up to sixty 3U CubeSats [4].
The CubeSats should be deployed in a radio quiet zone far from the magnetic field of the
earth to prevent radio interference, to minimise potential torque disturbances and to minimise
propulsion requirements for station keeping. More details on the energineering considerations
and the key technological advancements required for successful mission implementation can
be found in [32] and [4] p. 68-71 .
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Fig. 2.4 Schematic of the proposed RELIC mission concept consiting of a spherical con-
stellation of 3U CubeSats forming a 1 km diameter spherical aperture. Image taken from
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2.5 Conclusions

Studies have identified various scientific advances that can be enabled through the use of the
nanosatellite platform [4]. These missions will incorporate new approaches to observation,
such as continuous all-sky observing coverage and the deployment of spacecraft constella-
tions, more suited to smaller platforms (like CubeSats). There is also the benefit of a lower
risk of complete mission failure when multiple systems are deployed [4]. Exploiting the
small satellite platform would allow for rapid and cost effective means to make important
scientific breakthroughs, they can also complement larger missions by making collaborative

observations and conducting secondary science experiments [25].

In observational cosmology, the small satellite platform provides the potential for con-
tinuous all-sky measurements, requiring multipoint observations, to be made in the low
frequency (radio) and ultraviolet end of the electromagnetic spectrum [4]. These observations
cannot be made using ground based observatories. Moreover, constellations of small satellites
can be deployed to form distributed large synthetic aperture systems and, with advancements
in distributed processing, high resolution measurements can be made. One of the major
technological hurdles preventing the realisation of these mission concepts is the development
of reliable micropropulsion systems. An on-board propulsion system will be crucial for all
of the above mentioned concepts to be successful. The goal of this research is to develop
such a system that is both reliable and versatile to propell the manifestation of these mission

concepts forward, and to open up new frontiers in particle cosmology.



Chapter 3
Literature Survey

As highlighted in the previous chapter, an on board propulsion system can equip nanosatel-
lites with a means to perform complex maneuvers, which can improve their operational
capabilities and extend their in-service lifetimes (Fig. 2.2). This chapter gives an overview
of the principles of propulsion, including the major performance metrics used to assess the
feasibility of a propulsion system for performing specific mission objectives. Thereafter,
various electric microthruster concepts are presented and the advantages and drawbacks
associated with each concept is discussed. Lastly, a brief discussion on the basic plasma
physics, essential for understanding the underlying mechanism of operation of the modified

DC discharge microthruster concept, is presented.

3.1 Fundamentals of Propulsion

Modern propulsion systems can be broadly classified into two categories: electric and non-
electric systems. Conventional chemical propulsion systems differ from electric propulsion
systems by means of energy supply for the acceleration of propellant mass. In chemical
systems this energy is stored in the molecular bonds of the propellants and is released through
combustion, decomposition or expansion [33]. In contrast, electric systems utilise an external
energy source for exhaust acceleration. In the majority of electric propulsion systems this
energy is sourced from solar panels, however, electrical power can also be supplied from

nuclear reactors or Radioisotope Thermoelectric Generators (RTGs) [33].

Although rockets may differ in the type of propulsion mechanism utilised, they all operate
principally by Newton’s third law of action and reaction forces. In essence, all propulsion
systems are analysed using four main performance parameters [5], these are: the rocket’s

thrust T', specific impulse I, change in velocity, or delta-v Av and its overall efficiency
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of converting energy into motion 1). These parameters will be discussed in greater detail
below and will be used to draw performance comparisons between various micropropulsion

concepts in the next section.

Thrust

Thrust, produced from a propulsion system, is the main force responsible for a spacecraft’s
motion. As mentioned earlier, the thrust a rocket experiences is due to Newton’s action-
reaction law- arising from the propulsion system. The engine does work on the propellant
ejecting it from the spacecraft, to produce a net force. The rocket is accelerated, through a
momentum exchange, in the opposite direction to the force produced by the ejection of the
propellant fuel. A spacecraft’s thrust is an important parameter used to assess its suitability
for a particular mission. A propulsion system that can only produce minuscule amounts of
thrust cannot be used to deliver payloads from the Earth’s surface into space, where such a

system would be more beneficial for some in-space low-thrust applications.

The total thrust that a spacecraft generates is a combination of momentum thrust and pressure
thrust [5]. The momentum thrust is dependent on the mass flow rate of the accelerated
propellant/ ions rz and the effective exhaust velocity v,. The pressure thrust depends on the
exit area A,- where propellant is ejected from the thruster, the exit pressure P, and the ambient
pressure P,. The ambient pressure refers to the pressure of the environment surrounding the

spacecraft and is zero in vacuum conditions:

T = tiwve + (P, — Py) Ae. (3.1)

Specific Impulse

The specific impulse I, is defined as the total momentum change produced per unit of
propellant consumed [2]. It gives an indication of the efficiency of propellant usage. For a
constant thrust and propellant flow rate, the specific impulse of a rocket can be calculated
from the ratio of a rocket’s thrust to its propellant consumption or input propellant flow rate

(mip):

Ve
I, =—=—, (3.2)
sp 2

where g represents the gravitational acceleration and v, is the rocket’s effective exhaust
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velocity. The exhaust velocity is defined as the velocity of the propellant exiting the rocket.
In practice, the actual exhaust velocity can only be determined experimentally and differs
from the effective exhaust velocity, which is used primarily as a measure of a thruster’s

efficiency. A high exhaust velocity is desirable for missions that require a high delta-v.

Delta-v

The spacecraft delta-v is a measure of the impulse per unit of spacecraft mass that is
required to perform a maneuver, or more commonly: the maximum change in velocity of
the spacecraft, ignoring other external forces [19]. It can be obtained from the well known
Tsiolkovsky rocket equation which relates the spacecraft’s maximum change in velocity to
it’s exhaust velocity ve, its initial mass m; and final mass m after a propulsive maneuver has
been performed [5]:

~ A
muﬂ@m(zz)%wm:nvﬁp<l). (3.3)
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The rocket equation demonstrates that high delta-v missions require substantially more fuel
and thus a greater propellant mass is required to accelerate the spacecraft to a high final speed.
This can be mitigated by using propulsion systems that generate high exhaust velocities
which would in turn require less propellant mass, and consequently, a reduced spacecraft
launch mass to reach reasonably high final speeds.

Thruster Efficiency

In general, the overall efficiency of a propulsion system 1 can be obtained from the fraction
of source power Py that is converted to kinetic power at the exhaust Pj,, [33]:
Py  T?

=5 = 2p G4

Here P, represents the total input power, which could be the energy released from chemical
bonds (for chemical propulsion systems) or the energy supplied by an external power source
(for electric propulsion systems). Chemical and electric propulsion systems exhibit different
scalability and performance properties [33]. In general, electric propulsion systems have
limited electrical power and thus produce significantly less thrust than chemical propulsion
systems. In contrast, since the exhaust velocity of electric propulsion systems are far greater
than that of most chemical propulsion systems, electric propulsion systems display higher
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efficiencies and can reach higher speeds when operating over long periods of time. In essence,

there is a trade-off between specific impulse and thrust [19].

Although chemical propulsion has its place as a viable option for small satellite propul-
sion, especially with the recent development of thrusters utilising environmentally-friendly,
high performance propellants, in exchange for the commonly used toxic hydrazine propellant,
electric propulsion systems are better suited for long duration space science missions for
the reasons highlighted above. As such, the discussion in the following section will focus
exclusively on electric micropropulsion concepts. For more information regarding chemical

micropropulsion concepts, developed and tested on CubeSats, see [5]

3.2 Electric Micropropulsion Concepts

Electric propulsion systems have been implemented extensively, by space agencies across the
globe, to carry out various missions involving cutting-edge science. At the time of writing,
the most notable missions include: the retrieving of asteroid samples (JAXA’s Hayabusa 2
and NASA’s OSIRIS-REx missions [34],[35]) and testing the technologies required for the
Laser Interferometer Space Antenna (LISA) to be used for a future in-space gravitational
wave observatory [36].

Although electric propulsion systems have worked well on larger spacecraft, their miniaturi-
sation to smaller platforms has proven quite challenging. This is mainly due to the power
limitations imposed on small spacecraft, resulting from decreases in solar panel area and
battery sizes as the satellite’s mass decreases. The typical power available to a nanosatel-
lite ranges from 2.5 to 100 W [33]. The amount of power available to a satellite has an
implication on its propulsive capabilities, including the choice of thruster and its subsequent

performance.

Types of electric thrusters

Existing electric propulsion systems can be grouped into three main categories based on their

acceleration mechanism, these are [19]:
1. Electrothermal thrusters
2. Electrostatic thrusters

3. Electromagnetic thrusters
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3.2.1 Electrothermal thrusters

In electrothermal engines, the propellant gas is electrically heated causing it to expand from
the subsequent increase in pressure. The thermal energy from the expanding gas is converted
into kinetic energy, as the energised propellant mass is forced out through a nozzle which
provides the desired thrust [37]. The resistojet is an example of an electrothermal thruster.

Resistojet

A resistojet operates by passing its propellant through a heating element and allowing the
heated gas to be expelled through an expansion nozzle. The gas leaves the nozzle at a rela-
tively high temperature, leading to an increase in the thruster’s specific impulse in proportion
to the square root of the stagnation temperature. Laboratory tests have demonstrated that
micro resistojets can produce exhaust velocities of approximately 2.2 km/s [38], however,
their performance is limited by the melting temperature of the heating element in use. Despite
this, well designed resistojets can exhibit high thruster efficiencies (ranging from 65- 90 %
[39D.
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Fig. 3.1 Schematic showing the principle of operation of the resistojet [5].

The thrust and specific impulse of the resistojet can be obtained from the following
relations [40]:

T = A, (”OISTO) 1, (3.5)

KTy 1
Iy =) =0~ (3.6)

2m go’
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where T represent the thrust, ng is the number density of propellant atoms (in m—>) and Tj
represents the temperature of the propellant, all of which are at the stagnation pressure. The
expansion area (where the gas exits the thruster) is given by Ag and ) represents the proba-
bility of a gas molecule exiting through this expansion area. The specific impulse depends
on the stagnation temperature and the propellant mass m, where k and go are Boltzmann’s

constant and the gravitational acceleration at sea level respectively.

To date, a number of resistojets have flow on-board CubeSat missions, see for example: the
Aqua Thruster Demonstrator (AQT-D) mission [41]. Additionally, a type of resistojet called
the Free Molecule Micro Resistojet (FMMR) is a MEMS fabricated resistojet that utilises
water as its propellant and operates by expanding the heated propellant through a series of
slots [42]. The system’s low cost, low mass and low power consumption makes it highly

favourable for use on a future CubeSat mission.

3.2.2 Electrostatic thrusters

These engines work by accelerating ions with the aid of electric fields as the ions move across
a potential drop applied between two electrodes. The ions are used to generate thrust and are
produced from the propellant atoms through electron bombardment. Numerous methods can
be applied to heat the electrons which generate the ions in the plasma, namely: DC methods,
radio frequency fields or, microwave fields. Electrostatic engines are the most developed
type of electric thruster, originating from the 1950s [19]. Gridded ion thrusters, Hall effect
thrusters, and more recently, Colloid-electrospray devices are the most commonly employed

electrostatic thrusters. The principle of operation of each thruster is described below.

Gridded Ion Thruster (GIT)

This system achieves ion acceleration by utilising a potential drop between an extractor
and acceleration grid. lons are produced in an ionisation chamber either through collisions
with injected electrons, through radio/microwave frequency or contact ionisation [33]. The
accelerated ions are ejected from the system, producing thrust, and the resulting ion beam
is neutralised by electrons emitted from an external cathode. Neutralisation is necessary to
ensure that electrons collected at the anode are ejected to prevent the negative charging of
the spacecraft.

The efficiency of 1on engines depends on the type of propellant used (usually propellant with
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a low first ionisation energy is desirable) as well as the electron current and the residence time
of the propellant in the ionisation chamber [33]. When implemented on larger spacecraft,
ion engines have demonstrated considerably high efficiencies (between 60% to 80% [19])

however, the miniaturisation of these systems has faced a myriad of challenges; namely:

* Decreasing the volume of the ionisation chamber reduces the residence time for
electrons in the chamber and thus leads to a significant decrease in the propellant
utilisation efficiency, at some point ionisation will cease completely. To maintain
thruster efficiency the miniaturisation of the chamber must scale with the electron
mean free path. This, however, necessitates operation in a high density regime which
may lead to higher ion fluxes to the chamber wall, having an overall detrimental effect
on the thruster [5].

* The electron supply, in the ionisation chamber, is usually sourced from an internal
cathode; however, miniaturisation of a durable electron emitting cathode, as well as the
manufacturing of electrical grids, poses a major challenge with regards to constructing

them out of materials that are highly resistant to erosion caused by ion impact [33].

» At small scales the space charge between the accelerating grids imposes a limit on the

maximum emission current density and subsequently the achievable thrust.

To mitigate some of these effects, miniaturised ion engines have incorporated radio frequency
ionisation, as opposed to electron bombardment, as its main ionising mechanism. This

eradicates the need for an internal electron emitter [43].

Radio Frequency Ion Thruster (RIT)

In RITs, the propellant is fed into a discharge chamber where it is ionised through radio
frequency (RF) electromagnetic radiation produced from RF coils. The resulting plasma is
extracted and accelerated through a combination of grids: the screen and accelerator grids.
The screen grid extracts the positive ions from the plasma towards the accelerator grid which
accelerates the ions outwards producing thrust. A neutraliser cathode is placed on the outside
of the thruster which emits electrons to neutralise the resulting ion beam.

The thrust produced by the RF ion engine, equation (3.7), depends on the mass of the
ions m;,,, the charge of the propellant ions ¢ and the ion accelerating voltage V; [S5]. The
specific impulse, equation (3.8), is also a function of these parameters and additionally
depends on the mass utilisation efficiency 7),,, which indicates the fraction of propellant

mass that is converted into ions that are accelerated out from the thruster, and the total thrust
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correction factor ¥, which takes into account the divergence of the ion beam as well as the

presence of multiply charged species.
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Fig. 3.2 Schematic showing the principle of operation of the Radio Frequency Ion Thruster.

[S].

The thrust generated by a GIT is proportional to the ion mass and also depends on the
ion beam current /;, for this reason it is desirable to use a propellant source composed of
elements with a high atomic mass (inert gases like xenon and krypton are most commonly
used as propellants). The specific impulse of the system can be varied by changing the
voltage applied between the accelerating grids. The mathematical equations for thrust and
specific impulse of the GIT are:

2m: g
T — mlon‘/lli’ (3.7)
q
3 Vi
I;p = 1.417 x 10°yn,, . (3.8)

Mion

Considering all the limitations imposed on the miniaturisation of ion thrusters, none of these
systems have been implemented on CubeSat missions; however, the upcoming Lunar IceCube
mission will incorporate a miniature RF ion engine with solid iodine as its propellant source
[44].
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Hall-Effect Thrusters

Hall effect thrusters generate thrust from the ionisation and acceleration of propellant placed
in a radially applied magnetic field and an axially applied electric field that are mutually
perpendicular [45]. Neutral gas propellant is injected into the annular ionisation chamber
near an anode located at the base of the discharge channel. The propellant is ionised by
electrons produced from an external cathode located outside the discharge channel. These
ions are then accelerated by the electrostatic fields applied between the anode and cathode.
As the electrons move towards the anode they interact with the radial magnetic field and

spiral around the thruster in the (E x B) direction.
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Fig. 3.3 Schematic showing the principle of operation of the Hall Effect Thruster [5].

The miniaturisation of the Hall effect thruster is advantageous over the GIT for the

following reasons:

* The precessing of the electrons, due to their interaction with the radial magnetic field,
leads to an increase in their residence time within the chamber, thereby resulting in an
increase in the probability of collisions between the electrons and the neutral propellant.

This subsequently results in an increase in the propellant utilisation efficiency.

 Hall thrusters are void of any acceleration grids, which are major life limiting com-

ponents of most electric thrusters. Instead ions are primarily accelerated by the
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electrostatic force produced by the potential drop between the anode and cathode,

resulting from the Hall-effect.

* Generally, Hall thrusters produce a lower specific impulse but a much higher thrust
density (in some cases up to an order of magnitude higher) than ion engines. These

systems also exhibit greater adaptability over a wide range of power levels [19].

Notwithstanding its benefits, the Hall thruster also experiences erosion of its magnetic cir-
cuitry from interactions with the discharge plasma, resulting in a degradation in the thruster’s
performance. Furthermore, it is more challenging to control the ion beam in a Hall thruster
than in an ion engine. In many cases this leads to wall erosion; however, wall erosion may
be mitigated using magnetic shielding such that when the walls are magnetically shielded,
the electric component parallel to the wall is largely negated, resulting in a decrease in ion
impacts on the chamber walls [5]. Overall the efficiency of these systems are lower than
GITs [19].

As in the case of ion engines, it is also beneficial to use high atomic mass propellant
in Hall thrusters. Common propellant sources include: xenon (Xe), krypton (Kr), argon (Ar)
and iondine (I). The mathematical equations representing the performance factors, like thrust
and specific impulse, are the same for both systems and were shown in equation (3.7) and
(3.8) respectively.

Various studies have found that, in miniaturised Hall thrusters, the propellant mass flow
rate and the applied power are proportional to the length of the discharge channel [46]. In
contrast, the magnetic field strength was found to be inversely proportional to the channel
length. In this way, important parameters such as: the propellant mass flow rate, the strength
of the magnetic field and the length of the discharge channel can be deduced through scaling
laws provided that the power of the larger Hall thruster is known.

Electrospray thrusters

The electrospray thruster operates by extracting charged particles (ions) from a liquid (pro-
pellant) surface and accelerating them electrostatically to generate thrust. When the electric
potential passes a threshold value, the conductive surface of the propellant is deformed into a
Taylor cone and the ions are extracted from the apex of the cone [5]. Electrospray thrusters
are capable of accelerating both positive and negative ions and can thus produce both a
positive and negative ion beam, obviating the need for an external neutraliser cathode.
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Low-volitality ionic liquids are used as the propellant source. Ionic liquids exhibit high
conductivity in the pure state, have low operating voltages and a negligible vapour pressure
[47]. These properties make the system favourable for miniaturisation. In electrospray
thrusters, the exhaust velocity and thrust depend heavily on the charge-to-mass ratio. The
average charge-to-mass ratio ( ) is given by:

q 1
- 3.9
<mion> PQ (39

where p and is the density of the propellant and Q is the volume flow rate of the propellant.

The main elements of the propulsion system are the propellant storage chamber, the emitter

and extractor electrode shown in Fig.3.4.
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Fig. 3.4 Schematic showing the principle of operation of the Electrospray Thruster [5].

The thruster’s performance can be controlled by varying the voltage passing through the
emitter and extractor electrodes. The exhaust velocity v,, depends on the ion accelerating
voltage V;, the ion beam current /; and the average charge-to-mass ratio. The system’s thrust
can be calculated from the product of the propellant (ion) mass flow rate and the exhaust

velocity as shown in equation (3.11):

q 2Vil;
Vo = 1 |2V, _ , 3.10
K \/ ! <mion > po ( )

T = tijonve; = \/ 2Vilititjo . (3.11)
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The electrospray thruster can be further classified into two subthruster types, based on the
method of extraction of the charged particles. These are the Colloid thruster and the Field
Emission Electrostatic Propulsion (FEEP) thruster. Individual electrospray thrusters operate
on the milli-Watt power level with a typical thrust in the micro-Newton range, suitable for
microradian altitude control applications. An electrospray propulsion system has already

been implemented on a CubeSat mission, the AeroCube 8 [47].

3.2.3 Electromagnetic thrusters

Electromagnetic thrusters use both electric and magnetic fields to produce, accelerate and
expel ionised propellant for thrust. In these thrusters the ionised propellant is accelerated by
the Lorentz force. These systems can generate high thrust densities in comparison to other
electric propulsion systems. Two types of electromagnetic thrusters have been identified as
systems with high potential to be used on the small satellite platform, namely: the Pulsed
Plasma Thruster (PPT) and the Vacuum Arc Thruster (VAT).

Pulsed Plasma Thruster (PPT)

A Pulsed Plasma Thruster incorporates a solid insulating propellant (for example Teflon)
and operates by producing a pulsed, high current discharge across the propellant’s surface.
The current discharge results in ablation (or vaporisation) of the propellant’s surface, and the
resulting vaporised propellant material is accelerated to produce thrust. The system operates
in an unsteady regime where the current pulse lasts for a fraction of a second and is driven by
the charging and discharging of a capacitor. A spring mechanism is used to feed the solid
propellant into a region between two electrodes (the anode and cathode) while a spark plug
is simultaneously fired to increase the electrical conductivity in the acceleration chamber [5].
The Power Processing Unit (PPU) provides electrical current to the electrodes through the
capacitor and into the arc. The resulting current loop induces a magnetic field. The plasma
(produced from the ablation of the propellant) is accelerated by the Lorentz force, generated
by the induced magnetic field. The thruster’s principle of operation is displayed in Fig.3.5.

A PPT can utilise many different propellants in both solid and liquid form. They can
provide short bursts of thrust for precision maneuvering and can maintain a constant specific
impulse and thruster efficiency over an extensive input power range. Generally, these systems
exhibit a low thruster efficiency (10-20%) and are susceptible to electrode erosion [48], [49].

Another concern is the potential presence of macro-particles in the plume, resulting from
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non-uniform ablation. These macro-particles can interact with the surrounding plasma and

lead to undesirable effects.
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Fig. 3.5 Schematic showing the principle of operation of the Pulsed Plasma Thruster [5].

The thrust in the PPT is dictated by momentum conservation and depends on the charge
of the ions g, the particle velocity #; and the sum of all collision forces for each individual
particle k over all particles P;. The first term in equation (3.12) represents the Lorentz force
which is generated by the movement of charged particles in a self-induced magnetic field.
The effective velocity, equation (3.13), is dependent on the thrust 7, the propellant mass flow
rate riz and the thruster efficiency 1. It can also be deduced from the ratio of the anode and
the cathode radius, R, and R, respectively.

d-)‘ = —
T = miont = q(E+ii x B) + Z(P)x, (3.12)
T 1 R
Vo= —— = — O (Ze (3.13)
mn n4n R,

In addition to the problems associated with electrode erosion, low propellant conversion
efficiency in PPTs has hindered the development of efficient PPTs. A modified version of
the PPT called the Planar Pulsed Inductive Thruster (PIT) was developed to overcome these
issues. The PIT is able to accommodate a varitey of propellants (like ammonia, water and
carbon dioxide) and does not utilise any electrodes. These systems have shown potential to
process high power levels and thereby produce high levels of thrust with just a single thruster
[50].
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Vacuum Arc Thrusters (VAT)

Another variation of the PPT is the vacuum arc thruster, which produces completely ionised
high velocity plasma jets as a result of the ablation of cathode material in a vacuum (through
vacuum arc discharges). These thrusters have been studied since the 1960s and exhibit

various advantages for propulsion applications. Some of the advantages of VATsS are:

* The thruster has a low mass, since it does not use a gas feed system, and is relatively

simple to design.
* VATs offer high efficiencies from their highly ionised plasma generation.

* The VAT has an efficient discrete pulse operation allowing the thruster to perform

finely tuned spacecraft maneuvers [51], [52].

