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Abstract

An electric thruster using material sourced from beyond Earth as propellant would un-
lock new possibilities for the exploration and exploitation of space. Compared to other
technologies under consideration, inductive plasma thrusters are a promising candidate
due to their high thrust density and proven propellant flexibility. In contrast with con-
ventional space propulsion technologies, inductive coupling can deliver energy to a
propellant without direct contact, making it a form of electrodeless electric propulsion.
This can increase its lifetime and enable a more flexible propellant choice in terms of
composition. A significant hurdle to the development and eventual implementation of
inductive plasma thrusters is the lack of detailed information on the discharge behaviour
and diagnostic tools that can be applied for various power and propellant operating con-
ditions. These two aspects are critical to advance the understanding of underlying phe-
nomena and hence the potential for both optimisation and in-flight health monitoring
of future thrusters.

Previous work has identified transient antenna current behaviour within an inductive
plasma thruster that points to complex antenna-plasma interactions, including coupling
mode transitions. This thesis documents investigations into these phenomena in order
to assess, quantify, explain and exploit them. Firstly, it is shown that these phenom-
ena are observable under a range of conditions and are strongly linked to coupling
mode transitions. Secondly, the effect is quantified and its relationship with the overall
propulsive performance is examined. Thirdly, a model is developed that adequately
explains and illuminates the phenomena. Finally, these phenomena are exploited to de-
velop a new diagnostic tool for investigating transient effects based on antenna current
measurements.

The new diagnostic tool is non-intrusive in nature since it relies on antenna current
measurements, making it highly suitable for use in flight to aid monitoring and control
of the thruster. It is especially compatible with a propellant-flexible thruster because it
can be applied to a wide range of propellants. It can be implemented with a sufficiently
high sampling frequency to resolve transient effects and it can be operated in real time
to support flight hardware.

The combination of diagnostics, modelling approaches and generated results form
a powerful resource to understand transient antenna-plasma interactions within a high-
power and propellant-flexible inductive plasma thruster. These results are based on
existing experimental data that includes various mixtures of oxygen, carbon dioxide,
nitrogen and argon at flow rates from 1.66 to 3.74 g/s and input powers from 0.9 to
154.5 kW. Overall, this thesis documents and explains transient antenna-plasma in-
teractions within an inductive plasma thruster. This amounts to the generation of a
significant related dataset, associated knowledge and a new diagnostic tool to support
the design, development, testing and operation of inductive plasma thrusters.
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Introduction 1
Human exploitation of space is rapidly expanding and evolving. Space is now deeply
involved in the lives of individuals, communities and nations through the provisioning
of a wide range of services including navigation, communications and meteorology.
The monolithic structures of ‘old space’ are fragmenting with the emergence of mar-
ket competition at the national level and new space powers at the international level.
Ubiquitous high-speed internet access through satellite constellations is only the latest
disruption. Many more can be expected in the coming decades, as barriers to entry
are removed and a greater collective human will and intellect is directed towards space
exploitation.

These trends are mirrored by human exploration of space. New, ambitious, inter-
national players are emerging. These include China, India, Japan, Germany, France,
Israel, Luxembourg and the European Space Agency, who have each sent unmanned
spacecraft to other celestial bodies in the past two decades. There are two human pres-
ences in space as of 2022: the International Space Station and China’s Tiangong space
station. NASA’s Lunar Gateway space station is scheduled for launch in 2024.

Despite this progress, human space capability is still significantly limited in at least
one aspect. Since the beginning of the space age, any assets or resources to be used in
space were first transported from Earth’s surface. This included the material, such as
vehicles, consumables and occupants, and the immaterial, such as power, commands
and maintenance. Over time, the immaterial resources have been sourced elsewhere.
For example, power has been collected by solar arrays, command of robots has been
automatised, and repairs to the ISS have been conducted by its occupants. Nonetheless,
the transport of materials from Earth’s surface to stable orbit remains necessary and is
the single greatest barrier to the exploitation of space. This costly barrier explains
why space exploitation was the domain of the superpowers in the twentieth century.
Although the cost has been reduced in recent decades, it remains a significant deterrent.

The use of materials that have not originated from Earth to support space activi-
ties has yet to be achieved meaningfully. In the literature, this concept is termed ‘in-
situ resource utilisation’ (ISRU). Possible applications of ISRU include the production
of drinkable water from Lunar ice, the production of hydrocarbon fuels from carbon
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1 Introduction

dioxide and water on Mars, and the construction of shelters from earthworks. The re-
alisation of a self-sustaining population on Mars will require the use of many ISRU
concepts.

Of the material resources consumed in space, the most significant is the mass that is
expelled by the propulsion system to generate thrust. This mass is called propellant. It
is required in large quantities that rapidly scale with the total mass of the spacecraft and
it cannot be recycled. Attempting to recycle propellant would annihilate its effect due to
the conservation of momentum. If all the vehicle’s propellant is sourced fromEarth, the
rocket equation dictates that propellant mass must grow dramatically as range increases.
Propellant derived from ISRU is necessary to unlock deeper exploration into space,
such as beyond our solar system, and enable more propellant-intensive operations, such
as round trips between Earth and Mars.

The utilisation of ISRU propellant requires both its production, and its consump-
tion by a suitable thruster. Several propellant-flexible thruster technologies have been
proposed and are in development. Inductive plasma thrusters are promising candidates
given their high level of technical development, propellant compatibility and scalability.
Nonetheless, there are still several technical issues that limit the potential of inductive
plasma thrusters. In particular, there is a need to develop diagnostic tools that can ac-
commodate various propellants while linking the internal behaviour of the thruster at
the ‘microscopic’ level to its propulsive output at the ‘macroscopic’ level.

This thesis supports the development of inductive plasma thrusters for propellant-
flexible space propulsion by exploring transient interactions between the antenna and
the plasma. The following section of this introductory chapter lays out the relevant
background literature on the topic. This serves as a broad background for the subse-
quent chapters, which each have their own bespoke literature reviews. Subsequently,
the gaps, aim and objectives are summarised in section 1.2 and the thesis structure is
described in section 1.3.

1.1 Background literature

1.1.1 Thrusters

The propulsion system of a spacecraft enables it to change orbit and/or travel between
celestial bodies. It consists of one or more thrusters that expel propellant to generate
a reaction force. The key distinction between different thrusters is the source of the
energy that is used to accelerate the propellant. In chemical propulsion, the energy
comes from chemical potential energy stored in the propellant, as in a rocket engine.
In electric propulsion, the energy comes from an electric source such as a solar array
or batteries, as in an ion thruster.
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1.1 Background literature

The chief characteristics of electric propulsion, as opposed to conventional chemical
propulsion, are high propellant efficiency due to high effective exit velocity, and low
thrust. Launching an object into space from Earth requires a high level of thrust, which
is unachievable by electric propulsion both now and in the foreseeable future. Hence
this remains the realm of the conventional chemical rocket. Where electric propulsion
currently excels is operations in space such as orbit-raising, attitude control and posi-
tioning, and long duration manoeuvres. The duration of manoeuvres could be reduced
by using a more potent energy source such as nuclear power. Previous studies have ex-
plored this idea in the form of a manned Mars mission using nuclear-powered electric
propulsion—they found that such a mission is not only plausible, but also favourable
when compared with alternatives such as a conventional chemical propulsion mission
(T. D. Schmidt et al., 2006; Loeb et al., 2015).

Electric propulsion has historically been the subject of much research and develop-
ment, with little practical use beyond exploration missions, and technological tests and
demonstrations. Since the 1990s, however, the commercial use of electric propulsion
has increased dramatically. Lev et al. (2017) analysed the 248 satellites with electric
propulsion systems (excluding resistojets) launched during the period between 1993–
2016, and the related increase in technological readiness and commercial adoption.
Over 70 % of them had either gridded ion or Hall-effect thrusters. The majority of
those satellites (208) were located in geosynchronous equatorial orbit (GEO) due to a
combination of commercial and technical factors. Commercial communication satel-
lites in GEO were the main adopters for two key reasons. Firstly, the satellites have
large solar arrays for communications that can be temporarily repurposed for propul-
sive power when needed; and secondly, they have significant propulsion requirements
for orbit-raising and station-keeping, therefore the high efficiency of electric propulsion
provides a significant benefit. By contrast, small satellites and low Earth orbit (LEO)
satellites have not adopted electric propulsion to the same extent, mainly because they
do not have the capacity for large solar arrays to power the systems. Electric propulsion
continues to be an excellent match for planetary and interplanetary spacecraft due to
their extreme propulsion requirements, and will remain dominant for the foreseeable
future.

Electric propulsion technologies can be broadly categorised by the method used to
accelerate the propellant: electrothermal, electrostatic, or electromagnetic, or hydrids
thereof (Dankanich, 2010). Electrothermal thrusters use electricity to heat the propel-
lant, most commonly through either resistive heating of a heating element (resistojets)
or of an electric arc between two electrodes (arcjets) (Wollenhaupt et al., 2018). In
both cases, the addition of heat leads to gas-dynamic acceleration through a diverging
nozzle. For the remaining two acceleration methods, the propellant must be ionised in
order to experience accelerating forces. This may be achieved within the accelerating
region or as a separate prior stage. The ionised propellant generally meets the criteria
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1 Introduction

of a plasma, hence these devices are also referred to as ‘plasma thrusters’.
An issue common to conventional electric thrusters such as resistojets, ion thrusters

and Hall effect thrusters is the exposure of electrical components to the high-enthalpy
propellant flow. Propellant selection is a critical design choice for electric propulsion
systems and is influenced primarily by mass and reactivity, which leads to the use of
noble gases: argon, krypton, and especially xenon (Ahedo, 2011; Brown & Walker,
2020). Xenon is particularly attractive in the case of electrostatic thrusters because
its first and second ionisation energies are relatively low and high respectively, hence
it is possible to generate many single-charge ions without expending significant en-
ergy to generate double-charge ions. Noble gases have the additional benefit of being
monatomic, meaning that energy is not expended on dissociation. The resulting erosion
necessitates a trade-off between thruster lifetime and propellant choice. This trade-off
has been navigated with great success: each of these technologies has been practically
applied. Despite this, less constrained propellant choice is an attractive proposition to
allow greater flexibility of operation.

The unique advantages of electric propulsion systems make them most suitable for
operation over long periods of time. Therefore, the longevity of these systems becomes
a critical issue in their design and operation. Erosion and deterioration of electrical
components is the main factor due to the combination of voltage, temperature, and
chemically-reactive propellants. Electrodeless designs address this by isolating the pro-
pellant from the electrical components.

1.1.2 Propellant-flexible thrusters

A propellant-flexible thruster is one which can consume a range of propellants to gen-
erate thrust. This is typically achieved by adopting an electrodeless design, because
deterioration of exposed electrical components is the main factor that limits propellant
choice. A diverse range of potential technologies has been suggested and investigated.
In a recent review paper, Bathgate et al. (2017) presented and discussed the operating
principles of more than twenty different electrodeless thruster concepts.

An important distinction between different technologies is the acceleration mecha-
nism, in particular whether or not there is an electromagnetic component, because it
dictates how the electrical components interact with the propellant. If the acceleration
is purely gas-dynamic, then heating of the propellant is required. If electromagnetic
acceleration is employed, then this heating must be sufficient to generate the necessary
ions. In any case, intense contactless heating of the propellant is required. Contactless
heating of a gas can be achieved by putting it in close proximity to an antenna that is
excited by a radiofrequency current. A schematic diagram of a generic radiofrequency
thruster is shown in figure 1.1. Typically, propellant gas flows through a cylindrical
volume which is bounded by a dielectric material, usually a quartz tube. Antennae can
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take diverse shapes, and there is a rich literature on optimising antennae shapes for
certain applications, although the most common shape is a helical coil. The antenna
is positioned such that it encloses the quartz tube and minimises the distance to the
propellant gas.

Three distinct power coupling mechanisms have been observed in radiofrequency
plasma sources: capacitive, inductive and helicon. In general, these mechanisms are
given in order of increasing power and electron density, although there are important
exceptions.

Capacitive coupling is caused by the dominance of an axial electric field, which re-
sults from the voltage gradient along the length of the coil. The alternating axial electric
field generates a corresponding azimuthal magnetic field. The electric field causes elec-
trons in the propellant gas to oscillate, and results in both Ohmic and stochastic heating.
Capacitive coupling is associated with low input powers and a weak emission of visible
light.

Inductive coupling is caused by the dominance of an axial magnetic field that results
from the coil behaving as a solenoid. The alternating axial magnetic field generates a
corresponding azimuthal electric field. This azimuthal electric field causes electrons
in the propellant gas to oscillate such that they form an induced current. Ohmic and
quasi-stochastic heating occur in a thin layer close to the quartz tube with a thickness
of 𝛿, known as the skin depth. Inductive coupling is associated with high input powers
and a strong emission of visible light in a ring-shaped volume close to the tube wall.

A plasma source that is capable of inductive couplingwill typically exhibit capacitive
coupling at lower input powers. When the input conditions are sufficiently high, the
system will abruptly transition to inductive coupling, which is marked by a bright ring
of light. Capacitive and inductive coupling can be distinguished by the radial profile of
emitted light, as shown in figure 1.2. Capacitive coupling continues to occur in parallel
with inductive coupling (Godyak et al., 2002; Godyak, 2003). Capacitive–inductive
transitions have been a topic of great interest since their observation by MacKinnon
(1929), primarily because it is desirable to maintain the inductive mode for many practi-
cal applications. The necessary conditions for mode transitions were studied by Turner
and Lieberman (1999), who showed that an inductive discharge could be maintained
at a lower antenna current than the current required to initiate inductive coupling. This
hysteresis phenomenon remains a topic of investigation in the literature (Lee & Chung,
2015; Wegner et al., 2016). In terms of a radiofrequency thruster, it is important to
understand the mode behaviour because it both determines the amount of power that is
coupled into the plasma, and alters the radial profile and therefore the heat transferred
to the tube wall.

The third coupling mechanism, called the helicon mode, is not a topic of the thesis
but is mentioned here for completeness. The helicon mode is a special case of inductive
coupling that is associated with the presence of low frequency whistler waves (Harding
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Figure 1.1: Schematic diagram of a generic, axi-symmetric radiofrequency thruster.
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Figure 1.2: Radial profiles of normalised radiated power for capacitive and inductive
regimes for an air plasma. The capacitive and inductive profiles were scaled indepen-
dently. Adapted from Herdrich (2004).
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& Thonemann, 1965). It occurs only in the presence of an additional applied magnetic
field and is characterised by a higher electron number density (Chen, 2015). The rela-
tivemerit of thrusters based on helicon plasmaswith respect to those based on inductive
plasmas is an of ongoing debate (Godyak, 2020; Takahashi et al., 2020).

A variety of propellants are under consideration for propellant-flexible thrusters that
can be classed as Earth-originating or ‘in-situ resource utilisation’ (ISRU). The latter
can be further divided into those that are collected from the environment and those that
are by-products or waste generated within the spacecraft (Charles, 2009). Key ISRU
propellants of interest include oxygen, nitrogen, water vapour, carbon dioxide, and syn-
gases from waste gasification and pyrolysis processes (Anih et al., 2019). Iodine is an
example of a propellant candidate that is not derived from ISRU. It has attractive storage
properties and lower cost than the more conventional alternative, xenon. An inductive
thruster targeting the microsatellite market that uses iodine propellant is currently in
development (Bellomo et al., 2022).

Air breathing electric propulsion (ABEP) is a special case of ISRU electric propul-
sion in which a satellite in a very low orbit continuously ingests atmospheric material
through an intake and accelerates it to generate thrust; this allows a satellite to maintain
a very low altitude (typically 150 to 250 km for Earth) that would otherwise be unstable,
by offsetting dragwith thrust (Vaidya et al., 2022). In such a system, the propellant com-
position and flow rate are determined by the atmospheric composition and density at
the specified altitude. At an altitude of 200 km, a typical ordering of species in Earth’s
atmosphere from most abundant to least is atomic oxygen (3.99 × 1015 m−3), molecu-
lar nitrogen (2.81 × 1015 m−3), molecular oxygen (1.14 × 1014 m−3), atomic nitrogen
(2.67 × 1013 m−3), helium (7.41 × 1012 m−3), argon (2.18 × 1012 m−3) and hydrogen
(1.78 × 1011 m−3) (Romano et al., 2022). Atomic oxygen and molecular nitrogen are
the dominant species. A wide range of propellant compositions must be tolerated since
the atmospheric composition can vary significantly as a function of time, solar activity,
and latitude and longitude.

1.1.3 Inductive plasma thrusters

Recent interest in inductively coupled plasmas as a propulsion technology has led to
the ongoing development of numerous inductive and helicon plasma thruster concepts
(Sou et al., 2000; Herdrich et al., 2013; Isayama et al., 2018; Navarro-Cavallé et al.,
2018; Takahashi, 2019; Vitucci, 2019; Chadwick et al., 2020; Kralkina et al., 2020;
Romano et al., 2020; Tsifakis et al., 2020; Bellomo et al., 2022; Romano et al., 2022).
At the same time hybrid concepts, such as TIHTUS and VASIMR, have also been de-
veloped. TIHTUS (Thermal-Inductive Hybrid Engine of the University of Stuttgart)
uses a two-stage approach, with the first being an arcjet and the second being an induc-
tive plasma generator (Böhrk & Auweter-Kurtz, 2006). VASIMR (VAriable Specific
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Impulse Magnetoplasma Rocket) uses a helicon first-stage and an ion cyclotron res-
onance second-stage to couple energy into the plasma efficiently (Giambusso et al.,
2017). Although the propellant-flexibility of inductive plasmas is a favourable feature,
there has been relatively little work looking at ISRU propellants. Argon is typically
used because it is easily ionised, readily available, safe, inexpensive, well-studied and
monatomic (has simple chemistry). Molecular propellants and propellant mixtures are,
by their nature, more difficult to study due to their complex chemistry. Perhaps the
most comprehensive study of ISRU propellants in an inductive plasma thruster was
conducted by Chadwick et al. (2020). Oxygen, nitrogen and carbon dioxide were stud-
ied with an argon component between 0 to 79 %, as well as pure argon for reference.
This study reinforced previous work showing that mixtures of the molecular propellants
with argon can produce more favourable propulsion conditions than either compound
alone.

Inductively coupled plasmas have well-established uses in various industrial pro-
cesses, especially silicon wafer etching. In those applications, the input powers are
typically low, in the order of Watts. High power inductive plasma applications are
less established, and include surface coating, waste treatment and re-entry simulation
(Herdrich & Auweter-Kurtz, 2006; Herdrich et al., 2014). For re-entry simulation, an
inductive plasma generator may be used as the source for a plasma wind tunnel. These
devices operate at input powers in the order of kilowatts.

A useful characteristic of inductive plasma thrusters is their scalability with respect
to conventional electric propulsion technologies. Designs can be scaled for low or high
power applications. This contrasts with ion thrusters and Hall effect thrusters, which
are typically used in clusters for high-power applications, increasing the design com-
plexity and redundant mass. Despite this scalability, most research efforts on inductive
plasmas thrusters have focused on low power devices. There are three primary reasons
for this trend. Firstly, there are practical concerns related to budgets and the reuse of
facilities and equipment that are suited for low power sources. Secondly, existing tech-
nical knowledge can be carried over from the extensively studied low power devices.
Thirdly, low powered thrusters are more likely to find a market and application under
current business trends.

Despite the several strong motivations to investigate low power inductive plasma
thrusters, it is nonetheless important to simultaneously develop high power thrusters to
target different applications: for example, nuclear-powered interplanetary travel. The
application of existing knowledge to high power inductive plasma thrusters is hindered
by three key issues. Firstly, the larger scale (geometry, input power and flow rate)means
that different physical processes become important, for example, the thermal boundary
layer. Secondly, the use of complex propellants has been understudied. Thirdly, high
power inductive plasmas have not been extensively studied with respect to the need to
maximise propulsion characteristics.
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1.1.4 Diagnostic tools

It is important to measure the system-level characteristics of a thruster accurately, such
as thrust, efficiencies, propellant utilisation, effective exhaust velocity and thrust-to-
weight ratio. These figures of merit quantify the ‘macroscopic’ performance of the
thruster. Many of these figures require an accurate measurement of thrust.

Thrust is measured most directly by a thrust stand, where the thruster is attached
to a platform that is fixed in place via load cells. The load cells directly measure the
reaction force generated by the thruster. For electric propulsion, thrust stands can be
problematic because the measured thrust is very small and the thruster must be con-
nected to a vacuum tank, propellant supply and electric supply. An alternative method
for measuring thrust is a baffle plate (Böhrk & Auweter-Kurtz, 2009). A plate is placed
in the vacuum chamber and fixed in place via load cells. The plume generated by the
thruster collides with the plate, which depletes its axial momentum. The force required
to keep the plate from moving is an analogue of the thrust force.

An energy-balance analysis of the system can be achieved by considering the var-
ious pathways for energy to enter or exit, and measuring or estimating each of these.
Calorimetry represents a powerful tool for estimating heat rates. As it applies to elec-
tric propulsion diagnostics, calorimetric measurements are achieved by using a closed
loop of circulating fluid, usually water, to cool a component. Direct measurement of
temperatures and flow rates, in conjunction with knowledge of the specific heat capac-
ity of the fluid, allows one to calculate the heat rate. In addition to estimating heat rates,
this kind of arrangement also provides the benefit of cooling components that are prone
to overheating. Multiple calorimetric loops can be used to observe multiple heat rates.
In this way, it is possible to build up an energy-balance analysis of a propulsion system,
so long as the steady state assumption is satisfied. In practice, however, this approach
is limited by the inherent inaccuracies of calorimetry as well as various unmeasureable
heat pathways such as the interface between the propulsion device and the vacuum tank,
convection of the ambient air, and black body radiation.

Calorimetry may also be applied to the exhaust plume of a propulsion device via a
cavity calorimeter. A cavity calorimeter is a cup-like water-cooled device that is de-
signed to maximise heat transfer from the plume to the cooling water, for the purpose
of calorimetric measurements. These devices have been used extensively for electric
propulsion diagnostics since they are effective at directly measuring the enthalpy in
the plasma plume. They have been successfully developed for high-power (kilowatt
range) inductive plasma sources with an overall accuracy of approximately 10 % (Her-
drich et al., 2002). A significant characteristic of the baffle plate and cavity calorimeter
approaches is that they interfere with the plume, hence they disturb the operating condi-
tions of the thruster, for example, by generating back pressure in the tube. For obvious
reasons, they cannot be used in-flight.
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The Langmuir probe is a key plasma diagnostic tool because it can directly measure
the electrical characteristics of a localised region of plasma. In its simplest form, it is a
probemade of thin wire that is inserted into the plasma volume. It is held at a certain po-
tential with respect to ground while the current is measured. Controlling the potential
of the wire with respect to the plasma itself allows one to control whether the current
is a positive current related to electrons, or a negative current related to positive ions
(Lieberman & Lichtenberg, 2005). By sweeping the potential, a current-voltage curve
can be determined that can be used to calculate various plasma properties depending
on the electron distribution (Chen, 2016). A wide range of devices and techniques have
been developed from this simple concept in order to compensate for a variety of factors
and extract the most information about the plasma conditions, including oscillating bias
potential and multiple electrode arrangements. It is the most typical plasma diagnostic
device due to its long history and relatively simple operating principle (J. Schmidt et
al., 2018). However, its intrusive nature means that the presence of the probe disturbs
the plasma conditions that are being measured. While the highly-localised nature of
the measurements is useful for some applications, it does present problems for char-
acterising a large plasma volume, especially one with significant temporal and spatial
variation. High-power radiofrequency plasmas present a difficult environment for ob-
taining experimental measurements due to the high temperature and radiofrequency
power, and the need to avoid disturbing the conditions inside the chamber.

1.1.5 Non-intrusive diagnostic tools

Inductive plasmas generally emit strong radiation due to various state changes and as-
sociated emission bands. For many species of interest, many of these bands are in
the visible range. Several diagnostic tools rely on this fact to assess the plasma non-
intrusively. By their nature, these tools require optical access to the plasma and will
integrate the plasma properties along the line of sight.

Optical emission spectroscopy (OES) is a well-developed non-intrusive plasma di-
agnostic tool that relies on the identification of emission bands in conjunction with a
detailed chemistry and radiative model. Since the emission bands are generated by
state changes, they are associated with reaction rates rather than species populations.
Therefore, to derive the species populations it is necessary to consider a number of
reactions (emission bands) and acquire an independent reference number, for example,
the electron number density, to generate absolute numbers.

Other non-intrusive techniques involve passing a laser beam through the plasma vol-
ume through transparent openings that are designed for this purpose. Since the laser
passes through a linear volume of plasma, any measured value will be an integral of
this volume. However, by sweeping the laser through the plasma cross-section, and
performing analysis with the inverse Abel transformation, it is possible to extract the
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radial profiles of the measured values. An example of such a value is the electron den-
sity obtained via a Mach–Zehnder interferometer. The device uses the change in the
refractive index due to the presence of electrons (Chan et al., 2018). Another example
is the plasma translational temperature and number density, as determined by laser ab-
sorption spectroscopy (Mayer et al., 2016). Fitting of emission spectra has also been
demonstrated to determine radially-resolved number densities, and vibrational and ro-
tational temperatures (Burghaus et al., 2021).

An important complicating factor for diagnostic tools is the need to assess transient
phenomena. This is especially problematic for non-intrusive techniques because they
typically rely on taking observations that are longer in duration than the transient phe-
nomena and treat the system as steady state. It is possible to observe transient effects by
performing a temporally-resolved optical emission spectroscopy, called in the literature
phase-resolved optical emission spectroscopy or PROES (Schulze et al., 2010).

1.1.6 Modelling inductive plasmas

Modelling is an important approach that can be used in conjunction with diagnostic
tools. In order to capture the behaviour of a radiofrequency plasma, there are three
main phenomena which must be considered: antenna-plasma coupling, wave propaga-
tion, and plasma transport. A number of analytical models have been developed; how-
ever, they are very specific in nature owing to simplifying assumptions, and their initial
and boundary conditions. Numerical models are more general and work by computing
governing equations for a finite number of elements. In the extreme case, these ele-
ments correspond to the chemical species present in the plasma, and the model would
be better described as a simulation. This approach is generally not practical for plasma
sources above a certain size due to the number of calculations required. Therefore, a
number of methods for discretising the problem have been developed, with the aim of
reducing the number of elements as much as possible, while retaining physically accu-
rate solutions. Despite the high fidelty that can be achieved via numerical models, they
have not replaced analytical models. Analytical models are particularly suited for inves-
tigating trends to develop intuitive understanding of a system and inform engineering
decisions.

The transformer model is perhaps the most universally applicable analytical model
for inductive plasmas. The antenna-plasma system is considered as an air-core elec-
trical transformer, resulting in an intuitive zero-dimensional (or integral) model for in-
ductively coupled plasmas. The inductive coil is the primary winding and the plasma
is the secondary, one-turn winding. Together, they form the circuit diagram shown in
figure 1.3 where power is inductively transferred from the coil to the plasma with losses.
Analysis of this circuit yields an analytical solution for the unknowns: the coupling co-
efficient, 𝑘, and the secondary winding (plasma) inductance, 𝐿2. The model has been
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employed widely in the literature in the context of inductively coupled plasmas for the
semi-conductor industry. Chabert and Braithwaite (2011) provided a more recent re-
view of the transformer model, concluding generally that the model is appropriate for
high electron density but may fail at low and intermediate electron density.

An important consequence of the transformer model is an appreciation that the an-
tenna and plasma form a coupled system. From the perspective of the power supply, the
plasma can be seen as a complex impedance that is determined by the plasma properties.
Cunge et al. (1999) showed that, when transitioning from capacitive to inductive cou-
pling, the current drawnmay either increase or decrease, depending on the power supply
configuration. That is, there is a complex interconnection between the power circuit
and the antenna-plasma system. El-Fayoumi and Jones (1998) were able to link plasma
properties to transformer model circuit elements analytically for their planar-coil induc-
tive source. Although they were not able to make direct numerical comparisons with
experimental results, they nonetheless showed good agreement in terms of trends and
magnitudes. The resonant frequency of the circuit is another important factor. Gener-
ally, it is favourable to match the excitation frequency with the resonant frequency of
the circuit, where the former is determined by power supply conditions and the latter is
a property of the circuit that changes as the plasma impedance changes. Nishida et al.
(2014) used the transformer model approach to estimate resonant frequency, which had
good agreement with experimental results.

1.1.7 Electrical behaviour of inductive plasma thrusters

One way to avoid the problem of matching the driving frequency with the resonant
frequency of the circuit is to use a resonant circuit to generate the oscillating current.
For example, an Armstrong/Meissner oscillating circuit uses a capacitor, an inductor
and a vacuum tube to generate oscillating current from a DC source. The frequency of
the oscillations is the resonant frequency of the circuit, determined by the capacitor and
inductor. This is a common technique for high power inductive heating in industrial
applications.

The resonant circuit approach was used in the design of the inductive plasma gen-
erators, known as IPGs, for the plasma wind tunnel facilities of the Institute for Space
Systems (IRS), University of Stuttgart, Germany (Auweter-Kurtz & Wegmann, 1999;
Herdrich, 2004; Herdrich & Petkow, 2008; Loehle et al., 2022). Shown in figure 1.4,
the resonant circuit consists of a high power triode vacuum tube, a switchable capacitor
bank, and inductance provided by the coil. The frequency may be altered by switching
the effective capacitance by connecting or disconnecting individual capactors and/or
the effective inductance by using coils with various numbers of turns. In addition
to re-entry simulation, IPGs have been developed in parallel as a propellant-flexible
thruster technology. The two-stage thruster TIHTUS consists of a first-stage arcjet and
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a second-stage IPG. The arcjet is used to heat a conventional propellant such as argon,
which is then mixed with another propellant before undergoing inductive heating in the
second stage. In this sense the thruster is partially propellant-flexible. The TIHTUS
facility provides for investigations of the IPG stage independently, or, in other words,
as a standalone inductive plasma thruster.

If the antenna current of an IPG is measured with sufficient sampling frequency,
one can observe that the amplitude of the oscillating signal is not constant, but rather
varies at the timescale of 300Hz. This is related to the incomplete smoothing of the
full-bridge rectified three-phase 50Hz facility power. This quasi-DC source essentially
modulates the antenna current. Herdrich (2004) first documented that this modulation
takes distinct forms, depending on the IPG operating conditions. In particular, low
power conditions are distinct from high power conditions. Besides documenting this
observation, that work did not contain analysis of the transient current phenomena, but
rather dealt with root-mean-square values.

Later, Chadwick et al. (2016) comprehensively studied these phenomena from a tran-
sient perspective. They showed that the shape of the modulation corresponded to the
operating mode with the capacitive, low inductive, and high inductive modes each hav-
ing distinct current profiles. Furthermore, short-time Fourier transform analysis was
used to show that the excitation frequency was varying simultaneously. This work
showed that transitions between capacitive and inductive coupling were occuring at the
300Hz timescale. In other words, by observing both the envelope and the frequency
of the measured current at the 300Hz timescale, one can qualitatively assess the cou-
pling behaviour of the antenna-plasma system. This is especially significant because
the antenna current is easily obtained through non-intrusive means. Hence, Chadwick
et al. (2016) showed that it may be possible to non-intrusively assess transient phenom-
ena related to the antenna-plasma interaction through analysis of the antenna current,
although, development of a comprehensive explanation of the phenomena and quanti-
tative relationships is yet to be achieved.

1.2 Gaps, aim and objectives

The background literature presented in the previous section exposed several gaps in the
literature on inductive plasma thrusters. Although there are several groups developing
the technology, there are two key aspects that remain understudied. Those are the use
of alternative propellants and mixtures, and the operation of high power thrusters. The
former relates to the exploitation of the propellant-flexible aspect of inductive plasma
thrusters, to permit the use of ISRU propellants. The latter relates to the scalable aspect,
to enable high power applications such as crewed missions.

The combination of high powers and diverse propellants necessitates the develop-
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ment of new diagnostic tools. In particular, there is a lack of diagnostic tools that
are non-intrusive and can tolerate diverse propellant chemistries and mixtures. At the
same time, there is mounting evidence that suggests a strong link between the transient
behaviour of the antenna current and that of the plasma, within an inductive plasma
thruster. An explanation of these transient antenna-plasma interactions is needed to
support the monitoring and control of inductive plasma thrusters. Furthermore, a the-
oretical understanding of these interactions may lead to a new diagnostic tool that is
non-intrusive and can be applied to diverse propellants.

The overall aim of this thesis is the advancement of inductive plasma thrusters as
a propellant-flexible space propulsion technology, through investigations of transient
interactions between the antenna and the plasma, leading to the development of a new
diagnostic tool. This aim is achieved through the following objectives.

1. Investigate the transient behaviour of the inductive plasma thruster. The transient
behaviour of the antenna current has been observed and documented previously
(Herdrich, 2004; Chadwick et al., 2016). However, the mechanism driving this
behaviour was not clear. In particular, whether or not the periodic variation of
the antenna current is related to a periodic variation of the internal state of the
plasma; and, if they are related, what is the causal nature of this relationship.
Diverse propellants will be considered to investigate the role that the propellant
plays in the transient phenomena. Multiple measurement techniques will be used
to confirm that these phenomena are observable through different mechanisms
and not simply an artifact of the particular technique that was used in the first
investigations.

2. Investigate the relationship between antenna current observations and the thermal
efficiency of the thruster. The thermal efficiency of a thruster is an important fig-
ure of merit for its operation. Laboratory measurements of the thermal efficiency
show significant variance when operating conditions are changed, for example,
input power and propellant species. Those measurement techniques are intrusive
in nature and therefore not suitable for use in flight. As a result, there is a strong
use-case for a technique that infers the thermal efficiency from antenna current
measurements, which are easily obtained. As an initial step to developing such
a technique it is necessary to first establish whether the antenna current has a
predictive relationship with the thermal efficiency.

3. Develop a quantitative relationship between antenna current observations and
the time-varying properties of an inductive plasma. The previous two objectives
establish qualitative relationships; however, the establishment of a quantitative
relationship would enable non-intrusive and time-resolved measurements of the
plasma properties. This has important implications for monitoring and control
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of a thruster in-flight. Furthermore, the development of a robust quantitative
relationship supports the theoretical understanding of why the observed antenna
current variations occur.

4. Use the developed quantitative relationship to understand the differences be-
tween various input conditions, particularly different propellant species. Under-
standing the relative performance of different propellant species is necessary to
assess the feasibility of different operating concepts. For example, both oxygen
and argon can be used as propellants in an inductive plasma thruster, but oxy-
gen is much more abundant. A mixture of argon and oxygen can produce better
performance than oxygen alone under the same input conditions, although the
mechanisms behind this are not well understand (Chadwick et al., 2020). Under-
standing these mechanisms can support the selection of particular mixture ratios
for particular operating conditions.

5. Develop a new diagnostic tool for inductive plasma thrusters based on antenna
current observations. The previous objectives incrementally build the necessary
foundation for a new diagnostic tool that is non-intrusive and capable of resolv-
ing transient phenomena. Since the tool is non-intrusive, it is relatively simple to
implement alongside other experimental techniques, which may not themselves
reveal transient phenomena. Hence, it becomes possible to investigate the rela-
tionship between transient phenomena and, for example, thermal efficiency. In
principle, such a tool could be implemented in real-time in flight hardware for
monitoring and control, since it is non-intrusive and requires minimal computa-
tional resources. Furthermore, it is not necessary to know the chemical compo-
sition of the propellant, which may be useful for applications including in-situ
resource utilisation.

1.3 Thesis structure

The main part of the thesis is composed of chapters 2 to 5, each of which contains
a reproduced journal article. The first three articles have been peer-reviewed and pub-
lished in high-ranking journals. The fourth article has been submitted to a high-ranking
journal and is currently under peer-review at time of writing. Preceding each article is
an introduction that explains the article’s relevance to the thesis, and a statement of
authorship that explains each co-author’s contribution to the article. The articles have
been reformatted to form a cohesive thesis and to comply with relevant publication
agreements. The changes include the referencing system, and the appearance and lay-
out of text, figures and tables. No changes have been made that alter the meaning of
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the text. Each article contains its own literature review and reference list. The chapters
are briefly summarised as follows.

Chapter 1, Introduction, introduces the thesis and provides the motivation and nec-
essary background context for the following chapters.

Chapter 2, Transient behaviour, contains investigations of the transient phenomena
in an inductive plasma thruster, addressing objective 1. It reports on experiments in-
volving the simultaneous measurement of antenna current, visible light emission and
magnetic field strength. Pure nitrogen, argon-nitrogen, and argon-oxygen plasmas are
investigated under low and high input powers. This chapter builds on objective 5 by
establishing that the periodic variation of the antenna current is related to a periodic
variation of the plasma state, hence it may be possible to infer one from the other.

Chapter 3, Power efficiency estimation, contains a more detailed study of the antenna
current in particular, how it can be quantified as a proxy for inductive coupling, and
how that relates to system-level figures of merit such as thermal efficiency, addressing
objective 2. Importantly, it links ‘microscopic’ behaviour (transient antenna current)
to ‘macroscopic’ behaviour (thermal efficiency). Pure oxygen, pure carbon dioxide,
and mixtures of both with argon are investigated at various flow rates, mixture ratios
and input powers. This chapter builds on objective 5 by establishing that the antenna
current as a proxy for inductive coupling is linked to system-level behaviour.

Chapter 4, Circuit model, presents a new diagnostic tool for estimating the time-
varying properties of an inductive plasma frommeasurements of the antenna current. A
circuit model of the resonant circuit and coupled antenna-plasma system is used to infer
the plasma effective impedance from the antenna current, and the plasma properties
from the impedance. This forms a quantitative relationship between the antenna current
observations and the plasma properties, addressing objective 3. The antenna-plasma
system is modelled as a transformer. Results of this technique applied to pure oxygen
plasmas at two different flow rates and various input powers are presented. This chapter
partially achieves objective 5 through the creation of a new diagnostic tool, which is
expanded further in the following chapter.

Chapter 5, Hybrid circuit–chemistry model, contains a comparison of oxygen and
oxygen-argon plasmas based on the antenna current diagnostic tool, addressing objec-
tive 4. To faciliate this comparison, the circuit model is augmented with a simple
chemistry model. The hybrid circuit–chemistry model enables the estimation of the
time-varying effective collision frequency and electron number density. This chapter
completes objective 5 by providing the complete diagnostic tool.

Chapter 6, Summary and conclusion, concludes the thesis. It provides a brief sum-
mary, key conclusions and suggestions for future work.
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Transient behaviour
Resolving transient discharge cycle behaviour in
modulated inductive plasmas 2
The first article is an investigation into non-intrusive measurements taken of pure ni-
trogen, argon-nitrogen, and argon-oxygen plasmas. The non-intrusive measurements
include the antenna current, visible light emission and magnetic field strength. These
three measurements are strongly coupled and clearly indicate mode transitions within
the plasma-antenna system. The mode transitions are transient phenomena that can
only be resolved with a high sampling frequency. In other words, a conventional time-
averaged analysis is shown to be inappropriate for the system under consideration. The
investigations show that the antenna current is the most suitable indicator of mode tran-
sitions because it is global in nature, easy to measure and reveals the transitions in two
ways: a shift in the amplitude and a shift in the frequency.
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Abstract

Abstract

The further development of inductive plasma generators (IPGs) for space propulsion
applications has driven the need for the development of non-intrusive experimental
techniques that can resolve transient discharge cycle behaviour and accommodate a
variety of propellant gases and gas-mixtures. In this work, a new approach is pre-
sented that simultaneously measures the antenna current, radially-resolved axial mag-
netic field strength and the radially-resolved emission in the visible range, at a sampling
frequency sufficient to capture the driving and discharge cycle frequencies. Experi-
ments were conducted using IPG7: a helical antenna IPG, driven nominally at 586
kHz, with 300Hz discharge cycles. Nitrogen, argon-nitrogen, and argon-oxygen pro-
pellants were tested at capacitive and inductive conditions with input powers ranging
from 4 kW to 36 kW. The propellants could be sourced from the space environment
under in-situ resource utilisation. Analysis of the mean discharge cycle has made it
possible to identify different coupling modes occurring within the cycle. These find-
ings underscore the need to model such plasmas at the timescale of individual discharge
cycles and demonstrate the value of the measured data for developing such models.

2.1 Introduction

Inductive plasma generators (IPGs) are well-established as a technology for silicon
wafer etching; however, their application in space propulsion systems is a relatively
new and ongoing development. Existing electric propulsion technologies involve direct
contact between the electrode(s) and the propellant flow, causing erosion and limiting
useful life. Currently, this problem is partially mitigated by using less reactive pro-
pellants, typically argon and xenon. In contrast, IPGs couple power from the antenna
into the plasma remotely, with a dielectric barrier separating the two. Electrodeless
thrusters, including those using inductive plasmas, are an active area in the literature
with development occurring across several research groups (Sou et al., 2000; Herdrich
et al., 2013; Navarro-Cavallé et al., 2018; Manente et al., 2019). A review of electrode-
less thrusters conducted by Bathgate et al. (2017) gives an overview of the different ap-
proaches being pursued and their relative performance and development to-date. The
development of electrodeless thrusters enables the use of more chemically reactive ‘al-
ternative’ propellants, such as oxygen, water (vapour), carbon dioxide, or syngas from
waste gasification and pyrolysis processes (Anih et al., 2019). This enables two new op-
erating concepts: ‘in-situ resource utilisation’ (ISRU), collecting and using resources
from the space environment, and ‘atmosphere-breathing electric propulsion’ (ABEP),
accelerating atmospheric gases to offset drag in a very low Earth orbit. Development
of a practical ABEP system based on an IPG and an applied static magnetic field is
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2 Transient behaviour

ongoing (Romano et al., 2018; Romano et al., 2019). Both ISRU and ABEP represent
a leap forward in terms of space operation capabilities and motivate the development
of the various electrodeless electric propulsion approaches seen in the literature.

The chief issues when transferring knowledge and techniques from established IPG
applications (Herdrich & Auweter-Kurtz, 2006) to a space propulsion application are
the larger scale (e.g. larger geometries, flow rates, and powers), the use of complex feed
gases (e.g. molecular gases and gasmixtures), and assessing and controlling propulsion
characteristics (e.g. thrust, specific impulse, and thrust per unit power). In particular,
the need to maximise propulsion characteristics necessitates a deeper understanding of
the conditions within the plasma flow. Typically, this need is met by intrusive measure-
ment techniques, for example Langmuir probes, however, they also disturb the plasma
volume. This leads to characterisations which do not necessarily reflect the true op-
erating conditions within the plasma. Furthermore, the extreme thermal and electro-
magnetic environment inside the discharge chamber, due to the high power, restricts
the possibility of obtaining intrusive measurements over a significant period. Conse-
quently, non-intrusive measurement techniques, such as optical emission spectroscopy
(OES) or laser-induced fluorescence (LIF), have become important for investigating in-
ductive plasma generators, particularly under high-power conditions. However, these
techniques require consideration of the propellant gas chosen, and are limited when
gas mixtures are considered, particularly for LIF. To derive the greatest benefit from
the propellant-flexibility of an IPG-based thruster the diagnostic technique should also
be flexible with regard to the propellant. A challenge common to both techniques is
the need to obtain direct line-of-sight to the region of interest. The integration of the
measured quantity along that line means that the spatial variation of the discharge is
not captured.

Another important feature of the measurement technique, beyond the non-intrusive
requirement, is the desire to conduct measurements at a high-sampling frequency in or-
der to investigate transient effects. Transient effects appear when the driving frequency
is modulated, either intentionally (modulated or dual-frequency plasmas) or uninten-
tionally, due to power supply effects. In either case, experimental techniques that can
resolve the modulation frequency are needed to understand the respective behaviours
of such plasmas. Furthermore, resolving the driving frequency can give insight into
the coupling behaviour. Chadwick et al. (2016) investigated the shift in the antenna
current characteristic frequency over the discharge cycle duration using a high-speed
current probe, showing a clear relationship between the frequency shift and coupling
mode.

Optical emission spectroscopy (OES) is an established andwell-known non-intrusive
plasma diagnostic technique that consists of identifying different atomic and/or molec-
ular states present in the plasma by their distinctive emission spectra. The method
relies on the use of an appropriately detailed model of the species, their interaction and
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respective emission spectra. The primary outputs of this method are number densities
for various states present in the plasma, which are identifiable via their relative abun-
dance, and the presence of distinguishing features in their emission spectra. While the
majority of OES literature focuses on time-integrated measurements due to their rela-
tive simplicity, there is growing interest in measurements that are sufficiently frequent
to resolve individual discharge cycles: this technique has been termed ‘phase-resolved
OES’ (PROES) in the literature (Schulze et al., 2010).

By combining PROES with a collision-radiative model, Kaupe et al. (2018) were
able to determine number densities and temperatures of various energy levels in an
argon dielectric barrier discharge (DBD) excited at 30 kHz. Their technique was fur-
ther developed to deal with the addition of small amounts of nitrogen to the argon
(ranging 0% to 4%), although the nitrogen densities and temperatures were not deter-
mined (Kaupe et al., 2019). While the addition of nitrogen shows the robustness of
their method, it also illustrates the inherent complexity of using PROES with plasmas
containing multiple species, since the method could only tolerate 4 % nitrogen. Pure
argon is typically studied due to its relatively simple and well-understood chemistry,
while other species and mixtures of species remain a challenge (Schulze et al., 2010).
This poses a problem when considering molecular species such as carbon dioxide, or
mixtures such as argon-nitrogen or argon-oxygen, which may behave favourably when
compared with pure nitrogen or oxygen alone for propulsive purposes in an IPG (Chad-
wick, 2017).

It is possible to use optical emission measurements without the need to incorporate
a radiative model by considering the optical emission intensity as a measure of relative
excitation in the plasma body. This approach was taken by Zaka-ul-Islam et al. (2015)
to investigate the couplingmodes in a radiofrequency-biased inductive plasma based on
spatially- and temporally-resolved measurements of the oxygen 844 nm emission line.
In particular, they were able to compare the effect of the coil and bias excitations on
the plasma independently and together. They did not have simultaneous, synchronous
measurements of the respective coil and bias currents, so they were forced to infer the
time dependence between the currents and the measured optical emissions. Further-
more, they did not identify capacitive-inductive mode transitions at the timescale of
the driving frequencies.

In an IPG two mechanisms for power absorption are provided by capacitive (E) and
inductive (H) coupling modes. At low input powers the capacitive mode dominates,
while at high input powers the inductive mode dominates. The conditions under which
the transition occurs, specifically the discrepancy between starting and maintenance
currents associated with hysteresis, were studied by Turner and Lieberman (1999). Sub-
sequently, Cunge et al. (1999) demonstrated the significant effect that the matching
conditions can have on the capacitive-inductive transition: in one matching condition
the transition was marked by a sharp increase in antenna current, while in another it
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was marked by a sharp decrease. More recently, the conditions of capacitive-inductive
transition have been shown to be sensitive to factors such as plasma geometry, antenna
geometry, pressure and plasma parameters (active and equivalent plasma resistances)
(Kralkina et al., 2017; Kralkina et al., 2020). It has been shown that the capacitive
coupling mode exists in parallel with the inductive coupling mode, and therefore the
‘inductive regime’ should properly be the ‘inductive-dominant regime’. When this ca-
pacitive component becomes significant it causes discrepancies with calculations based
on a purely inductive coupling assumption. There have been several attempts to assess
the parallel capacitive coupling by measuring the effect of either blocking it with a
metallic screen (Godyak et al., 2002; Godyak, 2003) or enhancing it (Kralkina et al.,
2016); in the latter work it was found that parallel capacitive coupling has a strong
effect at pressures greater than 0.1 Torr.

The transition from a capacitive to inductive mode can be qualitatively identified
by a significant increase in light emission which simultaneously concentrates in a ring
distribution. The ring shape is explained by the combined effect of electromagnetic
attenuation by the plasma volume (characterised by the skin depth 𝛿) and the thermal
boundary layer formed at the discharge chamber wall. Several formulae exist in the
literature that couple the skin depth with other plasma parameters, such as the elec-
tron number density or conductivity, however, the effect of a thermal boundary layer
is typically ignored (Lieberman & Lichtenberg, 2005). The thermal boundary layer
thickness has previously been estimated at approximately 20 mm for IPG3 and IPG4
(predecessors to the IPG7 which have only minor differences) (Herdrich & Petkow,
2008). Such a layer would mean a region of lower charged-particle density due to lost
energy. This layer has a significant effect in high-power sources, as evidenced by the
heat transferred through the discharge chamber wall. Previous experimental work has
determined this rate of heat transfer calorimetrically, ranging between 4 kW and 9 kW
for an argon-nitrogen plasma with antenna power in the order of 25 kW, depending on
the mixture ratio (Chadwick, 2017).

The capacitive mode can be further delineated into an alpha and gamma regime, the
transition between which can be understood as a Paschen breakdown of the plasma
sheath (Godyak & Khanneh, 1986). In the former regime ionisation in the plasma bulk
is significant in maintaining the discharge, while in the latter regime it is the generation
of electrons in the sheath near electrode. Consequently, the alpha regime is associated
with a centralised distribution of light emission while the gamma regime is associated
with a concentration near the antenna. The radial distribution of light emission can
be used to distinguish between the various modes. Figure 2.1 is an axial photograph
of an inductively coupled nitrogen plasma. The thermal boundary layer is visible as a
relatively dark band at the outer radius of the plasma. The depth at which the maximum
visible emission occurs, 𝛿vis, is also labelled. It is reasonably expected that many factors
affect 𝛿vis since it is a product of electromagnetic, kinetic and thermal phenomena.
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Figure 2.1: Axial photograph of an inductively-coupled nitrogen plasma.

Oxygen and nitrogen are likely candidates for electric propulsion ISRU due to their
relative abundance in the space environment. However, because they occur as diatomic
molecules, a significant amount of the energy delivered by the antenna is spent on dis-
sociation; therefore, the ionisation degree is lower than, for example, argon which is
monatomic. An argon-oxygen or argon-nitrogen mixture can overcome this issue be-
cause the easily ionised argon generates an electron population that can couple power
from the antenna and heat the oxygen or nitrogen via collisions. Wang et al. (2018)
demonstrated the positive relationship between argon fraction and electron density for
an inductive argon-oxygen plasma. Additionally, argon’s lower thermal conductivity
brings the average thermal conductivity of the mixture down, thereby increasing the
maximum operating power of the IPG before tube failure occurs due to thermal stress
(Chadwick, 2017). Therefore, supplementing the ISRU nitrogen or oxygen with argon,
either carried from Earth or also ISRU, presents an attractive solution for an IPG-based
propulsion system. For these reasons, the candidate propellants for this workwere nitro-
gen, oxygen, argon, argon-oxygen, and argon-nitrogen. In practice it was not possible
to produce a stable inductive mode for pure oxygen and argon, therefore only nitrogen,
argon-nitrogen, and argon-oxygen are presented in this work.