There are two major disadvantages associated with VATs:

* The thrust level produced by the system can only be adjusted by varying the pulse duty
cycle.

* The directional efficiency of the thrust depends strongly on the geometry of the
electrodes [51].

Despite its limitations, a VAT has been flown on a CubeSat mission (BRICSat-P [53]).

3.2.4 Propellant-less propulsion

A discussion on novel propulsion concepts is not complete without mentioning propellant-
less means of producing thrust. Among various proposed concepts, solar sails (including
electric and magnetic sails) are of much interest as they demonstrate a high potential of being

used on low mass satellites.

Solar Sails

Solar sails rely primarily on solar radiation pressure for thrust. They utilise lightweight
expandable structures made from reflective materials, which provide a means for momen-
tum exchange with incident solar radiation. Theoretically, the solar sail (and any type of
propellant-less propulsion for that matter) can produce an infinite specific impulse; however,
these systems take a long time to gain an appreciable momentum change. The low thrust

characteristic makes the system useful as an end-of-life de-orbiting device, as demonstrated
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by the NanoSail-D mission [54]. Solar sails have also seen implementation on IKAROS [55]
and CubeSat LightSail-1 [56]. Other types of sail propulsion include electric and magnetic

sail propulsion.

Electric sail propulsion

This system consists of a conductive mesh that is maintained at a positive potential relative
to the solar wind plasma. The positive potential then repels the positive particles in the solar
wind, leading to a momentum exchange on the spacecraft. Since the interactions are weak,
these systems would require large scale structures for a noticeable thrust to be achieved. This

system still remains in the conceptual phase.

Magnetic sail propulsion

The magnetic sail uses a loop structure (a superconducting wire) and obtains momentum
exchange through the interaction of an induced magnetic field on the solar wind particles.
The magnetic field deflects the solar particles from their original trajectory and the resulting
change in momentum is transferred to the sail producing thrust. In this way the magnetic
sail differs from the solar sail (which uses radiation pressure from solar photons for thrust).
Since photons carry significantly more momentum than solar wind particles, the magnetic
sail needs to deflect a larger area of solar wind particles to generate the same amount of thrust
as the solar sail. In both cases the thrust decreases in proportion to the the square distance of
the sail from the sun; however, the magnetic sail can also produce thrust by interacting with

a strong planetary magnetosphere.

3.3 Basic Plasma Physics

To conduct a detailed study of the thruster concept proposed in this work requires an
understanding of basic plasma physics. In this section, a description of the plasma state is
given, including: examples of natural and man-made plasmas, the mathematical definition of
a plasma, the energy and velocity distributions of the various plasma particles along with the

various types of plasma particle collisions, and lastly, the concept of a plasma sheath.

3.3.1 The plasma state of matter

A plasma is composed of neutral gas atoms or molecules, ions, and electrons. Plasmas can

be categorized into two groups: thermal plasmas and electrical plasmas.
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Thermal Plasma

A thermal plasma is formed when a gas is heated above a certain temperature (usually
> 5000 K) causing the kinetic energy of the gaseous atoms to increase thus resulting in a high
number of atomic collisions within the gas. These collisions cause electrons to be stripped
away from the atoms, as the gas becomes ionised and transitions into a plasma state. All

species within a thermal plasma are in thermal equilibrium, hence:

where the subscripts g, i and e denote the gas, ion and electron quantities respectively.

Electrical Plasma

An electrical plasma can be produced when a gas is subjected to strong electromagnetic
fields. This method eradicates the need for high gas temperatures which would otherwise
be required in the formation of thermal plasmas. The resulting plasma is composed of
electrical charges: ions and electrons. Consequently, the plasma is influenced by electric and
magnetic fields (including self-induced electric and magnetic fields) as is also the case in
thermal plasmas. The charged particles can thus be preferentially heated by these applied
fields. In particular, electrons, due to their lower mass (m, < m; < my), can be accelerated to
sufficiently high energies for the ionisation of neutral gas atoms. Consequently, the species
within an electrically induced plasma (otherwise known as a ’discharge’) are not in thermal

equilibrium, since

T.> Ty, T, > T, > Ty,

Electrical plasmas exhibit a lower degree of ionisation than their thermal counterparts. This
research deals exclusively with a special type of electrically induced plasma known as a low
pressure, direct current, glow discharge. In this case, the particle temperatures are known to
occur in a more restricted range:

I.>Ti~Tg,

where T; and T, are approximately at room temperature.
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Plasmas in nature and the laboratory

Plasmas are ubiquitous in nature, with more than 99% of the observable matter in the universe
existing in the plasma state [57]. Examples of naturally occurring plasmas include stars,
lightning and the aurora borealis, while neon lamps are the most commonly used example
of a man-made plasma. Much of the drive towards understanding the underlying physics of
plasmas comes from the desire to produce fusion energy, through nuclear fusion reactors, as
a clean and sustainable alternative energy source on Earth. This has led to the development of
Tokamaks, which are devices that magnetically confine hot plasma in an attempt to produce
controlled thermonuclear fusion power [58].

A plasma state can span a wide range of temperatures and densities. Fig.3.6 provides
a depiction of the characteristic temperature and density of various natural and man-made
plasmas.
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Fig. 3.6 Characteristic temperature and density of various plasma sources [6].

A plasma is a highly complex medium which can be characterised by non-linear phenom-
ena that occur over a wide range of spatial and temporal scales. It is therefore extremely
challenging to model the behaviour of a plasma, nevertheless, the complexity can be reduced

by understanding some of the basic phenomena occurring within them.
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3.3.2 Definition of a plasma

The formal definition of a plasma can be stated as follows:
"A plasma is an ionised gas that is globally neutral and displays collective effects."

To be globally neutral (or rather quasi-neutral) the size of the plasma has to be much larger
than the Debye length (the scale length at which quasi-neutrality can be violated). The term
collective effects implies two things: firstly, that one-to-one interactions between particles
are weak, the plasma interacts through collective electric and magnetic fields and not those
resulting from one-to-one particle interactions. Secondly, it implies that the frequency of the
collective motion of the plasma (the plasma frequency) is larger than the collision frequency.

The Debye length, plasma frequency, and collision frequency are important concepts and

will be discussed in more detail in the sections to follow.!

Debye length

Consider a plasma that is initially in a quasi-neutral state i.e the electron and ion densities are
approximately equal (n, =~ n; = n). For simplicity, assume that the ions are singly ionised
i.e. Z =1 (where Z is the number of positive charges per ion). A positive test charge ¢; is
inserted within the neutral plasma. Consequently, an electrostatic potential forms around
the test charge as the negatively charged particles are attracted towards it. The positive ions
are repelled and an electron cloud is formed (see Fig.3.7). In solving for this electrostatic

potential a length will appear, this is precisely the Debye length of the plasma.

Before After
+ Repelled paositive ions
+ + _ + - + + /
- +(@)+ - 0+
- - Debye shielding
+ + - + = (electrons)
Key
+ lon Positive test charge
= Electron
@ Test charge

Fig. 3.7 Illustration of the Debye sheilding effect. An electron cloud forms around a positive
test charge ¢g; which effectively screens the positively charged ions.

IRefer to Appendix B for a rigorous derivation of the Debye length and plasma frequency.
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The Debye length describes the distance over which charges are electrostatically shielded,
it is physically interpreted as the screening distance due to a cloud of negative charges
(electrons) surrounding a positively charged ion. In this way, it describes the charateristic
length of the plasma where the electric field from a point charge outside the Debye length
will be shielded from the positive ion.

The Debye length Ap, is mathematically expressed as follows:

T T
Ap, =10 =7 x 103 =, (3.14)
en n

where T, is the electron temperature (measured is in eV) and 7 is particle number density (in
-3
m—>).

Solving the Poisson equation (representing the potential around the test charge) yields
the following solution:

1
D(r) = %%exp (-/1]’; ) . (3.15)

The result is similar to the electrostatic potential for a charge in a vacuum, with an added
exponential factor due to the medium being a plasma. Fig.3.8 shows a comparison between a

standard Coulomb potential and the electrostatic potential expressed in equation (3.15).

The one-to-one interactions between particles will be weak only if there is a high num-
ber density of electrons and ions within the plasma volume (PLDg) = nlpg =Np > 1,
where Np represents the number of charged particles within a Debye cube (effectively a cube
with side length equal to the debye length). The quasi-neutrality of a plasma is only true at
distances beyond the Debye length (deviations from quasi-neutrality will occur at distances
shorter than the Debye length). To be globally neutral (or rather quasi-neutral) the size of the
plasma has to be much larger than the Debye length.
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Fig. 3.8 Comparison of a standard Coulomb potential with a Debye screened potential.

Plasma frequency

Consider a slab of plasma with an initial electron number density ny. Assume that the ions in
the plasma constitute a fixed background, with the same density as the electrons. The plasma
can be separated into three regions: region 1 where the charge is positive (p > 0), region 2
where the charge is approximately zero (p ~ 0) and region 3 where the charge is negative
(p < 0). If the electrons are displaced from the ions by a distance Ax (see Fig. 3.9) then the
displaced electrons will tend to be attracted back towards the ions, causing an oscillatory
motion of the electrons with respect to the fixed ion background. The frequency of this

resulting oscillation is precisely the plasma frequency.

}‘A_x.‘
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+ + + + +
I

+ + + + +
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Fig. 3.9 Plasma slab with electrons displaced from a fixed ion background.
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The electron plasma frequency @), is a fundamental parameter used in characterising a
plasma. It gives the rate at which electrons oscillate from equilibrium, relative to a static ion

background, and is mathematically expressed as follows:

Wpe = , (3.16)

where m, represents the mass of an electron and e is the electron charge. Electromagnetic
waves with frequencies lower than the plasma frequency will cease to propagate as the plasma
will effectively negate their fields.

The electron plasma frequency can be expressed more conveniently as:

fo= 2~ 9 R, (3.17)

The inverse of equation (3.17) provides an approximate time scale for the plasma to react to
changes in its boundaries and/or in the applied potentials [19]. For example, a plasma with
an electron density of 10! m—3 will have a corresponding electron plasma frequency of 0.9
GHz, and will take roughly 1 nanosecond to respond to plasma perturbations.

Similarly, for plasmas where ion motions are the dominant driver of plasma perturbations,

the ion plasma frequency can be deduced using (3.16) by replacing the electron mass with

2

nope
= . 3.18
Wpi = 4| - (3.18)

The approximate time scale, to first order, for ion motions within the plasma can be deduced

the ion mass:

from equation (3.18). The ions, however, have inertia and respond at the ion acoustic velocity
vq. In the special case of electrostatic ion engines, where 7, > T;, this ion acoustic velocity
is given as:
kT,
Vo =14/ —. (3.19)

m;
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3.3.3 Plasma particle energies and velocities

A large number of collisional processes may occur within the plasma contained in electro-
static thrusters. These include: collisions between particles of the same species (e.g. ion-ion
collisions) and collisions between particles of different species (e.g. electron-neutral colli-
sions). The knowledge of collisional processes is important for characterising the mobility,
diffusion and resistivity of the plasma. These collisional processes can be used to develop
a velocity distribution for each species. In the absence of external forces, every particle
within the plasma (on average) will move with a velocity that depends solely on the mass

and macroscopic temperature of that particular species [19].

The majority of charged particles in electric thrusters conform to a Maxwellian velocity
distribution. In the generalised three-dimensional case, the Maxwellian velocity distribution

function is given by:

m
2wkT

flu,v,w) = ( )3/2 exp [—%(u2+v2+w2) ) (3.20)

where m represents the particle’s mass, and 7 is the corresponding particle temperature. The
terms u,v and w represent the respective velocity components in a three coordinate axes.
The average kinetic energy of a particle within the Maxwellian distribution can then be
deduced as follows:

© 12
Eave — fff—oo va f(I/l,V,W) _ EkT (321)

J T2 1 (v, w) 2

Similarly, the particle number density, n, can be obtained from equation (3.20):

n= /// nf(u,v,w)dudvdw. (3.22)
Finally, the incident particle flux, in one direction, is [19]:

1 1 /8T

Note that the last term in equation (3.23) represents the average particle speed in a Maxwellian
distribution (see [19], p.45).
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Equations (3.20-3.23) are accurate descriptions of the energies and velocities of plasma
electrons. However, the presence of electromagnetic fields (within the plasma) forces the
electrons to move along field lines. Thus, the electron motion is no longer purely random.
Subsequently, the flux term needs to be modified to account for this non random motion (see
[19], p.46-54).

In electrostatic ion engines, the ions are relatively colder than the electrons, where the
electron temperature is roughly ten times greater than the ion temperature (i.e. 7,/T; ~ 10).
This is mainly due to inefficient heating and the fact that ions are not well-confined within the
ionisation chamber (they are accelerated out of the thruster to produce the thrust beam). Due
to charge conservation, the ion velocities and ion particle fluxes at the plasma boundaries are
dependent on the electric fields generated within the plasma and differ from the expressions

given in this section. These variations will be described in more detail in section 3.3.4.

3.3.4 Collisional processes and collision frequencies

Generally, collisional processes can be described as follows: an incoming particle, for
example, an electron, moving at a certain velocity v travels towards a certain number density
of target particles n4,4¢;. From the electron’s perspective, each target particle will have
a collision area denoted by ¢ (also called the cross section). The frequency of collisions

between the electron and the target particles is then given by the following expression:
Veoll = Ntarget * O * V. (3.24)

Collisions between electrons and neutrals

Electrons can collide elastically or inelastically with neutral particles. The electron mean
free path A, gives the average distance that an electron would travel, through a fixed neutral

particle background n,, before undergoing a collision:

Ae = (3.25)

1

Inelastic collisions between electrons and neutrals may result in ionisation or excitation of

neutral particles. The subsequent ion production rate, %, and excited neutral production

* .
rate, ddi per unit volume can be expressed as:

t
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dan;

d—t’ = ngn.(Giv,) (3.26)
dan*
—r = anne(c*ve> i (3.27)

J

Here, o; represents the ionisation cross section, ng is the number density of neutrals and
ve is the electron velocity. Collectively, (o;v,) represents the reaction rate coefficient, the
ionisation cross section averaged over the electron velocity distribution function. Similarly,
o, represents the excitation cross section. In equation (3.27), the reaction rate coefficient is
averaged over the electron distribution function and summed over all excited states j. Note
that for simplicity, equations (3.26) and (3.27) do not consider the terms associated with

particle losses to the boundaries of the plasma

The collision frequency, describing collisions between electrons and neutrals, is given by:

8kT,
vgzeutral =NgVe O R Nng- e, ﬂa%. (3.28)
mm

The last expression follows from the fact that the cross section can be approximated by the

size of the atom, where ay is the Bohr radius i.e. na(z) ~ 10720 m?2,

Coulomb collisions

In addition to collisions with neutral particles, electrons can collide with other charged
particles (for example electron-electron and electron-ion collisions). The original trajectory
of the electron can be deviated by the Coulomb force. This deviation becomes important
when the Coulomb interaction energy is comparable to the kinetic energy, i.e. when

2

_e” 2
Coulomb energy I b e (3.29)
Kineticenergy ~— mev? Amegmevs’ .

In the above expression, b represents the impact parameter, the distance of closest approach

if the particle were to continue moving along its unperturbed trajectory.
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Fig. 3.10 Schematic of the Coulomb interaction experienced by an electron.

The collision frequency due to Coulomb collisions can now be estimated as:

4
nope
vCoulomb

e

= nyv,h* = (3.30)

o 2.233"
lomeymgv,

Since the ion mass is far greater than the electron mass (i.e. m; > m,) the energy transferred
in electron-electron collisions is much greater than that of electron-ion collisions, and
this leads to a shorter electron-electron thermalisation time relative to the electron-ion
thermalisation time. This provides a reason as to why electrons thermalise rapidly into a

Mawellian distribution but do not thermalise rapidly with ions [19].

3.3.5 Plasma sheaths

The thruster to be studied in this work consists of a plasma, generated from the electrical
breakdown of a gas, confined within a cylindrical discharge tube with the ends of the tube
open to a vacuum. The boundaries of the plasma within the tube represent the physical
interface at which energy and particles enter and leave the plasma. In this particular case, the
boundaries are the walls of the thruster chamber and the surface of the electrodes confining
the plasma. The plasma establishes potential and density variations at its boundaries, ensuring
that particle balance is satisfied. The region where these variations occur is termed the plasma
sheath (see Fig.3.11). An analysis of the sheath region is crucial for assessing the extraction

capabilities and performance of the electric thruster.
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Fig. 3.11 Plasma particle densities before (a) and after (b) sheath formation at the plasma
boundary. Image taken from [7].

As soon as the gas is ionised, electrons and ions begin to collide with the thruster walls,
which have a plasma potential ¢,. The electrons move at higher thermal velocities than
ions and collide more frequently with the walls, losing energy at a faster rate than the ions.
The higher thermal velocity also means that initially there will be a net negative charge
at the thruster walls; consequently, a net positive charge forms in the plasma bulk. This
effect makes the potential at the walls negative with respect to the plasma. The resulting
potential difference ensures that further incoming electrons are reflected from the walls and
the ions fall onto the walls without being reflected. This electron repulsion produces a net
positive space-charge region referred to as the Debye sheath. The sheath ensures that neutral
plasma is shielded from the negatively charged walls, thereby maintaining the quasi-neutrality
condition. If the shielding extends to distances greater than the Debye length, then the plasma
will maintain a constant potential (¢,). On the other hand, the equilibrium potential drop
(—@y) is defined as the potential required to ensure equal electron and ion losses to the wall.
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Fig. 3.12 The plasma and potential distribution near a material wall [8].

The pre-sheath (see Fig.3.12) contains the quasi-neutral plasma. A small potential drop
occurs within this region which then facilitates the acceleration of ions, ensuring that the ions
enter the non-neutral sheath region at high velocities. A similar phenomenon occurs at the
negative electrode, the cathode attracts positive ions and repels electrons. This results in the
formation of a positive ion sheath (consisting of positive ions and neutral atoms) surrounding

the negative electrode. The positive ion sheath screens the electrodes from the discharge.

Ion and electron current densities

The ion current density, J;, entering at the sheath edge is given as:

kT,
Ji ~ nev, = ney| —=, (3.31)
mi

where n represents the initial plasma particle density at the sheath edge (n = n, = n;, see
Fig.3.12) and v, is the ion acoustic velocity (also known as the Bohm velocity). Equation
(3.31) is more commonly expressed as the Bohm current, /;:

kT,

m;

I; = nje A. (3.32)

Here, A represents the total ion collection area at the sheath boundary.

Similarly, the electron current entering the sheath region can be deduced using the ran-
dom electron flux, see equation (3.23), multiplied by the Boltzmann factor:
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1 8kT, ep
I, =- A - .
. 4ene g exp ( kTe) (3.33)

To ensure charge conservation and zero net current at the walls, the plasma will tend to
self-bias to a floating potential (¢).This floating potential can be determined by equating the

ion and electron currents and solving the resulting expression:

o="epy ( 2y ) (3.34)

e meTm

The thickness (or length) of the sheath region depends on the potential difference between
the plasma and the wall, in addition to other plasma parameters. If the electron temperature
exceeds the sheath potential, i.e. if kT, > e¢, the sheath thickness can be estimated to be on
the order of the Debye length, see equation (3.14).

When the sheath potential greatly exceeds the electron temperature, i.e. when e¢ > kT,
the ion current density through the sheath region can be found from the Child-Langmuir
equation [9]:

dg [2¢ ¢

J; b
9 Vm; a2

(3.35)

The above equation states that the ion current in the sheath region is proportional to three-
halves the power of the sheath potential divided by the sheath thickness (d) squared. Further-
more, it implies that space charge effects limit the current density passing through a planar
sheath region.

Double layered sheaths

The discussion thus far has only considered the unidirectional flow of particles from the
plasma to the walls (or electrodes). In many instances, particularly near an electron-emitting
cathode, two plasmas of differing potentials may be in contact with each other allowing for
electrons and ions to counter-stream across the boundary. This results in the formation of a

double sheath layer. If the two plasmas in contact with each other, have the same effective
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area, then the space-charge-limited flow of electrons and ions between them is given by:

Lo=x /2. (3.36)
me

Here, Kk is a constant which depends on the ratio of particle temperatures <%> In typical
thruster plasmas k ~ 0.5.

If one of the boundaries of the double layer represents the sheath edge at an electron emitting
cathode, then the maximum space-charge-limited current density that the bulk plasma can

accept from the electron emitting cathode can be determined from the following expression:

I, = gnie e (3.37)

The equations given in this section are used extensively in describing plasma behaviour
in electric thrusters. More details including derivations for these equations can be found
elsewhere (see [59] and [60])

This concludes the basic plasma physics section and literature review. The next chap-
ter delves into the physics of DC glow discharges and the main operating principles of

low-pressure gas discharge devices, similar to the proposed thruster concept.



Chapter 4

Glow Discharge Theory and Simulation

The thruster concept to be studied in this work is heavily based on the popular DC glow
discharge tube. Therefore, a fundamental understanding of the operating principle of glow
discharges is required to gain a deeper insight into how the thruster is expected to behave

under various conditions.

The study of glow discharges dates back to the latter part of the nineteenth century, occurring
in parallel with advancements in vacuum tube technology [61]. A simple DC discharge can
be established by passing electric current through a gas between two electrodes (an anode
and a cathode) located at opposite ends of each other. The electrodes and the gas are usually
enclosed in an evacuated insulating envelope. The type of discharge produced depends on the
nature and pressure of the working gas, the voltage applied between the electrodes as well
as the geometry of the discharge [61]. This chapter will look more into the phenomenon of
glow discharges, which are used for their light emitting characteristics in fluorescent lamps
and as pump sources for gas lasers. Glow discharges also find applications in the material

processing and microelectronic industries.

4.1 DC Glow Discharges

Glow discharges appear in the current range of A to hundreds of mA, with current densities
ranging from 1077 — 1072A-cm™! and at pressures ranging from 0.5- 300 Pa [9]. Figure.4.1

shows a simple circuit that can be used to generate a DC glow discharge.
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Fig. 4.1 Circuit setup used to generate a glow discharge.

To initiate a gas discharge, a flow of electric current (driven by either ions or electrons)
through the gaseous medium is required. This is accomplished through the ionisation of the
gas into a plasma state. When the switch is closed, a DC voltage is applied across the two
electrodes. The discharge voltage V; depends on the discharge current / and other properties
of the discharge tube; including the gas pressure, the type of gas used, the electrode material

and the electrode temperature. It is mathematically expressed as:

V; =V, —IR, 4.1)

where V; represents the supply voltage. A current limiting variable resistance R is connected
in series and is used to control the flow of current through the discharge. The discharge
current and voltage can be varied by changing the load resistance and/or the source voltage.
The electrical characteristics of a glow discharge inside a short tube can be described using

the voltage-current curve shown in Fig.4.2.
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Fig. 4.2 Voltage-current relationship of a glow discharge.

Like most plasma phenomena, the curve in Fig.4.2 displays a highly non-linear behaviour.
The electric discharge is characterised by three main regions: the dark discharge, glow
discharge and arc discharge. The concept of electrical breakdown in gases needs to be

introduced to better understand the processes occurring in each regime.