This paper presents a new approach to studying the transient behaviour of modulated
inductive plasmas over the duration of individual discharge cycles. This approach in-
volves the simultaneous non-intrusive measurement of the antenna current, axial mag-
netic field strength and light emission, alongside analyses of the synchronised signals.
The approach is applied to high-power modulated argon-oxygen, nitrogen, and nitrogen
plasmas in the context of characterising thrusters for space propulsion systems.
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2 Transient behaviour

2.2 Methodology

2.2.1 Experimental setup

Experiments were conducted in the TIHTUS (thermal-inductive heated thruster of the
University of Stuttgart) facility of the Institute for Space Systems (IRS), University of
Stuttgart, Germany. The facility consists of a first-stage arcjet and a second-stage induc-
tive plasma generator, which can be operated either independently or together (Böhrk
& Auweter-Kurtz, 2006a). The operating principle of TIHTUS is shown diagrammat-
ically in figure 2.2 (a). The arcjet deposits energy into the central region of the plume
and is fed by an initial gas supply that is compatible with the arcjet (non-reactive with
respect to the hot cathode). The inductive plasma generator deposits energy into the
outer region of the plume and may be fed by an additional gas supply that is less re-
stricted. The combined effect is to maximise propellant utilisation by creating a more
uniform distribution of enthalpy in the plasma plume. Additionally, the IPG has a wider
range of operating powers under inductive coupling owing to the ionisation provided
by the arcjet. The arrangement of two independent gas supplies means that propellant
flexibility of the IPG stage is not compromised. The layout of the TIHTUS test facility
is shown in figure 2.2 (b). The facility is fitted with several diagnostic techniques for
both the generator and the plume. The generator is mounted onto a vacuum chamber
with a length of 3 m and a diameter of 2 m. A notable feature of this facility is the op-
tical diagnostics locations which allow optical access to the generator and the plasma
plume. In this work, the arcjet is removed and only the inductive plasma generator,
IPG7 (Massuti-Ballester et al., 2013), is considered.

Figure 2.3 shows the layout of the experimental setup, including a simplified sec-
tional view of IPG7. This generator has an axi-symmetric design, consisting of a quartz
tube (the discharge chamber), surrounded by a 5.5-turn helical coil antenna. It can
achieve steady operation up to a maximum anode (input) power of 180 kW, necessitat-
ing an active tube cooling system. A jacket encloses the coil and tube, forming channels
for cooling water to flow through. The antenna coil is excited by a Meissner oscilla-
tor (also known as Armstrong oscillator) resonant circuit without matching network,
shown in figure 2.4. The 50Hz three-phase facility power is full-wave rectified and
capacitively damped to produce a quasi-DC power that feeds the resonant circuit at the
triode’s anode. This process introduces characteristic frequencies at 100, 200, 300, 600
and 900 Hz. The 300Hz frequency is the most significant of these, and modulates the
power provided to the antenna to the extent that plasma ignition, mode transitions, and
extinguishment, can occur within each 3.33 ms discharge cycle.

A typical arrangement for exciting an inductive plasma consists of signal genera-
tor, amplifier, matching network and antenna. This provides a stable excitation fre-
quency and enables the minimisation of reflected power by matching the source and
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Figure 2.2: TIHTUS (thermal-inductive heated thruster of the University of Stuttgart)
operating principle (a) (adapted from Böhrk and Auweter-Kurtz (2006b)) and test fa-
cility (b) (adapted from Herdrich et al. (2015)).
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sions. A jacket encloses the coil, forming channels for cooling water (not shown).
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Figure 2.4: IPG7 resonant circuit.

load impedances. In IPG7 the resonant circuit ensures that the excitation frequency
always matches the resonant frequency, however, there is no matching network, or in
other words the matching condition is fixed. In this fixed ‘matching condition’ the
antenna current always decreases sharply at the capacitive-inductive transition.

The resonant frequency of the circuit is determined by its effective capacitance and
inductance. The effective capacitance is determined by a bank of seven 6 nF capacitors
and the effective inductance is determined by the geometry of the coil. In this work,
five of the capacitors were connected, corresponding to a nominal frequency of 586
kHz for the particular coil geometry used (Herdrich & Petkow, 2008). Taking the FFT
of the antenna current reveals a distribution of frequencies surrounding the nominal fre-
quency. Furthermore, a short-time FFT reveals that this distribution can be described
as a single instantaneous characteristic frequency that varies over the 3.33 discharge
cycle period. In a capacitive coupling mode, this variation is relatively small and could
be attributed to the temperature-dependant properties of the circuit or capacitance be-
tween the antenna and plasma body. In an inductive coupling mode, the characteristic
frequency increases significantly due to the development of an azimuthal current within
the plasma that increases the effective inductance of the circuit (Chadwick et al., 2016).
Consequently, the plasma discharge is not truly steady, and the behaviour at the level of
discharge cycle should be considered. This is also important for diagnostic purposes as
the IRS IPG family is also used for aerothermodynamic testing (e.g. to test heat shield
materials) (Herdrich et al., 2009; Loehle et al., 2022).

The coil current was measured by a Hofer-Noser Karrer (HOKA) probe designed
by Kametech AG (Karrer et al., 1999; Karrer et al., 2003). The probe measures the
magnetic field produced by the current flowing in the coil. Special features of the
probe are its ability to withstand long periods of exposure to the current, due to its
non-ferrous design, and its relatively high sampling frequency (up to 4 MHz). It has
been noted in previous investigations that, due to the strong coupling between the coil
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Table 2.1: Summary of experimental conditions. For each propellant mixture, data
was collected at a stable anode potential just before (capacitive) and after (inductive)
the capacitive-inductive transition. The unit Ln/min refers to normal litres per minute.

Case Anode conditions Pressure
Species: flow rate Total mass flow rate Regime Potential Power Injector Tube (est.) Tank

[Ln/min] [g/s] [kV] [kW] [Torr] [Torr] [Torr]

N2: 107 2.23 Cap. 2 4 31 2.9 0.20
Ind. 4 25 31 3.9 0.22

Ar: 90, N2: 43 3.58 Cap. 2 4 43 4.3 0.19
Ind. 4 34 43 5.2 0.20

Ar: 90, O2: 43 3.69 Cap. 3 10 43 4.7 0.19
Ind. 4 36 43 5.3 0.22

and the plasma, variations in the magnitude and characteristic frequency of the plasma
current can be observed by way of the HOKA probe (Chadwick et al., 2016; Herdrich
& Petkow, 2008; Auweter-Kurtz & Wegmann, 1999).

The electrodeless nature of IPG7 allows the use of the chemically reactive propellant
gases such as oxygen, carbon-dioxide, and water vapour, in addition to gases, such as
argon, hydrogen and nitrogen. A co-axially positioned window in the injector head
(optical diagnostics location 3 in figure 2.2 (b)) allows radially-resolved non-intrusive
measurements. Pressure can reach less than 1 Pa without propellant flow or 10–30 Pa
with a typical propellant flow in the order of g s−1 for gases such as oxygen, nitrogen
or carbon dioxide.

Radial profiles of light emission and axial magnetic field strength were obtained by
sensors mounted on a linear stage located at the injector head window. Light emission
in the visible range was measured by a Thorlabs DET210 photodiode unit connected
via optical fibre to a lens and aperture assembly. The spectral response covers 200 nm
to 1100 nm (including the complete visible range), with a peak response of 0.45 A/W
at 730 ± 50 nm (ThorLabs, 2005). The axial magnetic field strength was captured by
a Projekt Elektronik FM 302 magnetometer with axial probe AS-HAP (Projekt Elek-
tronik, 2016). During each data acquisition, the emission intensity, magnetic strength,
and coil current were measured simultaneously over a 20 ms duration at a sampling
frequency of 5 MHz, approximately 10 times the driving frequency. In this study, the
relative intensity of the light emission is considered, therefore, the measured values are
given in normalised units. Neither the axial location of the lens nor the effect that the
intensity is integrated along the line of sight are critical. For the magnetometer, the
distance from the probe tip to the centre of the coil was 248 mm.

The axial magnetic field strength, as measured by the magnetometer, arises primarily
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from the coil current and secondarily from the motion of charge particles in the plasma.
Considering the coil as a current-carrying sheet with some diameter and length but zero
radial thickness allows for determination of an analytical expression for the magnetic
field resulting from the coil current at arbitrary points in space. There are several exact
and approximate solutions available in the literature. The solution developed by Derby
and Olbert was selected for this work because it is exact, relatively simple, and an
efficient algorithm is provided for its computation (Derby & Olbert, 2010). The axial
magnetic field strength per unit coil current, at a location specified by the axial (𝑧) and
radial (𝜌) coordinates, is given by

𝐻𝑧
𝐼coil

(𝑧, 𝜌) = 𝑁
2𝑏𝜋

𝑎
𝑎 + 𝜌 [𝛽+ C (𝑘+, 𝛾2, 1, 𝛾) − 𝛽− C (𝑘−, 𝛾2, 1, 𝛾)]

where

𝛽± =
𝑧±

√𝑧2
± + (𝑎 + 𝜌)2

, 𝑘± =
√√√
⎷

𝑧2
± + (𝑎 − 𝜌)2

𝑧2
± + (𝑎 + 𝜌)2 , 𝑧± = 𝑧 ± 𝑏, 𝛾 = 𝑎 − 𝜌

𝑎 + 𝜌 .

Here, 𝑎 is the effective radius of the coil, 𝑏 is half the axial length of the coil, and 𝑁
is the number of turns. The parameter 𝐶 is a generalised complete elliptic integral; an
algorithm for computing it is provided in (Derby & Olbert, 2010).

Three propellant mixtures were selected for this study: nitrogen, argon-nitrogen, and
argon-oxygen. For each propellant, the anode potential was adjusted to achieve two
conditions: a stable capacitive condition just before capacitive-inductive transition and
a stable inductive condition just after transition. These conditions are summarised in
table 2.1. The various conditions were identified by examining the overall magnitude
and radial distribution of the emitted visible light; the capacitive regime having little or
no emission and the inductive regime having significant emission and a ring-like distri-
bution. Pressures were measured at the injector head and at the tank wall, representing
respectively upper and lower bounds for the discharge chamber (tube) pressure which
was not measured directly. Tube pressures were estimated based on a linear interpola-
tion of tube pressures that were previously measured as a function of propellant mass
flow rate and anode power for pure oxygen in IPG3, and should be taken only as an
indication of the order of magnitude and trend (Herdrich, 2004). The relatively high
tube pressures, in the range of 2 Torr to 6 Torr, suggest the possibility of a significant
capacitive coupling channel in parallel to the inductive coupling channel (Kralkina et
al., 2016).
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Figure 2.5: Method used to collate the discharge cycles. (a) raw signal, (b) RMS signal
with cycle boundaries identified by minima, (c) individual cycles collated, (d) mean
and standard deviation represented by line and shaded region.

2.2.2 Collation of discharge cycles

The coil current, emission intensity, and magnetic field strength measurements all ex-
hibit a cyclical pattern at approximately 300Hz. This phenomenon has previously been
observed in the coil current and is attributed to the design of the facility’s power sup-
ply (Herdrich & Petkow, 2008). The appearance of the same cyclical pattern in the
other signals indicates the strong interconnection between them. A process was de-
veloped to collate the individual cycles together to assess the level of variation and to
enable further analyses: this process is summarised in figure 2.5. The resulting mean
and standard deviation curves represent, respectively, the typical discharge cycle and
the level of variation between cycles. The process is initially performed on the antenna
current signal, then repeated for the emission intensity and magnetic field strength mea-
surements, using the cycle boundaries identified from the antenna current to preserve
synchronicity. These collated signals are the basis for the results that follow.

2.3 Results & discussion

Firstly, the time-resolved measurements of coil current, axial magnetic field strength,
emission intensity and coil current characteristic frequency over the discharge cycle
period are presented at different conditions according to table 2.1 in figures 2.6 to 2.8.
From this data, it is possible to observe the effect of mode transition on these parame-
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ters and to identify clearly the periods of different coupling modes. Subsequently, the
spatially- and time-resolvedmeasurements of light emission are presented in figures 2.9
to 2.14.

Figure 2.6 shows the coil current, axial magnetic field strength, relative light emis-
sion (visible range), and characteristic frequency of the coil current for pure nitrogen
over the discharge period. For the capacitive 2 kV condition, the coil current has a
smooth, continuous profile, indicating minimal interaction between the coil and the
plasma. For the inductive 4 kV condition, there is the same trend, except for the pe-
riod between 0.8 ms and 2 ms where the current dips significantly. This reduction of
the coil current is evidence of inductive coupling occurring between the coil and the
plasma, and therefore marks the inductive portion of the cycle. Hence, when the ‘in-
ductive’ case is examined at the level of individual discharge cycles, it is revealed that
each cycle is comprised of a capacitive-dominated period and an inductive-dominated
period.

The measured and calculated magnetic field strength profiles have a near-identical
resemblance for both conditions, especially at higher magnitude. This is remarkable
since the model that is the basis for the calculations is relatively simplistic and does not
account for the plasma current. Since the plasma current does not appear as a discrep-
ancy between the measured and calculated magnetic field strengths, this implies there
is a negligible contribution from the plasma current. Two exceptions to the similarity
occur at approximately 1 and 2 ms in the 4 kV condition; both occur during the ca-
pacitive part of the cycle. The standard deviation is more significant for these periods,
indicating high random variation between individual cycles.

The capacitive case produces negligible visible radiation: this is seen in all the ca-
pacitive datasets. For the inductive case, there is an increase in emission intensity
coinciding with the sudden decrease in coil current. The visible radiation peaks as
the coupling mode transitions from inductive to capacitive and then decays. This indi-
cates the halting of the generation of heavy, energetic, light-emitting species, and their
subsequent decay.

The difference between the capacitive and inductive coupling periods is the most dis-
tinct in the characteristic frequency plot. For the capacitive 2 kV condition, the profile
is near constant, with a small (1.2 % of the mean), steady increase over the cycle pe-
riod. This small increase could be explained by thermal effects within the power circuit
changing the effective capacitance. The same profile is seen in the 4kV condition for
the periods of capacitive coupling. The transition to inductive coupling triggers a sharp
departure from the capacitive profile, indicating a change in the effective inductance
due to the establishment of an azimuthal plasma current. Based on the characteristic
frequency, which gives the clearest indication of the coupling mode, the capacitive
and inductive modes occupy approximately 75% and 25% of the cycle duration, respec-
tively. The difference between characteristic frequencies for capacitive and inductive
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conditions gives a qualitative measure of the plasma current, since they are connected
by the plasma inductance.

Following the assumption that the frequency change is due to an azimuthal plasma
current, the frequency change can be used as a qualitative measure of that plasma cur-
rent. Therefore, the peak plasma current occurs 0.31 ms after the peak antenna current
and 0.40 ms before the peak light emission. The first period indicates the lag between
the inductive ‘ignition’ and maximum inductive coupling. The second period indicates
the lag between the maximum inductive coupling and the maximum population of light
emitting species: in other words, the time necessary for the electron and ion populations
to reach equilibrium.

Figure 2.7 shows the coil current, axial magnetic field strength, light emission (visi-
ble range), and coil current characteristic frequency for an argon-nitrogen mixture over
the discharge period. The trends of the coil current profiles bear a strong resemblance
to that of the nitrogen case, although here the dip in the profile for the inductive case
is longer in duration and therefore assumes a lower value when the capacitive regime
is resumed. The coil current is not steady throughout this period and at 1.8 ms there is
a high level of variation between cycles. The measured and calculated magnetic field
strengths are relatively close, more so than for nitrogen. The exception, in this case, is
the peak just before transition to the inductive mode. Again, a negligible contribution
from the plasma current is implied.

The light emission profile for the inductive case resembles a smooth, non-skewed
curve that increases from zero at the capacitive-inductive transition, peaks just be-
fore the inductive-capacitive transition, and decays to zero just as the next capacitive-
inductive transition occurs. In other words, the population of heavy, light-emitting
particles dips to zero only momentarily. The smooth maximum occurring before the
end of the inductive regime may represent an equilibrium state where the population of
light-emitting particles stabilises for that particular set of conditions. This is in contrast
with the light emission profile for nitrogen, which shows a sharp peak, indicating that
the population of light-emitting particles was still increasing rapidly when the inductive
regime ended.

The inductive period of the characteristic frequency profile has a strong left skew,
indicating a rapid onset and slow decay of the plasma current. The capacitive and
inductivemodes occupy approximately 43% and 57% of the cycle duration, respectively.
The peak plasma current occurs 0.37 ms after the peak antenna current, and 1.04 ms
before the peak light emission.

Figure 2.8 shows the coil current, axial magnetic field strength, light emission (visi-
ble range), and characteristic frequency of the coil current for an argon-oxygen mixture
over the discharge period. The trends of the coil current profiles have a stronger resem-
blance to the argon-nitrogen case than the nitrogen case, due to the long period of
inductive coupling, although the current is steadier during the inductive period. Here
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Figure 2.6: Coil current (a), axial
magnetic field strength (b), emis-
sion intensity (c), and coil current
characteristic frequency (d) for pure
nitrogen, over the discharge cycle
period. The lines and shaded re-
gions represent the means and stan-
dard deviations of the collated dis-
charge cycles, respectively.

Figure 2.7: Coil current (a), axial
magnetic field strength (b), emis-
sion intensity (c), and coil current
characteristic frequency (d) for an
argon-nitrogenmixture, over the dis-
charge cycle period. The lines and
shaded regions represent the means
and standard deviations of the col-
lated discharge cycles, respectively.
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2.3 Results & discussion

the anode potential for the capacitive case is 3 kV, rather than the 2 kV seen for the
other two propellants. This is reflected in a proportional increase in the magnitude of
the capacitive profiles of the coil current and the magnetic field strength. Once again
the measured and calculated magnetic field strengths are near-identical, implying a
negligible contribution from the plasma current.

The capacitive argon-oxygen case has negligible visible radiation, despite having the
highest anode potential and power of any of the capacitive cases. The inductive case has
the highest radiation intensity of any propellant. There is a sudden increase in emission
intensity coinciding with the capacitive-inductive transition, with the maximum radia-
tion intensity reached soon after, well before the inductive-capacitive transition. The
smooth maximum occurring during the inductive coupling period suggests the attain-
ment of an equilibrium state, as it did for the argon-nitrogen case. The key departures
from the argon-nitrogen are the left-skew of the distribution, and the non-zero value
of the minimum. The minimum value indicates that the population of light-emitting
particles is present throughout the entire cycle.

Similar to argon-nitrogen, the inductive period of the characteristic frequency profile
has a strong left skew, indicating a rapid onset and slow decay of the plasma current.
The capacitive and inductive modes occupy approximately 30% and 70% of the cycle
duration, respectively. The peak plasma current occurs 0.38 ms after the peak antenna
current, and 0.50 ms before the peak light emission.

The near-identical trends of the argon-oxygen and argon-nitrogen cases, when com-
paring the antenna current, axial magnetic field, and characteristic frequency, indicate
near-identical behaviour in terms of the coupling between antenna and plasma. There-
fore, different coupling behaviour between the two cases cannot explain the observa-
tion that the light emission intensity profile is left skewed for argon-oxygen and not for
argon-nitrogen. A preliminary interpretation is that the argon-nitrogen case is slower
to reach equilibrium; however, the spatially resolved data presented in the next section
gives some further insight into this phenomenon.

The results presented in this section clearly show the mode transitions occurring on
the time scale of the 300Hz discharge cycle for the inductive cases. The transitions
are discernible by the deviations of the characteristic frequency and coil current pro-
files. For the coil current, capacitive-inductive transition occurs at the maximum value,
which raises the question of whether that value represents a critical value. This hypoth-
esis is contradicted by the argon-oxygen case, because the maximum capacitive coil
current exceeds the maximum inductive coil current. Two alternatives were consid-
ered as predictors for the capacitive-inductive transition and are presented in table 2.2:
the accumulated energy over the period between the minimum and maximum current,
and the instantaneous power at the maximum current. Again, argon-oxygen presents
an exception, as the accumulated energy is greater for the capacitive case than the in-
ductive case. For all three propellants, the instantaneous power has the desired trend,

41



2 Transient behaviour

Figure 2.8: Coil current (a), axial
magnetic field strength (b), emis-
sion intensity (c), and coil current
characteristic frequency (d) for an
argon-oxygen mixture, over the dis-
charge cycle period. The lines and
shaded regions represent the means
and standard deviations of the col-
lated discharge cycles, respectively.
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Table 2.2: Coil conditions at maximum current for each propellant for capacitive and in-
ductive cases. The accumulated energy is calculated as 𝑈anode ⋅ ∫𝑡=𝑡max

𝑡=0 𝐼coil,RMS (𝑡) 𝑑𝑡,
and the instantaneous power is calculated as 𝑈anode ⋅𝐼coil,RMS (𝑡 = 𝑡max). 𝑈anode is used
in place of 𝑈coil, since they are of the same order (Herdrich & Petkow, 2008) and the
latter was not measured.

Case Anode conditions Coil conditions at maximum current
Species: flow rate Regime Potential Power Accum. energy Instant. power

[Ln/min] [kV] [kW] [kJ] [MW]

N2: 107
Cap. 2 4 0.92 1.66
Ind. 4 25 2.39 5.37

Ar: 90, N2: 43.2
Cap. 2 4 0.78 1.47
Ind. 4 34 1.51 4.62

Ar: 90, O2: 42.6
Cap. 3 10 2.16 3.58
Ind. 4 36 1.48 4.64
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2.3 Results & discussion

although further work is needed to determine the consistency of this behaviour under
other conditions. The accumulated energy and instantaneous power for argon-oxygen
and argon-nitrogen are remarkably similar andmay indicate the dominance of the argon
component (due to its lower ionisation energy) in the capacitive-inductive transition
when compared with the other species. By contrast, the addition of argon to nitrogen
has a significant effect, by reducing both the accumulated energy and instantaneous
power at the capacitive-induction transition.

For each dataset the difference between the capacitive and inductive characteristic
frequency profiles provides evidence of strong plasma currents, while the small discrep-
ancy between the measured and calculated magnetic field strengths provides evidence
to the contrary. This contradiction is resolved by supposing that the plasma current is
concentrated in a region relatively far from the magnetometer, such that the effect of
the antenna current dominates due to its closer proximity and the strong decay of the
magnetic field strength with increasing distance. Since the magnetometer was located
on the injector head side of the plasma source, the plasma current must be located
in the downstream region. This is a reasonable conclusion because particles in the
downstream region have, in effect, had a longer residence time in close proximity to
the antenna, therefore higher densities of electrons and ions are to be expected. The
supposition is further supported by observed failures of the discharge tube, caused by
thermal stress, occurring in the downstream region and experimental measurements
of the chamber inner wall temperature that show the maximum also occurring in the
downstream region (Chadwick et al., 2018).

2.3.1 Spatially resolved discharge cycles

In the previous plots, the radially resolved measurements, that is the axial magnetic
field strength and the light emission, were averaged across the radial position in order
to focus solely on the variation with respect to time. Subsequently, the radially resolved
data are considered. The first point to note is that the magnetic field strength was
uniform across the radial position. It was expected to see some radial distribution due to
the highly localised plasma current; however, its absence is further evidence supporting
the supposition that the plasma current is located at the far-end of the tube, away from
the magnetometer. For this reason, the following results focus only on the radially
resolved light emission measurements. Radial positions are reported as distance from
the central axis of the plasma generator. Where a ring emission is discernible, 𝛿vis is
equal to the discharge tube inner radius (43 mm) minus the radial position.

In figure 2.9, radial distributions of light emission are plotted for the inductive, 4
kV condition for pure nitrogen. Measurements were taken at 16 positions across the
diameter of the IPG window, and diametrically opposing pairs of points were averaged
to yield 8 radially located points. A cosine sum was chosen as the fitting function to
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2 Transient behaviour

ensure continuity at the centre. The first of the curves is the mean over the duration
of the discharge cycle: in other words, it is not time resolved. This corresponds to a
slower-sampling-rate measurement such as a CCD-array might capture, or to what an
observer would see by eye. This time-averaged curve is fairly uniform, with a small
peak corresponding to the ring emission at 37 mm (𝛿vis = 6 mm). Two instantaneous
distributions of emission are also plotted, corresponding to the occurrence of the min-
imum and maximum total emission. At the maximum total emission, there is a strong
ring emission at 36.5 mm (𝛿vis = 6.5 mm). At the minimum total emission, the inten-
sity is zero across the entire radius. Due to the relatively short duration of the inductive
mode, the emission intensity decays quickly (that is, energetic, heavy species reduce in
number).

In figure 2.10 (a) the coil current and its characteristic frequency are reproduced for
reference. In figure 2.10 (b) the full light emission data are shown as a contour plot over
the discharge cycle period and radial position. The antenna current and characteristic
frequency are reproduced for reference (a). With the aid of this reference, it is clear
that the onset of the ring emission occurs simultaneously with the onset of the inductive
mode. The location of themaximumof the ring emission is plotted over the contour plot
to show its movement over time. The absence of any central emission, and the relatively
short duration of the light emission, are apparent. During the period of emission, the
ring emission location is fairly constant at 36.5 ± 0.5 mm (𝛿vis = 6.5 ± 0.5 mm), except
for the initial onset, where it approaches from the discharge chamber wall.