4.1.1 Electrical breakdown in low pressure gases

Electrical breakdown refers to a phenomenon in which an electrically insulating gas tran-
sitions into a conducting state by virtue of an applied electric field. It is precisely this
phenomenon that leads to the formation of a self sustaining discharge within a glow discharge
tube.

Recall the circuit diagram shown in Fig.4.1. Initially, electrons are emitted from the cathode
through either direct emission (thermionic or field emission processes) or through indirect
processes (e.g. by photoemission, photon bombardment on the cathode surface). For cold
cathode tubes, with applied voltages of the order of a few thousand volts, the direct emission
processes are negligible. In this case electrons are most likely ejected by the process of
photoemission resulting from background radiation. In addition to this, the background
radiation can also directly ionise the gas in the tube, through the process of photoionisation,

producing even more electrons [61].

When a potential difference is applied between the electrodes, an electric field is generated
along the axis of the discharge tube. The electrons (and ions), generated from photoemission

(and photoionisation), then move along the field lines towards the anode (and cathode). This
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results in a weak electric current (corresponding to region A- B in Fig.4.2).

The fraction of ions and electrons migrating to the electrodes increases with an increase in
voltage. Eventually, the voltage increases to a point where all of the electrons and ions are
collected by the electrodes and the current saturates. The saturation region (corresponding to
region B- C) is obtained where the current remains constant as the voltage is increased. This

saturation current I is mathematically expressed as:

Iy = Noe, (4.2)

where Nj represents the rate of production of electrons from photoemission/photoionisation
and e is the electron charge. At this point the discharge produced is too weak to be visi-

ble and depends primarily on an external source, it is therefore not a self-sustaining discharge.

Increasing the voltage beyond point C results in a higher electric field strength and subse-
quently an increase in the energy of the electrons moving towards the anode. The electrons
now have sufficient kinetic energy to ionise neutral gas atoms. Each electron can now give
rise to two electrons and an ion originating from a neutral atom. The additional electrons
can also ionise neutral atoms and subsequently produce an avalanche of electron-ion pairs.
Consequently, the discharge current increases exponentially above the saturation current
(corresponding to region C- E). This region of exponentially increasing current is called
the Townsend discharge regime and the corresponding current produced from the avalanche

ionisation is given by:

I = Ipe®t, (4.3)

where « is defined as the number of ionising collisions per electron, per unit length along the
electric field E, otherwise known as Townsend’s first ionisation coefficient, and L represents
the distance between the electrodes. Despite the exponential increase in current, the discharge

is still entirely dependent on an external source and is thus not a self-sustaining discharge.

As the electrodes are stressed even further, the higher electric field may produce corona
discharges (region D- E) near sharp edges within the tube. At low currents this coronal
discharge is not visible to the human eye and fits aptly in the dark discharge regime.

Each electron ionising event gives rise to a positive ion which then moves, through the
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electric field, towards the cathode. Most of the ions are neutralised when they impact the
cathode but some of the ions go on to produce secondary electron emission from the cathode
by virtue of the Auger effect. Townsend’s second ionisation coefficient y characterises the
number of electrons emitted per incident ion (y ~ 1072, depending on the type of gas and
the electrode material). These secondary electrons can create further avalanches on their path
towards the anode and subsequently lead to an increase in current between the electrodes.
Taking the secondary emission into consideration gives the following expression for the

Townsend discharge current:
IOeOCL

T ey

4.4)

Note that the discharge current still depends on an external source Iy, however, the expression
in equation (4.4) becomes theoretically infinite as the denominator tends to zero. This leads
to the Townsend criterion for electrical breakdown in gases between parallel electrodes:

1—y(e* —1)=0. (4.5)

When this criterion is satisfied (at point E) the gas transitions from a non-self sustaining to
a self-sustaining discharge, i.e. the discharge becomes independent of the external source
Ip when ye®l = y+4 1 = 1. Physically, ye*! represents the number of secondary electrons
emitted per primary electron; hence ye*> = 1 implies that every electron emitted from the
cathode produces another to replace it. The corresponding voltage at which this process
occurs is called the breakdown voltage (V). Fig.4.3 displays how the current and voltage
changes through the Townsend regime.
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Fig. 4.3 Current-voltage evolution throughout the Townsend regime.
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The current may increase by a factor of 10* — 10% after the breakdown voltage V},, however,
the increase in current is largely dependent on the internal resistance of the power supply.
If this resistance is too high, the discharge tube will be unable to draw sufficient current
to initiate breakdown. In contrast, if the internal resistance is relatively low, the gas will
breakdown at the voltage V.

4.1.2 Paschen’s law

Recall Townsend’s first ionisation coefficient, ¢, which describes the number of ionising

collisions per electron, per unit length along E. It can be shown that:

B BpL
o = Apexp (—Fp) =Apexp (—%) , (4.6)

where p is the gas pressure and E represents the electric field (for two parallel electrodes:
E =V/L). The coefficients A and B are experimentally determined and remain roughly

constant over a range of pressures and fields for a specific gas type (refer to [9] ).

Now, considering the criterion for electrical breakdown of a gas: ye** = y+1 = alL =
In <1 + %,) and substituting & (at V = V}) into this expression yields:

ApLexp (—BTIZL) =In (1 + %) , 4.7)

an expression for the breakdown voltage is obtained by rearranging equation (4.7):

B-pL

Yo = A pL) —n[n(1 + 1/7)]

(4.8)

The expression above shows that for a particular gas and electrode material, the breakdown
voltage V}, depends on the product of the gas pressure p and the distance L between the
electrodes. This is known as Paschen’s law. Fig. 4.4 shows Paschen’s law for some common
gases (with y=0.1).

Equation (4.8) holds true only if the radius of the electrodes is much larger than the inter-
electrode distance (i.e. when L/R — 0) [62]. However, many gas discharge devices, including
the thruster concept to be studied here, have inter-electrode gaps comparable to the electrode

radii. In these cases the loss of charged particles to the lateral walls of the tube must be con-
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sidered when characterising the breakdown criteria for the working gas. Taking these losses
into consideration, one obtains an expression for the breakdown voltage V;, that depends
not only on L and R independently but also on the ratio L/R. Consequently, the breakdown
voltage is expressed as a function of pLand L/R, i.e. V, = f ( pL*, %), where L* also depends
on L/R, as demonstrated in equation (6) in [62].
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Fig. 4.4 Relationship between the breakdown voltage and the product of pressure and distance
in a discharge tube for various gases [9].

The Paschen curves shown above demonstrate that for a fixed discharge length L there
exists an optimum pressure where breakdown can occur. Each gas displays a unique Paschen
curve however, a general trend is observed for all gas types.

4.1.3 Anatomy of normal glow discharge

After electrical breakdown has occurred the gas transitions into the normal glow discharge
regime (region F- G in Fig.4.2). The ionised gas becomes luminous (hence the word "glow")
as the electron energy and number density is now high enough to produce visible light
through excitation collisions. The characteristic colour of the discharge depends strongly
on the working gas, gas pressure, applied voltage and the electrode material. In this region
the voltage is almost entirely independent on the current over many orders of magnitude. At
lower currents the plasma is only in contact with a small fraction of the cathode’s surface. As
the current is increased the plasma occupies a greater fraction of the cathode’s surface until
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the entire cathode surface is covered by the plasma (at point G).

The low pressure glow discharge displays visual features consisting of several distinct
regions with variations in both colour and luminosity as seen in Fig.4.5.

Cathode Negative Anode
layer(s) glow Positive column glow

Cathode Anode

Aston DS Cathode DS

(Crooke or Hittorf)

Faraday DS Anode DS

Fig. 4.5 Schematic showing the visual features of a low pressure glow discharge [9].

* The vast majority of the tube is filled with a uniform intensity glow called the positive
column. This region consists of a quasi-neutral plasma which acts as a conducting

path from the negative glow region to the anode.

* There are also regions near each electrode where the light intensity is non-uniform. At
the cathode end there may be several alternating light and dark layers depending on
the current and gas pressure.

* The first layer next to the cathode is called the Aston dark space [9]. Secondary
electrons, emitted from the cathode, accumulate in this region creating a negative space

charge and a strong electric field within the region.

* The cathode glow region follows the Aston dark space and is characterised by its
relatively high ion density. In this region the secondary electrons are accelerated to
high velocities towards the anode.

* The cathode dark space consists predominantly of ions which are accelerated towards
the cathode. The space charge is positive and the electric field is moderately high in

this region.

* The negative glow region follows the cathode dark space and displays the highest light
intensity across the entire discharge. In this region excitation and ionisation collisions

occur, resulting in a high electron density but a relatively low electric field.

* The negative glow is followed by the Faraday dark space where the electron energy
is too low for atom excitations and recombination with ions, which leads to the

characteristic darkness observed.
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* At the anode, a region called the anode glow exists and has a brighter intensity than
the positive column. A dark layer called the anode dark space occurs between the
end of the anode glow and positive column. It has a negative space charge due to the

flow of electrons from the positive column to the anode.

Abnormal Glow and Glow-to-Arc Transition (GAT)

Within the normal glow region of the glow discharge, the discharge voltage (otherwise
called the cathode fall) remains constant as current increases substantially, however, at some
point the cathode fall needs to increase to supply additional current. When this happens
the discharge moves into the abnormal glow region (G- H), where the discharge current is
again dependent on the voltage. Further increases in current leads to a transition into the arc
discharge regime. At H the glow-to-arc transition occurs, where the cathode fall goes from
a cold discharge, depending primarily on Townsend ionisation processes, to a hot cathode

discharge where thermionic emission from the cathode becomes significant.

4.2 Argon Glow Discharge Simulation

As discussed in the previous chapter, collisional processes occurring within a plasma involve
three major species; electrons, ions and neutrals. These collisional processes are rather
complex and difficult to describe analytically. Computer simulations are therefore required

to extract useful information on the various plasma properties of interest.

A simple one-dimensional DC glow discharge simulation was created using COMSOL
Multiphysics 5.5 [63]. The purpose of the simulation was to identify the spatial variation
of the plasma potential, the particle densities and current densities along the axis of a DC
glow discharge. These plasma properties are of significance since they determine the electric
field characteristics across the discharge gap, which subsequently affects the net thrust of
the system. Furthermore, these plasma characteristics can be used as a guideline for optimal

thruster design.

Simulation parameters

Argon will be used as the working gas for all experimental tests to be conducted in this
research. High purity argon is easily accessible and exhibits a lower breakdown voltage
relative to other gases like nitrogen and oxygen. Furthermore, argon is frequently employed

as the filing gas in many glow discharge experiments, hence there is an extensive body of
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literature on argon glow discharges which may be used to develop insights on the various
experiments to be conducted.

Table 4.1 summarises the key parameters used to generate the simulation. These simu-
lation parameters were chosen as they were similar to the actual parameters applied in the

preliminary experiments (see chapter 6).

Table 4.1 Plasma parameters used in Argon glow discharge simulation

| Variable | Expression | Unit |
‘ Electron mobility (tL,) ‘ 1.0x10%* ‘ (V-m-s)~! ‘
‘ Applied voltage (Vp) ‘ 750 ‘ Vv ‘
‘ Pressure (pg) ‘ 0.9 ‘ Torr ‘
‘ Discharge length (L) ‘ 4 ‘ cm ‘
‘ Surface work function ‘ 5 ‘ - ‘
\ Secondary electron coefficient (7, ) \ 0.35 \ - \

Neutral gas atoms (Ar) are the most abundant species in a low pressure argon glow discharge.
This simulation takes into account the dominant collisional processes which occur between
electrons (e), neutral argon atoms (Ar), excited argon neutrals (Ar*) and argon ions (Ar"). A
summary of the reactions considered is provided in Table 4.2. For simplicity, it is assumed

that only singly charged ions are present within the plasma.

Table 4.2 Collisional reactions modelled in the simulation [12]

Reaction Description ‘ A € (eV)
e+ Ar — 2e + Ar" Direct Ionisation ‘ 15.8
e+ Art — 2e + Art Stepwise Ionisation ‘ 4.24
e+ Ar — e+ Ar Elastic Scattering ‘ 0

e+ Ar* - e+ Ar Superelastic Scattering ‘ -11.5

Ar* + Ar* — e + Ar + Ar" Penning Ionisation ‘ -

‘ e+ Ar — e + Ar* ‘ Excitation

Ar* + Ar — Ar + Ar ‘ Metastable Quenching ‘ -
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The collision frequency for the stepwise ionisation, elastic and superelastic scattering is
deduced from cross section information, whereas Townsend coefficients are used to determine
the collisional frequency in the case of the excitation and direct ionisation reactions. Lastly,
forward rate coefficients are used to characterise the final two reactions in Table 4.2.

In addition to the reactions listed above, the following surface reactions are also considered:

Ar* — Ar,

Art — Ar.

These surface reactions characterise the interactions between the species and the boundaries
of the discharge (the walls).

Simulation Results

Plasma potential
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Fig. 4.6 Spatial variation of the plasma potential from the argon glow discharge simulation.

Fig.4.6 shows the steady-state plasma potential along the axial length of the discharge. Three
important regions can be discerned from the figure, these are:
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1. The cathode sheath: The positive argon ions entering this region are pulled towards
the cathode and impact its surface with high energies. This region carries all of
the potential difference V| between the electrodes [64]. The presence of ion-neutral

collisions prevents the ions from gaining the full potential energy eV.

2. The bulk plasma: Electrons are confined within this region due to the slight elevation
in potential. It is here where the condition for quasi-neutrality is met.

3. Anode sheath: This region shares similarities with the cathode sheath but has a lower
potential difference. lons bombard the anode with lower energies than at the cathode.

The plasma potential profile indicates the presence of a large electric field in the cathode
sheath region. It is due to this strong electric field that ions are able to bombard the cathode
with high energies resulting in secondary electron emission. If the ions bombarding the
cathode reach sufficiently high energies they can cause the cathode surface to heat up and

emit electrons through thermionic emission.
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Particle densities
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Fig. 4.7 Spatial variation of the argon ion number density from the argon glow discharge
simulation.
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Line Graph: Electron density (1/m?)
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Fig. 4.8 Spatial variation of the electron number density from the argon glow discharge
simulation.

Fig.4.7 and Fig.4.8 reveal the origin of the strong electric field within the cathode sheath
region. Although not visible in the initial plot, a closer inspection into the cathode sheath
region reveals a significantly higher ion density (~ 10! particles per m%) in comparison to
the depleted electron density in the same region. This variation in particle densities results in
a net-positive space charge within the sheath.

The ion and electron number densities within the bulk plasma are identical, satisfying
the quasi-neutrality condition. Both the electron and ion densities peak halfway along the
axial length of the discharge. This most likely corresponds to the region between the cathode

fall and positive column !

INote that this simulation did not account for the diffusive loss of electrons to the walls, and the surface
charge accumulation on the walls of the discharge was not modelled.
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Excited argon mass fraction
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Fig. 4.9 Spatial variation of the argon mass fraction (denoted as Ars) from the argon glow

discharge simulation.

According to data for the collision cross sections generated by Phelps [65], the cross sections

for electron impact ionisation and argon excitation occur within the same energy envelope

[64]. It can then be inferred that regions with high degrees of ionisation coincide with regions

of high excitation. Since high degrees of excitation result in light emission, it is expected
that regions with high levels of electron impact ionisation should also be optically visible.

Fig.4.9 shows how the excited argon mass fraction varies spatially along the discharge. The

peak is observed to occur within the cathode sheath region.
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Electron temperature
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Fig. 4.10 Spatial variation of the electron temperature from the argon glow discharge simula-
tion.

Fig.4.10 shows how the electron temperature varies along the axial length of the discharge.
Electrons emitted from the cathode are accelerated to high velocities towards the bulk plasma.
A high intensity cathode glow region forms when the electrons have reached the optimum
energy for excitation/ionisation. The electric field then begins to decline and the electron
temperature begins to fall. This causes the excitation/ionisation rate to decrease, resulting in
the formation of the Crookes/cathode dark space. Once the electrons enter the bulk plasma
the electric field is too weak to accelerate them further (as verified by the low electron
temperature observed in this region). At this point elastic scattering between the electrons

and neutrals dominates and causes the electrons to be attenuated, producing an intensely

bright negative glow region. Another dark region, called the Faraday dark space, then follows

the negative glow. This region also has a low electron energy. As the electrons are unable to

excite the argon atoms they begin to recombine with the ions. The electric field and electron

energy continue to diminish along the positive column as electrons continue to flow towards

the anode. Near the anode a negative space charge forms as the electrons are attracted towards

the positive electrode, and ions are repelled. The accelerated electrons are capable of exciting

argon atoms within the vicinity resulting in the formation of the anode glow region.
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Fig. 4.11 Spatial variation of the electron, ion and total current density from the argon glow
discharge simulation. The current densities are negative as the current vector and electrode
surface normal are in opposite directions.

The current density of electrons and ions is shown in Fig.4.11. The ion current density is large
in the cathode region and sharply increases in the cathode fall region. Secondary electrons
released from ion bombardment at the cathode produce a small electron current. The total
electron current then increases in the cathode fall region as more electrons are produced from
the high electron temperature in this region. Each secondary electron needs to produce some
minimum threshold of ions to maintain the discharge. This largely depends on the secondary
electron emission coefficient y,. The total discharge current /; at the cathode is the sum of
the ion current /; and electron current /,:

ILi=Ii+1.=L(1+%). (4.9)

This equation verifies that the ion current makes up the greater fraction of the total discharge
current at the cathode, however, beyond the cathode fall region the electron current density

rises, due to the generation of new electrons from impact ionisation with argon atoms.
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Therefore, in all of the other regions of the discharge the current is almost entirely carried by

electrons.

Summary and concluding statements

The basic theory of glow discharges and the underlying mechanisms involved in the break-
down of low pressure gases was introduced. Paschen’s law, an expression relating the
breakdown voltage with the product of the electrode separation distance and working gas
pressure was then deduced. The anatomy of a typical glow discharge was studied in detail
through computer simulations of an argon glow discharge. These simulations gave insight
into how the various plasma parameters; like the plasma potential, particle number density,
excited argon mass fraction, electron temperature, and particle current density, varied along
the axial length of the discharge. The information gathered from these simulations are vital
towards understanding the plasma characteristics within the discharge channel of the thruster
and will serve to provide insights into the behaviour of the system in the experimental
sections of this research (chapters 6 and 7). Although these simulations were conducted
on a closed discharge the fundamental characteristics of the profiles should not be greatly
influenced when orifices are introduced at the electrodes. Characterising the exact behaviour
of the discharge with open electrodes, including the V-I relationship, and determining the
thruster’s suitability to be used as a micropropulsion mechanism will be the main scope of
this research. The next chapter will introduce the materials selection and apparatus used in

the experimental tests which follow.



Chapter 5

Materials and Experimental Apparatus

Having laid the foundations for the operating mechanism of the modified DC discharge
microthruster concept as introduced in Chapter 1 (refer to Fig.1.5) it is now time to introduce

the materials and apparatus used in this research.

Optimal thruster design parameters

Four factors that are of crucial importance in the design of the thruster are:
1. The electrode and thruster body material.
2. The overall geometry of the electrodes and thruster body.
3. The type of working gas (propellant) to be used.

4. The pressure of the working gas.

5.1 Materials

5.1.1 Electrode and thruster body material selection

Stainless steel was selected as the electrode material for its proven durability in harsh
environments. Previous tests on the DC discharge microthruster utilised polylactic acid (PLA)
as the material for the thruster body. It was hypothesised that the high temperatures from the
discharge or the grounded electrode had caused the interior of the discharge channel to heat
up, which led to the blocking of the channel from the subsequent build-up of debris. The
author in [2] noted that the use of PLA as a construction material was not the most appropriate
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choice especially in the context of space propulsion systems. In this research the thruster
body was constructed from aluminium oxide ceramic material to mitigate the aforementioned
problems. Ceramics are used extensively in aerospace design and manufacturing applications
and provide many favourable features, including hardness, high resistance to abrasion, and
the ability to withstand high temperatures without damage or deformation [66].

5.1.2 Geometric considerations

The thruster needs to be small enough to meet the size constraints of small satellites, it also
has to have a large enough radius to facilitate the addition of apertures on the surfaces of
the electrodes. A tube length of 40 mm and an inner diameter of 10 mm was found to be
appropriate to meet these requirements. Additionally, a 4 mm hole was drilled halfway along
the length of the tube to allow for the gas to enter the tube. Two teflon endcaps, both 10 mm
in length, were constructed to shield the outer surface of the electrode to prevent unwanted
arcing on the outside of the tube and to allow for easier attachment of the high voltage (HV)
cables to the electrodes. The electrodes were cut into octagonal geometries and measured
to be 15 mm in length and width. The octogonal geometry was selected to facilitate the
attachment of the electrodes to the open ends of the tube using a vacuum compatible adhesive.
In the case of the open electrodes, extreme care was taken to ensure that the orifices were

symmetrically aligned with each other on both ends of the tube.

Electrode
Dimensions
Tube Length: 40 mm
Outer Diameter: 20 mm
Inner Diameter: 10 mm LB
15 mm

Thruster/discharge
tube made from

Teflon end cap fitting specialty ceramic
material

Fig. 5.1 Geometry of the discharge tube (thruster body), end cap fittings and electrode
dimensions used in this research. Note that the dimensions were measured using a vernier
caliper which gives a reading error of 0.05 mm and thus the actual dimensions are accurate
to £0.05 mm to those quoted above.
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Fig. 5.2 Dimensions of the teflon endcaps used to shield the outside of the electrodes from
unwanted electrical arcing.

Front view
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thruster stand
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Fig. 5.3 Image of the thruster mounted on the thruster stand.

To allow for charged particles to escape the thruster and generate the desired thrust, the
addition of apertures at each of the electrodes is required. In the preliminary experiments,
four different sized apertures were tested to ascertain the relation between the electrode
aperture size and the behaviour of the thruster. Using a larger orifice would allow more ions
to escape and therefore produce greater thrust. However, it would also result in a decreased
electrode surface area which would subsequently decrease the secondary electron emission

rate and thus negatively impact the ionisation efficiency of the system.
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Closed
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1 5 mum

Fig. 5.4 The various electrode configurations used in the preliminary experiments. The error
in the orifice diameter is estimated to be 0.1 mm, arising from the machining process.

5.1.3 Selection of propellant gas

Generally, electric propulsion systems utilise propellant gases that are inert, to limit degra-
dation of the thruster body and the electrodes through corrosion, ones that have high mass
densities, to generate greater thrust, and those that have low ionisation energies, allowing for
ease in the ionisation of neutral propellant atoms are desired [19]. In most cases xenon is
used, as it fits all of the above criteria. However, xenon is expensive and not easily accessible.
Therefore, argon was used as the working gas for all experimental tests to be conducted
in this research. Argon gas is easily accessible and exhibits a lower breakdown voltage
relative to other gases like nitrogen and oxygen. Furthermore, argon is frequently employed
as the filing gas in many glow discharge experiments and hence there is an extensive body of
literature on argon glow discharges which may be used to develop insights on the various
experiments to be conducted.

5.2 Experimental Apparatus

5.2.1 Vacuum chamber

The preliminary experiments were conducted inside a 270 mm wide x 200 mm high glass
vacuum chamber, placed on top of an acrylic base plate. Several holes of varying sizes were
drilled through the plate to facilitate the necessary vacuum connections, i.e. the vacuum pipe
connection, gas flow inlet connection and the copper feedthrough connections. The copper
feedthroughs were sealed with silicone and high voltage cable insulation to prevent electrical
leakage. A rubber o-ring/vacuum gasket, lubricated with vacuum grease, was used to secure
the glass chamber to the base plate and to prevent gas leakage when evacuating the chamber

down to low pressures.
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Fig. 5.5 Glass vacuum chamber used in preliminary experiments (left) and base plate design
(right).

The subsequent experimental tests were conducted in a larger (760 mm diameter x 200
mm high) stainless steel ring vacuum chamber. The chamber’s hemispherical lid was easily
opened and sealed with the aid of a mechanical hoist. Anti-vibration pads, located at the
base of the chamber and the frame, allowed the entire structure to be mechanically isolated.
A series of access ports were located along the circumference of the chamber. These ports
allowed for easy access into the interior of the chamber through various interfaces.

g

Stainless steel
vacuum chamber

Vacuumpump [
system

High-vacuum
Penning gauge

Fig. 5.6 Stainless steel vacuum chamber used in the experimental tests proceeding the
preliminary studies.
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5.2.2 Vacuum pump system

A vacuum pump system was used to create an artificial space environment within the chamber.
The system was comprised of an Alcatel dual stage rotary roughing pump and a Leybold-
Haraeus water cooled diffusion pump.! Initially, the roughing pump was used to obtain a soft
vacuum (~ 0.05 Torr) within the chamber, after which, the diffusion pump was used to pump
the chamber down to ~ 107> Torr. A Kurt J. Lesker 275i digital vacuum gauge was used
to monitor the pressure of the soft vacuum and a Leybold-Heraeus PM 41 Penning vacuum

gauge was used for the high vacuum pressure measurements.

Roughing pum

Fig. 5.7 Vacuum pump system used to obtain an artificial space enviroment.

5.2.3 Power supply

A Hivolt TIEP 100 605 p high voltage power supply was used to initiate and sustain the
electrical discharge. The power supply was able to deliver a maximum output voltage of
10 kV and a maximum current of 6 mA. The control dials on the front panel were used to
regulate the applied voltage and discharge current and allowed for voltage and current limits
to be set independently. The HV toggle switch, acting as a current restricting resistor, on the

front panel allowed for the fast deactivation of the high voltage when required.

IThe preliminary experiments only utilised the roughing pump.
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Fig. 5.8 High voltage DC power supply used in all experimental tests conducted in this
research.

5.2.4 Oscilloscope

Measurements of the ion current density emanating from the thruster were made using a
Rigol DS5022M 2-channel digital oscilloscope. This was accomplished by measuring the
voltage drop across a resistor connected to an aluminium plate located along the path of the

ejected ion beam current. More details on this procedure can be found in chapter 7.

Fig. 5.9 Oscilloscope used to indirectly measure the ion beam current density.
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5.2.5 Micro-controller and current sensor board

In all experiments conducted in the larger vacuum chamber, a micro-controller coupled with
an INA2019 current sensor breakout board was used to facilitate a higher accuracy in the
measurements of the discharge current at the cathode. The sensor consisted of a precision
amplifier, with a maximum input difference of 320 mV, which measured the voltage drop
across a 0.1 Q (1%) sense resistor. The sensor was capable of measuring a maximum current
of 400 mA with a resolution of 0.1 mA.

Arduino Uno
Microcontrolle

-

Fig. 5.10 Micro-controller and current sensor setup used to obtain more accurate measure-
ments of the the discharge current.

5.2.6 Mass flow measurement system

For the experiments in the larger chamber, an in-house mass flow measurement system,
inspired by the orifice flow meter concept [67], was developed to measure very small
propellant mass flow rates to the thruster. This system consisted of two hollow aluminium
chambers separated by an aluminium plate. Rubber gaskets were placed on both sides of
the aluminium (orifice) plate to ensure an airtight seal. Two pipes were attached to the
opposite ends of the chambers. The inlet pipe was connected directly to the gas flow pipe
running to the argon cylinder, while the outlet pipe was attached to a micrometer needle
valve. This valve was used to control the downstream flow rate of the gas into the chamber,
and subsequently connected to the vacuum chamber through one of the chamber’s access
ports. A small aperture, 0.5 mm in diameter, was made at the centre of the aluminium plate.
The low pressure vacuum from the chamber established a pressure difference (AP) between
the two chambers, on either side of the orifice plate, and facilitated gas flow through the

system. This pressure difference was then measured using an Extech HD750 Differential
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Pressure Manometer. The relation between the mass flow rate and differential pressure was

deduced from the following equation:

m:CfAO\/szP, (51)

where Cy is the orifice flow coefficient, A is the aperture area and p is the density of the
propellant gas at room temperature (~ 300K). See Appendix C for a detailed derivation of
equation (5.1).

The above expression was then used to produce a calibration curve that allowed for the
mass flow rate to be determined from a measured pressure differential. This was accom-
plished by measuring the time taken for the vacuum to displace a fixed amount of argon gas
from a 50 ml burette upturned in a beaker of water. The method measured the mass flow rate
in ml/s, which was then multiplied by the density of argon at room temperature to produce
a mass flow rate in kg/s. The exact details and results of this procedure can be found in
Appendix C.

Manometer
Connectors

Rubber

Thin Metal Plate With Small Hole
Gaskets

/, Rubber Seal

| ; Fenge roesiicBonnd s ¢ Machined Aluminium Casing
Inlet N\

Gas Outlet
Hollowed

Out

Orifice Plate eharibeis

Fig. 5.11 Schematic and cross section through the orifice plate box used in the mass flow rate
calibration process. Images taken from [10] and [2].

5.2.7 Optical Microscope

A SteREO discovery V8 optical microscope, with parfocalled achromatic optics and a
maximum magnification of 8X, was used to obtain images of the electrode surfaces to assess
the damage and erosion resulting from the experimental tests. Images were obtained through
the ZEN imaging software package.
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Fig. 5.12 SteREO V8 microscope used to study the surface features of the electrodes after
conducting the experiments.

This concludes the list of materials and experimental apparatus used throughout this
research. The next chapter covers the theory and results of the preliminary experimental
tests.



Chapter 6

Preliminary Experimental Tests

6.1 Introduction

Prior to studying the proposed thruster concept in detail (for example conducting plasma
diagnostics and thrust measurements) one first needs to verify the system’s working principle
and identify any major challenges or drawbacks that the system may have. It is therefore
important to conduct preliminary studies to simulate the working conditions and to identify
the system’s stable operating parameters. These preliminary experiments were conducted
inside a smaller glass vacuum chamber. The smaller chamber allowed for faster evacuation,
and its high transparency gave a clearer view of the thruster, making it easier to characterise
the qualitative features of the discharge. A direct gas feed into the thruster was not required
in these preliminary tests as the smaller chamber was meant to simulate the pressure of the
working gas inside the thruster tube. From this, the optimal working gas pressure could be
deduced.

In the preliminary experiments, four different sized apertures were tested to investigate
the relation between the electrode aperture size and the electrical behaviour of the thruster.
Two competing hypotheses are presented below for which the experiments that follow will

either support or refute:

1. Increasing the size of the electrode aperture significantly influences the system’s
electrical characteristics. The system’s V-I characteristics change in proportion to
changing the aperture size.

2. Alternatively, the increase in aperture size may have no significant effect on the
electrical characterisitcs of the system, i.e. the thruster will display identical voltage-

current behaviour regardless of the aperture size used.
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6.2 Theory

The thruster concept studied here can be viewed as a quintessential ion source consisting of a
plasma and an accelerator (more commonly called an extractor). The plasma is produced
through the electrical breakdown of a gas between an anode and a cathode, with the cathode
acting as the ion accelerator/extractor in this context. Full details of this process was pre-
sented in Chapter 4 and the optimal design parameters, along with the material selection, for
the thruster concept was presented in Chapter 5.

The ions produced from the plasma flow towards the extractor, producing an energetic
ion beam. To produce an ion beam of energy E;, the plasma source must be biased to a posi-
tive voltage. A high voltage power supply provides the means for biasing the plasma. This
power supply can also be called the accelerator supply, as it determines the ion acceleration
voltage V, (or discharge voltage). Fig.6.1 illustrates this concept.

Cathode (Ground Electrode) Anode (Plasma Electrode)
N
- . - 1/1{:
Ei=eQV, & ++ Plasma/ - e T
Ton source - ]\‘__
Ion beam i v, Electron Beam

M

E

HV Power Supply

Fig. 6.1 Thruster concept viewed as a quintessential 1on source.

The anode (also called the plasma electrode), is biased with a positive high voltage, the
acceleration voltage, while the cathode (the ground electrode) is fixed at ground potential. The
resulting electric field between the electrodes acts as the acceleration mechanism, allowing
the ions to flow to the extractor.
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Ion beam properties

The parameters of the beam are dependent on the plasma source, the extractor electrode and
the overall system geometry. The size and shape of the ion beam is largely determined by the
geometry of the extractor electrode. Usually circular single aperture extractors are used to
generate narrow focused beams and larger or multiple apertures are used for broader beams
[11].

The ion beam current and ion beam energy are parameters of great interest. The energy per
ion in the extracted beam is given, to good approximation, by the product of the ion charge

state Q and the acceleration voltage:

E; = eQV,. (6.1)

In the context of low energy ion sources, the ions may be produced at a potential that is
offset from V,, by the plasma potential V. (i.e. the potential of the plasma relative to its
boundaries). Typically, when the acceleration voltage is of the order of a few kV the plasma

potential can be neglected to a good approximation [11].

In high vacuum conditions (> 10~ Torr) the ions within the beam may propagate without
significant losses in energy through collisions with ambient gas particles. However, in the
experimental setup that follows the vacuum chamber pressure is much softer (~ 10~! Torr)
and it is expected that the ions within the beam will collide with the neutral background gas
and subsequently loose some energy. The ambient gas pressure may also significantly affect
the total ion current within the beam. In this case, the argon ions pass through a region of
neutral argon atoms and experience charge-exchange collisions. These collisions between
fast ions and neutral atoms produces fast neutrals and cold ions:

Ar A+ Argow = At pag + AT (6.2)

fast slow*

The ion beam current is also influenced by the electrons formed from the ambient ion-neutral
collisions and the secondary electrons emitted from the extractor electrode surface. These
low energy electrons form a background sea which remains in the positive space charge
region formed by the beam. The sea of background electrons neutralises the repulsive forces
of the positively charged ions and thus aids the propagation of the beam.
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The size and quality of the extracted ion beam can be characterised by its emittance. The
beam emittance gives a measure for the average spread of particle coordinates in position-and-
momentum phase space. The authors in [68] have derived an expression for the normalised 4

rms emittance for 89% of a beam, emanating from a round aperture of radius r, as follows:

[kT; | E;
Enorm,4rms,89% — 0.0653r ; ~ 0.0653r %, (6.3)
i i

where, r is the aperture radius in mm, 7; is the Maxwellian ion temperature and m; is the
ion mass in atomic mass units. Equation (6.3) shows that for a fixed beam energy, the beam

emittance increases with an increasing aperture size.

Ionisation/energy efficiency

To ensure that the ion source remains energy efficient, one needs to maximise the extracted
ion current relative to the current arriving at the cathode surface [11]. However, the ion
source (discharge plasma) is sustained only through the emission of secondary electrons
from ion bombardment at the cathode. Therefore, a trade-off exists between effective ion
extraction and stable glow discharge operation [11].

For a uniform distribution of the ion current on the cathode surface, the ion extraction
efficiency can be approximated by the ratio of the surface areas of the discharge plasma S,
and the cathode S, [69]:

o~ —. (6.4)

If S, remains fixed while S. decreases (as would be the case when increasing aperture size
and or aperture number) the discharge voltage and gas pressure would need to be increased
to compensate for this effect. The higher gas pressures required to sustain the discharge at
high o values limits the extraction capabilities and energy efficiency of the system.

Sputtering and heavy ion bombardment

Inevitably, the cathode will experience heavy ion bombardment from the incident ions,
resulting in the of sputtering of its surface. According to Danilin et al. this sputtering may
result in a 10% energy loss for the accelerated ions. In addition, 70-90% of the ion’s energy

will be released as heat. In some metallic cathodes the sputter yield, for argon ions with
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energies ranging from 400-800 eV, is usually between 0.5-1.0 atoms per ion [70]. Prolonged
sputtering may cause electrode erosion and could significantly reduce the lifetime of the

system. It is therefore important to select electrode materials that have a low sputtering yield.

6.3 Aims

* To verify whether the thruster concept works as hypothesised, according to the

ionisation-acceleration coupling mechanism.

* To deduce the optimal operating parameters for a stable discharge and thruster opera-

tion.

* To investigate the effect of changes in electrode aperture size on the voltage-current

characteristics of the system.

* To investigate any drawbacks and potential pitfalls in the current system design and

experimental setup.

6.4 Apparatus

* Glass bell jar (vacuum chamber)

* Acrylic base plate fitted with various vacuum connections

* Hivolt T1EP: High voltage power supply

* High voltage cables

» Afrox Argon gas (propellant) Baseline 5.0

* Micrometer needle valve: for fine adjustment of pressure inside the chamber
* Gas shut-off valve

* Alcatel dual stage rotary vane roughing pump

» Kurt J.Lesker 2751 low pressure vacuum gauge

* Carl Zeiss SteREO V8 Optical Microscope



6.5 Methodology 83

6.5 Methodology

Experimental Setup
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Fig. 6.2 Preliminary Experimental Setup.

The experimental setup is shown in Fig.6.2. The electrodes at each end of the thruster were
connected to the high voltage power supply through high voltage cables via the copper
feedthroughs from the base plate. A gas flow pipe, from the argon cylinder, ran to the gas
flow inlet of the chamber. The pipe was connected to a micrometer needle valve, which was
used to regulate the gas flow into the chamber along with a gas shut-off valve, that when
closed would completely stop the flow of gas into the chamber. The roughing pump was
connected through a vacuum pipe connection and used to evacuate the chamber. The pressure

within the chamber was monitored using the low pressure vacuum gauge.

Creating a high purity argon atmosphere

To simulate the working gas pressure within the tube, an argon rich atmosphere was required
to fill the entire chamber. This was accomplished by flushing the chamber with high purity
(> 99.9 %) argon gas. Initially, the gas inlet valves were kept shut and the chamber was
pumped down to low pressures (50 + 5 mTorr). The pump was then switched off as the
gas was allowed to flow into the chamber until the entire chamber was filled with argon gas
and the pressure had reached equilibrium (i.e. the pressure inside the chamber was equal to

atmospheric pressure). Once equilibrium pressure was obtained, the gas inlet valve connected
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to the chamber was shut. At this point the chamber contained approximately 99% argon and
1% air. To get a higher purity argon atmosphere, the flushing procedure above was repeated
for a second time. After flushing the chamber for the second time, the chamber contained
approximately 99.9% argon and 0.01% air. This was deemed sufficient for the preliminary

experiments.

Identifying the optimal stable operating pressure range

Since a high electrical efficiency is desirable, it is beneficial to exploit Paschen’s law to
obtain the optimal breakdown voltage of the gas at a particular pressure range. The authors
of [62] had demonstrated a method to determine a breakdown curve for various gases
(including argon) contained in a discharge vessel of arbitrary dimensions. Using this method,
an experimental breakdown curve for argon gas in a cylindrical tube, with fixed dimensions:
L =40.00 £ 0.05 mm and R = 5.00 + 0.05 mm, was produced by measuring the breakdown
voltage within a confined discharge over a specific pressure range. For higher accuracy, the
curve was produced by taking the average measurements from a number of trials. Thereafter,
the optimal pressure range for stable discharge operation was deduced, and this was used as

the operating pressure in all subsequent tests.

Measuring the V-1 characteristics of a confined discharge in the optimal pressure range

Prior to investigating the effect of changing aperture size on the electrical behaviour of the
system, one first needs to establish a baseline metric for comparison. In this context, the
baseline is taken to be the voltage-current characteristics in a confined discharge tube with

closed electrodes (i.e. no apertures).

After the high purity argon atmosphere had been established, the chamber was evacuated
down to 0.05 Torr and the pump was left to run. The HV power supply was switched on
and the output voltage was set to 1.20 £ 0.01 kV. The current was set to its minimum (0
mA). The argon gas flow was introduced and the pressure within the chamber was regulated
using the micrometer needle valve. Once the desired pressure range was obtained where
breakdown had occurred within the tube, as indicated by the voltage drop observed on the
front panel of the HV power supply, the current was then slowly increased in increments
of 0.500 £+ 0.001 mA until the maximum current limit of 6.000 £ 0.001 mA was achieved.
At each increment the discharge voltage (displayed on the front LCD panel of the power
supply) was monitored for a period of 30 seconds. The gas flow was then shut and the

current was adjusted back to zero. This procedure was repeated five times for averaging and
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error analysis. The voltage-current characteristics in three different pressure ranges were

measured.

Measuring the V-I characteristics of the discharge with open electrodes

The final set of preliminary experiments involved characterising the V-I relationship for a
discharge with open electrodes (i.e. electrodes with apertures). These experiments were
conducted to determine the optimal electrode aperture size for stable operation and to
investigate the effect of changing aperture size on the electrical behaviour of the thruster. The
above procedure for measuring the V-1 characteristics for a confined discharge was repeated,
only this time the electrodes had apertures ranging from 1, 2, 4 and 8 mm in diameter.

6.6 Results and Discussion

The results from the preliminary experiments are presented below. A detailed error analysis,
including the origin of the uncertainties in measured quantities and the calculation of error

bars can be found in the error analysis section of Appendix E.

The optimal stable operating pressure range

Fig.6.3 shows the data obtained from measuring the breakdown curve of the argon discharge
with a fixed discharge gap and radius. The experimental curve demonstrates the general trend
of breakdown curves in accordance with Paschen’s law, namely that:

» At low pressures the electron mean free path is large; hence, the electron-neutral
collision probability is low. Consequently, a higher voltage is required to generate

enough electrons to initiate breakdown, resulting in a higher breakdown voltage V.

» At higher pressures the electron mean free path is shorter, resulting in more frequent
electron-neutral collisions. The electrons do not gain sufficient energy, from the electric
field, for the ionisation of gas atoms (or molecules) due to the prevalence of elastic

collisions. Therefore, the breakdown voltage increases with increasing pressure.

* The curve displays a minimum value (or range of values) which corresponds to the

minimum voltage at which electrical breakdown occurs (Vj, ).

According to Fig.6.3, the optimal breakdown voltage should occur between 2.0-4.0 Torr- cm,
i.e. between 0.50 £ 0.05 Torr to 1.00 £ 0.10 Torr. When testing the discharge characteristics
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in this pressure range it was found that in the 0.50-0.75 Torr pressure range the discharge did
not remain stable (there were large fluctuations in current and voltage). Hence only pressures
ranging from 0.80 £ 0.08 Torr to 1.0 £ 0.1 Torr were used for further investigations as the
discharge seemed relatively stable within this range.
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Fig. 6.3 Experimentally determined Paschen curve for argon discharge.

Closed discharge tube V-I characteristics

Fig.6.4 displays the results of the average measured discharge voltage, over 5 trials, as a
function of changing current for a confined discharge (closed electrodes). At ~ 400 V, current
began to flow as the gas reached the breakdown voltage. A dim purplish glow was observed
through the gas flow opening. From that point onward the voltage-current relationship was
strongly linear. This was expected as the discharge transitioned from the normal to abnormal
glow region when the discharge current was in the milli-Ampere range, and according
to the theory of glow discharges, the abnormal glow region is characterised by a slightly
linear relationship between the current and voltage (see Fig.4.2). Visually, a violet/lavender
discharge appeared to glow with greater intensity as the discharge current was increased. An
increase in pressure causes the V-I curve to shift downwards (i.e. a higher discharge current
is obtainable at a particular voltage with increasing pressure). This effect may be attributed
to an increase in the number density of argon neutrals available for ionisation. However,
the change becomes negligible between 0.85-0.95 Torr. The discharge appeared to be most
stable and showed better repeatability in the 0.9-0.95 Torr pressure range.



6.6 Results and Discussion 87

1.0
- 0.80-0.85 Torr
- 0.85- 0.9 Torr
< 0.8 J®F 0.90-0.95 Torr #,4:
V4 :+:" $
g =
S 0.6 1 ; —
ﬁ =
S £F
> < -
0.4
(@)]
©
—
g
< 02'
0-0 T T T T T T
0 1 2 3 4 5 6

Discharge Current (mA)

Fig. 6.4 Discharge voltage as a function of current in the pressure range 0.8-0.95 Torr.

V-I characteristics from the discharge with open electrodes

The next set of experiments involved the introduction of apertures at each of the electrodes.
The apertures would allow for some of the current arriving at the electrodes to be ejected
out of the thruster, generating the desired thrust. The discharge voltage was measured as a
function of varying current for each of the four aperture sizes under investigation (i.e. 1 mm,
2 mm, 4 mm, and 8 mm). A total of four trials were conducted for each aperture size, to
check for repeatability. The operating pressure was kept steady between 0.90 + 0.09 Torr
and 0.95 + 0.10 Torr across all trials. The results of these experimental tests are presented in
Fig.6.5 and Fig.6.6.

The results show a strong positive correlation (> 0.9) between the discharge current and
voltage in all the aperture sizes explored. From Fig.(6.4), it was expected that an increase in
aperture size, and subsequently a decrease in electrode surface area, would result in a higher
voltage required to initiate and sustain the discharge due to the greater loss of charged parti-
cles to the ambient atmosphere. However, no observable relationship between the aperture
size and the voltage-current characteristics of the discharge can be deduced from the data.
The 2 mm and 8 mm apertures seem to display the most stable discharge characteristics with
relatively good repeatability over the four trials conducted. Furthermore, the 2 mm and 8
mm aperture electrodes, along with the closed electrodes, exhibit almost identical electrical
behaviour (see Fig.6.7 and Fig.6.8), with only a slight deviation occurring at higher currents
(>4 mA).
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The V-I characteristics in the 1 mm and 4 mm aperture configurations were found to deviate
significantly from that observed in the other configurations. Moreover, these aperture sizes
exhibited unstable discharge behaviour with relatively large fluctuations in voltage-current
characteristics across all four trials. The exact reasons for this abnormal behaviour are not
known. As noted by [19], in gridded ion thrusters, careful attention needs to be afforded
towards the sizing of the extractor apertures in the acceleration grid. In general the aperture
diameter should not exceed the sheath width. This is to ensure that the quasi-neutral plasma
does not penetrate through the apertures and subsequently lead to a loss in ion focusing power.
According to the COMSOL simulation of the axial variation in plasma potential (see Fig.4.6),
in this instance, the accelerator (cathode) sheath width is estimated to be between 2-2.5 mm.
Thus, using an aperture diameter greater than 2.5 mm may have allowed the quasi-neutral
plasma to penetrate through the aperture and caused the sheath potential surrounding the
inner surface of the orifice to drop substantially. This could potentially explain the irreg-

ular voltage-current scaling, as a function of aperture diameter, observed in these experiments.