The magnitudes of the emission along the centreline, and the maximum of the ring
emission (when it is discernible), are plotted in figure 2.10 (c). The ring emission inten-
sity increases rapidly up until the very end of the inductive coupling period, suggesting
increasing ionisation up until that point, or, put differently, that the species populations
in the plasma have not stabilised. A large inter-cycle variation is seen for the central
region, which may be a product of unsteady non-axial flow in that region transporting
light-emitting particles to or from the centre.

In figure 2.11 radial distributions of light emission are plotted for the inductive, 4
kV condition of the argon-nitrogen mixture. The time-averaged curve shows a ring
emission occurring at 26.5 mm (𝛿vis = 16.5 mm). Three instantaneous distributions
of emission are also plotted, corresponding to the occurrence of the minimum total
emission, development of a stable ring emission, and maximum total emission. The
stable ring emission profile shows a strong ring emission occurring at 31.0 mm (𝛿vis =
12 mm). In comparison, at the maximum total emission, the ring emission has a great
intensity and has moved inwards to 25.5 mm (𝛿vis = 17.5 mm). The minimum total
emission is non-zero, but comparatively negligible.

The evolution of the ring emission can be traced in figure 2.12 (b). The inductive
mode starts at 0.6 ms according to the characteristic frequency, approximately coincid-
ing with the minimum total emission at 0.64 ms. Subsequently, the emission increases
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2.3 Results & discussion

Figure 2.9: Emission intensity
plotted against radial position
at different times for pure ni-
trogen at 4 kV anode potential.
The first plot is the mean over
time; subsequent plots are in-
stants in time corresponding to:
minimum total emission, and
maximum total emission.
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Figure 2.10: The radial and
temporal distribution of emis-
sion intensity for pure nitro-
gen at 4 kV anode potential.
The antenna current and char-
acteristic frequency are shown
again for reference (a). The ra-
dial and temporal distribution
is shown in (b), with the lo-
cation of the maximum ring
emission shown as a thick line,
and the centre-line as a thin
line. The magnitudes under
these lines are plotted in (c)
against time.
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2 Transient behaviour

rapidly, and the ring emission is identifiable at 1.2 ms, moving rapidly inwards and then
stabilising momentarily. The ring emission moves inwards again before reaching the
maximum total emission, where it remains and decays. There is no central emission,
as was the case for pure nitrogen.

Referring to the trace of the ring emission intensity in figure 2.12 (c), it appears that
the intensity plateaus briefly at the initial stabilisation. Given the lower energy required
to ionise argon, as compared with that needed to dissociate and ionise molecular nitro-
gen, this may indicate a momentary equilibrium condition for the argon component,
before there is appreciable light emission coming from the nitrogen component. The
total maximum emission, therefore, represents the equilibrium of both the argon and
the nitrogen components.

In figure 2.13, the radial distributions of light emission are plotted for the induc-
tive, 4 kV condition of the argon-oxygen mixture. The time-averaged curve is mostly
uniform, with only a small ring emission discernible at 28 mm (𝛿vis = 15 mm). The
subsequent curves are snapshots of the emission profile at the time of minimum to-
tal emission, maximum central emission, maximum ring emission, and stabilisation
of the ring emission after shifting inwards. Comparison of these curves shows sev-
eral features that are not visible in the time-averaged profile. Firstly, there is a strong,
transient central emission. Secondly, the ring emission is more pronounced and shifts
position over the course of the cycle. Thirdly, for part of the cycle, the central and
ring emissions disappear. Fourthly, the onset of the central and ring emissions occurs
simultaneously with the frequency shift due to inductive coupling, however, the central
emission maximum occurs 0.70 ms before the ring emission maximum.

A possible explanation for the central emission is alpha-capacitive coupling since
it is associated with a centralised distribution of light emission. As explained in the
methodology, the relatively high discharge chamber pressure permits a significant ca-
pacitive coupling in parallel to the inductive coupling. Referring to the antenna current
and characteristic frequency in figure 2.14 (b), it is clear that the onset of the central
and ring emissions occur simultaneously with the onset of the inductive mode; how-
ever, the ring emission develops at a slower rate. The ring emission location varies
between 32 mm and 24 mm (11 < 𝛿vis < 19 mm), with the minimum corresponding
to the peak magnitude.

Referring to figure 2.14 (c), the intensity of the ring emission increases from its es-
tablishment at 1.05 ms until its maximum at 1.87 ms. The smoothness of the maximum
suggests the attainment of a stable population of light-emitting species for that condi-
tion, namely for that plasma current, as indicated by the antenna current characteristic
frequency. Following the maximum, the emission intensity decreases steadily, in step
with the decreasing characteristic frequency and therefore plasma current. Once the
mode transitions from inductive to capacitive at 2.65 ms, the rate of decrease for the
emission intensity increases. This suggests that, for the period between 1.87 ms and
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2.3 Results & discussion

Figure 2.11: Emission intensity
plotted against radial position
at different times for an argon-
nitrogen mixture at 4 kV an-
ode potential. The first plot
is the mean over time; subse-
quent plots are instants in time
corresponding to: minimum to-
tal emission, stabilisation of
the ring emission, and maxi-
mum total emission.
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Figure 2.12: The radial and
temporal distribution of emis-
sion intensity for an argon-
nitrogen mixture at 4 kV an-
ode potential. The antenna
current and characteristic fre-
quency are shown again for ref-
erence (a). The radial and
temporal distribution is shown
in (b), with the location of
the maximum ring emission
shown as a thick line, and the
centre-line as a thin line. The
magnitudes under these lines
are plotted in (c) against time.
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2 Transient behaviour

2.65 ms, the ring emission intensity represents a steady condition for each plasma cur-
rent value in that period.

With these spatially-resolved data, the light emission profile in figure 2.8 can be
explained as the sum of a central emission and a ring emission. The left skew of the
overall emission is then seen as the sum of the left-skewed central emission and the
no-skew ring emission. The profile of the ring emission is more comparable with the
overall profile for the argon-nitrogen case. In other words, without the central emission,
the argon-oxygen and argon-nitrogen cases are similar in most respects. As discussed
in the previous section, the antenna current, magnetic field strength, and characteristic
frequency profiles for the argon-oxygen and argon-nitrogen cases are nearly identical,
therefore, the existence or non-existence of the central emission under these conditions
is likely to be a result of the different propellant mixtures. Molecular nitrogen has
higher dissociation and ionisation energies thanmolecular oxygen, which could explain
why the central emission is seen at lower anode potential for argon-oxygen, compared
with argon-nitrogen.

In this section the spatially-resolved datasets revealed the changing 𝛿vis over individ-
ual discharge cycles. In the case of argon-oxygen, it also revealed the existence of a
central emission phenomenon, possibly the result of a strong alpha-capacitive coupling.
Neither phenomenon is evident when considering the time-averaged data alone.

2.4 Conclusion

The simultaneous measurement of the antenna current, radially-resolved light emission,
and radially-resolved axial magnetic field strength, at a sampling frequency sufficient to
resolve the discharge cycle and driving frequency, is considered as a new, non-intrusive
experimental technique to assess the discharge, the discharge modes and the discharge
behaviour of an inductive plasma generator. The transition from capacitive to inductive-
dominated coupling can be clearly identified by a sharp decrease in the antenna current
(≈ 50 %) and a sharp increase in the characteristic frequency of the antenna current (≈
6 %) in each 3.33 ms cycle. The characteristic frequency changes due to the formation
of an azimuthal plasma current (inductive coupling) and gives some qualitative insight
into the magnitude of that current and the resulting secondary effects that, for example,
lead to both the reduction of the primary current as well as the shift of inductance.
Measurements of the axial magnetic field strength match remarkably well to a simple
analysis of the field induced by the antenna current without considering the plasma
current. This suggests that the plasma current is localised in the downstream region.

Photodiode measurements show that the light emission starts to increase at the time
that the characteristic frequency deviates (formation of plasma current), and peaks after
the frequency does, indicating the delay between the power deposition and the emis-
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2.4 Conclusion

Figure 2.13: Emission inten-
sity plotted against radial po-
sition at different times for an
argon-oxygen mixture at 4 kV
anode potential. The first plot
is the mean over time; subse-
quent plots are instants in time
corresponding to: minimum
total emission, maximum cen-
tral emission, maximum ring
emission, and stabilisation of
the ring emission after shifting
inwards.
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Figure 2.14: The radial and
temporal distribution of emis-
sion intensity for an argon-
oxygen mixture at 4 kV an-
ode potential. The antenna
current and characteristic fre-
quency are shown again for
reference (a). The radial and
temporal distribution is shown
in (b), with the location of
the maximum ring emission
shown as a thick line, and the
centre-line as a thin line. The
magnitudes under these lines
are plotted in (c) against time.
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2 Transient behaviour

sion caused by electrons dropping to lower energy states. Furthermore, the radially-
resolved photodiode measurements show the depth at which maximum light emission
occurs, 𝛿vis, and it’s evolution over time. For the nitrogen case, it is fairly consistent
at 6.5 mm, for argon-oxygen it initially stabilises at 12 mm and later at 17.5 mm, and
for argon-nitrogen it varies between 11 mm and 19 mm. The effect of adding argon to
nitrogen is pronounced and produces a more prolonged period of inductive coupling
and consequently a greater emission intensity. While alternative techniques such as
phase-resolved optical emission spectroscopy (PROES) can certainly give more de-
tailed insight into plasma parameters, it cannot tolerate mixtures as well as the method
presented here. In the context of space propulsion mixtures are being investigated as a
means to improve the performance of gases captured from the space environment.

The transient light emission profiles reveal several features that were hidden in the
time-averaged profiles; namely, the existence of a central emission peak in the argon-
oxygen case, and the changing location of the ring emission. Given the range of phe-
nomena displayed in a single discharge cycle, such as capacitive coupling, the central
emission (possibly a parallel alpha-capacitive coupling) and varying degrees of induc-
tive ring emissions, it is clear that the discharge cannot be treated as a steady process
using time-averaged values. This is also of concern for the parameters that can be mea-
sured in the plasma jet, an aspect that significantly increases the value of these results.
Conventional plasma modelling approaches use a steady assumption, such that time-
variance does not need to be considered, significantly reducing the model complexity
at the cost of neglecting the transient phenomena. The experimental technique pre-
sented here provides evidence for the importance of transient modelling, as well as a
method for collecting the data needed to build such a model.
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Power efficiency estimation
Power efficiency estimation of an inductive
plasma generator using propellant mixtures of
oxygen, carbon-dioxide and argon 3
The second article is a deeper investigation into antenna current measurements taken
for oxygen, carbon dioxide and mixtures of both with argon, at various input powers
and flow rates, along with how they relate to propulsion figures of merit such as power
efficiencies. To quantify the amplitude and frequency shifts of the antenna current, two
quantities are defined—the ‘inductive duty cycle’ and the ‘inductive frequency shift’.
These quantities are then compared with system-level power efficiencies to understand
how the antenna current behaviour is linked to the propulsion figures of merit such as
thermal efficiency. In particular, high thermal efficiencies (approximately 84 %) are
achieved under high ‘inductive frequency shift’ conditions.
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Abstract

Abstract

A promising aspect of inductive plasma generators for space propulsion applications
is their electrodeless nature that leads to a high propellant compatibility and opens the
door to in-situ resource utilisation propellants. To further develop inductive plasma
generators as a space propulsion technology it is important to understand the relation-
ship between system inputs (e.g. input power and propellant material) and system out-
puts (e.g. power efficiencies) to aid design and control. In this work, methodologies
are developed for non-intrusively assessing the inductive coupling from antenna current
measurements in terms of the ‘instantaneous ignition power’, the ‘inductive duty cycle’
and the ‘inductive frequency shift’. Experimental results are presented for IPG7, a high-
power (up to 180 kW) 5.5-turn helical antenna inductive plasma generator. Potential
in-situ resource utilisation materials oxygen and carbon-dioxide, and their respective
mixtures with argon, are assessed in terms of their inductive coupling characteristics
and resulting power efficiencies. Oxygen is shown to be an attractive propellant mate-
rial, especially when supplemented with argon. In particular, high thermal efficiency
(∼ 84 %) can be achieved at high input powers. A basis is provided for understanding
the power efficiencies of an inductive plasma generator in terms of non-intrusive an-
tenna current measurements, to aid power supply sizing and to develop monitoring and
control techniques for thruster applications.

3.1 Introduction

The ongoing development of electrodeless electric propulsion technology offers great
promise for the expansion of human activity in space. The separation of electrical com-
ponents from the high-enthalpy propellant flow (hence ‘electrodeless’) strongly miti-
gates the life-limiting factor of erosion and allows the use of a variety of propellants.
Advanced electrodeless propulsion systems are under development at the University of
Stuttgart’s Institute for Space Systems (IRS) for applications such as in-situ resource
utilisation (ISRU) including atmosphere-breathing electric propulsion (ABEP). In par-
ticular, IPT (radiofrequency helicon-based inductive plasma thruster) is in active devel-
opment for ABEP applications within the Discoverer project, employing technologies
such as optimised antenna design and respective resonances to enhance both power
coupling and propellant acceleration (Romano et al., 2018; Romano et al., 2020). A
parallel program focuses on developing a basic understanding of the dynamic power
coupling modes and the impact of variations in propellant blends (Chadwick et al.,
2016; Chadwick et al., 2020; Georg et al., 2020 (chapter 2)), of which the work pre-
sented here is the latest part. Conventional electric technologies, such as gridded ion
thrusters and Hall-effect thrusters, typically rely on the less-reactive noble gases to par-
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tially mitigate the factor of erosion (Brown & Walker, 2020), making them unsuitable
for ISRU. Potential ISRU materials that could be used as propellants include oxygen,
water, carbon dioxide, or syngas from waste gasification and pyrolysis processes (Anih
et al., 2019). The development of a thruster which can ingest these materials with
minimal erosion and with desirable performance characteristics would open the door
to ‘refuelling’ with material collected in space (ISRU), and/or continuous operation
in very low orbit (ABEP). Both concepts represent new capabilities for human space
activity.

There are numerous groups working on advanced electric propulsion technologies
as outlined in a recent review paper by Levchenko et al. (2020). Electrodeless propul-
sion technologies form a prominent subset of these, and are outlined in greater detail
in another review paper by Bathgate et al. (2017). One electrodeless technology that
continues to receive a great deal of attention in the literature is the inductive plasma
generator (IPG). The inductive plasma generator gets its name from the inductive cou-
pling that occurs when the radiofrequency antenna current induces an azimuthal cur-
rent in the plasma. This can be understood by analogy with an electrical transformer,
where the antenna forms the primary winding and the plasma forms the second wind-
ing (single loop). In this regime, power is transferred to the plasma effectively. Induc-
tive coupling occurs at high input powers; at low powers, capacitive coupling is domi-
nant. The transition between the two regimes exhibits hysteresis (Turner & Lieberman,
1999) and is sensitive to many factors including the matching conditions (Cunge et al.,
1999), plasma geometry, antenna geometry, pressure and plasma parameters (active
and equivalent plasma resistances) (Kralkina et al., 2017; Kralkina et al., 2020). Fur-
ther complicating the matter, the two coupling modes are not mutually exclusive and it
possible to have varying degrees of parallel capacitive and inductive coupling. There-
fore it becomes important to not only assess the dominant regime, but also quantify its
dominance. In the context of space propulsion, establishing and maintaining a strong
inductive coupling is important to maximise the power transfer into the propellant in
an IPG.

Including helicon plasma sources as a special case of IPG, there are numerous groups
working on developing this technology for space propulsion (Romano et al., 2020; Sou
et al., 2000; Herdrich et al., 2013; Isayama et al., 2018; Navarro-Cavallé et al., 2018;
Vitucci, 2019; Manente et al., 2019; Takahashi, 2019; Tsifakis et al., 2020). In addition
to the radiofrequency excitation, helicon sources also use an applied magnetic field to
establish the necessary boundary conditions for the formation of helicon waves within
the plasma discharge. Several mechanisms have been demonstrated or proposed for
the acceleration of the quasi-neutral plasma discharge, three of which are mentioned
here. Firstly, the discharge can undergo gas-dynamic expansion, for example through a
physical de Laval nozzle. Secondly, diverging magnetic field lines (such as the applied
magnetic field of a helicon source) can produce a ‘magnetic nozzle’ effect; key benefits
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are the lack of erosion and the ability to adjust the nozzle in-flight when compared to
the physical alternative (Merino & Ahedo, 2016). Thirdly, an 𝐸 × 𝐵 drift velocity can
be produced with the necessary field configuration (Kaganovich et al., 2020). Each of
these mechanisms has an equal effect on electrons and ions, therefore a neutralising
electron beam is not needed. Furthermore, the mechanisms are not necessarily mutu-
ally exclusive, for example, the previously mentioned IPT project at IRS employs both
magnetic nozzle and 𝐸 × 𝐵 drift velocity effects (Romano et al., 2018; Romano et al.,
2020).

Despite propellant-flexibility being a key motivator for electrodeless propulsion, to-
date there has been limited work on studying and comparing the performance of differ-
ent propellant compositions in IPGs. Charles et al. investigates the effect of molecular
propellants by measuring the exhaust velocities over pressure for N2, CH4, NH3 and
N2O in their helicon double layer thruster (HDLT) (Charles et al., 2008); these species
were chosen because of their different molecular structures rather than any relevancy
to ISRU. Chadwick et al. reported thrust measurements and associated figures of merit
over input power for O2, N2, CO2 and respective mixtures with Ar in a high-powered
IPG (Chadwick et al., 2020); the base species were chosen for their relevance for ISRU
while the argon mixtures were chosen to augment their propulsive properties. This
work showed promising results for the argonmixtures including a synergistic behaviour
between the two components due to the low ionisation energy of argon and the high
thermal conductivity of the molecular component.

This work presents several figures of merit over a range of conditions and propel-
lants for an IPG as a potential space propulsion technology. When interpreting these
figures, it is important to understand their role in the spacecraft design process. Max-
imisation of a spacecraft’s payload mass fraction (𝑚∗

PL = 𝑚PL/𝑚total initial) is typically
the primary design goal when selecting a propulsion system. The rocket equation can
be reformulated to yield an expression for the payload mass fraction

𝑚∗
PL = (1 + 𝑣∗

𝑒
2
) exp (−Δ𝑉 ∗/𝑣∗

𝑒) − 𝑣∗
𝑒

2 (3.1)

where 𝑣∗
𝑒 = 𝑣𝑒/𝑣𝑐 is the normalised exhaust velocity and Δ𝑉 ∗ = Δ𝑉 /𝑣𝑐 is the nor-

malised velocity increment (Humble et al., 1995). The normalising quantity is the
‘energy characteristic velocity’, defined as

𝑣𝑐 = √2 𝜂𝐹 𝜉 𝜏 (3.2)

where 𝜂𝐹 = 𝑃jet/𝑃input is the thrust efficiency, 𝜉 = 𝑃input/𝑚W is the power-to-mass ratio
of the propulsion system including electrical systems and 𝜏 is the propulsion duration.

It can be seen from equations (3.1) and (3.2) that selecting a propulsion system is
a multidisciplinary problem depending on propulsion parameters 𝑣𝑒, 𝜂𝐹 and 𝜉, and
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mission parameters 𝑚∗
PL, Δ𝑉 and 𝜏. Moreover, these parameters are not fully indepen-

dent; for example, 𝑣𝑒 typically increases with 𝜂𝐹 and 𝜉, and the required combination
of Δ𝑉 and 𝜏 will change depending on the chosen trajectory, which is affected by the
propulsion parameters. The interconnected nature of these parameters means that a
propulsion system should have a range of possible operating conditions so that a range
of values for 𝑣𝑒, 𝜂𝐹 and 𝜉 are available. This would make the propulsion system appli-
cable to a greater number of mission specifications and also more tolerant to iterative
design changes. Therefore, in the development of new propulsion technologies it is
important to assess a range of operating conditions rather than simply the maximum
case. Furthermore, an understanding of the system inputs (propellant choice, flow rate,
applied power) that produce desirable operating conditions is needed.

The majority of electrodeless electric propulsion technologies in development can
be considered as low-power devices, producing thrusts in the order of milli-Newtons
(mN) (Bathgate et al., 2017). The choice to target low powers is primarily motivated by
a reduction of development costs and complexity, and a desire to target small satellite
applications. According to equation (3.2), increasing the propulsion duration 𝜏 has
the same effect as increasing the jet-power-to-mass ratio 𝜂𝐹 × 𝜉. The latter is more
difficult from a technical point of view, which favours low-power devices with long
propulsion durations. One application for high-power electrodeless electric propulsion
is for interplanetarymissions where a reduction of travel time is valuable, the spacecraft
mass is large, and propellant material can be restocked (e.g. CO2 from crew or material
collected from destination). An additional application is provided by ABEP, where the
thrust must be sufficient to offset the atmospheric drag.

Typically, intrusive methods are used to assess the internal (e.g. Langmuir probe)
and external (e.g. baffle plate) parameters of an IPG. However, their intrusive nature
means that the plasma plume is disturbed, and they could not be used in-flight for mon-
itoring or control. Therefore, the development of non-intrusive methods suitable for
use in-flight is important for the development of this technology, particularly if these
methods can identify regime transitions within the IPG. Optical emission spectroscopy
and laser-induced fluorescence are well-established non-intrusive methods, however,
they are highly dependent on the particular propellant gas used, and do not handle gas
mixtures well. A non-intrusive technique was proposed by Chadwick (2017) for a high-
powered IPG with oxygen and argon-oxygen mixtures using high-sampling-frequency
measurements of the antenna current which helped distinguish transient regime transi-
tions. A follow-on work from Georg et al. (2020) (chapter 2) used the same technique
in tandem with time- and radially-resolved measurements of light emission, another
non-intrusive method, for nitrogen, argon-nitrogen and argon-oxygen propellant mix-
tures. Important features of this technique are its low cost, its relative simplicity, and its
ability to be used with various propellant mixtures. Furthermore, while this technique
has been developed and demonstrated for a high-power IPG, it is in principle equally
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applicable for low-power IPGs as well.
In the present work, the transient antenna current technique is developed further and

used specifically to understand the factors contributing to the thrust efficiency. Under-
standing the relationship between the electrical systems and the propulsive output is
critical to develop monitoring and control techniques for an IPG-based thruster. Fur-
thermore, by better understanding the electrical requirements of the system, it becomes
possible to more accurately size the power supply and conditioning system, which
would also improve the power-to-mass ratio. Note that the power in this ratio corre-
sponds to a useful operating condition rather than simply the maximum output of the
power supply. Potential ISRU materials oxygen, carbon-dioxide and respective mix-
tures with argon are assessed in terms of their inductive coupling characteristics and
resulting power efficiencies.

3.2 Methodology

3.2.1 Experimental setup

Experimental workwas carried out in the TIHTUS (Thermal-InductiveHeated Thruster
of the University of Stuttgart) facility of the Institute for Space Systems (IRS), Univer-
sity of Stuttgart, Germany. TITHUS is an experimental thruster consisting of a first-
stage arcjet and a second-stage inductive plasma generator (IPG) (Böhrk & Auweter-
Kurtz, 2006). The thruster is shown schematically in figure 3.1 (a). The arcjet, HIPARC-
W, is fed by an initial gas supply and deposits energy in the central region of the plasma
plume. The IPG is fed by this plume and an additional gas supply, and deposits energy
in the outer region of the plasma plume. The separation of the two gas supplies means
that the arcjet can be fed with non-reactive gases, while the IPG can be fed with reactive
gases. Consequently, the propellant flexibility of the IPG is maintained while ensuring
low degradation of the arcjet cathode. The IPG can operate under a wide range of pow-
ers due to the ionised flow provided by the arcjet. Propellant utilisation is maximised
by creating a more uniform distribution of enthalpy in the plasma plume. The test fa-
cility is shown schematically in figure 3.1 (b). In this work only the inductive plasma
generator stage, IPG7 (Massuti-Ballester et al., 2013), is considered.

Figure 3.2 presents a simplified sectional view of IPG7, which consists of a quartz
tube surrounded by a 5.5 turn helical coil antenna. Propellant enters the tube through
tangential gas inlets in the injector head. In the absence of additional applied fields,
the primary acceleration mechanism of IPG7 is gas-dynamic expansion of the plasma
plume as it exits the tube. In a futurework a physical de Laval nozzle ormagnetic nozzle
may be implemented, however, no such nozzle was used in the present work. In the
full TIHTUS configuration, the first-stage arcjet would connect to the injector header,
however, in this configuration the injector head instead has an axially-aligned window
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(a) TIHTUS operating principle (adapted from Böhrk and Auweter-Kurtz (2006)).

(b) TIHTUS test facility (adapted from Herdrich et al. (2015)).

Figure 3.1: TIHTUS (Thermal-Inductive Heated Thruster of the University of
Stuttgart).
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Figure 3.2: Sectional view of IPG7 with dimensions (adapted from Georg et al. (2020)
(chapter 2)). A jacket encloses the coil, forming channels for coolingwater (not shown).
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for optical diagnostics enabling basic investigations related to TIHTUS’ second stage
(Chadwick, 2017; Georg et al., 2020 (chapter 2)). Two mass flow controllers are used
to control and measure the quantities of the propellant components before mixing and
injecting into the tube. Due to its high maximum anode power of 180 kW, IPG7 has an
enclosing jacket that forms channels through which water flows to cool the tube and,
in particular, the coil. Calorimetry is performed on this cooling water to determine the
tube cooling power 𝑃tube. The plasma jet heating can be assessed by placing a cavity
calorimeter (Chadwick et al., 2020; Herdrich & Petkow, 2008) within the vacuum tank
to determine the jet power 𝑃jet. The position of the calorimeter is chosen to capture the
entire plume and ensure that the IPG operation is not affected by back-pressure.