Alternatively, the underlying cause may be attributed to excessive sputtering of heavy ions
on the cathode surface resulting in high erosion rates. The resulting erosion may have led to
electrode surface deformation which in turn could have altered the electric field and thus the
plasma characteristics of the discharge. The changes in the electric field properties would
then have led to the large voltage fluctuations observed across subsequent trials. The high
temperature plasma had also come into contact with the openings of the teflon endcaps
when exiting the thruster. This had resulted in burning and discoloration of the endcaps and
may have caused some carbon deposits to enter the tube and cause the observed sporadic

behaviour.
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Fig. 6.5 V-I characteristics of the ] mm and 2 mm aperture configurations.
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Fig. 6.6 V-I characteristics of the 4 mm and 8 mm aperture configurations.

Fig.6.7 and Fig.6.8 shows the clear discrepancy between the 1 mm and 4 mm aperture
configurations relative to the 2 mm, 8 mm and closed electrode configurations. The almost
identical behaviour exhibited by the 2 mm, 8 mm and closed electrode configurations pro-
vides some support for the hypothesis that the electrical characteristics of the system are
independent of the aperture size. However, a more thorough investigation is required to
conclude this with greater certainty.

The energy efficiency of the discharge plasma describes the total cost in energy of pro-
ducing ions. It is a key metric used in the assessment of an electric thruster’s overall
performance. Fig.6.8 shows that the 2 mm and 8 mm apertures require the least amount of
input power to produce a particular number of ions (discharge current). This indicates that
the 2 mm and 8 mm aperture thruster configurations have the lowest ion production costs,
relative to the other electrode geometries explored.
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Fig. 6.7 Average voltage (over four trials) vs discharge current for various aperture sizes.
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Fig. 6.8 Power vs discharge current for different aperture sizes.

Plume formation

Fig.6.9 show the plume formation for the 2 mm and 8 mm apertures from different angles.
When the discharge current was < 1 mA, the discharge within the tube was dim and there was
no noticeable plume formation at either electrode. At 1 mA the discharge became bright and
a small plume began to form at the ground electrode opening. The plume size and intensity
scaled with increases in discharge current.

In all cases, the beam emanating from the cathode opening was not tightly focused and
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this is most probably an artefact of the charge exchange collisions occurring between the
ejected ions and neutral background gas, as discussed in section 6.2. Furthermore, the average
particle spread (beam emittance) was observed to increase with the increase in aperture size,
in accordance with equation (6.3). Nevertheless, the existence of the ion plume is a strong

indication that the ionisation-acceleration coupling mechanism works as intended.

It is worth mentioning here that, the space-charge limited current, introduced in equation
(3.35), sets an upper bound on the ion current emission. Beyond this upper bound, the emitted
ions within the plume could stall within their own space charge and would tend to repel
back towards the cathode. This may result in neutralisation problems which could affect the
thruster’s operation. Even though ejected electrons, from the andoe opening, may traverse
around the thruster and neutralise the ion plume, it is also likely that the electrons could be
re-accelerated into the thruster chamber resulting in a significant power drain. This needs to
be investigated further.

2 mm Aperture lon Plume
e

-

8 mm Aperturelon Pl\u|r.ne ‘

Fig. 6.9 Plume formation of 2 mm and 8 mm apertures at a discharge current of 6 mA.

Erosion and damage to the electrodes

Fig.6.10 and Fig.6.11 show images of the electrodes taken before and immediately after
conducting the preliminary experiments. Each of the electrodes was exposed to the discharge
plasma for roughly 2 hours in total. Upon completion of the preliminary studies, the elec-

trodes were cleaned, with acetone, in an ultrasonic bath to remove the remaining adhesive
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and any other unwanted dirt from its surface. Thereafter, the electrodes were placed under an

optical microscope to assess the surface damage in more detail.

Erosion and damage to the electrodes are the major life-limiting factors that must be con-
sidered when developing new electric propulsion systems. Observations under the optical
microscope revealed significant visual evidence of erosion and the formation of cathode
spots in the 1 mm and 4 mm aperture cathodes (see Fig.6.12 and Fig.6.13). In contrast, these
features were not visually discernible in the 2 mm and 8 mm aperture electrodes (see Fig
6.14). The release of energy from electronic or ionic bombardment on the cathode surface

may be the primary cause of erosion and the observed cathode spots (more details on this

can be found elsewhere, see [71]).

Fig. 6.10 Image of the electrodes taken Fig. 6.11 Image of electrodes taken after con-
before running the preliminary experiments. ducting the preliminary experiments.

(1 mm, 2 mm, 4 mm and 8 mm aperture Top: ground electrodes (cathodes),

sizes). bottom: plasma electrodes (anodes).

The 8 mm aperture configuration did not show significant electrode damage or deforma-
tion. This was probably due to the 8 mm aperture having a smaller electrode area that was
exposed to the discharge plasma and therefore exhibiting a lower sputtering probability. The 2
mm aperture configuration displayed anomalous behaviour as it did not exhibit any noticeable
damage or erosion (apart from a slight discoloration observed at the cathode around the
orifice) despite having a higher sputtering probability relative to the 4 mm aperture. These
visual observations provide some support for the hypothesis that the irregular discharge
behaviour exhibited by the 1 mm and 4 mm aperture configurations may have been due to

sputtering and high electrode erosion rates.
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Fig. 6.12 Stereo microscopic image of the inner surface of the 1 mm aperture cathode after it
was cleaned in an ultrasonic bath.
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Fig. 6.13 Stereo microscopic image of the inner surface of the 4 mm aperture cathode after
it was cleaned in an ultrasonic bath. The concentric rings are an artefact of the machining
process.
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Fig. 6.14 Optical microscope image of the 2 mm (left) and 8 mm (right) aperture cathodes.
The scratches on the surface are artefacts of the machining process.

6.7 Conclusions

Preliminary studies were conducted on the proof of concept thruster inside a glass vac-
uum chamber. The main goals of these studies were to confirm if the system worked as
hypothesised, and to deduce the optimal parameters for its stable operation. Moreover,
these preliminary studies served to identify any pitfalls or major drawbacks of the system
in the hopes of mitigating any issues that may arise when studying the system in greater detail.

Results from the preliminary experiments found that, for a 40 mm long and 10 mm di-
ameter thruster chamber, the optimal working gas pressure (across all aperture sizes explored)
for stable discharge operation is between 0.90 £ 0.09 Torr and 0.95 4 0.10 Torr. No observ-
able relationship between the aperture size and the electrical characteristics of the system
was found in these studies, although the near identical voltage-current behaviour observed
in the 2 mm, 8 mm aperture and closed electrode configurations suggests that the system’s
electrical characteristics may not be dependent on the electrode aperture size. However, this
requires a more detailed investigation. The most stable operation occurred when electrode
apertures of 2 mm and 8 mm were used (as evidenced by the relatively smoother curves
seen in Fig.6.7). Moreover, 2 mm and 8§ mm apertures display the most favourable discharge
characteristics, including relatively good repeatability, low ion production costs (high energy
efficiencies) and very little erosion and damage when compared with the other aperture sizes

investigated.

The cause of highly sporadic behaviour observed when using the 1 mm and 4 mm elec-
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trode aperture configurations is inconclusive, however the irregular behaviour may be due
to electrode erosion and surface deformation resulting from heavy ion sputtering at the
cathode. Another plausible explanation for the fluctuations in V-I characteristics may be
due to carbon deposits from the teflon endcaps entering the discharge plasma. This is likely
since the endcaps (and the discharge tube) were reused across successive trials. To improve
the validity of the results one would need to fabricate and assemble a new thruster for each
trial conducted. However, due to time constraints and limited resources, this approach was
not undertaken here. Lastly, increasing the electrode aperture diameter may have caused
the quasi-neutral plasma to escape from the thruster and this may have impacted the sheath
potential on the inner surface of the cathode. This could also be a reasonable explanation for

the strange scaling results observed with an increasing aperture size.

The formation of plasma plumes at the open ends of the thruster indicates that charged
particles are exiting the thruster and the ionisation-acceleration coupling mechanism appears
to work as expected. Since the plume at the cathode end visually appears to be significantly
larger than that at the anode, it is expected that that the system should exhibit a net thrust in
the direction opposite to the cathode plume, implying that the system works as hypothesised.
However, it is noteworthy to mention that, the positive ions within the plume may stall in
their own space charge and be reflected back into the thruster if not sufficiently neutralised
by the ejected electrons. This could negatively impact the functioning of the system and
needs to be investigated further.

Despite some unexpected results, the main goals of these preliminary studies were met.
It must be noted, however, that the preliminary experiments may not have been conducted
in the most suitable manner and this may have led to some of the anomalous behaviour
observed. It will therefore be necessary to repeat these experiments with greater care in the
future to obtain more accurate results. Some recommendations and improvements for future

experiments include the following:

* Ensure that the electrodes, endcaps and thruster body are replaced with a new set after
each successive trial.

* Use a higher temperature resistant insulation (like silicone) in place of the teflon
endcaps on the outside of the electrodes. Ideally, the entire thruster should be built

from the same ceramic material.

Considering the positive observations, the 2 mm aperture was taken to be the most opti-

mal aperture size to be used for further studies. Even though the 8 mm aperture exhibited
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favourable characteristics, this aperture diameter appears to exceed the cathode sheath width
and thus may not be able to confine the quasi-neutral plasma effectively. As mentioned earlier,
this could lead to issues with the thruster’s operation. Using a 2 mm aperture also allows for
the possibility to explore how changes in the aperture number (i.e. adding multiple apertures)
would affect the operating parameters and whether the addition of multiple apertures would

produce any emergent phenomena that may be desirable for a propulsion system.



Chapter 7

Ion Beam Current Measurements and
Thrust Estimation

7.1 Introduction

After the completion of the preliminary studies, further testing on the 2 mm electrode aperture
was conducted inside the larger stainless steel ring vacuum chamber. In these experiments
the chamber was evacuated down to lower pressures using a water cooled diffusion pump, to
better simulate the space environment. Unlike the preliminary studies, in these experiments
the gas was directly fed into the thruster through a silicone tube securely fitted to the thruster
opening via a nylon thread. This experimental setup provided a more accurate representation

of an actual thruster that could be used on-board a spacecraft.

The following experiments were aimed at understanding what the effect of directly feeding
the gas into the thruster would have on the discharge characteristics of the system and what
influence the number of extraction apertures may have on the system’s performance metrics
(efficiency and thrust). As such, the discharge characteristics were measured as a function of
changing aperture number. Another important goal of these experiments was to characterise
the ion beam current emanating from the thruster and use the measurements to infer an
estimate for the system’s thrust. It is initially hypothesised that there exists a proportional
relationship between the number of apertures and the V-I characteristics of the system as well
as the extracted ion beam current, one would intuitively expect the beam current to increase
proportionally with the addition of apertures. However, the results from the preliminary

experiments seem to indicate that the system’s behaviour is not trivial and hence such a



7.2 Theory 98

proportional relationship may not be observed. The following studies aim to clarify this
matter.

7.2 Theory

Recall the diode extraction system presented in Fig.6.1. The electric field strength E between
the plasma and ground electrode depends on the applied voltage V,, and the separation gap
between the electrodes d, expressed as:

E=—. (7.1)

The plasma meniscus (see Fig.7.1) is defined as the emission surface of the ions at the plasma
boundary [72]. As the electrons move towards the plasma electrode, they are reflected at
the meniscus if their energies are lower than the potential drop between the electrodes. The
actual gap distance, denoted by d*, is the distance from the plasma meniscus to the ground
electrode. The magnitude of d* changes to ensure that the electric field strength at the plasma

meniscus is zero [11].

Plasma Ground
electrode electrode
|
d*

2r

/

Plasma
meniscus

Fig. 7.1 Plasma meniscus formed in a diode extraction system.
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Single aperture extraction systems

Consider Fig.7.2, which illustrates a cylindrically symmetric diode extraction system with a
single extraction aperture of radius r and emission area F = 7r>. The total current that this
system can extract is either limited by emission or space charge effects. In the case of the
latter, the space charge limited current is the maximum transportable steady state current
density through a one dimensional gap of distance d under an applied DC voltage [73].
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electrode P electrode
(anode) (cathode)
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Fig. 7.2 A single aperture cylindrically symmetric ion beam extraction system.

Assuming that the ion beam current is space charge limited and that the emission area is
planar and infinite, the ion current density J; arriving at the ground electrode, with surface

area A, can be determined from the Child-Langmuir law [74] and [75]:

3/2
J="=_ =4 7.2
s 9€0Vmi 7 (7.2)

Here &y represents vacuum permittivity, e is the electron charge and m; is the ion mass. The
Child-Langmuir law characterises the behaviour of the current density within a vacuum tube
diode, i.e. it states that, for a fixed electrode gap distance (d), the current density arriving at
the ground electrode is proportional to the acceleration voltage to the three-half power (i.e.

Jj o< Va3 / 2). Fig.7.3 provides a visual representation of this relationship.
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Fig. 7.3 Child-Langmuir law: typical current density vs acceleration voltage relationship in a
diode tube.

The total extracted ion beam current, from a cylindrically-symmetric extraction system,
can be calculated from equation (7.2) as follows [11]:

4 2
Iy = ~megy | —S2V2/2. (7.3)
9 m;

The aspect ratio S is defined as the ratio of the aperture radius to the discharge gap (i.e.
S = r/d). For a fixed aspect ratio, the extractable ion beam current will be proportional to
the acceleration voltage to the three half power. The remaining constant of proportionality is
called the perveance P of the extraction system [11]:

4 2
P= ey | 282. (7.4)
9 m;

Beam divergence

The ion current density in equation (7.2) is influenced by the plasma density N at the meniscus
[11]. Fig 7.4 shows how different plasma densities at the meniscus affects the emission area.
At a very low density (N;) the actual gap distance d* increases and the resulting emission
area is concave shaped. In contrast, if the plasma density is very high (/V3) then d* decreases
and the emission area tends to be planar or convex shaped. If the plasma density is optimised
(N>) then the extracted ion beam should exhibit a minimum divergence angle when exiting
through the aperture.
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Fig. 7.4 AXCEL-INP simulation of an ion extraction system with three different plasma
densities and a fixed potential drop across the electrodes. PE = Plasma electrode, GE =
Ground electrode and Ny < N, < N3. Image taken from [11], p.63.

Since the extracted ion beam current largely dictates the magnitude of thrust generated,
it is desirable to have the ions extracted into a focused beam with a minimum divergence
angle to minimise thrust loss and decrease plume interaction with the other components of
the spacecraft. The extracted ion beam satisfies the matched case when more than 80% of
the ion beam current is contained within a divergence angle less than +20 mrad [11]. The

two main factors which prevent the extraction of a focused ion beam are:
1. The ion temperature
2. The thickness and shape of the plasma electrode

In addition to this, it is important to minimise aberrations in the extraction system as this

may also contribute to a greater beam divergence.

Maximising the extracted ion current

An important question arises as to what the total extracted ion beam current would be if
the aperture radius were to stay fixed while the aperture number, and subsequently the total
emission area, were to increase. The experiments to follow will attempt to characterise the
relationship between the number of apertures and the total extracted ion beam current.

Thrust estimation

The magnitude of the extracted ion current greatly influences the overall thrust of the system.
The net thrust 7 generated by the system can be deduced from the acceleration voltage and

the ion current in the extracted beam as follows [19]:

2m;V,
e

T=vy

Iy, (7.5)
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where 7y represents the total thrust correction factor, which accounts for the presence of
multiply charged ions within the beam, along with thrust dissipation due to beam divergence

[19]. It can be defined mathematically as:

Y= auk;. (7.6)

Here, oy is characterised by the ratio of multiply charged ions to singly charged ions and
accounts for the fact that multiply charged species carries multiple charges but only a single
unit of mass. According to Hocart [76], electron ionisation is rarely capable of producing
a large abundance of multiply charged ions. This is verified by the authors of [19] (see
p.24) who state that multiply charged ions occur in relatively small quantities within the ex-

tracted ion beam in electric thrusters. Hence, o can be taken as unity to a good approximation.

The second term, F;, represents the thrust correction due to beam divergence. If the beam
is accelerated by a uniform electric field that exhibits a constant ion current density profile,

then the thrust correction can be expressed as:

F, =cos@, (7.7)

where theta is the half angle divergence of the beam. For 6 < 15°, F; = cos 0 ~ 1. Hence,
for a small O the thrust dissipation due to beam divergence is negligible. Therefore, if these
conditions are met, equation (7.5) can be approximated as:

e

Y

I. (7.8)

Since the system’s thrust is proportional to the magnitude of the ion beam current, the ion
beam current should be maximised to increase the thrust. This can be accomplished by
introducing additional apertures to the extractor electrode. However, the addition of apertures

may impact the ion production efficiency of the system as explained below.

Thruster efficiency

Electric thrusters in general are geared more towards efficiency rather than greater thrust
production. It is therefore important to identify a thruster’s efficiency when assessing it’s
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overall feasibility. In this regard, the ion production efficiency and the electrical efficiency
are important metrics. One can also infer the total thruster efficiency from the ratio of thrust

generated per unit of input power.

Ion production efficiency

The ion production efficiency, also referred to as the discharge loss 7y, characterises the
energy cost of producing a certain number of ions. It it mathematically expressed as the ratio
of the discharge power to the magnitude of ion beam current:

P LV

= === 7.9
A (7.9)

Na

where I; was previously defined as the discharge current. The discharge loss is frequently
expressed in units of Watts per Ampere (W/A). Since 1, represents a power loss it is desirable

to have it as low as possible.

Electrical efficiency

The thruster’s electrical efficiency, denoted as 7., can be deduced from the fraction of the

output beam power P, and the total input power Pr as:

P, LV,
Pr LV,+P;

Ne =

(7.10)

The effect of increasing the number of apertures on the thrust, the ion production efficiency
and the electrical efficiency of the thruster will be investigated in the experiments that follow.

7.3 Aims

* To investigate the effect of changing aperture number on the electrical behaviour of
the thruster.

* To determine the ideal propellant mass flow rate for optimal ion beam extraction.

* To investigate the effect of changing aperture number on the magnitude of extracted

ion beam current.

* To infer an estimate of the system’s overall thrust based on the ion beam current

measurements.
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* To deduce a relationship between the aperture number, net thrust and the efficiency of
the thruster

7.4 Apparatus

* Stainless steel ring vacuum chamber

* Hivolt T1EP high voltage power supply

* High voltage cable

* Alcatel roughing pump

* Leybold-Haraeus water cooled diffusion pump

* High vacuum Penning gauge

» Afrox Argon gas (propellant) Baseline 5.0

* Mass flow measurement system

* Arduino microcontroller and INA219 current sensor

* DS5022 oscilloscope
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7.5 Methodology

Experimental Setup
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Fig. 7.5 Experimental setup used to measure the influence of changing aperture size/number
on the discharge characteristics of the thruster.

Fig.7.5 shows the general experimental setup used to measure the relationship between
changing electrode aperture configuration and the electrical behaviour of the thruster. A 760
mm diameter x 200 mm high stainless steel ring vacuum chamber, fitted with multiple access
ports, was used to simulate the ambient space environment. The chamber was pumped down
to 5 +1 x 107> Torr with the aid of a roughing pump and an oil diffusion pump. The high
vacuum Penning gauge was used to monitor the pressure within the chamber. The propellant
gas was directly fed into the thruster through a silicone tube securely connected to the thruster

opening via a nylon thread.

Fig.7.6 shows the modified thruster stand setup used in the larger chamber. In this setup,
the HV cables were securely connected to the electrode through pressure contacts. An
in-house developed mass flow measurement system (see Fig.7.7), based on the orifice plate
concept, was used to measure the mass flow rate of the propellant gas into the thruster (refer
to Appendix C for more details on the calibration process). The discharge current arriving at

the cathode was measured using an Adafruit INA219 current sensor connected to an Arduino
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microcontroller. The data was then sent to a PC and recorded using CoolTerm serial port
terminal software.

Insulated copper
feedthrough
connections

Vacuum chamber
access ports

Gasinlet tube
connectedto a
nylonthread |
fitted securely |
onto the
thruster

Shielded metallic
mesh, embedded in a
rubber insulator,
used to connect the
electrodes to the HV
cables

Fig. 7.6 The setup used inside the vacuum chamber. The thruster stand was modified for
easier and more secure attachment of the electrodes to the HV cables through the use of

pressure contacts. Note that the teflon endcaps were eventually removed and replaced with a
silicone shielding.
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Fig. 7.7 The mass flow rate measurement system setup including the in-house developed
orifice plate box.

7.5.1 Measuring the influence of changes in electrode aperture
configuration on the discharge characteristics of the system

Once the chamber had been evacuated, the gas flow was activated and the mass flow rate
was adjusted using the micrometer needle valve. Mass flows as low as 100 £ 2 ng/s were
accurately measured using the procedure highlighted in Appendix C. In these experiments
the mass flow rate was kept fixed at 180 4 4 ng/s. The HV power supply was then switched
on and the output current was set to maximum. The output voltage was slowly adjusted using
the voltage dial on the front panel. The voltage was increased in increments of 0.50 + 0.01
kV. At each voltage increment the discharge current was measured using the current sensor.
The current was measured every second for a total of 60 seconds. After which the serial
port was disconnected, the voltage was increased to the next increment and the serial port
was reconnected to take current measurements at the new voltage setting. The procedure
was repeated five times for each of the electrode aperture configurations investigated. The
average current over the 60 second measurement interval was calculated and used to produce
the V-I characteristics in each case.
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7.5.2 Characterising the extracted ion beam current as a function of
changing electrode configuration

Aluminum
coated plates

Oscilloscope

Chamber Wall

» Plexiglas Barrier

sl / / , Copper Vacuum

\ Feedthroughs

— GND

Fig. 7.8 The experimental setup used to measure the extracted ion beam current.

The second part of the experiment involved measuring the ion beam current emanating
from the thruster. In this regard, two aluminum collector plates were used to measure the
extracted ion beam current. The plates were positioned 90 &= 10 mm and 180 £ 10 mm from
the cathode and anode respectively and were separated by an insulating plexiglas barrier.
The barrier was put in place to mitigate charge transfer between the plates, which would
have led to inaccuracies in the measured beam current. The plate at the anode end was
connected directly to ground, while the ion beam collecting plate was connected to a resistor,
of resistance R, and then to ground. An oscilloscope was used to measure the voltage drop
Vg across the resistor. The oscilloscope itself added a parallel resistance Ry = 1 MQ to the

circuit which had to be accounted for. Thus, the true resistance was taken as:

RoR
Rirye = ——. 7.11
true RO —I—R ( )
Subsequently, the ion beam current was calculated from Ohm’s law as follows:
Vi
J AL (7.12)

Rtrue
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Note that in this setup the measured voltage drop can be adjusted by changing the resistance.
Thus, a wide range of ion currents can be measured. In these experiments, three different
resistors, ranging from 0.82 + 0.01 MQ, 1.64 + 0.01 MQ and 2.45 + 0.01 MQ, were
utilised. In each instance, the oscilloscope measured the average voltage drop over 60

seconds. Multiple trials were conducted for averaging and to check for repeatability.

7.6 Results and Discussion

The results obtained from the the experiments mentioned above are presented below. A
detailed error analysis, including the origin of the uncertainties in measured quantities and

the calculation of error bars can be found in the error analysis section in Appendix E.

The initial intention had been to study the system’s electrical behaviour using a an nx2
mm aperture configuration (where n =1, 2, 4, 5, 7). To accommodate for the addition of
a large number of apertures, the thruster’s dimensions were increased to L = 52 mm and
R = 13 mm (refer to Fig.7.9). Note that even though the dimensions had changed, the ratio
L/R was kept the same as that from the preliminary tests.

In practice, given the limited output power of the supply, the discharge did not initiate,
even at the maximum applied voltage of 10 kV, when more than 4x2 mm apertures were
used. This may potentially be due to the fact that the multi-aperture configurations could not
confine the gas within the thruster long enough for electrical breakdown to occur. The gas
likely diffused from the thruster into the ambient atmosphere within the chamber through
the multiple orifices. Attempts to remedy the problem involved reducing the discharge gap
between the electrodes, as this was expected to drop the minimum breakdown voltage, along
with increasing the propellant flow rate. Although the discharge had initiated in some of
these cases, the system failed to operate in a stable manner. After numerous failed attempts,
further studies of the nx2 mm aperture (where n > 4) systems had been abandoned. There-
fore, the results presented henceforth only show the V-I characteristics of nx2 mm aperture
configurations where n = 1, 2 and 4 respectively.
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22 mm

Fig. 7.9 Modified thruster tube geometry and the different electrode aperture configurations
used in the experimental tests.

7.6.1 Voltage-current characteristics as a function of changing
electrode aperture number and propellant flow rate

Fig.7.10 and Fig.7.11 shows the thruster’s voltage-current behaviour for changing aperture
number at a constant propellant flow rate of 180 + 4 ng/s. Although all configurations showed
good repeatability, the 1x2 mm configuration displayed relatively better repeatability over all
five trials conducted. The authors of [77] had measured the V-I characteristics of a DC plasma
discharge with a similar inter-electrode gap. The V-I characterisitcs observed in Fig.7.10
and Fig.7.11 follow the same general behaviour as those presented in [77]. The observed
non-linear behaviour between the discharge current and applied voltage is a characteristic of
the abnormal glow region (see Fig.4.2). In this region of the glow discharge, the electrodes
are completely covered by the plasma and thus the cathode fall increases with increasing
discharge current in accordance with the space charge limited form of the Child-Langmuir

. . 3/2
equation (i.e. [ o< Vd—é).

The breakdown voltage tended to increase when more apertures were added. The addi-
tional orifices had reduced the total surface area of the electrodes thereby decreasing the
number of primary electrons from photoemission. Moreover, the reduced electrode surface
area may have resulted in a lower secondary electron emission yield and thus a higher supply
voltage was required to both initiate and sustain the discharge. Although the propellant flow
rate had been kept constant, the actual pressure within the tube may have been significantly
influenced by the addition of apertures. This change in pressure may have also contributed to
the observed shift in breakdown voltage. The plot on the right of Fig.7.11 shows the average

discharge current, over 5 trials, as a function of applied voltage and changing aperture number.



7.6 Results and Discussion

111

The V-I characteristics for closed electrodes was also measured, at the same propellant flow

rate, and plotted for comparison. A downward shift in the V-I curves was observed when the

number of apertures were increased. The addition of apertures resulted in lower discharge
current at higher applied voltages (as measured between the electrodes), however, this is to
be expected as a larger fraction of the discharge plasma had been ejected out of the thruster

into the ion beam when additional apertures had been employed. The greater loss of charged

particles would have resulted in the need for a higher applied voltage to sustain the discharge
explaining the observed behaviour.
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Fig. 7.10 Thruster V-I characteristics with a 1Xx2 mm and 2x2 mm aperture electrodes.
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Fig. 7.11 Left: Thruster V-1 characteristics with 4x2 mm aperture electrodes.

Right: Average discharge current (over 5 trials) as a function of applied voltage and changing
electrode aperture number.

Fig.7.12 displays the effect of increases in the propellant flow rate on the V-I charac-
teristics of the system. It was found that at a higher flow rate of 300 £ 10 ng/s the the
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breakdown voltage, for the same aperture number, had decreased since the increase in neutral
argon number density within the discharge vessel resulted in a greater ionisation rate. This is
because the electron mean free path A, decreases with the increase in neutral gas density, see
equation (3.25). In essence, for a fixed aperture number, the voltage current curve tends to
shift upwards at higher propellant flow rates, i.e. a particular discharge current is obtainable
at a lower applied voltage when the flow rate is increased. This is only the case if the
gas pressure between the electrodes remains below the optimal pressure range, where the
minimum breakdown voltage is achieved, according to Paschen’s law. It must be noted that
the system begins to behave in an unstable manner when the propellant flow rate is set too
high (> 300 ng/s in this case). This unstable behaviour may be attributed to the large number
of elastic collisions, which may occur when the electron mean free path is significantly
reduced. In this instance, an intense plasma plume, most probably consisting of electrons,
forms at the anode opening and grows in intensity as the propellant flow rate is increased
further (see Fig.7.13).
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Fig. 7.12 V-I characteristics for the 4x2 mm aperture system at different propellant flow rates.
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Fig. 7.13 Plume formation observed at the anode when the propellant flow rate was set
above 300 ng/s. The thruster did not operate stably when the propellant flow rate was set
higher than this. Despite its dramatic appearance, it is hypothesised that this plume consists
predominately of electrons which do not contribute significantly to thrust.

In each of the configurations investigated, the discharge was observed to be stable up to a
particular voltage. Further increases in voltage beyond this operating point led to unstable
and sporadic thruster behaviour. The 1x2 mm configuration displayed stability at higher
discharge currents in comparison to the other configurations. When the thruster was fired
in the stable operating range, a continuous focused ion beam was observed at the cathode
opening in all of the configurations explored. A bright plume emanated spontaneously, and
lasted for less than a second, from the live electrode at irregular intervals. This however did

not significantly impact the discharge behaviour.

The ion beam emanating from the thruster visually appeared to be of higher intensity when
multiple orifices were used. This suggests that a significant amount of ion current was leaving
the thruster, which would have resulted in an increased thrust, since the thrust that the system
produces is proportional to the ejected ion beam current.
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Fig. 7.14 Image taken from the vacuum chamber viewing port of the extracted ion beam
generated at the 2x2 mm aperture cathode.

7.6.2 Measuring the ion beam current as a function of applied voltage

and discharge current

Fig.7.15 shows the measured ion beam current, for a 1x2 mm electrode aperture configura-
tion, as a function of applied voltage and discharge current measured at the cathode. The
propellant flow rate was kept steady between 180-200 4 6 ng/s in all cases. Increasing the
applied/acceleration voltage between the two electrodes results in an increase in the discharge

current and subsequently translates to a higher ion current density within the extracted beam.

Moreover, increasing the resistance results in a higher measured ion beam current at a
particular voltage or discharge current. This effect can be attributed to the greater impedance
of the resistor, which prevents electrons from flowing through the circuit and neutralising
the positive charge on the collector plate. Since the electron temperature exceeds the ion
temperature, the electrons are expected to leave the plasma at a faster rate than the ions.
Consequently, a net positive charge build-up occurs within the bulk plasma. The resulting
positive potential then sets up a retarding electric field which slows down the electrons and
confines them within the plasma. In this way, the quasi-neutrality condition is satisfied (see
section 3.3). The quasi-neutrality condition also implies that the ejected ion and electron
current will be approximately the same. Hence, for every ion ejected at the cathode aperture,
an electron is ejected at the anode aperture. The ions and electrons then impact their respec-

tive collector plates and subsequently the plates become positively/negatively charged. The
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electrons from the negatively charged plate flow through the circuit towards the positively
charged plate to neutralise the positive charge. The resistor impedes the flow of electrons
to the plate. A greater resistance results in a greater impedance and thus a higher measured
voltage drop across the resistor. Consequently, this leads to a higher measured ion beam
current, in accordance with equation (7.12).

The authors of [78] had conducted ion beam current measurements from a cold conical
cathode ion source using a copper collector plate and cathode exit aperture of 7 mm. The
relationship between the ion beam current and discharge voltage observed, in Fig.7.15, when
using a 2.45 + 0.01 MQ resistor is in agreement with that presented in [78], which provides
some support for the validity of these results. However, the ion beam currents measured
in [78] are an order of magnitude larger potentially, due to the use of a larger cathode exit
aperture.

Agoplied Voltage vs lon Beam Current, 1x2 mm Aperture Di%%harge Current vs lon Beam Current, 1x2 mm Aperture

-e- 0.82 MQ e -e- 0.82 MO #*
-k- 164 MQ / -k- 164 MQ
{ —®- 2.45 MQ d 404 —®- 2.45MQ -

S
[=]

w
o
L

N
\

304 g

N
o
A
A"
A
[ Y
:\l
A Y
Ay
v N
A
\
A
AY
AY
L
¥
1
\
\
*

lon Beam Current (uA)
*
AY
\
:H.:
lon Beam Current (uA)
*
\
A

20 4 e a =
%i ----- s

,_.
o
\
A1
A1)
'Y
Wy
\
\
A
\

-~
e

15 20 25 30 05 10 15 20 25 30
Applied Voltage (kV) Discharge Current (mA)

Fig. 7.15 Measured ion beam current, calculated from the voltage drop across a 0.82, 1.64
and 2.45 4+ 0.01 MQ resistor, as a function of applied voltage and discharge current across
the plasma source. Note that the parallel resistance of the oscilloscope has been taken into
account when calculating the beam current, see equation (7.11).

Ion beam current and estimated thrust as a function of changing
aperture number

The measured extracted ion beam current, for a single, double and quadruple 2 mm aperture
electrode configuration is shown in Fig.7.16. Measurements were made using three different
resistors. In each case, the discharge current was kept fixed at 1.000 = 0.001 mA for compar-
ison. The value of 1 mA discharge current was chosen as it was observed to be a common
stable operating point in all configurations. As expected, increasing the resistance results

in a higher measured beam current. Ion beam currents on the order of tens to hundreds of



7.6 Results and Discussion 116

micro-Amperes were measured when a 2.45 4+ 0.01 MQ resistor was employed.

The results show that for a fixed aperture diameter of 2 mm and a discharge current of
1.000 + 0.001 mA, increasing the number of apertures increases the total extracted ion beam
current as expected. The measured ion beam current ranges from 5.21 = 0.11 A to 10.29 +
0.15 pA, for each of the resistors, when a single aperture is used. The addition of a second
2 mm aperture causes the ion beam current, for each aperture configuration, to increase
by ~ 10 fold. Thereafter, the measured beam current appears to plateau with the addition
of subsequent apertures. The underlying reason for the plateau is not well understood and
goes against the hypothesis of a linear increase in beam current with increasing aperture
number. Secondary electrons resulting from ion bombardment at the collector plate may
be recombining with the ions, as they move towards the positively charged ion beam, thus
reducing the total current arriving at the plate, which could be an explanation for the observed
plateau. This effect can be mitigated by using a Faraday cup, which suppresses secondary
electron emission, instead of a metallic collector plate. However, this will likely decrease the
resolution of the current measurement.
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Fig. 7.16 Measured ion beam current (obtained using a 2.45 + 0.01 MQ resistor) as a function
of aperture number. The discharge current was kept fixed at 1.000 £ 0.001 mA and the MFR
was set to 180-200 £ 6 ng/s.

The measured ion beam current for each system configuration, in conjunction with the

corresponding acceleration voltage, can be used to obtain estimates for the system’s thrust.
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Table.7.1 presents the estimated thrust, calculated using equation (7.8), for single, double

and quadruple apertures.

Table 7.1 The relationship between the number of apertures, the average ion acceleration
voltage, the measured ion beam current (from the 2.45 + 0.01 M€ resistor) and the estimated
thrust for a fixed aperture radius of 2 mm. The discharge current was kept constant at 1.000
4 0.001 mA across all aperture configurations.

Aperture No. V, (V) 8V, (V) I, (uA) oI, (uA) T (uN) 6T (uN)

1 1765 +10 10.29 £+ 0.15 0.13 +0.02
2 2340 +10 10298 £ 1.45 1.43 £0.12
4 3435 +10 135.79  £1.91 2.29 +0.13

The required acceleration voltage to obtain a discharge current of 1 mA had increased
with an increase in the aperture number. This was expected since increasing the number
of apertures resulted in a greater loss of neutral propellant and charged particles from the
discharge chamber. Subsequently, a higher voltage is required to initiate and sustain the

discharge.

The thrust is estimated to be less than one micro-Newton when a single aperture is used and
increases rapidly with the addition of a second aperture, resulting from the 10 fold increase
in beam current, but exhibits a diminishing return with the addition of subsequent apertures.
One may naively expect the "thrust" to increase linearly with the number of apertures, but the
system is likely much more complex. These early results seem to indicate that the apertures
"interact" non-trivially with each other. The experiments need to be repeated more carefully
with a more sophisticated setup. Moreover, it is recommended that a much larger sample
size of apertures be studied, with aperture numbers ranging from 1 to > 20, in order to
make a pattern more apparent. This will most likely require a power supply with an output
voltage greater than 10 kV and an output current greater than what is currently available in

the laboratory where the experiments were conducted.

Comparisons with theoretical predictions

Table 7.2 shows a comparison between the theoretical ion beam current and the measured ion
beam current, at the given acceleration voltages, when a 2.45 £ 0.01 M€ resistor was used.
The values of IbT heo were obtained using equation (7.3) under the assumption that the beam
current would increase linearly with the number of apertures, i.e. assuming that [, = n x I,

where n denotes the number of apertures.
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Table 7.2 Comparison between the theoretical ion beam current IbT heo the measured ion beam
Exp . .
current /", as a function of changing aperture number.

Aperture No.  V, (V) 8V, (V) 11" uA) &1 uA) 7P (uA) &1 (uA)

1 1765 + 10 2.35 +0.02 10.29 +0.15
2 2340 £ 10 7.19 £ 0.02 102.98 £+ 1.45
4 3435 £ 10 25.57 +0.03 135.79 + 191

Table. 7.2 show a large discrepancy between the theoretical and measured ion current,
suggesting the measured beam current is much greater than theoretically predicted. It must
be noted that /, bT heo oives the total current exiting the thruster. However, the current measured
at the plate may not be the same as the total current leaving the thruster. As noted by [11],
the measurement of the ion beam current is affected by the presence of secondary electrons
generated from ion impacts on the collector plate, as well as the presence of ambient neutral
gas particles along the beam path. Collisions between the various particle species may have
generated the excess ion current observed. Moreover, the ion plume may have had an excess
of electrons, generated from collisonal and surface processes, and since the ion collector
plate was not negatively biased to reflect these electrons, the measured current may have
been a combination of both ion and electron currents. This would suggest that the current
experimental setup may not be ideal for producing exact measurements of the ion beam

current.

7.6.3 Characterising the thruster efficiency as a function of changing

aperture number
Ion production efficiency

As mentioned previously, the ion production efficiency (or discharge loss), denoted as 1,
indicates the energy cost of ion production. Fig.7.17 shows the calculated values of n,;
using the data gathered from the experiments. The discharge loss for a single aperture
system configuration is found to be 0.170 4 0.003 W/u A. This indicates that 170 + 3 mW
of discharge power is required to produce 1 A of ion current or roughly 170 000 eV is
required to produce a single ion in the extracted beam. This is significantly larger than the
ion production cost observed in most gridded ion engines (about 250-1000 eV per ion [19]).
The discharge loss decreases substantially with the addition of the second aperture and then
rises slightly when four apertures are used. Note that it is desirable to have 71, as low as

possible, as this would indicate a minimum amount of discharge power required to produce a
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single tA of beam current. From Fig.7.17, the 2x2 mm configuration appears to display the
best ion production efficiency, i.e. it requires the least amount of discharge power, at roughly
23.0 =+ 0.4 mW, to produce 1 yA of ion beam current.

lon Production Efficiency vs Aperture Number

¢

0.02 4 i i

0.00 T T T
0 1 2 3 4 5
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Fig. 7.17 The ion production efficiency vs aperture number at 1 mA discharge current.

Electrical efficiency

The thruster’s electrical efficiency, denoted as 7., can be calculated using the measured data
and equation (7.10). It represents the efficiency of converting the input power into useful beam
power that then contributes to thrust. Fig.7.18 shows how the thruster’s electrical efficiency
varies with additional apertures. For a single aperture system the electrical efficiency is
relatively low at just 1% (% 0.02 %). This implies that the power of the extracted beam
(the useful power) is far less than the total power consumption. The electrical efficiency is
observed to increase significantly with the addition of a second aperture but then starts to
plateau at four apertures. The 4x2 mm configuration displays the highest electrical efficiency
at roughly 11 % (£ 0.17 %). This is still considerably lower than the efficiencies of most
electric micropropulsion systems (refer to Appendix A for examples). Note however that at
higher discharge currents the electrical efficiency is expected to increase based on equation
(7.18).
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Electrical Efficiency vs Aperture Number
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Fig. 7.18 The electrical efficiency vs aperture number at 1 mA discharge current.

Thrust-to-power ratio

Fig.7.19 provides an indication of the estimated thrust per unit input power as a function of
aperture number at a constant discharge current of 1 mA. The ratio is observed to increase
rapidly from a single to a double aperture configuration and begins to plateau at four apertures.
In the four aperture configuration, the thrust-to-power ratio reaches 0.60 + 0.03 uN/W, which
implies that the system generates 0.60 4+ 0.03 uN of thrust for every Watt of total input
power. The typical thrust-to-power ratio for various electric micropropulsion concepts is
provided in Fig.A.2. Resistojets are found to exhibit the highest trust-power-ratios with some
systems exceeding 200 uN/W. Pulsed Plasma Thrusters exhibit the lowest thrust-power ratios
(ranging from 2- 20 uN/W). This is still significantly higher than the inferred thrust-to-power
ratios for the proof-of-concept studied in this work and alludes to fact that the system requires

some serious modifications if it is to be developed into a working micropropulsion device.

It is worth noting that the figures shown here do not give an accurate representation of
the actual thrust-power ratio of the system but serve as an indication of the potential rela-
tionship between the number of apertures and the estimated thrust-power ratio of the system.
From these observations, it appears that the thrust per unit of input power does not increase
linearly with the number of apertures. As mentioned previously, a larger sample set of

apertures is required to establish a true pattern.
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Thrust-Power Ratio vs Aperture Number
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Fig. 7.19 The thrust-to-power ratio vs aperture number at 1 mA discharge current.

Experimental Aftermath

Damage to the thruster’s discharge chamber and the electrodes contribute greatly towards the
decline of the operational lifetime of the thruster. It is therefore worthwhile assessing the
damage to the various thruster components, after all of the experiments have been conducted,
to determine what the major contributors of this damage are and to potentially mitigate these

detrimental effects from occurring in future iterations of the thruster concept.

After numerous experimental tests conducted on the 1x2 mm and 2x2 mm thruster configura-
tions, the thrusters eventually ceased to operate in a stable manner (i.e. a stable discharge
was not obtainable). The nylon gas feed inlet thread was removed and observed to have been
significantly damaged (see Fig.7.20). It appears that the end of the thread had burnt out from
being in direct contact with the discharge plasma. From the cross section of the tube, seen
in Fig.7.20, it is evident that the debris from the nylon thread had spread across the walls
of the tube more so towards the cathode end (see Fig.7.21). There also seems to be a large
concentration of blackened debris at the openings of the thruster, and on the outer surface
of the electrodes, particularly at the cathode end. This is most probably the result of the
discharge plasma interacting with the adhesive used to bond the electrodes to the thruster

openings.
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Fig. 7.20 The cross section of the 2x2 mm electrode aperture thruster discharge tube reveals
the formation of debris collected on the walls of the discharge channel. The debris may be a
result of the burnt out residue from the nylon gas feed inlet thread (bottom right).

Fig. 7.21 The formation of black debris on the outer surface of the electrodes, most likely
caused by the interaction of the discharge plasma and the adhesive used to bond the electrodes
to the thruster. Top: plasma electrodes. Bottom: extractor electrodes.

The U-shaped DC discharge microthruster studied in [2] had experienced a similar issue
of debris build-up in the discharge channel of the thruster. There it was hypothesised that
the debris could have formed from the interaction of the high temperature discharge plasma
with the materials of the thruster’s components. Wright [2] notes that the blocking of the

thruster channel by debris may be a significant contributor to thruster failure. It is therefore
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vital for one to meticulously select the appropriate construction materials to mitigate such
effects. In this case, it is recommended that the gas inlet thread be made of some ceramic
material instead of a synthetic polymer like nylon. The Al,O3 ceramic used for the discharge
channel appears to withstand the high temperature plasma relatively well. Moreover, one
should limit, or completely eradicate, the use of adhesives when connecting the electrodes
to the thruster openings. The electrodes should be securely placed through narrow slits or

clamped at the ends of the thruster without the need for adhesive bonding.

7.7 Conclusions

Experimental tests were conducted on the thruster concept, including investigations on how
the system’s electrical characteristics changed with changes in the number of extraction aper-
tures, as well as measurements of the extracted ion beam current as a function of changing
aperture number. These experiments were conducted with a direct propellant feed into the
thruster.

In each of the configurations explored, the thruster was observed to operate stably within a
very narrow range of input parameters, i.e, the applied voltage and the propellant mass flow
rate. Further increases in the applied voltage and/or propellant flow rate beyond the stable
operating point led to unstable discharge behaviour. In all of the aperture configurations ex-
plored, the V-I curves tend to follow the relationship dictated by the Child Langmuir law (i.e.
I o< Vf / 2) and are found to be in good agreement with the literature. Increasing the number
of apertures on the electrodes results in a downward shift in the characteristic V-I curves (i.e.
a higher applied voltage is required to obtain a particular discharge current with the addition
of subsequent apertures). This is probably attributed to the loss of charged particles from
the discharge channel to the ion beam as a result of increasing orifices. The ideal propellant
flow rate for optimal ion beam extraction is found to be between ~ 180-300 ng/s across all
aperture configurations. When the flow rate is increased (within this stable operating range)
the ionisation rate within the discharge channel increases and a lower acceleration voltage is

required to obtain a particular discharge current for a fixed aperture number.

The second part of these experiments involved characterising the magnitude of the ex-
tracted ion current as a function of aperture number. The measured beam current tends to
increase drastically (~ 10 fold) from a single to a double aperture system, but then begins
to plateau with the addition of subsequent apertures. These measurements seem to refute
the initial hypothesis which predicted that the ion current would increase in proportion to
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the aperture number. Furthermore, the measured ion current was found to be in excess
of the theoretical prediction by the Child-Langmuir equation. This discrepancy may be
attributed to a non-ideal experimental setup. It will therefore be necessary to use a more
sophisticated measuring apparatus, for example, a Faraday cup probe, to make more accurate
measurements of the ion beam current. Note, however, that using a Faraday cup may lead to
a reduction in resolution.

The ion beam current measurements were then used to obtain estimates of the system’s
performance metrics, namely: the ion production efficiency, electrical efficiency, estimated
thrust and the expected thrust per unit of input power, at a constant discharge current of 1
mA. It must be emphasised that these calculated performance metrics may not be entirely
accurate due to inaccuracies in the measurement of the ion beam current. Nevertheless, they
provide useful insights on how the system’s performance changes with changes in electrode
aperture number. Findings suggest that the 2x2 mm aperture configuration produces the best
ion production efficiency (lowest discharge loss), however, the 4x2 mm aperture configura-
tion displays a slightly better electrical efficiency. These experiments have verified that a
microthruster based on an ionisation-acceleration coupling mechanism can work in principle
and can produce a thrust on the order of a few micro-Newtons. Direct measurements of the
system’s thrust can be conducted to confirm if this is in fact the case. The main purpose
of these experiments, namely to determine ion beam (and related thrust) production, and
estimated thruster efficiency with various electrode apertures, was successfully demonstrated.
These results justify a more in-depth investigation as being required.