The various powers presented and discussed in this work are related by a number of
efficiencies that are defined as follows. The electrical efficiency is defined as 𝜂elec =
(𝑃jet + 𝑃tube)/𝑃anode, representing the portion of electrical input power that is converted
into thermal power in the IPG7 as heating of the discharge or heating of the coil. It is
a function mainly of losses in the resonant circuit. The thermal efficiency is defined
as 𝜂therm = 𝑃jet/(𝑃jet + 𝑃tube), representing the portion of the sum thermal power that
exits the IPG in the plume. The nozzle efficiency is defined as 𝜂nozzle = 𝑃Δ𝐹 /𝑃jet,
representing the conversion of plume thermal power into added kinetic power. Added
kinetic power is defined as 𝑃Δ𝐹 = (𝐹 − 𝐹cold)/2𝑚̇, where 𝐹 is thrust, 𝐹cold is thrust
without applied power and 𝑚̇ is propellant flow rate. Finally, the added thrust efficiency
is defined as 𝜂Δ𝐹 = 𝜂elec×𝜂therm×𝜂nozzle. It is related to the thrust efficiency in equation
(3.2) by 𝜂Δ𝐹 = 𝜂𝐹 (1 − 2𝛼 + 𝛼)2 where 𝛼 = 𝐹cold/𝐹 . The goal of maximising 𝜂Δ𝐹
(and therefore 𝜂𝐹 ) can be achieved by improving the constituent electrical, thermal and
nozzle efficiencies.

The antenna coil is driven by a Meissner oscillator (also known as Armstrong oscil-
lator) resonant circuit without matching network, shown in figure 3.3 (left). The trans-
former model is used to represent the inductively-coupled coil/plasma system (Piejak et
al., 1992; Gudmundsson & Lieberman, 1997). The circuit is fed by full-wave rectified
facility power at the anode of the triode. The anode potential is set to control the power
input to the system. Both the anode current and potential are measured and yield the
anode power 𝑃anode. The losses in the RS 3300 CJ metal-ceramic triode are estimated
as 25 % × 𝑃anode (Herdrich, 2004). An oscillating current 𝑖c passes through the coil,
where 𝑅c is the resistance of the coil and its leads, and 𝐿c is its self-inductance. On
the plasma side, the plasma current 𝑖p is a loop current that generates self-inductance
𝐿p, and has a resistance 𝑅p and an additional inductance 𝐿e representing the electron
inertia. The mutual inductance is defined as 𝑀 = 𝑘√𝐿c𝐿p, where the coupling coeffi-
cient 𝑘 represents the proportion of flux linkage between the two inductors and satisfies
0 ≤ 𝑘 ≤ 1.

The circuit can be reduced to a lumped element equivalent, shown in figure 3.3
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Figure 3.3: Resonant circuit with transformer model of the coil/plasma system (left)
and lumped element equivalent circuit (right).

(right), where the characteristic frequency can be approximated by 𝜔 = 1/√𝐿L𝐶L.
Therefore, excluding fixed parameters (the IPG geometry and the capacitor bank), the
characteristic frequency is a function only of the geometric and electrical properties of
the plasma current. The nominal frequency can be altered by changing the coil geome-
try and by changing the number of capacitors connected in the capacitor bank (Herdrich
& Petkow, 2008); however, in this work both parameters are fixed: a 5.5 turn helical
coil and 5 × 6 nF capacitors were used. Monitoring the transient behaviour of the char-
acteristic frequency can therefore give qualitative insight into the transient behaviour
of the plasma current. Nishida et al. studied a similar circuit model of the antenna
and matching circuit of a 100 kW, 2 MHz IPG, with the aim of matching the driving
frequency to the resonant frequency (this differs from IPG7, whose resonant frequency
determines the driving frequency) (Nishida et al., 2014). They concluded that, as the
electron density increases, the lumped inductance decreases and consequently the res-
onant frequency increases.

The antenna current is measured via its magnetic field by a Hofer-Noser Karrer
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(HOKA) probe designed by Kametech AG (Karrer et al., 1999; Karrer et al., 2003).
The probe was selected for its ability to tolerate prolonged exposure to the high current
due to its non-ferrous design, and for its high sampling frequency (up to 4MHz). A fast-
Fourier-transform algorithm was used to determine 𝑓char, the characteristic frequency
of the antenna current.

3.2.2 Measuring inductive coupling

The full-wave rectification of the 50Hz three-phase facility power results in a 300Hz
modulated direct-current input to the resonant circuit. This modulates the antenna cur-
rent to the degree that each 3.33 ms cycle forms a discharge cycle in the plasma. A
method was developed to collate the cycles for further analysis, outlined in figure 3.4
(a). By applying this method to the antenna current and its characteristic frequency
it is possible to distinguish the capacitive and inductive coupling modes within the
time-scale of the discharge cycles, as shown in figure 3.4 (b). For a purely capacitive
condition, the antenna power resembles as positive-skewed, smooth distribution, while
the characteristic frequency is relatively stable and smooth, with a small dip when the
antenna power initially increases. For a mixed capacitive/inductive condition, the tran-
sition to inductive coupling is marked by a sharp decrease in antenna power and a sharp
increase in characteristic frequency (Chadwick et al., 2016; Herdrich & Petkow, 2008;
Auweter-Kurtz & Wegmann, 1999).

While the mode transition is seen in both the antenna power and the characteristic
frequency, the latter gives a more consistent response across different conditions and
is therefore better suited for identifying periods of inductive coupling. By comparing
the characteristic frequency curves of a purely capacitive condition and a mixed capaci-
tive/inductive condition it is possible to quantify the degree of inductive coupling in the
latter in one of two ways. The ‘inductive duty cycle’ is the inductive coupling period
relative to the discharge cycle period

𝜏∗
ind = 𝜏ind

𝜏cap + 𝜏ind
(3.3)

where 𝜏cap and 𝜏ind are the capacitive and inductive coupling periods respectively, as
shown in figure 3.4 (b). The ‘inductive frequency shift’ is the difference between the
two time-integrated antenna frequency curves, relative to the purely capacitive curve

Δ𝑓 ∗
ind =

[∫ 𝑓char d𝑡]cap/ind − [∫ 𝑓char d𝑡]pure cap

[∫ 𝑓char d𝑡]pure cap
(3.4)

Bothmeasures of inductive coupling are presented and compared in this work. They are
calculated for each discharge cycle and presented as the mean and standard deviation
of all cycles in a particular measurement.
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(a) Method used to collate the discharge cycles.
Starting with the raw signal, a moving-window
RMS is calculated and the cycles are identified
by minima; finally the individual cycles are col-
lated.
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(b) Identification of transient capacitive-inductive transition from antenna current measure-
ments. Using the collated cycles, periods of inductive coupling are identified by a sharp de-
crease in antenna power and a simultaneous sharp increase in antenna frequency, relative to a
reference purely capacitive condition.

Figure 3.4: Processing of antenna current measurements.
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Additionally, the ‘ignition power’ 𝑃ign, shownwith error bars in the upper-right quad-
rant of figure 3.4 (b), can be defined as the maximum antenna power occurring before
a capacitive-to-inductive mode transition, where the antenna power is defined as the
product of the root-mean-square antenna current and the anode potential. The anode
potential is used as a substitute for antenna potential since they are of the same order
(Herdrich & Petkow, 2008) and the latter was not measured.

3.3 Results & discussion

In this study, results from IPG7 experiments using a variety of propellants at various
flowrates are presented and discussed. Those propellants include pure oxygen and pure
carbon-dioxide, as well as their respectivemixtures with argon, as described in table 3.1.
For each propellant configuration, measurements were taken in a series of increasing
anode powers until either the tube was at risk of fracturing under the thermal load (𝑃tube
approaching 9 kW), there was a risk of exceeding the 180 kW anode power limit, or
there was significant instability in the anode power. Tube pressure was not measured
due to the intrusive nature of those measurements. Previous experimental work showed
that the tube pressure increases with the flow rate and the anode power and, for the
conditions presented here, it can be expected to range between 200 Pa and 1500 Pa.
Initially, results from the antenna current measurements are presented and analysed
in terms of the transient antenna current behaviour within each individual discharge
cycle. Subsequently, calorimetry results are presented to quantify both the heat transfer
through the tube wall and the enthalpy of the plasma jet. Together, both sets of results
form a basis to help link the transient antenna current behaviour to the macroscopic
plasma behaviour.

3.3.1 Antenna current

Presented in figure 3.5 are the instantaneous antenna powers at capacitive-inductive
transition (𝑃ign) for various propellant configurations against normal volumetric flow
rate (equivalent to particle flow rate). The datasets O2‐105‐00%a and O2‐105‐00%b
represent two measurements of the same propellant configuration, and therefore can
be used to assess the repeatability of the measurements. They are in relatively good
agreement with the range of the former being completely contained within the range
of latter. Considering this pair as a single data point, the ignition power increases
monotonically with respect to flow rate for the O2 configurations. This is a predictable
result since a simple conservation of mass analysis shows that an increasing flow rate
must decrease the average particle residence time in the tube. The Ar-O2 configurations
appear to fit into the same trend as the O2 configurations, meaning that the substitution

69



3 Power efficiency estimation

Table 3.1: Overview of experimental conditions organised by propellant configuration.
A number of conditions were tested for each configuration over increasing anode pow-
ers. Each configuration has a unique identifier that follows the format of ‘(non-argon
species)-(volumetric flow rate)-(argon component by volume)’. Volumetric flow rates
were measured at the gas inlets in units of normal litres per minute. The particle and
mass flow rates were calculated from the ideal gas law, therefore volumetric and molar
fractions are equivalent.

Propellant configuration Non-argon Argon Range of conditions tested
Identifier ̇𝑉 ̇𝑛 𝑚̇ Species 𝑥 𝑤 𝑥 𝑤 N 𝑃anode 𝑝tank

L/min mol/s g/s % % % % kW Pa
O2‐076‐00% 76 0.0519 1.66 O2 100 100 – – 9 0.9 → 96.4 19.7 → 20.5
O2‐105‐00%a 105 0.0714 2.28 O2 100 100 – – 5 1.0 → 51.2 25.6 → 26.5
O2‐105‐00%b 105 0.0715 2.29 O2 100 100 – – 8 1.0 → 105.8 25.4 → 27.0
O2‐142‐00% 142 0.0967 3.10 O2 100 100 – – 8 0.9 → 88.5 32.7 → 34.3
O2‐128‐58% 128 0.0873 3.20 O2 42 36 58 64 8 0.9 → 113.3 23.9 → 25.8
O2‐134‐68% 134 0.0916 3.43 O2 32 27 68 73 9 0.9 → 122.0 24.2 → 26.3

CO2‐080‐00% 80 0.0546 2.40 CO2 100 100 – – 7 1.0 → 56.3 28.4 → 31.0
CO2‐102‐00% 102 0.0698 3.07 CO2 100 100 – – 7 0.9 → 50.3 37.8 → 40.6
CO2‐123‐74% 123 0.0835 3.42 CO2 26 28 74 72 11 1.0 → 136.4 23.3 → 28.0
CO2‐130‐69% 130 0.0888 3.66 CO2 31 33 69 67 11 0.9 → 154.5 26.9 → 32.4

of 58% or 68% of O2 with Ar does not significantly affect the ignition power. Therefore,
the behaviour of oxygen and argon in terms of ignition power appears to be similar. The
twoAr-O2 configurations have approximately the same ignition power, despite O2‐128‐
58% having a lower flow rate and O2‐134‐68% having a higher argon fraction. Given
the low uncertainty for both data points, this suggests that the differences in flow rate
and argon fraction have approximately equal and opposite influences on the ignition
power.

The two CO2 data points, like the O2 points, increase with respect to flow rate. Com-
paring the CO2 points with the adjacent (in terms of flow rate) O2 points, CO2 requires
more power to ignite, and the trend is steeper. The addition of Ar to CO2 causes the
ignition power to drop dramatically, even if the total flow rate increases. CO2‐102‐00%
ignites at 6.2 MW while CO2‐123‐74% ignites at only 1.9 MW: a 3 times reduction
of ignition power by replacing 74 % CO2 with Ar, even as total flow rate increases by
21 L/min. Comparing the two Ar-CO2 configurations, CO2‐130‐69% has a higher flow
rate and a lower argon fraction than CO2‐123‐74%, and both differences contribute to
a higher ignition power.

For the pure propellants, CO2 requires more power to ignite than O2, yet for the
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Figure 3.5: Antenna power causing capacitive–inductive transition (ignition) for vari-
ous propellant configurations.

mixtures, Ar-O2 requires more power than Ar-CO2. Therefore, the addition of Ar has a
significantly stronger effect for CO2 than for the O2, which can only be explained by the
occurrence of a different interaction between the two species. The decrease of ignition
power with increasing Ar fraction is expected, since Ar is monatomic and therefore
imparted energy goes only to ionisation and excitation, while for the molecular gases
there are the additional energy sinks including dissociation, vibration and rotation.

In figure 3.6, two proposed measures of inductive coupling are presented for increas-
ing anode power, the ‘inductive duty cycle’ 𝜏∗

ind (a) and the ‘inductive frequency shift’
Δ𝑓 ∗

ind (b), as defined by equations (3.3) and (3.4) respectively. The anode power is
normalised by the ignition power to account for the behaviour seen in figure 3.5. Re-
membering that 𝑃anode is the time-averaged power applied to the circuit and 𝑃ign is the
maximum instantaneous power applied to the coil, 𝑃anode/𝑃ign has a value in the range
of 0 % to 8 %. For each propellant configuration, there are several initial data points for
which 𝜏∗

ind = Δ𝑓 ∗
ind = 0, indicating purely capacitive coupling. Therefore, the first non-

zero data point for each configuration represents the lowest anode power that triggers
inductive ignition.

Considering the first non-zero points in figure 3.6(a), there is a discrete jump from
𝜏∗
ind = 0 % to ∼ 20 %, indicating a discrete jump as inductive coupling is established.

The size of this jump appears to grow as the flow rate increases. Each propellant con-
figuration trends upward, although somewhat erratically. The CO2 datasets end early
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Figure 3.6: Measures of inductive coupling for various propellant configurations.
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due to high heating through the tube wall (shown later) and the associated high risk of
fracture. For O2, O2‐076‐00% and O2‐105‐00%b appear to be flattening at 𝜏∗

ind = 85 %.
The addition of argon causes steeper trends compared to the respective pure propellants.
CO2’s inability to achieve high inductive coupling is resolved with the inclusion of Ar,
which together produce the highest inductive coupling of any configuration presented
here. In particular, CO2‐123‐74% reaches 𝜏∗

ind = 100 % at 3.4 % power ratio and main-
tains that value up to 7.3 % power ratio. This highlights an issue with using 𝜏∗

ind as a
measure of inductive coupling in that it cannot be used to demarcate between differ-
ent continuously inductive conditions. An additional issue is the relatively large error
bars for some conditions which indicate a high level of variation between sequential
discharge cycles.

Comparing figure 3.6(b) with(a) reveals that the inductive frequency shift produces
much more consistent and linear trends for each propellant type. The trends of each
propellant type are now separated and can be put in order of increasing Δ𝑓 ∗

ind for a
particular value of 𝑃anode/𝑃ign: Ar-CO2, CO2, O2 then Ar-O2. Here the increasing
inductive coupling of Ar-CO2 can be observed past the point where 𝜏∗

ind = 100 %, how-
ever, it is actually Ar-O2 that achieves the highest Δ𝑓 ∗

ind, even at a significantly lower
relative power. Repeating the same argument of dissociation and ionisation energies,
the expected ordering is CO2, Ar-CO2, O2 then Ar-O2, yet experimentally Ar-CO2 has
equivalent or lower values of Δ𝑓 ∗

ind compared to CO2. For Ar-CO2 the inductive mode
is easy to ignite but difficult to increase past initial levels. Qualitatively, lower values of
Δ𝑓 ∗

ind for the same 𝜏∗
ind indicate a shallower profile of 𝑓char or a weaker inductive cou-

pling, while higher values indicate a steeper profile or a stronger inductive coupling.
Consequently, Ar-O2 has a much stronger inductive couping than Ar-CO2 for the same
𝜏∗
ind or for the same 𝑃anode/𝑃ign.

3.3.2 Calorimetry

Figure 3.8 contains calorimetric measurements of 𝑃tube and 𝑃jet. The jet power is com-
prised of energy deposited into the plasma, while the tube power is comprised of de-
posited energy that is transferred through the tube wall, and resistive heating from the
antenna. While values for 𝑃tube were obtained for all datasets, time constraints did no
permit 𝑃jet to be captured for all gas configurations. In figure 3.8 (a) the tube power
is plotted against anode power. Each configuration shows a smooth, monotonically
increasing trend with the exception of O2‐105‐00%b, O2‐142‐00%, O2‐128‐58% and
O2‐134‐68%. For each of these, there is a critical point where the slope of the line
decreases significantly, either becoming negative or in one case flattening. This be-
haviour has been consistently observed in literature and is linked to an additional op-
erating mode occuring after the capacitive and inductive modes (Herdrich & Petkow,
2008; Chadwick et al., 2016). For convenience, we refer to this condition as ‘mode 3’.
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This mode was not observed for CO2 nor Ar-CO2, however, for O2 and Ar-O2, the
anode power of the critical point decreases as the flow rate increases and also as the Ar
fraction increases. This behaviour has important implications for propulsion since the
tube power is wasted power. In fact, it is worse than that, since additional resources
must be spent to remove this wasted power so that the tube does not fracture (and in
a practical system, to prevent overheating of the spacecraft). Therefore, this operating
condition with comparatively very low tube power is highly useful.

Figure 3.8 (b) presents the sum of tube and jet calorimetric powers for each configu-
ration against anode power. A roughly proportional relationship is seen, which can be
explained by considering that both the anode power and the sum of tube and jet powers
should be roughly proportional to the lumped resistance of the equivalent circuit. The
electrical efficiency, defined earlier as 𝜂elec = (𝑃tube + 𝑃jet)/𝑃anode, represents the por-
tion of input electrical power that is deposited into the tube and the plasma. Fitting a
proportional relationship yields 𝜂elec = 18 %. This low efficiency reflects the experi-
mental nature of the facility and could certainly be improved with an optimised design
containing a matching network. As previously noted, the triode alone dissipates some
25 % of the anode power.

Figure 3.8 (c) shows the thermal efficiency, defined earlier as 𝜂therm = 𝑃jet/(𝑃tube +
𝑃jet), noting that this neglects other thermal losses, for example, through the tank lid
or the injector head. The thermal efficiency represents the useful plume enthalpy as a
portion of the total thermal power produced (assuming the mentioned neglected losses
are insignificant). Each configuration starts with a high thermal efficiency, in the order
of 82 %, since each starts with purely capacitive coupling that tends to deposit energy
into the centre of the plume. Although this is a relatively efficient use of power, it
is worth remembering that the flow rate is held constant for each configuration, and
therefore this is a very inefficient use of propellant, and an undesirable operating point.
As the anode power increases, the losses increase and the thermal efficiency decreases.
The CO2 case plateaus at approximately 40 % and remains there even as anode power
increases. Cases O2‐142‐00%, O2‐128‐58% and O2‐134‐68% exhibit a reversal of their
trends such that the final thermal efficiencies are approximately 84 %. These conditions
match ‘mode 3’ conditions observed in figure 3.8 (a). Cases O2‐128‐58% and O2‐134‐
68% show that, after the 84 % relative jet power is achieved, there is a range of anode
powers which produce the same figure or better, or in other words, this highly efficient
‘mode 3’ is accessible for a range of throttle positions.

Figure 3.8 (d) shows the thermal efficiency plotted against inductive frequency shift.
Once again the purely capacitive conditions are confined to the axis and the first non-
zero point for each configuration represents the first condition with inductive coupling.
With this, it is easier to see the range of initial inductive conditions, that being thermal
efficiency between 34 % and 47 %. Considering those 3 configurations which exhibit
‘mode 3’, they each have approximately 50 % thermal efficiency at Δ𝑓 ∗

ind = 1.2 % and
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84 % thermal efficiency at Δ𝑓 ∗
ind = 2.6 %. Oxygen as a propellant is significantly more

abundant in the space environment than argon, however, it requires higher flow rate
and/or 𝑃anode to achieve ‘mode 3’. Therefore, supplementing space-collected oxygen
with argon from Earth could be considered to expand the range of desirable ‘mode 3’
operating conditions for an oxygen-based system.

The inductive frequency shift Δ𝑓 ∗
ind appears to be a good predictor for ‘mode 3’, and

is itself a function of the electrical and geometric parameters of the plasma current, as
discussed earlier. The large discrete shift of Δ𝑓 ∗

ind coinciding with the onset of ‘mode 3’
could be explained by a large shift inward of the plasma current radius. Previous work
has identified conditions where IPG7 exhibits inductive coupling simultaneously with
a significant central distribution of light emission; a possible explanation is inductive
and alpha-capacitive coupling occurring in parallel, with the latter being responsible
for the central deposition of power (Georg et al., 2020 (chapter 2)). Modelling of the
equivalent circuit may reveal more about the relationship between the characteristic
frequency and plasma current, and whether the inductive frequency shift can be wholly
or partially accounted for by a radial contraction of the plasma current.

The results for each propellant configuration at the maximum anode power achieved
under each regime are summarised in table 3.2. The table contains data reproduced
from a publication by Chadwick et al. (2020), where they studied the propulsive char-
acteristics of several propellant configurations in IPG7 including baffle plate measure-
ments of thrust. Equivalent conditions from that study are identified and compared by
matching both the propellant configuration and the anode power. Exhaust velocity is
calculated as 𝑣e = 𝐹 /𝑚̇ and added thrust efficiency as 𝜂Δ𝐹 = (𝐹 − 𝐹cold)2/(2 𝑚̇ 𝑃anode),
where 𝐹 is thrust. For conditions where both sets of results are complete, the nozzle
efficiency is calculated as 𝜂nozzle = 𝜂ΔF/(𝜂elec × 𝜂therm).

From table 3.2, it is clear that the electrical efficiency is fairly consistent across the
different propellant configurations and regimes, approximately 18 %, with the excep-
tion of the inductive condition for O2‐134‐68%, which has 𝜂elec = 8 %. The uncertainty
for 𝑃anode (shown in figure 3.8) for that condition is relatively high compared to other
data points. A possible explanation for both could be a poor impedance matching and
therefore a higher portion of reflected power; in any case this condition should be con-
sidered as an outlier. For each propellant configuration the thermal efficiency increases
in order of capacitive, inductive and ‘mode 3’, with the exception of the O2‐134‐68%
outlier condition just mentioned.

The measured thrusts consist of a component due to the pressure gradient between
the injector head and the vacuum facility, and a component due to the gas-dynamic ex-
pansion of the discharge. The former is constant with increasing anode power (𝐹cold ≈
1 N) while the latter increases monotonically with anode power for the same propellant
configuration. An ideal operating point would have a high 𝑣e, representing effective use
of propellant mass, and a high 𝜂Δ𝐹 , representing effective use of input power. There-
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Figure 3.8: Tube and jet calorimetric powers. Jet power is not available for some con-
ditions.
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fore, the best operating points are the O2‐128‐58% and O2‐134‐68% ‘mode 3’ condi-
tions, and the CO2‐123‐74% inductive condition. These three conditions also have high
values of Δ𝑓 ∗

ind. It must be conceded, however, that 𝜂Δ𝐹 in the order of 4 % is quite
low. This is a result of the poor electrical efficiencies (∼ 18 %) and the poor nozzle
efficiencies (∼ 25 %). The latter can be seen as an encouraging aspect because, with
the addition of a properly designed nozzle, it should be possible to recover much of the
∼ 75 % wasted thermal power, increasing thrust, exhaust velocity and thrust efficiency.
Furthermore, the poor electrical efficiency can be largely attributed to the experimental
nature of the power supply system. The power supply design was chosen to maximise
flexibility and serviceability, at the expense of electrical efficiency. In the present work,
desirable ‘mode 3’ conditions and respective inputs have been identified, which con-
strains the requirements for an optimised power supply. An optimised power supply
design based on solid-state electronics and informed by the present work is expected to
significantly improve the electrical efficiency. Importantly, the thermal efficiency (the
efficiency that relates to propellant configuration) is high for high flow rate oxygen and
argon-oxygen.

Finally, it is worth noting that with more experimental data points, it would be pos-
sible to empirically determine Δ𝑓 ∗

ind as a function of the propellant configuration and
𝑃anode. This is particularly so, since figure 3.5 shows that 𝑃ign is well defined by the
propellant flow rate and Ar fraction, and figure 3.6 (b) shows that Δ𝑓 ∗

ind is well defined
by 𝑃anode/𝑃ign. Therefore, the correlation between Δ𝑓 ∗

ind and 𝑃anode would allow an op-
erator to accurately control the level of inductive coupling (Δ𝑓 ∗

ind) by adjusting 𝑃anode.
For example, it would allow the operator to control Δ𝑓 ∗

ind such that the highly efficient
‘mode 3’ is achieved. Additionally, this knowledge can be used in the design of a prac-
tical system to ensure that the power supply matches but does not exceed the output
necessary to achieve the range of inductive coupling and the range of operating points
that are desired for the particular application.