After numerous experimental tests, the thruster containing the 1x2 mm and 2x2 mm aperture
electrodes eventually failed to fire. Upon analysing both discharge tubes, a small amount of
debris had been found scattered across the discharge channel and on the electrode’s surface.
It is hypothesised that this debris had originated from the burnt out nylon gas inlet thread,
after interacting with the discharge plasma. It is recommended that future iterations of the
thruster concept be void of any adhesives or plastic components, as these materials may
contribute significantly to the degradation and eventual failure of the thruster.



Chapter 8

Research Summary and Conclusions

In this work, a DC discharge-based microthruster concept was developed to meet the growing
demand for reliable, energy efficient propulsion systems on the nanosatellite (CubeSat)
platform. The system is hypothesised to work in a similar way to a glow discharge tube
with openings at each electrode. The orifices allow for charged particles (ions and electrons),
generated from an electrically induced plasma, to escape the system and provide a net thrust.
A notable advantage of this system is that it utilises the same electric field to generate and ac-
celerate the charged species of the plasma for thrust production. This ionisation-acceleration
coupling mechanism aims to address the tight energy and mass budget restrictions imposed
on the nanosatellite platform and could potentially lead to a reliable, versatile, and energy
efficient thruster that may favourably compete with other systems on the market.

In the context of CubeSat science missions, on-board micropropulsion systems would en-
hance both the lifetimes and operational capabilities of CubeSats and will be mandatory for
constellation missions that require swarms of CubeSats flying in formation. Such CubeSat
missions may contribute to major advancements in space science and particularly particle
cosmology by allowing for observations to be made across portions of the EM spectrum not

accessible to ground based observatories on Earth [79].

The early chapters of this dissertation covered the main principles of propulsion and provided
an overview of the various types of micropropulsion systems available on the market, and in
some cases systems with a proven flight heritage, along with novel concepts that are yet to be
developed and tested. This was followed by a discussion on the basic plasma physics required
to understand the underlying mechanisms of the DC discharge microthruster concept. A
comprehensive theoretical description of the processes governing DC glow discharges was

presented. The theory was further strengthened through an argon glow discharge simulation
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which aimed to understand the axial variation of plasma parameters along the discharge
length. The results of the simulation provided a deeper insight into the electric field charac-

teristics across the discharge plasma, which to a large extent determines the system’s thrust.

The bulk of this research involved subjecting the thruster concept to various experimental
tests which served to characterise the system’s electrical behaviour under different operating
parameters. These included: tests to verify the system’s hypothesised operating mechanism,
to determine the system’s optimal set of operating parameters, along with tests of the system’s
stability and repeatability characteristics, and measurements of the total extracted ion beam
current under different system configurations. Overall, the main objectives of this research

have been met, namely:

* The system’s hypothesised mechanism of operation (i.e. ionisation-acceleration cou-
pling) has been verified and an optimal set of stable operating parameters, under the
cylindrical geometry, has been identified.

* The thruster’s discharge characteristics, i.e. the discharge current as a function of
applied voltage and changing aperture number, were studied and are found to be in

good agreement with theory.

* The extracted ion beam current had been measured from which various performance
metrics, i.e. thrust and efficiency, of the thruster under various electrode aperture
configurations had been estimated. These measured values deviated significantly
from the theoretical values and the discrepancy may largely be due to a non-ideal
experimental setup.

From the results obtained in these studies, no conclusive statements can be drawn about
the overall feasibility of the thruster concept, and it is evident from these early results
that the system requires many modifications before it can be fully adapted into a working
micropropulsion device. One major critique of this system is that it utilises gaseous propellant
from a propellant tank as fuel. Since the propellant tank is usually the largest subsystem on
the spacecraft, this could be a major disadvantage that prevents the further development of the
thruster concept into a fully functioning prototype. Furthermore, results from the experiments
conducted thus far seem to indicate that the system has poor lifetime characteristics which is
a highly undesirable trait for propulsion systems. Nonetheless, the experiments presented in
this research may act as an important stepping-stone towards more detailed studies of the

thruster concept.
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Recommendations and Future Outlook
Some recommendations for future studies to be conducted on the system are presented below:

* Firstly, the thruster should be reconstructed and should not consist of any plastic
components or require any adhesives to attach the electrodes to its open ends. These
components should be manufactured from companies specialising in such compo-
nents. A "cleaner" system is likely to produce more accurate results and improve the
operational lifetime of the thruster.

* Once a "cleaner" system is developed, studies should be conducted on what effect
variations in the geometry of the system (i.e the discharge length and radius) would

have on the operation of the thruster.

* A larger sample set of extraction apertures should be experimented with. One may also
investigate the effect of using a different number of apertures on the extractor electrode
in relation to the plasma electrode. One can also investigate how the system behaves

under a pulsed mode of operation.

* A power supply with a higher output voltage and current should be utilised to maximise
the available discharge current and subsequently the extracted ion current in the thrust

beam.

* Measurements of the extracted ion beam current should be done more carefully with
the use of Faraday cup probe. Using a Faraday cup would also allow for the ion current
density distribution to be determined.

* A highly sensitive thrust measurement stand, capable of measuring forces on the order
of a few micro-Newtons, should be developed and utilised to directly measure the
thrust of the system and compare the measured values to the estimates obtained in this

research.

» Three dimensional simulations can be developed to better understand the underlying
mechanisms of the thruster and to gain more insight into its expected behaviour under

varying conditions.

* Measurements of the plasma potential, electron density and electron temperature can
be conducted with the aid of a Langmuir probe and can be compared to the results of

simulations.
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Appendix A

Performance Comparison of Electric

Thruster Varieties

Table A.1 Table showing the performance parameters for various thruster varieties

Thruster Engine name Thrust (mN) Specific Power (W)  Propellant
Type Impulse (s)

LPR [80, 81] 18 48 30 Xe
Resistojet PUC[82,83] 5.4 65 15 SO,

FMMR [42]  0.129 79.2 ~ 15 Water

BIT-1[84,44] 0.1-0.18 2150- 3200 28 Xe, lodine
RF Ion Engine | BIT-3 [44,85] 1.15 2500 75 Iodine

RIT-muX [86] 0.05-0.5 300- 3000 <50 Xe

BHT-200 [87] 12.8 1390 200 Xe, I, Kr
Hall Thruster | HT-400 [88] 50 1750 100 Xe

MHT-9 [89] 20-50 300-1500 30-200 -

S-iEPS [90] 0.1 1200 1.5 Ionic liquid
Electrospray | TILE-5000 1.5 1800 30 Ionic liquid

[83]

BET-1mN 0.7 800 <9 Ionic liquid

[91, 92]

EO-1 PPT 0.14 1150 12.5 Teflon
PPT (93]

MPACS [94] 0.144 830 <10 Teflon
VAT UCAT [53] 0.001-0.02 3000 <10 Nickel
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Using operational data obtained from various suppliers the thrust, power and thrust-to-
power ratio in relation to the specific impulse of various electric propulsion systems can be
determined. These are shown in Fig.A.1- A.3 below.

Thrust vs Specific Impulse
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Fig. A.1 Relationship between thrust and specific impulse of various chemical and electrical
propulsion systems [5].

The important features of Fig.A.1 are:

* Chemical propulsion systems (like cold gas thrusters) and resistojets are found in the
low specific impulse range, with low to moderate thrust capability. They are mainly
used for altitude correction applications.

* Liquid and solid rockets occupy a relatively low specific impulse range (due to low
exhaust velocities) but produce the highest thrust of any of the systems considered.
Solid rockets have a higher propellant density and can thus generate a greater thrust
than liquid rockets.

* The remaining electric propulsion systems all occupy the higher end of the specific
impulse range (implying high efficiency) in addition to a low to moderate thrust
range, with Hall thrusters demonstrating the highest thrust capability among electric
propulsion systems.
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Power and Thrust to Power Ratio vs Specific Impulse

The power consumption of an electric propulsion system is an important parameter to
consider as increased miniaturisation limits the power processing capabilities of a spacecraft
and subsequently reduces its usability. It is therefore desirable to have a propulsion system
which produces a decent performance from a low power requirement. Fig.A.2 shows the
relationship between the power requirements for various electric propulsion systems and
their specific impulses while Fig.A.3 shows the relationship between the thrust to power ratio
and specific impulse.
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Fig. A.2 Relationship between power and specific impulse of various electrical propulsion
systems [5].
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Fig. A.3 Relationship between thrust to power ratio and specific impulse of various electrical
propulsion systems [5].
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The important features of Figs.A.2 and A.3 are:

* Pulsed Plasma Thrusters and electrospray thrusters have the lowest power requirements
(due their simple designs) with the electrospray thrusters producing higher thrust levels
for the same power consumption as PPTs. In general PPTs exhibit low operational
efficiencies. It must be noted that PPTs (including VATs) and electrospray thrusters

can be operated well below the indicated power levels.

* Ion and Hall thrusters have the highest power consumption (owed to the complex
features used in their design) and cannot operate below 10W. The RF ion thruster

displays the highest specific impulse (due to its high operational efficiency).

* Electrospray and Hall thrusters exhibit noticeably high thrust to power ratios. In the

case of Hall thrusters, this results from a low thruster efficiency.

* Lastly, it is observed that resistojets outperform all other electric propulsion systems
with regards to the thrust to power ratio but have higher power requirements than both
PPTs and electrospray devices and generate significantly lower specific impulses than
the rest of the electric propulsion systems considered.



Appendix B

Plasma Physics Derivations

Debye length

When a test charge ¢, is inserted within a neutral plasma (n, = n; = ng) an electrostatic

potential forms around the test charge.

Before After
+ Repelled positive ions

LS S - +—

- +@+ - *

- - Debye shielding
+ + - + = (electrons)
Key
+ lon Positive test charge
= Electron
@Testnharge

Fig. B.1 Neutral plasma containing a test charge.

The potential around the test charge can be obtained by solving a Poisson equation:

Vi = _go[CIﬁ(?)—l—eni(?) —ene(7)]. (B.1)

Equation (B.1) states that the Laplacian squared of the potential is equal to the sum of all
charges present in the system which are: the test charge ¢;, located at » = 0, plus the charges

of the ions and electrons e, n; and n, are the ion and electron number densities respectively.

Ions are considerably larger in mass than electrons where they are so heavy that they do not
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move. Thererfore, to a first-order approximation, it can be assumed that the ions constitute a
fixed positive background. This implies that the ion density is constant i.e. n;(¥) = ng. On
the other hand the electrons are light and therefore they move, their movements are dictated

by the following equation of motion:

dit. | |
g o Dot 52
t ne ne

where m, and if, are the electron mass and velocity respectively. The right hand side of
equation (B.2) represents the forces acting on the electrons, given by the electric field E and
pressure P, (which can be written in terms of the electron temperature 7, and density). For
simplicity, the temperature can be redefined such that it can be measured in units of energy
(Joules or electronvolts) i.e. kgT, — T,.

To further simplify equation (B.2) the following hypotheses are made:

* Assume that the electrons are extremely light (they will respond immediately to the

placement of the charged particle in the plasma). Hence, m, — O.

* Assume that the electric field is given by the negative of the gradient of the potential:

=

E=—-Vo.

* Assume that the electrons are isothermal i.e. electron temperature is approximately

constant: 7, = const.
Applying the above hypotheses to equation (B.2) gives:

\Y
O~eVO—-T, fle

=V(e®—T,logn,) = e®—T,logn, ~ const. (B.3)
Ne

The final expression in equation (B.3) can be written in terms of the electron density:

®
Hle = g €XP (‘%) (B.4)

e

When there is no perturbation (no electric field produced) the electron density will just be

equal to the initial density ng. Inserting equation (B.4) into equation (B.1) gives:

Vip = 1 [q,5 (F) + eno(¥) — eng exp(ﬁ)} (B.5)
&0 T,
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ed

For small perturbations, e® > T, —

> 1, then equation (B.5) can be written as the
Taylor expansion:

2
dt ¢, €0 Gt g, |
Vo= -—L§(F)+—®=—28(F)+ 5P, (B.6)
& &) AB,
where ;—"TO = /112 follows from dimensional analysis i.e )%2 represents an inverse length
¢ De De

squared. The term Ap, is called the electron Debye length:

&1, T,
2L =7x10% /=, (B.7)
e~ng no

Where 7, is in eV and ng is in m 2.

Equation (B.6) can now be solved and eventually yields the following solution:

1
D(r) = %%exp (-/1]’; ) . (B.8)

The statistical approach used so far is only valid if there is a high number density of electrons
and ions within the plasma volume (given by /IDE ) — n?LDg = Np > 1, where Np represents
the number of charged particles within a Debye cube. If this condition is satisfied, then the
one-to-one interactions between particles will be weak. The quasi-neutrality of a plasma is
only true at distances beyond the Debye length (deviations from quasi-netrality will occur at
distances shorter than the Debye length).

Plasma frequency

Consider a slab of plasma with an initial electron number density n,. Assume that the ions in
the plasma constitute a fixed background, with the same density as the electrons. The plasma
can be separated into three regions: region 1 where the charge is positive (p < 0); region 2
where the charge is approximately zero (p ~ 0); and region 3 where the charge is negative
(p < 0). The electrons are displaced from the ions by a distance Ax (Fig. B.2). The displaced
electrons will tend to be attracted back towards the ions, causing an oscillatory motion of the
electrons with respect to the fixed ion background. The frequency of this resulting oscillation

is precisely the plasma frequency.
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Fig. B.2 Plasma slab with electrons displaced from the fixed ion background.

To find an expression for the plasma frequency, the first step is to evaluate the electric

field. From Gauss’ law: JE
p

—_— = B.9

dx & (B.9)
If E = 0 at the left end, then in region 2, by integrating Gauss’ law for the charge present in
region 1 due to the displacement of electrons towards region 3, the expression for £ can be
obtained in region 2:

npeAx

E= : B.10
& (B.10)

The equation of motion of the electrons, that are subjected to the electric field in (B.10), is
then:

= —eE=-"2Ar = — 4

d*Ax noe> d*Ax noe>
meW £ dlz < )AX:O (Bll)

Eme

The final expression in equation (2.24) has the characteristic form of an oscillatory motion

equation with frequency of oscillation given by:

2 2
npe npe
Eome Eme

This frequency is called the electron plasma frequency and it gives the rate at which electrons

oscillate from equilibrium, relative to a static ion background.



Appendix C

Mass Flow Measurement System
Calibration

Introduction

An in-house mass flow measurement system, inspired by the orifice flow meter concept
[67], was developed to measure very small propellant mass flow rates injected into the
thruster. This chapter introduces the orifice plate concept and data obtained from the system’s
calibration process. The results from the calibration are then compared to previous results,
obtained when the same calibration procedure was utilised, to check for repeatability. The
results from this calibration process are then used to characterise the propellant flow rate into

the thruster in all experimental tests conducted in the large stainless steel vacuum chamber.

Theory

Orifice plate concept

Any fluid flowing through an orifice constriction experiences a pressure drop across the
orifice. This change in pressure can be used to determine the fluid’s flow rate. Consider the
following diagram of a fluid flowing through two chambers separated by an orifice plate with

an orifice diameter denoted by Dy.
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Density: p N
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Fig. C.1 Orifice flow concept
If the speed of the fluid is subsonic (i.e. v < mach 0.3), the flow can be described well
using the incompressible Bernoulli’s equation. Then, the horizontal streamline flow through

the axis is given by:
1 1
AP=P —P, = Eszz—Elez. (C.1)

The cross sectional areas of the flow (denoted as A and A, respectively) and the volumetric

flow rate (denoted by Q ) can be used in place of the velocity terms by applying the continuity

- (42
Ay
Solving for the volumetric flow rate, gives:
2AP Aj
0= > (C.3)
7o)
Al

Equation (C.3) holds true only for perfect laminar, inviscid flows. The presence of tur-

condition. Hence,

Ap= L inz (C.2)
—2P¥ 4, ' '

bulence and viscosity in real flows results in the dissipation of kinetic energy into heat. This

subsequently reduces the flow rate. A discharge coefficient C, is introduced to account for
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this effect:
JAP A
0=Cy z___ (C.4)
P 1= (§)?

1

The exact value of A, is uncertain due the complexity of the flow profile downstream from

the orifice. To simplify matters, the following substitution is made:

A
CiAy = Cj——re—, (C.5)

2
A
- <A_?>

where A is the area of the orifice and Cy represents the flow coefficient which depends
on the diameter of the vessel, the orifice diameter and the Reynolds number. The flow co-

efficient can be experimentally determined or it can be obtained from various reference tables.

Substituting equation (C.5) into equation (C.4) gives the final expression for the volumetric
flow rate (in ml/s) of the fluid:
|2AP

Finally, the mass flow rate (in kg/s) can be determined by multiplying equation (C.6) with
the density of the fluid:

QM:pQZConm. (C.7)

If the density of the fluid is known, along with the area of the orifice, a calibration curve
can be produced upon which a particular mass flow rate can be deduced from a measured
pressure differential. The flow coefficient ¢ can then be extracted from the resulting curve
fit.

Aims

* To produce a calibration curve for the orifice plate setup and to subsequently use the

calibration curve to accurately characterise the propellant flow rate.
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* To verify the validity of the calibration data by comparing it to a previous iteration of

the experiment conducted with the same apparatus.

Mass flow rate calibration procedure

Experimental Setup

The following experimental setup was used to produce the calibration curve from which the

mass flow rate could be deduced from a measured pressure difference across the orifice plate

box:
Vacuum Chamber
J Upturned burette
Ga . «— i
®  Orifice plate filled with Argon
shut-valve b
T 0oX gas
O Q «——— Water-filled
reservoir
e |
i - an}((:illznxlri\?e «— Differential
High vacuum - pressure manometer
pressure gauge o= =
1

Vacuum pump system

Fig. C.2 Mass flow measurement system calibration setup.

Methodology

The micrometer needle valve and gas-shut off valves were kept closed as the vacuum chamber
was evacuated down to 0.10 +0.01 Torr. The mass flow measurement system was setup as
indicated in Fig.7.7 with the gas inlet from the orifice plate box connected, via a silicone
tube, to a 50 ml volume burette upturned in a water reservoir. Initially, the burette’s stopcock
valve was opened and the argon gas was slowly flushed into it until the water level within
the burette was in line with the water level in the reservoir. The stopcock valve was then
closed and the tube from the gas inlet of the orifice plate box was reconnected to the burette.
The gas shut off valves were then opened, along with the stopcock valve of the burette. The
argon was then siphoned from the burrete as the entire system was exposed to the vacuum.

The micrometer needle valve was adjusted to control the rate at which argon was being
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siphoned while the pressure difference, across the orifice plate, was monitored using the
manometer. When the desired pressure difference (for calibration) was obtained, the liquid
level was allowed to rise to a preferred starting level (usually between 8-10 ml) measured
using the graduations on the burette. A stopwatch was then used to measure the time taken
to siphon 15.0 0.1 ml of argon from the burette by observing the rising water column.
The 15 ml volume was chosen to ensure that the pressure difference across the orifice plate
remained constant (within a reasonable error margin) as evacuating a greater volume led
to deviations in the pressure difference greater than one unit of error (i.e > 1 mbar). The
measured volumetric flow rate (in ml/s) was then converted to a mass flow rate (in kg/s) by

multiplying the results with the density of argon (1.66 kg/m> at an ambient temperature of
293 +3 K).

Results and discussion

A series of trials were conducted in three different pressure ranges. The raw data from these
trials can be found in Table C.1. The initial pressure difference, denoted as AP;, was measured
at the starting point; and the final pressure difference, denoted as APy, was measured after
the 15.0 £0.1 ml volume of argon gas had been evacuated. According to equation (C.7),
the volume flow rate, and subsequently the mass flow rate, was expected to increase with
an increased pressure differential, i.e. Oy, is proportional to the one half power of AP. This
general trend was observed in the data. The average pressure differential and the average
time taken to evacuate 15.0 +0.1 ml of argon at each pressure range was calculated from the
raw data and is shown in Table C.2. Equation (C.7) was then fitted to the calibration data to
produce the calibration curve for the mass flow measurement system displayed in Fig.C.3.

Wright [2] states that although this calibration procedure may yield accurate results with a
minimum time investment, a careful approach needs to be taken to ensure that no liquids
are sucked into the vacuum chamber, as this could potentially damage the vacuum system.
It is also noted that since the siphoning of 15 ml of the gas is measured visually using the
graduations on the burette, and since the stopwatch is controlled manually, the possibility
of human error in parallax and reaction time may slightly decrease the validity of the data.

However, these errors have been taken into account in the flow rate calculations.
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Table C.1 Data obtained from the mass flow rate calibration experiment. The time taken to
evacuate 15 0.1 ml of argon from the burette is measured at various pressure differentials.
AP is the differential pressure measured at the begining of the evacuation and APy is the final
pressure measured after the 15 ml of argon had been evacuated. All tests were conducted
at an ambient temperature of 293 43 K, with the vacuum chamber evacuated down to 0.10
+0.01 Torr.

| AP(£0.2mbar) | APp(£0.2mbar) | APue(-£0.2mbar) | Time (s) +3s |

5.6 5.8 5.7 195
5.8 6.2 6 207
5.6 5.6 5.6 222
5.7 6.2 5.95 222
5.6 5.6 5.6 165
5.6 5.5 5.55 174
5.5 5.9 5.7 195
5.5 5.8 5.65 153
5.7 5.6 5.65 177
5.6 5.7 5.65 198
10.5 10.5 10.5 120
10.7 10.3 10.5 153
10.5 10.2 10.35 129
10.2 10 10.1 144
10.6 10.7 10.65 120
10.7 10.6 10.65 123
10.6 10.5 10.55 132
10.5 10.4 10.45 144
10.4 10.2 10.3 159
10.4 10.2 10.3 126
10.2 9.8 10 147
20.5 20.4 20.45 90
20.5 20 20.25 96
20.6 20.6 20.6 96
20.8 21 20.9 105
20.6 20.7 20.65 111
20.4 20 20.2 120
20.7 21 20.85 123
20.6 20.5 20.55 108
20.7 20.8 20.75 102
20.8 20.7 20.75 129
20.6 20.3 20.45 117
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Table C.2 The calculated average pressure differential and corresponding average evacuation
time, along with the calculated Volume Flow Rates (VFR) and Mass Flow Rates (MFR)
obtained using the data from Table C.1.

‘ AP,,.(mbar) Average Time (s) VFR (ml/s) Error (ml/s) MFR (1077 kg/s)  Error (kg/s) ‘

5.71 190.80 0.079 £+0.001 1.31 +2.20 x 107°
10.40 136.09 0.110 £+0.003 1.83 +4.16 x 107
20.58 108.82 0.138 +0.004 2.29 +6.41 x 107°

Mass Flow Rate Calibration Curve
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Mass Flow Rate (1077 kg/s)
\
*

Fig. C.3 Fitted calibration curve for the mass flow measurement system

The results for the calculated time-average mass flow rates are in close agreement with
the results obtained in the previous iteration of this calibration process. The flow rates
measured in [10] are also on the order of 10~/ kg/s with an error of 2 x 1078 kg/s at the
roughly the same pressure differentials (see for example [10], p.75). The author of [10]
also provides a comprehensive analysis of the system’s working principle along with the
necessary underlying assumptions and a justification for the theoretical model (refer to [10],
p.63-79 for more details).