3.4 Conclusion

This paper presented experimental measurements of a high-power inductive plasma
generator fed by oxygen, carbon-dioxide, and respective mixtures with argon at var-
ious flow rates and mixture ratios. Measurements of the transient coil current were
analysed to identify the conditions at which capacitive-inductive transition occurs and
the degree of subsequent inductive coupling that does occur. The relevant technique
was developed as an extension of the technique introduced by Chadwick (2017). Con-
sequently, the qualitative assessment of inductive coupling degree has been developed
into a quantitative assessment. Additionally, the technique has been demonstrated over
a range of propellant configurations and input powers.
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Table 3.2: Summary of results. For each propellant configuration, results are presented
corresponding to the maximum anode power achieved under capacitive, inductive and
‘mode 3’ regimes respectively. Each configuration is labelled in the format of ‘(non-
argon species)-(volumetric flow rate)-(argon component by volume)’. Power efficien-
cies are not available for those configurations for which jet power was not measured.
Thrust data at equivalent conditions are shown where available based on the battle plate
measurements of Chadwick et al. (2020). †Denotes an outlier condition, as explained
in text.

Results from this work Thrust data at equivalent conditions
Propellant Regime 𝑃anode, max 𝜏∗

ind Δ𝑓 ∗
ind 𝜂elec 𝜂therm Propellant 𝑃anode 𝐹 𝑣e 𝜂Δ𝐹 𝜂nozzle

configuration kW % % % % configuration kW N m/s % %

O2‐076‐00%
Cap. 6 0 0.0 22 46 – – – – – –
Ind. 96 84 3.9 22 61 – – – – –

O2‐105‐00%b
Cap. 4 0 0.0 – –

O2‐105‐00%
4 1.20 482 0.0 –

Ind. 106 85 3.3 – – 100 4.86 1946 2.8 –

O2‐142‐00%
Cap. 19 0 0.0 13 26

–
– – – – –

Ind. 50 27 1.2 19 50 – – – – –
Mode 3 89 82 2.6 18 82 – – – – –

O2‐128‐58%
Cap. 14 0 0.0 15 34

O2‐128‐59%
10 1.75 503 0.1 1

Ind. 25 38 1.3 20 51 35 4.00 1148 2.5 25
Mode 3 113 96 5.3 16 86 119 7.17 2055 3.8 27

O2‐134‐68%
Cap. 10 0 0.0 17 36

O2‐133‐68%
4 1.48 400 0.0 0

Ind.† 25† 27† 0.7† 8† 34† 36 4.12 1116 2.8 100†

Mode 3 122 100 6.2 18 88 123 7.27 1969 3.8 24

CO2‐080‐00%
Cap. 10 0 0.0 19 39

CO2‐080‐00%
10 1.40 531 0.4 5

Ind. 56 35 0.9 22 41 56 2.49 944 0.8 9

CO2‐102‐00%
Cap. 10 0 0.0 19 39 – – – – – –
Ind. 50 23 0.6 20 41 – – – – –

CO2‐123‐74%
Cap. 9 0 0.0 – –

CO2‐122‐74%
4 1.56 477 0.0 –

Ind. 136 100 4.1 – – 101 6.73 2051 4.1 –

CO2‐130‐69%
Cap. 10 0 0.0 – – – – – – – –
Ind. 155 100 4.3 – – – – – – –
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Calorimetric measurements were presented, exhibiting a third, highly efficient mode
that occurs at some high-power conditions for oxygen and argon-oxygen propellants.
In this ‘mode 3’, ∼ 84 % of the thermal power produced by the coil exits the discharge
chamber as plasma jet enthalpy. This thermal power efficiency remains stable as anode
(input) power increases, meaning that the high efficiency of ‘mode 3’ can be accessed
over a range of operating conditions. Using carbon-dioxide as a propellant resulted in
low input powers due to its tendency to deposit heat into the tube wall, risking fracture.
The addition of argon, however, significantly reduces the instantaneous ignition power
and reduces the power lost to the tube cooling system.

The occurrence of ‘mode 3’ can be understood in terms of the frequency shift ob-
served in the coil current caused by the changing effective inductance of the coil/plasma
system, itself a function of the electrical and geometric properties of the plasma current.
This phenomenon is consistent with a radial contraction of the plasma current, although
further work is needed to assess this hypothesis. Nonetheless, a basis is provided for
understanding the ‘mode 3’ operating points, as is an approach for determining the op-
timal power supply sizing. With the efficiency of the coil/plasma system established,
the nozzle and the unoptimised laboratory power supply are the main sources of inef-
ficiency remaining. The nozzle efficiency peaks at 25 %, which indicates a significant
opportunity to increase thrust, exhaust velocity and thrust efficiency through a suitable
nozzle design. An optimised design based on principles explored here could yield an
efficient, high-power propulsion system that can use oxygen harvested from the space
environment, perhaps augmented with a small supply of argon from Earth to extend
the range of ‘mode 3’ operating points.
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Circuit model
Model for estimating time-varying properties of
an inductively coupled plasma 4
In the third article, a high-power plasma generator is modelled as an electrical cir-
cuit, such that the antenna-plasma coupled system is reduced to a complex impedance
through the transformer model. The impedance can be estimated from experimental
measurements of the antenna current. The real part is related to the current amplitude
and the imaginary part is related to the current frequency. Power series of oxygen plas-
mas at two different flow rates are investigated and used to demonstrate the technique.
Time-resolved plasma properties, including skin depth, plasma volume, electrical con-
ductivity and plasma current, are calculated.
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Abstract

Abstract

A developing application of inductively coupled plasmas is in the field of electrodeless
(propellant-flexible) electric propulsion. A significant issue facing this application is
the need for diagnostic techniques that do not disturb the plasma (are non-intrusive),
are propellant-agnostic, can resolve time-variance and are suitable for use in-flight. A
new technique meeting these criteria is presented in this work. The technique makes
use of the transformer model of inductive coupling to estimate the plasma impedance
from the antenna current and resonant frequency, both of which can be measured non-
intrusively. Having an estimate of the plasma impedance, it is possible to estimate a
variety of plasma properties under the assumption of a uniform tubular plasma volume.
Starting with a circuit representation of a high-power inductive plasma source, gov-
erning equations are derived and a solution method is described. Experimental data
from the plasma source showing transient behaviour (fluctuations within 300Hz cycle)
in oxygen plasmas with various input powers and flow rates are analysed to demon-
strate the technique and investigate trends. The technique produces results that are
self-consistent and align well with previous theoretical work.

4.1 Introduction

Inductively coupled plasmas have a wide range of established applications for indus-
trial plasma processing. One potential application is in electric propulsion for space
vehicles. In its simplest form, inductive heating is used to heat a propellant mate-
rial which then expands through a nozzle to produce thrust. Additional, secondary
thrust mechanisms are also possible, such as magnetic nozzles and 𝐸 × 𝐵 drift veloc-
ity. Compared to conventional electric propulsion techniques, the main advantage is
the separation of electrical components from high-enthalpy propellant flow, hence re-
ducing the impact of erosion and improving the operating life. A follow-on effect is
that a wide range of propellant materials are possible, including, for example, oxygen,
nitrogen, carbon-dioxide, iodine, water and syngases. Hence, this technique can be
termed ‘electrodeless’ or ‘propellant-flexible’ electric propulsion. This propellant flex-
ibility is needed for advanced applications such as the TIHTUS hybrid thruster (Böhrk
& Auweter-Kurtz, 2006), in-situ resource utilisation (ISRU) and atmosphere-breathing
electric propulsion (ABEP).

In its simplest form, a propulsion system using inductively coupled plasma consists
of a tubular discharge chamber made of a dielectric material (e.g. quartz). Propellant
material flows from inlets at one side of the chamber to the outlet. Positioned around the
discharge chamber and therefore separated from the flow is a radiofrequency antenna,
typically a helical coil, that inductively heats the propellant material and generates a
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plasma. Including helicon plasmas as a special case of inductive plasma, there are sev-
eral groups worldwide that are actively developing this technology for space propul-
sion (Romano et al., 2020; Sou et al., 2000; Herdrich et al., 2013; Isayama et al., 2018;
Navarro-Cavallé et al., 2018; Vitucci, 2019; Magarotto & Pavarin, 2020; Takahashi,
2019; Tsifakis et al., 2020; Kralkina et al., 2020).

The need to measure and understand fundamental processes within the antenna–
plasma system is a prominent problem within the field. For the specific application
of electrodeless electric propulsion systems, it is desirable to develop techniques with
the following attributes: non-intrusive—such that the operation of the system is not af-
fected and erosion is limited; real-time—such that outputs could be used for monitoring
and control; high-sampling frequency—to capture transient phenomena; and propel-
lant agnostic—to maintain flexibility of propellant choice, including mixtures. Non-
intrusive techniques used in literature include optical emission spectroscopy (OES)
and laser-induced fluorescence (LIF). Both techniques are optical in nature, necessi-
tating optical access to the discharge chamber, and the resulting measurements are in-
tegrated along the line-of-sight. In principle, real-time and high-sampling frequency
requirements could be met with these techniques. High-sampling frequencies have
been demonstrated for OES in literature (so-called phase-resolved OES or “PROES”).
A common challenge for both techniques is tolerating different propellants and mix-
tures, since both rely on identifying characteristic atomic spectra, which is confounded
by the presence of multiple species. The limitations of extant non-intrusive techniques
when used with mixtures are discussed further in Georg et al. (2020) (chapter 2).

To satisfy the above criteria, analysis of the transient antenna current has been inves-
tigated as a potential non-intrusive technique through several works. Initially, Chad-
wick et al. (2016) identified that distinct perturbations to the coil current amplitude and
frequency could be observed and used to qualitatively assess the inductive coupling.
Subsequently, Georg et al. (2020) (chapter 2) considered a range of propellant gases as
well as simultaneous measurements of the emitted light intensity, though these assess-
ments were still qualitative in nature. Most recently, Georg et al. (2021) (chapter 3)
considered a range of propellants, flow rates and input powers and drew a connection
between the transient current phenomena and the system power efficiencies. Finally,
in this work, a quantitative relationship is developed. The results are of a ‘global’ or
‘zero-dimensional’ nature, unlike the results of OES or LIF which are spatially resolved.

The complex impedance of the antenna–plasma system is determined from high-
sampling-frequency measurements of the antenna current and a simple transformer
model of the antenna–plasma inductive coupling. The real part of the impedance is
determined from the current amplitude and the imaginary part (related to inductance)
from the current frequency. Knowing the variation of the impedance over time, var-
ious plasma parameters can be determined through the aid of the transformer model,
such as the induced plasma current, the plasma volume geometry (defined later), and
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its electrical conductivity. A limitation of this technique is that it can only be applied to
systems where the excitation is produced by an oscillating circuit whose resonant fre-
quency depends on the effective inductance of the antenna. In such circuits the excita-
tion frequency matches the resonant frequency, and changes as a symptom of inductive
coupling (Auweter-Kurtz & Wegmann, 1999; Herdrich & Petkow, 2008; Chadwick et
al., 2016).

4.2 Experimental setup

Experiments were conducted at the Institute for Space Systems (IRS) of the University
of Stuttgart, Germany. IRS has an extensive history with large-scale inductively cou-
pled plasmas through various iterations of their inductive plasma generators, primarily
for re-entry simulation. The device considered in this work is IPG7 (Massuti-Ballester
et al., 2013), which consists of a 300mm long, 90mm diameter quartz tube discharge
chamber with 3mmwall thickness (in this configuration). The antenna is a 5.5-turn he-
lical coil with tubular cross section. The axial length of the coil is 130mm and its pitch
diameter is 104mm. The coil cross section is formed by an outer diameter of 12mm
and an inner diameter of 8mm. One end of the tube is attached to an injector head
that injects the propellant material with swirl. The other end of the tube is attached to
a vacuum tank, 3m long and 2m diameter. With flow, the vacuum tank pressure is
approximately 10 to 30Pa.

The antenna coil is driven by a Meissner oscillator (also known as Armstrong os-
cillator) resonant circuit without matching network. The circuit is driven by a 300Hz
modulated DC source and contains an RS 3300 CJ metal–ceramic triode vacuum tube.
The circuit oscillates at a frequency determined by the LC tank formed by the induc-
tance of the coil and the capacitance of a capacitor bank. The frequency can be changed
by connecting or disconnecting individual capacitors, or by exchanging the coil with
one with a different number of turns, however, in this work the coil is fixed at 5.5 turns
and the capacitance at 5 × 6nF. The 300Hz modulated DC input is generated by the
full-wave rectification of the 50Hz three-phase facility power. The level of modula-
tion is such that transition to and from inductive coupling occurs in each 300Hz cycle.
This complex transient behaviour makes it possible to study repeated mode transitions,
however, it also necessitates advanced diagnostic techniques.

IPG7 was designed as a propellant-flexible device and has been extensively tested
with oxygen, carbon-dioxide, nitrogen and argon, as well as mixtures of the other pro-
pellants with argon (Chadwick et al., 2020). In this work, oxygen at various flow rates
and various input powers is considered. Although in principle the method presented
here is agnostic to the particular propellant used, oxygen gas was chosen because of the
availability of previous modelling results which allows for comparison with our results.
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The maximum input power of IPG7 is 180 kW at the plate of the triode, and the
quartz tube is water-cooled to prevent failure. Calorimetry is performed on this water to
calculate the power transfer through the tube wall, 𝑃tube. A cavity calorimeter is placed
in the vacuum tank to capture the plasma jet and estimate its power, 𝑃jet (Chadwick
et al., 2020; Herdrich & Petkow, 2008). The sum of the two provides an estimate for
the power deposited in the plasma via the relation 𝑃plasma ≳ 𝑃tube + 𝑃jet. Within the
context of this work, these measurements provide a verification for the powers resulting
from the model.

It will be shown in section 4.3.3 that all necessary model inputs can be obtained
simply bymeasuring the coil current at a sufficiently high sampling frequency. AHofer-
Noser Karrer (HOKA) probe designed by Kametech AG (Karrer et al., 1999; Karrer
et al., 2003) was used to measure the coil current. This probe was specially designed
and selected to tolerate prolonged exposure to the high current and to support high
sampling frequencies. A sampling frequency of 25MHz was used over a capture perid
of 50ms to facilitate accurate calculation of the characteristic frequency via short-time
Fourier transform analysis. The coil current has a characteristic frequency in the range
of 0.55 to 0.70MHz and can reach an RMS value of approximately 1.5 kA. A moving-
window RMS calculation was performed to obtain the RMS coil current as a function
of time, 𝑖c(𝑡). A short-time Fourier transform analysis was performed to obtain the
characteristic frequency as a function of time, 𝑓char(𝑡).

4.3 Circuit model

The following is a derivation of the circuit model used in this analysis. Some aspects
of this derivation are specific to the experimental setup outlined in the previous sec-
tion, e.g. the tubular shape of the plasma chamber and the helical shape of the antenna,
however, it is possible to adapt the derivation to different circumstances. Hence, the
particular equations developed here are relevant only for members of IRS’s “IPG” fam-
ily, but, the method is generally applicable to any inductively coupled plasma source
driven by an oscillating circuit. For example, Melazzi and Lancellotti (2015) use their
numerical tool to compare the impedance and power deposition of three antenna types
seen in literature (denoted single-loop, Nagoya type-III and fractional helix). To ac-
count for one of these antenna types in the model presented here, one would need to
determine the resistance and inductance of the antenna, either analytically, numerically
or experimentally. Therefore, the model is reasonably adaptable to different experimen-
tal setups.

A simplified diagram of the resonant circuit is shown in figure 4.1 (left), wherein the
transformer model is used to represent the inductively-coupled antenna–plasma system
(Piejak et al., 1992; Gudmundsson & Lieberman, 1997). The current and potential at
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Figure 4.1: Resonant circuit with transformer model of the coil/plasma system (left)
and lumped element equivalent circuit (right).

the anode of the triode are measured and yield the anode power 𝑃anode. An oscillating
current 𝑖c passes through the coil, where 𝑅c is the resistance of the coil and 𝐿c is its self-
inductance. On the plasma side, the plasma current 𝑖p is a loop current that generates
self-inductance 𝐿p, and has a resistance 𝑅p and an additional inductance 𝐿e represent-
ing the electron inertia. Both currents oscillate at an angular frequency of 𝜔, which is
related to the experimental characteristic frequency by 𝜔 = 2 𝜋 𝑓char. For consistency,
𝜔 is used for the model parameter and 𝑓char for the experimental measurement.

The circuit can be reduced to a lumped element equivalent, shown in figure 4.1
(right). The potential across the coil inductor is

𝑉c = 𝑗 𝜔 𝐿c ̃𝑖c + 𝑗 𝜔 𝑀 ̃𝑖p (4.5)

The potential across the plasma inductor is

𝑉p = 𝑗 𝜔 𝑀 ̃𝑖c + 𝑗 𝜔 𝐿p ̃𝑖p = − ̃𝑖p(𝑅p + 𝑗 𝜔 𝐿e) , (4.6)
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which can be rearranged to yield the normalised plasma current amplitude

𝑖∗
p = |𝑖p|

|𝑖c|
= 𝑀

√(𝑅p)2 + (𝐿p + 𝐿e)2
. (4.7)

Substituting equation (4.6) into equation (4.5) and simplifying with equation (4.7), the
equivalent impedance across the coil can be determined as

𝑍c = 𝑉c
̃𝑖c

= 𝑗 𝜔 𝐿c + (𝑖∗
p)2 (𝑅p − 𝑗 𝜔 (𝐿p + 𝐿e)) . (4.8)

Incorporating the series coil resistance 𝑅c and peripheral inductance 𝐿per yields the
lumped equivalent impedance

𝑍L = 𝑅c + 𝑗 𝜔 (𝐿c + 𝐿per) + (𝑖∗
p)2 (𝑅p − 𝑗 𝜔 (𝐿p + 𝐿e)) . (4.9)

Equating equation (4.9) with 𝑍L = 𝑅L + 𝑗 𝜔 𝐿L, the lumped equivalent resistance and
lumped equivalent inductance can be determined as

𝑅L = 𝑅c + 𝑅p,eff (4.10)

and

𝐿L = 𝐿c + 𝐿per − 𝐿p,eff , (4.11)

where

𝐿p,eff = (𝑖∗
p)2 (𝐿p + 𝐿e) , (4.12)

and

𝑅p,eff = (𝑖∗
p)2 𝑅p . (4.13)

With lumped capacitance 𝐶L equal to the sum of the individual capacitances, the fre-
quency of the equivalent circuit can be determined by

𝜔 = 1
√𝐿L 𝐶L

. (4.14)

Grover (1962) provides a method for calculating 𝐿c by first calculating the induc-
tance of an infinitely-long cylindrical current sheet and then applying corrections for
end effects and for large conductor cross-section (method shown in section 4.A). For
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Figure 4.2: Sectional view of IPG7 showing the 5.5–turn helical coil (A), the quartz
tube discharge chamber (B), the coil current represented as a zero-thickness cur-
rent sheet (C), the plasma current represented as a zero-thickness current sheet
(D) and the plasma current represented as a uniform tubular volume (E). The cur-
rent sheet representations are used to determine the plasma inductance (equation (4.24))
and the mutual inductance (equation (4.25)). The two different representations of the
plasma current are used in different parts of the model as explained in-text. The la-
belled dimensions are all constant values with the exception of 𝛿 and 𝑙p, which change
as the plasma volume changes.

the coil geometry shown in figure 4.2, this yields 𝐿c = 1.788 µH, which is 72.0 % of
the uncorrected value. This is in close agreement with previous experimental measure-
ments yielding 1.8 µH (Auweter-Kurtz & Wegmann, 1999; Herdrich, 2004). Previous
analysis of experimental frequencies over a range of capacitances and with two differ-
ent coil geometries yielded a series peripheral inductance 𝐿per = 0.75 µH (Herdrich &
Petkow, 2008).

The capacitors in the capacitor bank may be connected or disconnected to alter the
lumped capacitance, and therefore the frequency. In this work, 5 capacitors are con-
nected, yielding 𝐶L = 5 × 6 nF = 30 nF. For a fully capacitive condition, 𝐿p,eff →
0, and equation (4.11) becomes 𝐿L = 𝐿c + 𝐿per. Evaluating equation (4.14) with
𝐿L = 2.538 µH and 𝐶L = 30 nF gives a frequency of 577 kHz. Experimental measure-
ments of the frequency using FFT of the coil current under purely capacitive conditions
yielded 585 ± 2 kHz (Georg et al., 2021 (chapter 3)).

To calculate the effective resistance of the coil, one must first calculate the direct-
current resistance and then apply a correction factor to account for the skin effect losses
at high-frequencies to get the alternating-current resistance (Stoll, 1974); this process
is outlined in section 4.B. For the conditions under consideration and at a frequency
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of 585 kHz, 𝑅c,AC = 17.3m𝛺, which is 3497 % the value of 𝑅c,DC. Although the fre-
quency is not constant, its variation does not have a significant effect on the resistance,
and therefore the constant value 𝑅c = 17.3m𝛺 is used.

Integrating the azimuthal electric field 𝐸𝜃 around the plasma current loop gives the
potential

𝑉p = 2 𝜋 𝑅 𝐸𝜃 . (4.15)

Considering the plasma current as a uniform current density occurring in a tubular
volume with length 𝑙p and thickness 𝛿, its magnitude can be calculated as

̃𝑖p = 𝜎p 𝐸𝜃 𝑙p 𝛿 , (4.16)

where the plasma conductivity 𝜎p is given by

𝜎p =
𝜖0 𝜔2

pe
𝜈eff + 𝑗 𝜔 , (4.17)

and where 𝜈eff is an effective collisional and stochastic heating frequency, and the
plasma frequency 𝜔pe satisfies

𝜔2
pe = 𝑒2 𝑛

𝜖0 𝑚 . (4.18)

Sequentially substituting equations (4.16) to (4.18) into equation (4.15) will eventually
give

𝑍p =
𝑉p

̃𝑖p
= 2 𝜋 𝑚

𝑙∗
p 𝛿∗ 𝑒2 𝑛 𝑅

(𝜈eff + 𝑗 𝜔) , (4.19)

where 𝑙∗
p = 𝑙p/𝑅 and 𝛿∗ = 𝛿/𝑅. This can be equated to 𝑍p = 𝑅p + 𝑗 𝜔 𝐿e to give

expressions for the plasma resistance and electron inertia inductance

𝑅p = 2 𝜋 𝑚 𝜈eff
𝑙∗
p 𝛿∗ 𝑒2 𝑛 𝑅

(4.20)

𝐿e = 2 𝜋 𝑚
𝑙∗
p 𝛿∗ 𝑒2 𝑛 𝑅

. (4.21)

Noting that 𝑅p = 𝐿e 𝜈eff and defining 𝜈∗
eff = 𝜈eff/𝜔 means that 𝑅p = 𝐿e 𝜈∗

eff 𝜔, which
can be substituted into equation (4.7) such that

𝑖∗
p = 𝑀

√(𝐿e 𝜈∗
eff)2 + (𝐿p + 𝐿e)2

, (4.22)
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removing the dependance on 𝜔. Substituting equation (4.11) into equation (4.14) gives
an expression for 𝜔 which can be normalised by the capacitive (𝐿p,eff = 0) case to give

𝜔∗ = 𝜔
𝜔cap

= (1 −
𝐿p,eff

𝐿c + 𝐿per )
− 1

2
. (4.23)

For a cylindrical current sheet approximation of the plasma current, the axial mag-
netic field at the centre is 𝐻z, p = 𝑖p/𝑙p where 𝑙p is the axial length of the plasma current.
Assuming the plasma current is located close to the tube wall (radius of 𝑅) and assum-
ing uniform 𝐻z, p, the plasma inductance defined in terms of magnetic flux through the
plasma current becomes

𝐿p =
𝜙pp
𝑖p

= 𝜇0 𝜋 𝑅
𝑙∗
p

. (4.24)

Assuming uniform 𝐻z, c, the mutual inductance found as the inductance of the plasma
due to the coil is

𝑀 = 𝐿c
𝜋 𝑅2 𝑁p

𝜋 𝑎2𝑁c
= 𝐿c

𝑁c

1
(𝑎∗)2 , (4.25)

where 𝑎 is the radial location of the inner coil surface (𝑎∗ = 𝑎/𝑅), 𝑁p is the number of
plasma current turns (= 1) and 𝑁c is the number of coil turns.

The set of equations developed so far have a unique solution when the constant pa-
rameters and four free parameters (𝛿∗, 𝑙∗

p , 𝜈∗
eff and 𝑛) are provided. The number of free

parameters can be reduced by assuming either collisionless or collisional regime and
using the relevant equation for the skin depth 𝛿. This process is shown below for both
collisionless and collisional regimes for completeness, although only the collisional
regime is relevant to the results shown later.

4.3.1 Collisionless

Under collisionless conditions (𝜈∗
eff ≪ 1) the skin depth is given by

𝛿 = (
𝑚

𝑒2 𝜇0 𝑛)

1
2
(Lieberman & Lichtenberg, 2005), (4.26)

which, along with equations (4.20), (4.21) and (4.24), reduces equation (4.22) to

𝑖∗
p = 𝑀

𝐿p√(2 𝛿∗ 𝜈∗
eff)2 + (1 + 2 𝛿∗)2

, (4.27)
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equation (4.12) to

𝐿p,eff = 𝑀2 (1 + 2 𝛿∗)
𝐿p ((2 𝛿∗ 𝜈∗

eff)2 + (1 + 2 𝛿∗)2)
, (4.28)

and equation (4.13) to

𝑅p,eff =
𝑀2 𝜔 (2 𝛿∗ 𝜈∗

eff)
𝐿p ((2 𝛿∗ 𝜈∗

eff)2 + (1 + 2 𝛿∗)2)
. (4.29)

Note that 𝐿p,eff is a function only of 𝑙∗
p , 𝛿∗ and 𝜈∗

eff, and the latter can even be removed
under the assumption of 𝜈∗

eff ≪ 1 using 2 𝛿∗ 𝜈∗
eff → 0, although this will not work for

𝑅p,eff. Therefore 𝜔∗ is a function of only two free parameters.

4.3.2 Collisional

Under collisional conditions (𝜈∗
eff ≫ 1) the skin depth is given by

𝛿 =
(

2 𝑚 𝜈∗
eff

𝑒2 𝜇0 𝑛 )

1
2

(Lieberman & Lichtenberg, 2005). (4.30)

This, along with equations (4.20), (4.21) and (4.24), reduces equation (4.22) to

𝑖∗
p = 𝑀

𝐿p√(𝛿∗)2 + (1 + 𝛿∗/𝜈∗
eff)2

, (4.31)

equation (4.12) to

𝐿p,eff =
𝑀2 (1 + 𝛿∗/𝜈∗

eff)
𝐿p((𝛿∗)2 + (1 + 𝛿∗/𝜈∗

eff)2)
, (4.32)

and equation (4.13) to

𝑅p,eff = 𝑀2 𝜔 (𝛿∗)
𝐿p((𝛿∗)2 + (1 + 𝛿∗/𝜈∗

eff)2)
. (4.33)

In this case, with the assumption of 𝜈∗
eff ≫ 1, 𝛿∗/𝜈∗

eff → 0 can be used to eliminate 𝜈∗
eff

completely so that both 𝐿p,eff and 𝑅p,eff are functions only of 𝑙∗
p and 𝛿∗. The solution

space for these assumptions is plotted in figure 4.3 over a range of 𝑙∗
p and 𝛿∗.
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Figure 4.3: Solution space for the model under the assumption of a collisional regime
using equations (4.23) to (4.25) and equations (4.32) and (4.33) with 𝛿∗/𝜈∗

eff → 0, show-
ing that each point in 𝜔–𝑅p,eff space maps to a point in 𝑙p–𝛿 space.

4.3.3 Solution method

A summary of the model constants, inputs and outputs is provided by table 4.1. The
model solution method is shown diagramatically by figure 4.4, including which outputs
are calculable for which inputs. A useful feature of the collisional assumption is the fact
that almost all outputs can be calculated without knowledge of 𝜈eff, which is a relatively
difficult parameter to estimate. A collisional regime is assumed for the remainder of this
work since it corresponds to the experimental conditions (high pressure in the discharge
chamber).

Since the model has been reduced to only two free parameters, 𝑙p and 𝛿, two input
variables are needed to define a unique solution. For this purpose, the relative fre-
quency shift of the coil current 𝜔∗(𝑡) is used along with the plasma effective resistance
𝑅p,eff(𝑡). A short-time Fourier transform analysis was conducted to obtain 𝑓char(𝑡) from
the experimental measurements of the coil current. Fitting was also conducted to ob-
tain 𝑓char, cap(𝑡), which is the predicted coil current frequency if there were no fluctation
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Table 4.1: Summary of model parameters classified as either constant, input or output.
Parameter Symbol Units Non-dimensional
Constant
– Inner radius of quartz tube 𝑅 m —
– Inner radius of coil 𝑎 m 𝑎∗ = 𝑎/𝑅
– Number of coil turns 𝑁c — —
– Coil self-inductance 𝐿c H —
– Peripheral inductance 𝐿per H —
– Lumped capacitance 𝐶L F —
– Coil resistance 𝑅c 𝛺 —

Input
– Skin depth 𝛿 m 𝛿∗ = 𝛿/𝑅
– Plasma current axial length 𝑙p m 𝑙∗

p = 𝑙p/𝑅
– Effective collisional and

stochastic heating frequency
𝜈eff rad s−1 𝜈∗

eff = 𝜈eff/𝜔

Output
– Plasma self-inductance 𝐿p H —
– Characteristic frequency 𝜔 rad s−1 𝜔∗ = 𝜔/𝜔cap
– Plasma loop current 𝑖p A 𝑖∗

p = 𝑖p/𝑖c
– Electron number density 𝑛 m−3 —
– Plasma resistance 𝑅p 𝛺 —
– Electron inertia inductance 𝐿e H —
– Plasma conductivity 𝜎 Sm−1 —
– Lumped potential 𝑉L V —

General
model

Collisionless Collisional

𝐿p, 𝜔, 𝑖p, 𝑛 𝐿p, 𝜔, 𝑖p, 𝑅p,
𝐿e, 𝜎, 𝑉L, 𝑛/𝜈eff

𝑅p, 𝐿e, 𝜎, 𝑉L 𝑛

𝜈eff ≪ 𝜔 𝜈eff ≫ 𝜔

𝛿, 𝑙p

𝜈eff

𝛿, 𝑙p

𝜈eff

Figure 4.4: Model solution method. Firstly, either collisionless or collisional assump-
tionmust be made. Secondly, 𝛿 and 𝑙p must be provided to solve for 𝜔 and other outputs.
Finally, for a complete solution 𝜈eff must be provided.
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Figure 4.5: Plasma power against anode (input) power. Plasma power was calculated
by summing the experimental calorimetric powers (jet and tube) (Chadwick, 2017).

due to inductive coupling. The relative frequency shift is then calculated according to

𝜔∗(𝑡) = 𝑓char(𝑡)
𝑓char, cap(𝑡) . (4.34)

𝑅p,eff(𝑡) was obtained by considering the current drop that is observed when the dom-
inant coupling regime transitions from capacitive to inductive coupling. The power
supply was modelled as a voltage source that provides a particular profile of 𝑉L(𝑡) at a
particular value of 𝑉anode. The effective plasma resistance was found by

𝑅p,eff(𝑡) = 𝑉L(𝑡)
𝑖c(𝑡)

− 𝑅c . (4.35)

For each condition, 𝑉L(𝑡) was determined such that the average absorbed plasma power
over time equalled the experimental calorimetric power, where the absorbed plasma
power is given by 𝑃plasma(𝑡) = 𝑅p,eff(𝑡) 𝑖2

c(𝑡). The experimental calorimetric powers are
shown in figure 4.5.

It can be seen in figure 4.3 that each isoline of 𝜔∗ intersects each isoline of 𝑅p,eff
exactly once. Therefore, the curves of 𝜔∗(𝑡) and 𝑅p,eff(𝑡) can be transformed into curves
of 𝑙p(𝑡) and 𝛿∗(𝑡), which completely defines the free parameters of the model. This
process was used to produce the results in the following section.
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Table 4.2: Summary of experimental conditions considered in this work (collected by
Chadwick (2017)). Values are averaged over time. Volumetric flow rate ̇𝑉 is for stan-
dard conditions 0 °C and 1 atm.

Propellant Anode Coil Calorimetry
̇𝑉 𝑚̇ ̇𝑛 𝑈anode 𝐼anode 𝑃anode 𝑖c,RMS 𝑓char 𝑃tube 𝑃jet

Legend Lmin−1 g s−1 mol s−1 kV A kW kA kHz kW kW

76 1.81 0.057 2.5 3.1 7.8 0.418 587 2.20 0.99
⋯ ⋯ ⋯ 3.1 4.5 13.9 0.466 590 3.47 1.52
⋯ ⋯ ⋯ 4.1 6.9 27.8 0.609 593 5.93 2.63
⋯ ⋯ ⋯ 5.0 11.7 58.4 0.641 601 8.49 7.63
⋯ ⋯ ⋯ 5.5 13.7 75.0 0.680 604 9.53 9.91
⋯ ⋯ ⋯ 6.0 16.1 96.4 0.720 607 10.68 13.06

142 3.38 0.106 4.3 5.9 25.3 0.718 586 6.06 1.83
⋯ ⋯ ⋯ 5.0 7.7 38.2 0.764 589 7.58 3.38
⋯ ⋯ ⋯ 5.5 9.1 49.6 0.821 591 8.63 4.75
⋯ ⋯ ⋯ 6.0 14.8 88.5 0.755 599 5.99 12.86

4.4 Results & discussion

Two experimental datasets collected byChadwick (2017)were analysed using themethod
discussed in section 4.3.3. In each dataset, pure oxygen propellant gas was used and
the anode potential (which defines the input power) was increased incrementally. The
system was allowed to stablise at each new anode potential before data acquisition.
The two datasets differ by the flow rate of propellant gas. The first dataset has a flow
rate of 76Lmin−1 and anode potentials of 2.5 kV, 3.1 kV, 4.1 kV, 5.0 kV, 5.5 kV and
6.0 kV, and the second has a flow rate of 142Lmin−1 and anode potentials of 4.3 kV,
5.0 kV, 5.5 kV and 6.0 kV. The lowest anode potential in each set corresponds to the
lowest input power at which inductive coupling was observed as evidenced by the fluc-
tuation of the coil current and frequency. The experimental conditions considered are
summarised in table 4.2.

The model input parameters over time are shown in figure 4.6. For each condition,
curves of 𝜔 and 𝑅p,eff were produced from the coil current measurements, and are
shown in subfigures (a1–2), and (b1–2), respectively. These curves were transformed
into curves of 𝑙p and 𝛿, which are shown in subfigures (c1–2), and (d1–2), respectively.
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Finally, the volume of the plasma (as defined in figure 4.2) is shown in subfigures (e1–
2).

At the lowest anode potentials, the curves of 𝜔 show a small peak occuring at ap-
proximately 1.3ms. The peak increases and spreads as the anode potential increases
through 2.5 kV, 3.1 kV, 4.1 kV and 5.0 kV for 76Lmin−1 and through 4.3 kV, 5.0 kV
and 5.5 kV for 142Lmin−1. For subsequent anode potentials, the curves of 𝜔 stop
increasing and instead increase and spread significantly, so the period of inductive cou-
pling becomes much longer, approaching 60 % of the cycle period.

The curves of 𝑅p,eff exhibit similar trends, although they are defined only for periods
of inductive coupling. The undefined periods are due to a breakdown of the model
assumptions. Namely, the assumption of strong inductive coupling between the coil
and plasma leading to 𝛿∗ ≪ 1 and a thin, tubular plasma volume with thickness 𝛿 is not
satisfied. For this reason, all subsequent model parameters are defined only when 𝑅p,eff
is defined. This is seen clearly for the curves of 𝑙p whichmatch those of 𝜔 in appearance.
The cause of the aforementioned undefined periods is shown clearly by the curves of 𝛿,
which tends towards infinity at the start and end of inductive coupling, with a relatively
stable finite value in between. Interestingly, for the 142Lmin−1, 5.5 kV condition,
there are two periods of inductive coupling in quick succession, with the latter having
a lesser intensity. The curves of 𝑉 result from the 𝑙p and 𝛿 curves, and closely resemble
those of 𝑅p,eff. For comparison, the portion of the discharge chamber that is enclosed
by the coil has a volume of 720 cm3, and 5 % of that value is 36 cm3. Because 𝛿 is fairly
stable over the inductive period, changes in 𝑉 are strongly dependent on 𝑙p. Practically,
this means that the plasma volume elongates and shortens, but does not encroach on the
central region, hence the portion of flow that passes through that volume (and becomes
heated) will always be relatively small.

The model outputs parameters over time are shown in figure 4.7. The quantity 𝑛/𝜈∗
eff

results from equation (4.30) and is shown in subfigures (a1–2). The real electrical
conductivity is shown in subfigures (b1–2). The ratio of induced plasma current to coil
current, 𝑖∗

p, is shown in subfigures (c1–2). Finally, absorbed power in the plasma is
shown in subfigures (d1–2).

For each condition, 𝑛/𝜈∗
eff quickly reaches its maximum value before slowly reducing

back the zero. For both flow rates, the maximum value increases with anode potential,
with the expection of the last conditions. While it is not possible to determine 𝑛 or
𝜈∗
eff separately without an additional input, it is possible to estimate the range of 𝜈∗

eff
with the aid of some reasonable assumptions, and therefore verify that the results are
consistent with the earlier assumption of a collisional regime (𝜈∗

eff ≫ 1). The ionisation
degree of the plasma volume can be defined as

𝜓 = 𝑛
𝑛O

=
𝑛/𝜈∗

eff
𝑛O

𝜈∗
eff , (4.36)
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Figure 4.6: Time series of model input parameters over the period of a 300Hz cycle
for oxygen at various anode potentials (input powers) and flow rates. 𝜔 is the antenna
current characteristic frequency, 𝑅p,eff is the effective plasma resistance, 𝑙p is the axial
length of the plasma volume, 𝛿 is the skin depth, and 𝑉 is the volume of the plasma
volume (function of 𝑙p and 𝛿).
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Figure 4.7: Time series of model output parameters over the period of a 300Hz cycle for
oxygen at various anode potentials (input powers) and flow rates. 𝑛/𝜈∗

eff is the electron
density over the normalised collision frequency, 𝜎 is the plasma electrical conductivity,
𝑖∗
p is the plasma current normalised by the antenna current, and 𝑃plasma is the power
deposited into the plasma (function of 𝑅p,eff and 𝑖c).
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Table 4.3: Comparison of parameter extrema for lowest and highest input powers at
each flow rate. The lowest power conditions correspond to the lowest input power
(anode potential) which produced stable inductive coupling. The anode potential of
the lowest power condition is dependent on flow rate, hence here they take different
values (2.4 kV for 76Lmin−1 and 4.3 kV for 142Lmin−1). The maximum value for
each parameter is shown, with the exception of 𝛿, for which the minimum is shown.

Lowest power condition Highest power condition

76Lmin−1 142Lmin−1 76Lmin−1 142Lmin−1

Parameter (2.4 kV) (4.3 kV) (6.0 kV) (6.0 kV)

𝜔∗ — 1.03 1.04 1.09 1.06
𝑅p,eff m𝛺 36.9 36.5 101 68.7
𝑙p mm 13.5 17.5 38.1 26.0
𝛿 mm 2.21 1.93 1.67 1.63
𝑉 cm3 10.1 9.96 26.4 18.3
𝑛/𝜈∗

eff ×1019 m−3 1.16 1.52 2.03 2.14
𝜎 ×105 Sm−1 0.88 1.15 1.49 1.60
𝑖p kA 0.40 0.68 1.24 0.99
𝑃plasma kW 20.0 38.8 53.2 46.6

where 𝑛O is the atomic oxygen density. Assuming full dissociation of the molecular
oxygen, the atomic oxygen density can be estimated by applying the ideal gas law with
a pressure of 500 to 1500Pa and a temperature of 1 × 103 to 1 × 104 K to yield 𝑛O of
3.6×1021 to 1.1×1023 m−3. Themaxima of 𝑛/𝜈∗

eff lie in the range 1×1019 to 4×1019 m−3.
Assuming significant ionisation (𝜓 of 0.5 to 1), according to equation (4.36) 𝜈∗

eff lies in
the range of 45 to 11,000, which satisfies the collisional assumption.

The curves of the electrical conductivity of the plasma, 𝜎, resemble those of 𝑛/𝜈∗
eff.

The maxima increase as the anode potential increases, with the exception of the high-
est anode potential conditions. According to Figure 6.3-1 from Herdrich (2004), the
electrical conductivity of an oxygen plasma in a near-identical plasma generator lies
in the range of 3 × 103 to 5 × 103 Sm−1 under comparable conditions. Since that
work considered the plasma discharge as a steady phenomenon, comparisons must be
made with time-averaged values. The range of time-averaged 𝜎 for the model results is
2.7 × 104 to 5.4 × 104 Sm−1. The relative difference is one order of magnitude, which
is a relatively good agreement considering the significant differences between the two
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modelling approaches—i.e. the steady state assumption and 20mm thermal boundary
layer used in that other work (Herdrich, 2004).

The relative induced plasma current 𝑖∗
p increases with anode potential, similar to 𝜔.

At higher powers the value of 𝑖∗
p exceeds 1, which indicates that at those times the

plasma current exceeds the coil current in amplitude. The curves of 𝑃plasma take a
distinctive form since 𝑖c and 𝑅p,eff are both non-zero at the start and end of inductive
coupling. This is a symptom of the model’s inability to capture the transition from no
inductive coupling to 𝛿∗ ≪ 1. The curves clearly show that the peak power deposition
occurs at the early part of the inductive coupling.

Some results from figures 4.6 and 4.7 are shown in table 4.3, which presents the
extrema of the model parameters for the lowest and highest anode potentials (input
powers) at each flow rate. It can be said of 𝜔, 𝑅p,eff, 𝑙p, 𝑉 and 𝑖p that the maxima
increase with increasing anode potential, but decrease with flow rate at the high anode
potential. The minima of 𝛿 are relatively stable across flow rate and only decrease
slightly as the anode potential increases. For 𝑛/𝜈∗

eff and 𝜎 the maxima increase with
higher anode potential and lower flow rate (this is evident more from the figure 4.7
rather than from table 4.3). Finally, 𝑃plasma is unique in that it increases strongly as a
function of anode potential for the lower flow rate but less strongly for the higher flow
rate.

4.5 Conclusion

In this work the transient antenna current method has been expanded to yield time-
varying properties of an inductively coupled oxygen plasma. The technique presented
is propellant-agnostic and can in principle be applied to other monatomic and molecu-
lar propellants. The technique is based on the transformer model of an inductive plasma
and essentially links the resonant frequency of the antenna–plasma circuit to the effec-
tive impedance of the plasma. Time-varying plasma properties such as plasma volume,
electrical conductivity and deposited power were investigated for various input powers
and flow rates. Compared to contemporary non-intrusive plasma diagnostic techniques,
such as optical emission spectroscopy and laser-induced fluorescence, the method pre-
sented is suitable for arbitrary propellant species and mixtures albeit at a much lower
fidelity of output. The reduced outputs are justified by the model’s flexibility of applica-
tion and reduced a priori assumptions. Future work comparing the results of this model
to experimental measurements (such as the electron density) would assist greatly in its
improvement and validation for further use.
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4.A Coil self-inductance calculation

Appendices

4.A Coil self-inductance calculation

Grover (1962) provides working formulae and tables for calculating the self and mutual
inductances of various conductor arrangements. To determine the self-inductance of
the helical coil mentioned in this work (𝐿c), it is necessary to first calculate the self-
inductance of an infinitely long cylindrical current sheet, which is given by

𝐿0 = 𝜇0
𝜋 𝑟2

c 𝑁2

𝑙c
, (4.37)

where 𝑟c is the pitch radius of the coil, 𝑙c is the axial length of the coil and 𝑁 is the
number of turns. The finite length of the coil is accounted for by a correction factor 𝐾
such that

𝐿1 = 𝐿0 𝐾 , (4.38)

where 𝐾 is tabulated as a function of the coil aspect ratio, 𝛽 = 𝑙c
2 𝑟c

(pg. 143 in Grover
(1962)). The large conductor cross-section is accounted for by the expression

𝐿2 = 𝐿1 − 𝜇0 𝑟c 𝑁 (𝐺 + 𝐻) , (4.39)

where 𝐻 is tabulated as a function of 𝑁 (pg. 163 in Grover (1962)). 𝐺 is given by

𝐺 = 5
4 − ln

𝑙c
𝑟o 𝑁 , (4.40)

where 𝑟o is the outer radius of the conductor.
The geometric parameters of the coil used are 𝑟c = 52×10−3 m, 𝑁 = 5.5, 𝑙c = 130×

10−3 m and 𝑟o = 6 × 10−3 m. Solving the above equations with these parameters yields
𝐿0 = 2.484 µH, 𝛽 = 1.25, 𝐾 = 0.7351, 𝐿1 = 1.826 µH, 𝐺 = −0.121, 𝐻 = 0.225 and
𝐿2 = 1.788 µH. The value of 𝐿2 is 72.0 % that of 𝐿0. In this work 𝐿c = 𝐿2 = 1.788 µH
is used for the self-inductance of the coil.
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4 Circuit model

4.B Coil resistance calculation

The resistance of the coil under DC (or low-frequency) conditions is given by

𝑅c,DC =
𝜌c 𝑙c, arc

𝜋(𝑟2
o − 𝑟2

i )
, (4.41)

where 𝜌c is the resistivity of the coil conductor, 𝑟i and 𝑟o are the inner and outer con-
ductor radii respectively, and the coil arc length is given by

𝑙c, arc = √(2 𝜋 𝑁 𝑟c)2 + (𝑙c)2 . (4.42)

For AC (high-frequency) conditions, a correction factor must be used to account for
the skin effect losses (Stoll, 1974)

𝑅c,AC
𝑅c,DC

= 𝑟o
2 𝛿c

+ 1
4 + 3 𝛿c

32 𝑟o
, (4.43)

which is itself a function of the coil conductor skin depth

𝛿c = √
2 𝜌c
𝜔 𝜇0

. (4.44)

The geometry parameters of the coil used are 𝑟o = 6 × 10−3 m, 𝑟i = 4 × 10−3 m,
𝑁 = 5.5, 𝑟c = 52 × 10−3 mand 𝑙c = 130 × 10−3 m. The resistivity of copper is
𝜌c = 1.724 × 10−8 𝛺 m and the frequency was 𝜔 = 2 𝜋 × 585 kHz. From the above
equations, 𝑅c,DC = 0.494m𝛺, 𝑅c,AC

𝑅c,DC
= 34.97, and 𝑅c,AC = 17.3m𝛺. In this work,

𝑅c = 𝑅c,AC = 17.3m𝛺 is used for the coil resistance.

114



4.B Coil resistance calculation

115





Hybrid circuit–chemistry model
Hybrid circuit-chemistry model investigation of
oxygen-argon ratio in inductive plasma thrusters 5
In the fourth article, a simple chemistry model is integrated with the circuit model
to provide further insight and reduce assumptions. The chemistry model is a kinetics
approach and could, in principle, be applied to any species for which reaction rates are
known. Power series of pure oxygen and two oxygen-argon mixtures were considered.
The additional of the chemistry model facilitates the calculation of the time-varying
effective collision frequency and localised electron population.
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Abstract

Abstract

Electrodeless, propellant-flexible electric propulsion based on inductively coupled plas-
mas has the potential to expand spaceflight capabilities. However, new diagnostic tools
are needed, in particular, tools that are non-intrusive, real-time, propellant agnostic and
have a high sampling frequency. A technique based on the circuit transformer model
of inductive coupling and meeting these criteria was recently proposed and demon-
strated. That technique is augmented in this work by the addition of a chemistry model
via the BOLSIG+ software to generate a hybrid circuit-chemistry model. The hybrid
model can compute the effective collision frequency and the electron density of mixed-
species plasmas. The technique is applied to experimental datasets of pure oxygen and
mixed oxygen-argon plasmas to investigate the influence of the argon component on
the transient plasma properties and the thermal efficiency of the IPG7 thruster. The
self-consistency and alignment of the results with previous work is confirmed. The
addition of argon facilitates conditions in which longer (but less intense) periods of
inductive coupling, and higher average electron populations occur. An empirical rela-
tionship between the transient behaviour of the plasma and the thermal efficiency is
found, that may have important practical implications for future flight hardware.

5.1 Introduction

The development of electric propulsion technologies that can use a wide variety of
propellants is sought because it would enable the use of propellant material collected
in-flight, a concept known as in-situ resource utilisation (ISRU). For example, a satellite
in very low Earth orbit may use an intake to collect material from the upper atmosphere
as propellant, a concept known as air-breathing electric propulsion (ABEP). To realise
that aim, several groups worldwide are investigating the application of electrodeless
technologies, especially inductively coupled plasmas, as a means of delivering electric
power to an arbitrary propellant (Romano et al., 2020; Sou et al., 2000; Herdrich et al.,
2013; Isayama et al., 2018; Navarro-Cavallé et al., 2018; Vitucci, 2019; Magarotto &
Pavarin, 2020; Takahashi, 2019; Tsifakis et al., 2020; Kralkina et al., 2020). Recently,
propellant mixtures have shown great promise. In particular, mixtures of oxygen and
argon have demonstrated high thermal efficiencies, combining the higher thermal con-
ductivity and lower ionisation energy of the two gases, respectively (Georg et al., 2021
(chapter 3)). With the increased interest in different propellants and propellant mix-
tures, there has been a parallel interest in suitable diagnostic tools.

Phase-resolved optical emission spectroscopy (PROES) is a powerful diagnostic tool
that provides a high spatial and temporal resolution by identifying the distinctive emis-
sion spectra of species present in the plasma Schulze et al., 2010. The tool relies on
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optical measurements and a sufficiently detailed plasma chemistry and radiative model.
A key issue in the application of PROES is the selection of frequency bands whose in-
tensity can be uniquely attributed to each of the species in the plasma. Hence, most
studies focus on pure argon which is monatomic and has a well-documented chemistry.
The current research literature on PROES applied to gas mixtures is extremely limited.
Kaupe et al. (2019) considered argonmixedwith up to 4 % nitrogen and Liu et al. (2020)
considered argon mixed with up to 1 % CO2 and 1 % CH4. By contrast, propellants of
interest for high-power inductive electric propulsion include oxygen, nitrogen and car-
bon dioxide with an argon component ranging from 0 to 79 % (Chadwick et al., 2020).
Furthermore, PROES is not readily adaptable for use in-flight since it requires optical
access and high computational resources.

Recently, a technique based on a simple circuit model treating the antenna-plasma
interaction as an electrical transformer was presented and used to estimate the time-
varying properties of an inductively coupled plasma (Georg et al., 2022 (chapter 4)).
This technique has the following attributes: non-intrusive—to avoid disrupting system
operation and to limit erosion of electrical components; real-time—enabling use in
monitoring and control; propellant agnostic—enabling flexibility of propellant choice,
including mixtures; and capable of a high sampling frequency—to capture transient
phenomena (Georg et al., 2022 (chapter 4)). The technique uses measurements of the
antenna current and the circuit model to estimate the impedance of the antenna-plasma
system, and subsequently several time-varying plasma properties.