Error Analysis

The error in the volume flow rate §(VFR) is computed as:
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S(VFR) = (VFR)\/(57V>2+ (?)2, (C.8)

where 0V and 6t are the errors in evacuated volume and time respectively.

Table C.3 shows how the errors in the volume flow rate (shown in Table C.2) were cal-
culated using equation (C.8). The mass flow rates and their corresponding errors are obtained
by multiplying VFR and §(VFR), respectively, by the density of argon gas, pa, = 1.64x 1077

kg/cm? at 1 atm and 293 K (source: www.concoa.com/argon properties).

Table C.3 Calculation of errors in volume flow rate and mass flow rate.

‘ APye(mbar)  t(s) Ot(s) V(ml) 6V (ml) VFR (ml/s) J8(VFR)(ml/s) OMFR (kg/s)

571 19080 +3 150  +0.1 0.079 +0.001 +2.20% 1072

10.40 136.09 +3 150  +0.1 0.110 +0.003 +4.16 x 1072

20.58 108.82 +3 150  +0.1 0.138 +0.004 +6.41 %1072
Conclusion

A mass flow measurement system was assembled utilising the orifice plate concept. A
calibration curve for the system was produced by measuring the average time required to
evacuate a set volume of argon gas at a particular pressure differential across the orifice plate.
The argon mass flow rate, at a particular pressure differential, was then deduced from the
resulting curve fit to the data. Results obtained from this calibration procedure are in close
agreement with those obtained in a previous experiment under almost identical conditions.

This provides support towards the overall validity of the data.
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Calculation of Beam Divergence Angle

Table 7.1 contains the system’s thrust calculated from the measured ion beam current and

acceleration voltage. The thrust was calculated under the following assumptions:

1. The beam consisted almost entirely of a singly ionised species.

2. The beam exhibited minimum divergence upon exiting the cathode aperture (i.e. the
extracted beam satifies the perveance matched case).

The first assumption was justified in section 6.2. The assumption of minimum beam diver-
gence can be justified by measuring the spot size of the beam on the collector plate and
calculating the divergence angle 0 using:

R—r
0 = arctan

7 (D.1)

where R is the radius of the beam spot, normal to the beam axis, which encloses 95% of
the total beam current, r is the radius of the beam at the exit (cathode) aperture and L is the

distance from the exit aperture to the collector plate (refer to Fig.D.1).
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2R Beam Current
(95%) Density Profile

b = = = = _—— == .

Collector Plate

Fig. D.1 Schematic of the beam current density profile and the beam divergence angle.

Fig.D.2 displays a colour adjusted image of the beam spots formed by the 1x2 mm aper-
ture (left) and the 2x2 mm aperture (right). In the case of the double aperture configuration,
two distinct spots can be seen on the plate. The beam spot size on the collector plate was
measured to be 20 +5 mm for the single aperture and 42 +5 mm for a double aperture
system. For the single aperture system the radius of the beam at the aperture exit is equal to
the radius of the aperture, i.e. r; = 1 mm. In the case of the double aperture configuration,
the beam radius at the aperture exit is taken to be the sum of the radii of both apertures, i.e.
r, = 2 mm. The distance from the cathode to the collector plate, where the beam spot was

measured, was 90 £10 mm. Substituting the appropriate values into equation (D.1) gives:

0, =5.71°+1.57°, (D.2)

6 = 11.92° +1.52°, (D.3)

where 01 and 6, represent the divergence angles for the 1x2 mm and 2x2 mm configurations
respectively. Hence, the maximum thrust correction factor F;, taking into account the largest

error in each case is:
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F; 1 =cos(0;) =co0s(6.34°) =0.994 ~ 1, (D.4)

Fi» =cos(6) =cos(13.43°) =0.972 ~ 1. (D.5)

Therefore the loss in thrust never exceeds 3%, and for practical purposes the thrust correction
factor can be reasonably approximated as F; ~ 1. Subsequently, the total correction factor y
also becomes unity and the thrust can be estimated to good approximation using equation
(7.8).

& 2R=42+5mm |

k mg‘-“:ﬁr L&lmu !

Fig. D.2 Colour adjusted image of the beam spot size for the 1x2 mm and 2x2 mm extractor
apertures measured at the collector plate.

i_'r ‘
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Data and Error Analysis

E.1 Preliminary Experiments

Error bars for Paschen curves

Uncertainty in electrode separation gap/tube length

The tube length is measured using a vernier caliper which has a reading error of 1/20 mm or
0.05 mm. Thus, the actual thruster tube length is 40.00 £ 0.05 mm.

Uncertainty in pressure readings from Kurt J.Lesker vacuum gauge

For pressures ranging from 1x 1073 to 400 Torr, the vacuum gauge has an uncertainty of
+10% of the reading. For example, if the vacuum gauge reads 1.00 Torr the uncertainty in

measurement is £ 0.10 Torr.

Origin of the error bars in the Paschen curve

The uncertainty in the measured breakdown voltage reading is taken as the smallest division
on the power supply’s front panel display:

oV, =0.01kV. (E.1)

The error in the product of pressure p and electrode separation distance d is calculated as

follows:
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5(p-d) = <p-d>\/ (%)Z (%)2 E2)

2 ) 2
However, since (%) = (%) < (%"’) , the expression above can be approximated as:

30+ d) ~ (o) (2. (E.3)

For example, for (p) = 0.80 Torr-cm, the corresponding pressure is 0.2 Torr and the error in

the pressure measurement 6 p = 0.1 x 0.2 = 4+ 0.02 Torr. The the error in (p-d) is:

8(p-d) = (0.80) (%) = 40.08 Torr - cm. (E.4)

These uncertainties were used to produce the error bars in Fig.6.3.

Table E.1 Raw data, with errors, used to plot the Paschen curve in Fig.6.3. Note that the
breakdown voltage represented here is taken as the average over three trials.

| P-d (Torrem)  §(P-d) (Torr-cm)  Vy(kV)  8V,(kV) |

0.40 +0.04 0.77 +0.01
0.80 +0.08 0.61 +0.01
1.20 +0.12 0.61 +0.01
2.00 +0.20 0.55 £0.01
2.40 +0.24 0.56 £0.01
2.80 +0.28 0.55 +0.01
3.20 +0.32 0.57 +0.01
4.00 +0.40 0.58 +0.01
4.80 +0.48 0.59 £0.01
5.20 +0.52 0.59 +0.01
5.60 +0.56 0.63 +£0.01
6.00 +0.60 0.61 +0.01
6.40 +0.64 0.61 £0.01
6.80 +0.68 0.64 £0.01
7.20 +0.72 0.67 +0.01
7.60 +0.76 0.71 +0.01
8.00 +0.80 0.72 £0.01
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Error bars for voltage-current curves

The uncertainty in the measured voltage (8V') from the power supply and the uncertainty in
the discharge current (61) is taken as the smallest division on the power supply’s front panel

display:

SV =0.01kV, (E.5)

01 =0.001mA. (E.6)

These values were used to generate the error bars in Fig.6.4 and Fig.6.7.
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Table E.2 Raw data, with errors, used to plot Fig.6.4. Note that the discharge voltage
represented in each pressure range is taken as the average over five trials.

| 0.80-0.85 Torr

| Current (mA) ~ 8I(mA) Vg (kV)

§Vy (kV) |

0.500 £0.001 0.44
1.000 £0.001 0.50
1.500 £0.001 0.54
2.000 £0.001 0.58
2.500 £0.001 0.60
3.000 £0.001 0.63
3.500 £0.001 0.66
4.000 £0.001 0.68
4.500 £0.001 0.71
5.000 £0.001 0.75
5.500 £0.001 0.78
6.000 £0.001 0.81

+0.01
£0.01
+0.01
+0.01
+0.01
£0.01
£0.01
+0.01
+0.01
+0.01
£0.01
+0.01

| 0.85-0.90 Torr

| Current (mA) ~ 8I(mA) Vg (kV)

§Vy (kV) |

0.500 £0.001 0.39
1.000 £0.001 0.45
1.500 £0.001 0.48
2.000 £0.001 0.51
2.500 £0.001 0.54
3.000 £0.001 0.57
3.500 £0.001 0.59
4.000 £0.001 0.62
4.500 £0.001 0.64
5.000 £0.001 0.67
5.500 £0.001 0.70
6.000 £0.001 0.73

+0.01
£0.01
+0.01
+0.01
+0.01
£0.01
£0.01
+0.01
+0.01
£0.01
£0.01
+0.01
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Table E.3 Continuation of data from Table.E.2

\ 0.90-0.95 Torr \

| Current (mA)  SI(mA) Vg kV)  8Vy(kV) |

0.500 £0.001 0.42 +0.01
1.000 £0.001 0.48 +0.01
1.500 £0.001 0.51 £0.01
2.000 £0.001 0.53 +£0.01
2.500 £0.001 0.55 £0.01
3.000 +£0.001 0.58 +£0.01
3.500 £0.001 0.60 £0.01
4.000 £0.001 0.62 £0.01
4.500 £0.001 0.64 +0.01
5.000 +0.001 0.66 £0.01
5.500 £0.001 0.68 £0.01
6.000 £0.001 0.70 £0.01

The error bars displayed in Fig.6.5 and Fig.6.6 originate from the standard deviation.
They represent the magnitude that a measured voltage deviates from the mean voltage over

all four trials i.e.

A

oV,=0= ,
N

(E.7)

where o is the standard deviation, V; is the measured voltage in a particular trial, V; is the

average voltage over four trials and N is the number of trials.
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Table E.4 The calculated standard deviation of the measured voltage across five trials used to
generate the error bars in Fig.6.5.

‘ 1 mm Aperture ‘

Measured Voltage ( £0.01 kV)

‘ 1; (mA) Trial 1 Trial2 Trial 3 Trial4 Average o ‘
0.000 0.50 0.50 0.50 0.50 0.50 +0.00
0.500 0.53 0.53 0.51 0.51 0.52 +0.01
1.000 0.60 0.61 0.58 0.54 0.58 +0.03
1.500 0.62 0.67 0.64 0.61 0.64 +0.02
2.000 0.68 0.71 0.70 0.66 0.69 +0.02
2.500 0.71 0.74 0.74 0.70 0.72 +0.02
3.000 0.74 0.75 0.78 0.73 0.75 +0.02
3.500 0.76 0.80 0.81 0.76 0.78 +0.02
4.000 0.78 0.81 0.84 0.77 0.80 +0.03
4.500 0.78 0.77 0.85 0.79 0.80 +0.03
5.000 0.79 0.78 0.86 0.79 0.81 +0.03
5.500 0.81 0.81 0.86 0.80 0.82 +0.02
6.000 0.82 0.85 0.88 0.82 0.84 +0.02
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Table E.5 The calculated standard deviation of the measured voltage across five trials used to
generate the error bars in Fig.6.5.

‘ 2 mm Aperture ‘

Measured Voltage ( £0.01 kV)

‘ 1; (mA) Trial 1 Trial2 Trial 3 Trial4 Average o ‘
0.000 0.30 0.30 0.30 0.40 0.33 +0.04
0.500 0.37 0.39 0.38 0.43 0.39 +0.02
1.000 0.41 0.44 0.43 0.49 0.44 +0.03
1.500 0.44 0.48 0.47 0.51 0.48 +0.03
2.000 0.48 0.50 0.51 0.54 0.51 +0.02
2.500 0.52 0.53 0.54 0.57 0.54 +0.02
3.000 0.55 0.56 0.57 0.60 0.57 +0.02
3.500 0.57 0.58 0.59 0.62 0.59 +0.02
4.000 0.59 0.60 0.61 0.65 0.61 +0.02
4.500 0.60 0.62 0.63 0.66 0.63 +0.02
5.000 0.62 0.63 0.64 0.68 0.64 +0.02
5.500 0.63 0.64 0.65 0.69 0.65 +0.02
6.000 0.64 0.65 0.66 0.70 0.66 +0.02
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Table E.6 The calculated standard deviation of the measured voltage across five trials used to
generate the error bars in Fig.6.6.

‘ 4 mm Aperture ‘

Measured Voltage ( £0.01 kV)

‘ 1; (mA) Trial 1 Trial2 Trial 3 Trial4 Average o ‘
0.000 0.50 0.50 0.50 0.45 0.49 +0.02
0.500 0.60 0.55 0.51 0.49 0.54 +0.04
1.000 0.64 0.65 0.61 0.58 0.62 +0.03
1.500 0.67 0.67 0.66 0.68 0.67 +0.01
2.000 0.71 0.74 0.70 0.71 0.72 +0.02
2.500 0.72 0.77 0.76 0.73 0.75 +0.02
3.000 0.78 0.82 0.88 0.82 0.83 +0.04
3.500 0.82 0.81 0.92 0.88 0.86 +0.04
4.000 0.85 0.90 0.94 0.93 0.91 +0.04
4.500 0.86 0.93 0.96 0.94 0.92 +0.04
5.000 0.88 0.94 0.97 0.96 0.94 +0.03
5.500 0.90 0.95 0.98 0.96 0.95 +0.03
6.000 0.92 0.98 1.00 0.97 0.97 +0.03
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Table E.7 The calculated standard deviation of the measured voltage across five trials used to
generate the error bars in Fig.6.6.

‘ 8 mm Aperture ‘ Measured Voltage ( £0.01 kV) ‘ ‘

‘ 1; (mA) Trial 1 Trial2 Trial 3 Trial4 Average o ‘
0.000 0.30 0.30 0.30 0.30 0.30 +0.00
0.500 0.39 0.36 0.36 0.36 0.37 +0.01
1.000 0.45 0.43 0.43 0.44 0.44 +0.01
1.500 0.50 0.48 0.49 0.48 0.49 +0.01
2.000 0.53 0.52 0.52 0.52 0.52 +0.00
2.500 0.55 0.55 0.55 0.56 0.55 +0.00
3.000 0.58 0.59 0.58 0.58 0.58 +0.00
3.500 0.60 0.61 0.60 0.60 0.60 +0.00
4.000 0.62 0.62 0.62 0.63 0.62 +0.00
4.500 0.64 0.64 0.64 0.65 0.64 +0.00
5.000 0.66 0.66 0.66 0.66 0.66 +0.00
5.500 0.67 0.67 0.67 0.68 0.67 +0.00
6.000 0.69 0.68 0.69 0.70 0.69 +0.01

Error bars for power vs discharge current curve

The error in the calculated discharge power (0P) used to generate the error bars in Fig.6.8 is
found from the following expression:

AT IAS
so=n () (%)’ ©5)

For example, for the 8 mm aperture configuration, at a discharge current of 4.000 £ 0.001
mA and measured voltage of 0.62 £ 0.01 kV, the discharge power is 2.49 £ 0.04 W, i.e:

0.01\? /0.001\7>
P=24 - ) =0.04W. E.
0 9\/(0.62) +(4.ooo) 0-04W (E-9)
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Table E.8 Raw data, with errors, used to generate Fig.6.8.

‘ 1 mm Aperture

Iy (mA) Py (W) 8P |
0.500 0.26 £0.01
1.000 0.58 +0.01
1.500 0.95 +0.02
2.000 1.38 +0.02
2.500 1.81 +0.03
3.000 2.25 +0.03
3.500 2.74 +0.04
4.000 3.20 +0.04
4.500 3.59 +0.05
5.000 4.03 +0.05
5.500 4.51 +0.06
6.000 5.06 +0.06

‘ 2 mm Aperture

Iy (mA) Py (W) 8P |
0.500 0.20 +0.01
1.000 0.44 +0.01
1.500 0.71 +0.02
2.000 1.02 +0.02
2.500 1.35 +0.03
3.000 1.71 +0.03
3.500 2.07 +0.04
4.000 2.45 +0.04
4.500 2.82  +£0.05
5.000 3.21 +0.05
5.500 3.59 +0.06
6.000 3.98 +0.06
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Table E.9 Raw data, with errors, used to generate Fig.6.8.

‘ 4 mm Aperture

Iy (mA) Py (W) 8P |
0.500 0.27 +0.01
1.000 0.62 +0.01
1.500 1.01 +0.02
2.000 1.43 +0.02
2.500 1.86 +£0.03
3.000 2.48 +0.03
3.500 3.00 +0.04
4.000 3.62 +0.04
4.500 4.15 +0.05
5.000 4.69 +0.05
5.500 5.21 +0.06
6.000 5.81 +0.06

‘ 8 mm Aperture

Iy (mA) Py (W) 8P |
0.500 0.18 +0.01
1.000 0.44 +0.01
1.500 0.73 +0.02
2.000 1.05 +0.02
2.500 1.38 +0.03
3.000 1.75 +0.03
3.500 2.11 +0.04
4.000 2.49 +0.04
4.500 2.89 +0.05
5.000 3.30 +0.05
5.500 3.70 +0.06
6.000 4.14 +0.06
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E.2 Ion Beam Current Measurements and Thrust Estima-

tion

Error bars for V-I curves with changing aperture numbers

The error bars displayed in Fig.7.10 and on the left of Fig.7.11 originate from the standard
deviation. They represent the magnitude that a measured discharge current deviates from the

mean current over all five trials i.e.

(E.10)

where, o is the standard deviation, I; is the measured discharge current in a particular trial, J;

is the average current over five trials and N is the number of trials.

Table E.10 Standard deviation of measured discharge current across five trials, used to
produce the error bars for the V-I curve for the 1x2 mm electrode aperture configuration in
Fig.7.10.

‘ ‘ Discharge Current (mA) ‘ ‘

| Applied Voltage (kV) Trial I Trial2 Trial3 Trial4 Trial5 o |

0.00 0.00 0.00 0.00 0.00 0.00 £0.00
0.50 0.06 0.08 0.06 0.05 0.07 £0.01
1.00 0.23 0.22 0.24 0.21 023 £0.01
1.50 0.80 0.76 0.78 0.78 0.73 £0.02
2.00 1.59 1.62 1.57 1.56 1.58 £0.02
2.50 2.67 2.59 2.68 2.59 263 +£0.04
3.00 3.81 3.78 3.81 3.59 3,76 £0.08
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Table E.11 Standard deviation of measured discharge current across five trials, used to
produce the error bars for the V-I curve for the 2x2 mm electrode aperture configuration in
Fig.7.10.

‘ ‘ Discharge Current (mA) ‘ ‘

| Applied Voltage (kV) Trial I Trial2 Trial3 Trial4 Trial5 o |

0.00 0.00 0.00 0.00 0.00 0.00 £0.00
0.50 0.06 0.06 0.00 0.06 0.07 £0.03
1.00 0.08 0.07 0.06 0.08 0.08 £0.01
1.50 0.13 0.12 0.15 0.16 020 =£0.03
2.00 0.40 0.38 0.41 0.46 046 £0.03
2.50 0.92 0.77 0.82 0.90 091 £0.06
3.00 1.44 1.28 1.44 1.49 1.50 +£0.08
3.50 1.98 1.93 2.08 2.15 221  +£0.11
4.00 2.68 243 2.61 2.70 262 £0.09

The error bars displayed on the right of Fig.7.11 and on Fig.7.12 are obtained from the
resolution of the of the current sensor and the voltage resolution on the power supply, i.e 6/
=+ 0.1 mA and 8V =+ 0.01 V.

Error bars for ion beam current measurement curve
Error in measured beam current

The error in the ion beam current 01, used to produce the error bars in Fig.7.15 and Fig.7.16

SVR\? [ SRime\>
51b=1b\/(v—;) +<R—’) : (E.11)
true

where R = 0.01 MQ and 6Vg = 0.01 V are the smallest units of measurement on the

were calculated as:

ammeter and the oscilloscope used to make the measurements for the resistance and voltage

respectively.
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Table E.12 The calculated error in the measured ion beam current use to generate the error
bars in Fig.7.15.

| 0.82 £0.01MQ |

L (mA) Vo (KV) I, (RA) 8T, (UA) |

0.50 1.57 1.87 +0.05
1.00 2.02 5.21 £0.12
1.50 243 9.94 +0.22
2.00 2.80 15.50 +0.34
2.50 3.10 16.40 +0.36
3.00 3.36 18.25 +0.41

\ 1.64 +0.01MQ \

L (mA) Va(KV) I, (RA) ST, (UA) |

0.50 1.29 3.43 +£0.06
1.00 1.72 8.25 +0.13
1.50 2.12 13.51 +£0.22
2.00 2.52 18.30 +0.29
2.50 291 22.75 +0.37
3.00 3.25 27.69 +0.45

| 2.45 +0.01MQ |

L (mA) Ve KY) T (RA) ST, (A |

0.50 1.30 4.61 +£0.07
1.00 1.77 10.29 +0.15
1.50 2.15 17.27 +0.24
2.00 2.51 25.72 +0.36
2.50 2.85 34.59 +0.49
3.00 3.17 47.08 +0.66

Error in estimated thrust

The thrust can be expressed as a function of the acceleration voltage V,, and the beam current

I, as:

T(ViuIy) = CVa'’ 1y, (E.12)
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where the constant C = 4/ % = 2.8 x 10~* is expressed in ST units.

The error in the estimated thrust 67 can then be calculated using the following expres-

sion:
o= (2an) + (2o 1
where:
5‘2 = 2(:_1\/3_ (E.14)
g—ITb = v}, (E.15)

Substituting in the appropriate values gives the error estimates found in Table 7.1.

Error in theoretical ion beam current

The theoretical ion beam current IbT heo depends on the acceleration voltage and is calculated
using equation (7.3):
1t = v, (E.16)

where P = gneo }%—fSZ =3.17 x 107! is the perveance expressed in SI units.

The error in the calculated theoretical ion beam current SIl’f’“’ is determined using the

following expression:

2
a]Theo 3
Theo __ b _ = 1/2
s1Theo — ( 5 8Va> = SPVa" 8V, (E.17)

Substituting in the appropriate values gives the errors listed in Table 7.2.
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Error bars for ion production efficiency and electrical efficiency
Error in ion production efficiency

The error in the discharge power is calculated in the same way as equation (E.8), i.e:

SV,\? [81;\*
6Pd:Pd\/( v > +<Tj) . (E.18)

Here, V,, and I; are the acceleration voltage and discharge current respectively.

The error in the ion production efficiency 61, is calculated using the following expres-

SP\?  /8I,\>
Sndznd\/<7j> +(1—b") . (E.19)

The expression (E.19) was used to obtain the error bars in Fig.7.17.

sion:

Error in electrical efficiency

The error in the total power 8Py is:

5Pr =/ (8P,)2 + (8P)2, (E.20)

where,

ACNAS
oP, =P — E.21
o () (32, E21)
and 6 P; can be obtained from equation (E.18).

The error in electrical efficiency 81, is given by:

B 5P, \*> [(&pPr\?
5ne—ne\/(7b) +(P—T) . (E.22)

The expression (E.22) was used to obtain the error bars in Fig.7.18.
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Error bars for thrust to power ratio

The error in the calculated thrust-to-power ratio (7' /P) is calculated using:

sty =y (35) + (38 -

Substituting in the appropriate values gives the error bars in Fig.7.19.
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