In the present work, three key limitations of the circuit model are addressed. Firstly,
neither the electron density nor the effective collision frequency could be extracted
from the model, only the ratio between those two quantities. Secondly, therefore, it
was not possible to verify the electron density against other results nor verify the self-
consistency of the collision frequency. Thirdly, while the technique was propellant
agnostic, it lacked the ability to provide insight into differences between propellants.
These three limitations are addressed by coupling the circuit model with a simple
chemistry model. The resulting hybrid model is then used to analyse pure oxygen
and oxygen-argon plasmas.

5.2 Methodology

The device under consideration in this work is IPG7 (Massuti-Ballester et al., 2013;
Chadwick et al., 2020), an inductively coupled plasma source developed at the Insti-
tute for Space Systems (IRS) of the University of Stuttgart, Germany. A sectional view
of IPG7 is shown in figure 5.1. A pair of mass flow controllers is used to control the
flow rate of each propellant gas before they are fed into an injector head. The injector
head induces swirl into the propellant, which then passes through a quartz tube with a
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Figure 5.1: Sectional view of IPG7 with dimensions (adapted from Georg et al. (2020)
(chapter 2)). A jacket encloses the coil, forming channels for coolingwater (not shown).

length of 300mm, an outer diameter of 90mm and a thickness of 3mm. Surrounding
the quartz tube is a 5.5-turn helical coil with an axial length of 130mm, a pitch diameter
104mm, an outer diameter of 12mm and an inner diameter of 8mm. Radiofrequency
current is driven through the coil such that it acts as an antenna and, under the right
conditions, couples inductively with the plasma formed by the propellant gas. Propel-
lant exits the quartz tube through a flange, into a vacuum tank with a length of 3m and
a diameter of 2m. The tank pressure is approximately 10 to 30Pa during operation.

The antenna current is driven by a resonant circuit, shown in figure 5.2 (left), known
as a Meissner or Armstrong oscillator, without matching network. The resonant circuit
itself is driven by a quasi-DC source (anode) that has a characteristic 300Hz frequency.
This arrangement means that the excitation frequency is floating and takes on the reso-
nant frequency of the circuit, which is a function of the inductance of the antenna and
the capacitance of the capacitor bank. The circuit model quantitatively links fluctua-
tions in the excitation frequency to fluctuations in the impedance of the antenna-plasma
system that occur during inductive coupling (Georg et al., 2022 (chapter 4)).

A simplified overview of the hybrid circuit–chemistry model showing inputs and
outputs is included in figure 5.3. The first part, the circuit model, is described in the fol-
lowing subsection. The integration of the second part, the chemistry model BOLSIG+,
is described in the subsequent section. Finally, the experimental setup is described.

5.2.1 Circuit model

A full derivation of the circuit model is provided in Georg et al. (2022) (chapter 4),
the results of which are summarised here. The antenna-plasma system is modelled as
an electrical transformer in the circuit shown in figure 5.2 (left), where the primary
winding of the transformer is the 5.5-turn helical coil with self-inductance 𝐿c, the sec-
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Figure 5.2: Resonant circuit with transformer model of the coil/plasma system (left)
and lumped element equivalent circuit (right). Reproduced from Georg et al. (2022)
(chapter 4).

ondary winding of the transformer is a single loop plasma current with self-inductance
𝐿p, and there is a mutual inductance 𝑀 . On the primary side, the coil has a resistance
𝑅c and the circuit has a peripheral inductance 𝐿per. On the secondary side, there is a
plasma resistance 𝑅p associated with absorbed power and an electron inductance 𝐿e
associated with the electron inertia.

The circuit can be reduced to the lumped element equivalent circuit shown in fig-
ure 5.2 (right). The lumped capacitance 𝐶L has a fixed value determined by the capac-
itor configuration. The lumped resistance is given by

𝑅L = 𝑅c + 𝑅p,eff , (5.45)

where 𝑅p,eff is the effective plasma resistance (non-zero during periods of inductive
coupling). Similarly, the lumped inductance is given by

𝐿L = 𝐿c + 𝐿per − 𝐿p,eff , (5.46)

where 𝐿p,eff is the effective plasma inductance (non-zero during periods of inductive
coupling).
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Figure 5.3: Simplified overview of the model. The following representations are used:
red ellipse—time-varying experimental data, blue ellipses—time-averaged experimen-
tal data, grey diamonds—models, and green rectangles—model outputs (time-varying).

It is shown in Georg et al. (2022) (chapter 4) that, under the assumption of a colli-
sional regime (𝜈eff ≫ 𝜔), the effective plasma resistance becomes

𝑅p,eff = 𝑀2 𝜔 𝛿∗

𝐿p((𝛿∗)2 + 1)
, (5.47)

and the effective plasma inductance becomes

𝐿p,eff = 𝑀2

𝐿p((𝛿∗)2 + 1)
. (5.48)

The mutual inductance between the coil and the plasma, 𝑀 , has a fixed value deter-
mined by geometry. The plasma self-inductance, 𝐿p, varies as a function of the axial
length of the plasma discharge volume, 𝑙p. The normalised skin depth, 𝛿∗, varies as a
function of the ratio between the electron number density and the collision frequency,
𝑛e/𝜈eff.
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Figure 5.4: Sectional view of IPG7 showing the plasma volume representation. From
outside to inside: the 5.5 turn helical coil, the discharge chamber tube, and the plasma
volume. The plasma volume is a tube with outer radius 𝑅, thickness 𝛿 and axial length
𝑙p. 𝑉 = 𝑙p 𝜋(𝑅2 − (𝑅 − 𝛿)2).

The equivalent circuit is an LC tank with a resonant frequency of

𝜔 = (𝐿L𝐶L)
− 1

2 , (5.49)

that varies as a function of 𝐿p,eff during periods of inductive coupling. The inductive
resonant frequency can be normalised by the non-inductive resonant frequency to yield

𝜔∗ = ((𝐿c + 𝐿per − 𝐿p,eff) 𝐶L)
− 1

2

((𝐿c + 𝐿per) 𝐶L)
− 1

2

= (1 −
𝐿p,eff

𝐿c + 𝐿per )
− 1

2
. (5.50)

The time-varying normalised frequency, 𝜔∗(𝑡), is determined experimentally by ap-
plying a short-time Fourier transform to coil current measurements. The time-varying
effective plasma resistance, 𝑅p,eff(𝑡), could be determined experimentally via simulta-
neous measurement of the potential across the coil. For technical reasons these mea-
surements were not possible, hence 𝑅p,eff(𝑡) was determined experimentally by recon-
ciling coil current measurements with calorimetric powers. Using this, one may solve
the above system of equations and determine the time-varying plasma volume axial
length, 𝑙p(𝑡), and the time-varying plasma volume thickness (skin depth), 𝛿(𝑡), which
together define the plasma volume itself as per figure 5.4. Other time-varying outputs
from themodel include the plasma electrical conductivity 𝜎, the azimuthal electric field
strength 𝐸𝜃 and 𝑛e/𝜈eff.
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5.2.2 Chemistry model

A chemistry model was introduced primarily to extract the electron number density,
𝑛e, and the effective collision frequency, 𝜈eff, from the ratio produced by the circuit
model. The BOLSIG+ software (Hagelaar & Pitchford, 2005) was selected due to its
simplicity, limited assumptions and prevalence in literature. BOLSIG+ is a numerical
solver that computes steady-state solutions to the Boltzmann equation for electrons in
a uniform electric field. Among other assumptions, it is necessary to assume a uni-
form electric field and constant properties with respect to space and time. While the
system considered here is of course time-varying, these assumptions for the chemistry
are nonetheless consistent with the extant assumptions of the circuit model and are ap-
propriate for a tool that can be described as an engineering model. Details about the
software inputs and outputs are provided in section 5.A. Cross-sections were retrieved
from the Phelps database hosted on the LXCat website (Phelps, 2013). The oxygen
cross-sections come from Lawton and Phelps (1978) and the argon cross-sections from
Yamabe et al. (1983).

The critical inputs for BOLSIG+ are the electric field strength and the angular fre-
quency. The relevant electric field is the azimuthal field induced during inductive cou-
pling, 𝐸𝜃 . From Georg et al. (2022) (chapter 4), under a collisional assumption, the
azimuthal electric field strength is given by

𝐸𝜃 =
𝑖p 𝜔
𝑙p (

𝜈∗
eff
𝑛

𝜇0 𝑚
2 𝑒2 )

1
2

, (5.51)

which can be computed from the circuit model. Under the presence of 𝐸×𝐵 fields, as is
the case here, the relevant angular frequency for BOLSIG+ is the cyclotron frequency,
given by

𝜔c = 𝜇0 𝐻z
𝑒
𝑚 (5.52)

for zero magnetisation, where 𝐻z is axial the magnetic field strength due to the coil.
In a previous work (Georg et al., 2020 (chapter 2)) the method provided by Derby and
Olbert (2010) yielded 𝐻z/𝑖c = 33.04m−1 at the centre of the coil (the variation within
the volume bounded by the coil is minimal). Hence, this value can be used to compute
the cyclotron frequency as a function of the coil current.

Paremetric sweeps of the azimuthal electric field strength and the cyclotron fre-
quency were computed with the BOLSIG+ software version “11/2019”. This was used
to build a look-up table to determine time-varying outputs such as 𝜈eff(𝑡) from the time-
varying inputs 𝜔c(𝑡) and 𝐸𝜃(𝑡). Knowing 𝜈eff(𝑡) permits the calculation of the localised
electron fraction 𝜓e(𝑡), electron number density 𝑛e(𝑡), and number of electrons 𝑁e(𝑡),
which completes the process shown in figure 5.3.
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5.2.3 Experimental setup

Experiments were conducted on the IPG7 device within the TIHTUS facility at the
University of Stuttgart. The selection of gases and their respective flow rates defines
the propellant configuration. For each experimental run, the propellant configuration
is fixed and the anode potential is adjusted by the experimenter. The anode potential,
shown as 𝑉anode in figure 5.2, is a characteristic of the quasi-DC power supply and can
be used as a proxy for the input power. After the anode potential is adjusted and before
capturing data, the input and output powers of the system are allowed to stabilise at the
new condition.

The primary measurement required for the following analysis is the coil current.
Measurements were taken using a Hofer-Noser Karrer (HOKA) probe designed by
Kametech AG (Karrer et al., 1999; Karrer et al., 2003). The probe was specially de-
signed and selected to tolerate prolonged exposure to the high current and to support
high sampling frequencies. The coil current was sampled at a frequency of 25MHz,
which is sufficient to determine the characteristic frequency of the current, 𝑓char(𝑡), via
short-time Fourier transform analysis. A moving-window rms calculation was used to
determine the rms coil current, 𝑖c(𝑡).

Closed loops of cooling water are used, together with flowmeters and thermometers,
to measure calorimetric powers. The tube cooling power, 𝑃tube, is derived from a loop
that directly contacts the quartz tube. The jet cooling power, 𝑃jet, is derived from a
loop that passes through a cavity calorimeter that can be inserted into the vacuum tank
to determine the enthalpy of the plasma jet. The sum of the calorimetric powers, 𝑃cal.,
is a model input in the present work. For a truly non-intrusive experimental setup
(such as in flight), the phase-resolved potential across the coil could substitute this
role. An important figure of merit for the system is the thermal efficiency, defined as
𝜂thermal = 𝑃jet/𝑃cal.. It represents the portion of power dissipated by the antenna-plasma
system that is available to develop thrust via gas-dynamic expansion of the jet through
a nozzle.

Temperature and pressure inside the hot zone must be estimated for the chemistry
component of the model. Interpolation of previous IPG characterisation results (Her-
drich, 2004) for the conditions under consideration provides an approximate pressure
of 1500Pa and temperature of 10,000K in the hot zone. Order of magnitude accuracy
is sufficient for the present work since the BOLSIG+ inputs and outputs are normalised
by the neutral gas density.
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Table 5.1: Summary of experimental conditions (collected by Chadwick (2017)). Mean
values are given, with the exception of root-mean-square for 𝑖c and 𝑓char, andmedian for
𝜈∗
eff. Species fractions are volumetric. Volumetric flow rate ̇𝑉 is for standard conditions

0 °C and 1 atm. The thermal efficiency is defined as 𝜂thermal = 𝑃jet/𝑃cal., where 𝑃jet is
the jet power and 𝑃cal. = 𝑃jet + 𝑃tube is the sum of calorimetric powers.

Propellant Anode Coil Calorimetry Outputs
Legend O2 Ar ̇𝑉 𝑚̇ 𝑈anode 𝑃anode 𝑖c 𝑓char 𝑃cal. 𝜂thermal Group 𝜈∗

eff 𝜓e 𝑉
% % L/min g/s kV kW kA kHz kW % — % cm3

100 0 142 3.38 4.3 25.3 0.84 586 7.9 23.2 A 158 1.9 2.2
⋯ ⋯ ⋯ ⋯ 5.0 38.2 0.85 589 11.0 30.8 B 155 2.6 5.0
⋯ ⋯ ⋯ ⋯ 5.5 49.6 0.89 591 13.4 35.5 B 153 3.2 5.7

42 58 128 3.49 3.6 16.9 0.71 587 5.7 23.6 A 122 1.6 2.3
⋯ ⋯ ⋯ ⋯ 4.0 25.0 0.67 592 7.2 34.7 B 124 2.3 6.1
⋯ ⋯ ⋯ ⋯ 4.4 44.2 0.55 600 12.7 74.7 C 118 3.8 11.1

32 68 134 3.74 3.6 25.4 0.71 587 4.2 16.6 A 116 1.7 1.8
⋯ ⋯ ⋯ ⋯ 4.0 35.9 0.50 599 10.6 75.7 C 114 3.0 11.6
⋯ ⋯ ⋯ ⋯ 5.0 66.8 0.55 608 16.5 80.0 C 110 5.5 14.0

5.3 Results & discussion

The results presented in this section are based on experimental data collected by Chad-
wick (2017) and processed as described in the previous section. The data are sum-
marised in table 5.1. Three propellant configurations are considered: pure oxygen at
142L/min, 42 % oxygen and 58 % argon at 128L/min, and 32 % oxygen and 68 % argon
at 134L/min. There are three anode potential (input power) levels for each propellant
configuration, starting with the lowest anode potential that achieves inductive coupling
and increasing incrementally. These data were selected to investigate the effect of aug-
menting oxygen with argon, as this has been found to have implications for propulsion
(Chadwick, 2017; Chadwick et al., 2020; Georg et al., 2021 (chapter 3)), as well as
demonstrating the propellant-flexible nature of the presented model. The results are
presented in figures 5.5 to 5.9 and 5.11 as time-series at the time-scale of the 300Hz
cycle and show respectively: the coil current, the normalised frequency shift, the nor-
malised effective collision frequency, the electron fraction, the plasma volume, and the
number of electrons.

Of particular interest are those conditions that lead to high thermal efficiencies. The
nine conditions under consideration can be grouped by their thermal efficiencies, such
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that group A has 23.2 %, 23.6 % and 16.6 %, group B has 30.8 %, 35.5 % and 34.7 %,
and group C has 74.7 %, 75.7 % and 80.0 %. Group A consists of the lowest power
conditions for each propellant configuration ( , , ). Group B consists of 5.0
kV and 5.5 kV at 100 % oxygen, and 4.0 kV at 42 % oxygen ( , , ). Group
C consists of 4.4 kV at 42 % oxygen, and 4.0 kV and 5.0 kV at 32 % oxygen ( , ,

). The utility and significance of these groups will become apparent as the results
are presented and discussed.

The primary model inputs—coil current and normalised frequency shift—are shown
in figure 5.5 and figure 5.6 respectively. In low power conditions, associated with
purely capacitive coupling, the coil current resembles a skewed Gaussian distribution
(reference curve in figure 5.5). Periods during which the current follows the reference
distribution are associated with capacitive coupling, while periods during which it de-
viates from the reference distribution are associated with inductive coupling. Hence,
the capacitive-inductive transition is marked by the initial maxima occuring between
0.4ms and 1.3ms. The inductive-capacitive transition cannot be precisely determined
from visual inspection of the coil current curve. Considering the trend of group A to B
to C, the current deviation increases in magnitude and duration as the thermal efficiency
increases.

By definition, the normalised frequency shift is equal to one during periods of purely
capacitive coupling. Therefore, the periods of inductive coupling correspond to the
periods when 𝜔∗ > 1. The transitions between capacitive and inductive coupling are
identified in figure 5.6 with markers, and occur at approximately the same times as
the transitions seen in the coil current. Because the circuit model has an underlying
assumption of significant inductive coupling, it is only valid during the periods when
𝜔∗ > 1, and hence the model outputs are only defined during those periods.

The three groups are clearly distinguishable in the curves of normalised frequency
shift shown in figure 5.6. Group A consists of the three curves with the shortest periods
and smallest peak magnitudes ( , , ). Group B consists of the three curves
with intermediate periods ( , , ). Group C consists of the three curves with
the longest periods ( , , ). In general, the width of the curve, and the area
under the curve, increase both as the anode potential (input power) increases and the
percentage argon increases. The percentage argon has more influence than the anode
potential, since, for example, 5.5 kV at 100 % oxygen ( ) is much narrower than
5.0 kV at 32 % oxygen ( ). Further analysis of the normalised frequency shift was
carried out in a prior work (Georg et al., 2021 (chapter 3)), which showed a strong link
between the frequency shift and the thermal efficiency. That link is evidenced here
by the fact that the thermal efficiency groupings are so clearly visible in the frequency
shift curves.

The effective collision frequency is the primary output of the chemistry model, and is
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Figure 5.5: Time series of coil current. The initial, maximum and final points are iden-
tified with markers. A reference curve is included that shows the typical coil current
under a low-power condition with purely capacitive coupling.
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Figure 5.6: Time series of normalised frequency shift. The initial, maximum and final
points of the period of inductive coupling (𝜔∗ > 1) are identified with markers.
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Figure 5.7: Time series of normalised effective collision frequency. The initial and final
points are identified with markers.
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shown in figure 5.7 normalised by the excitation frequency, that is 𝜈∗
eff = 𝜈eff/𝜔. The be-

ginning and end of each curve asymptotes upwards due to the breakdown of the model
assumptions at those times. However, the middle part of each curve is relatively stable.
Therefore, the typical value for each curve is best characterised by the median, which
is tabulated in table 5.1. These values are strongly influenced by the argon fraction
of the gas mixture, moreso than the input power, which appears to have little effect.
Averaging the values for each gas mixture, the typical normalised effective collision
frequency for pure oxygen is 155, for 58 % argon it is 121, and for 68 % argon it is 113.
A key assumption used in the present work is that of a collisional regime, defined as
𝜈eff ≫ 𝜔. This assumption appears in the definition used for the skin depth, as well as
several algebraic simplifications (Georg et al., 2022 (chapter 4)). Since 𝜈eff is at least
two orders of magnitude larger than 𝜔, this aspect of the model is self-consistent and
supports its validity.

Knowledge of 𝜈∗
eff allows the calculation of localised electron density both as a frac-

tion and as a number density, both shown in figure 5.8. These quantities concern the
localised plasma volume (hot zone), shown in figure 5.9 and discussed later. The elec-
tron fraction is defined here as the ratio of the electron number density to the upstream
neutral gas density, this is, 𝜓e = 𝑛e/𝑛g. Considering the shapes of the curves, group A
and B curves have a single, high-magnitude peak and group C curves have two peaks
and a much flatter distribution. For the single peak curves, the maxima increase with
anode potential and argon percentage, ranging from 12.5 to 44.9 %. For the double
peak curves, the peaks range from 5.6 to 13.6 %. The means of 𝜓e are tabulated in
table 5.1.

Previous experimental work on IPG3, a sister-device to IPG7, captured an operating
condition with input conditions of 𝑉anode = 6.3 kV, 𝑃anode = 107 kW and 128Lmin−1

of pure oxygen (Herdrich, 2004). This condition was the subject of a numerical sim-
ulation that was spatially resolved, but used a steady state assumption with respect to
the coil current. The results of this simulation showed a localised hot zone with an
electron temperature of approximately 10,000K and an electron fraction of approxi-
mately 20 %. The most similar condition considered in this work has input conditions
of 𝑉anode = 5.5 kV, 𝑃anode = 49.6 kW and 142Lmin−1 of pure oxygen ( ). The elec-
tron fraction curve shown in figure 5.8 for this condition has a mean value of 3.2 % and
a maximum value of 44.9 %. Taking into consideration the discrepancies in modelling
approaches and assumptions, as well as the different input conditions, most notably the
different experimental devices and anode powers, a relatively good agreement between
the electron fractions is shown.

Time series of the plasma volume are shown in figure 5.9. With respect to the cir-
cuit model, the plasma is modelled as a tubular volume (see figure 5.4) with uniform
properties. The outer radius 𝑅 is equal to the discharge chamber inner radius (con-
stant), the thickness is equal to the skin depth 𝛿 (time-varying) and the axial length is
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Figure 5.9: Time series of plasma volume. The initial, maximum and final points are
identified with markers.
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dition. A proportional relationship is fitted such that 𝜂thermal = 6.28 𝑉 with 𝑅2 = 0.97.
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Figure 5.11: Time series of number of electrons. The initial, maximum and final points
are identified with markers.

equal to 𝑙p (time-varying). Hence, the volume is a time-varying quantity defined as
𝑉 = 𝑙p 𝜋(𝑅2 − (𝑅 − 𝛿)2). The groupings by thermal efficiency are clearly visible in
this data. Group A peaks around 10 cm3, group B around 25 cm3, and group C around
35 cm3.

Plotting the average thermal efficiency against the average plasma volume for each
condition, as in figure 5.10, reveals a strong correlation between the two quantities. The
average plasma volume is expected to play an important role with respect to the thermal
efficiency, as heating that is highly localised (in time and space) is likely to produce
a high rate of heat transfer through the chamber wall (wasted heat). The fitted propor-
tional relationship, 𝜂thermal = 6.28 𝑉 , has an 𝑅2 value of 0.97. The strength of this
relationship is particularly notable since the thermal efficiency is a ‘macroscopic’ sys-
tem property that was measured at a low sampling frequency, while the plasma volume
is a ‘microscopic’ system property that comes from the circuit model interpretation of
coil current measured at a high sampling frequency. The relationship also holds under
differing fractions of argon. Experimental measurement of the thermal efficiency re-
quires a cavity calorimeter that cannot be used in flight; alternatively, the relationship
established here could, in principle, be used to estimate the thermal efficiency from
coil current measurements in flight, in real-time.

Finally, one may multiply the electron number density with the plasma volume to
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arrive at the number of electrons, 𝑁e, which is plotted in figure 5.11. As with the
number density shown in figure 5.8, groups A and B exhibit a single, high-magnitude
peak and group C curves have two peaks and a much flatter distribution. In the case
of group C, the valleys of 𝑛e coincide with the peaks of 𝑉 , resulting in flatter curves
for 𝑁e. The distinguishing feature of group C conditions (high thermal efficiency) may
be a long-lived electron population that has sufficient time to transfer heat to heavy
particles via collisions.

5.4 Conclusion

In the present work, a circuit model for interpreting time-varying plasma properties
from antenna current measurements was augmented with a simple chemistry model us-
ing the BOLSIG+ software. The resulting hybrid circuit-chemistry model was used to
analyse oxygen and oxygen-argon plasmas at various input powers. The results were
shown to be self-consistent and in-line with previous work. The results show a clear
distinction between the transient plasma properties of conditions that generate a high
thermal efficiency, and those that do not, hence building an understanding of the in-
ternal processes that lead to desireable propulsion figures of merit. In particular, the
thermal efficiency shows a strong correlation with time averaged plasma volume. It
may be possible in a future work to robustly demonstrate the prediction of thermal
efficiency from purely non-intrusive measurements; this would be a useful character-
isation for in-flight operation. The relative simplicity of the hybrid circuit-chemistry
model depicted in this work leads to a low fidelity of results in comparison to tech-
niques such as optical emission spectroscopy. Nonetheless, this simplicity comes with
limited required input data and a high degree of flexibility of its application. Further
validation of this approach may lead to a diagnostic tool that is non-intrusive, is highly
flexible with respect to propellant, and provides insight into transient phenomena and
how they affect thruster performance.
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Appendices

5.A BOLSIG+ data

The following are excerpts from the results.dat file produced by BOLSIG+. The
first part contains the input conditions, the second part contains the outputs and the
third part contains the chemistry cross-section inputs.

1 BOLSIG+ version: 11/2019
2 Collision input data:
3 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
4 Ar
5 SigloDataBase‐LXCat‐04Jun2013.txt
6 How to reference in publications:
7 1) Yamabe, Buckman, and Phelps, Phys. Rev. 27, 1345 (1983). Revised Oct 1997
8 2) PHELPS database,http://www.lxcat.laplace.univ‐tlse.fr, retrieved June 4, 2013.
9 ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

10 O2
11 SigloDataBase‐LXCat‐04Jun2013.txt
12 How to reference in publications:
13 1) Lawton and Phelps, J. Chem. Phys. 69, 1055(1978).
14 2) PHELPS database, http://www.lxcat.laplace.univ‐tlse.fr, retrieved June 4, 2013
15 NOTE:3 body attachment cross section are normalized to gas density in units of cm‐3.
16
17
18
19 Conditions
20 A1 Electric field / N (Td)
21 A2 Angular frequency / N (m3/s)
22 A3 Cosine of E‐B field angle 0.000
23 A4 Gas temperature (K)
24 A5 Excitation temperature (K)
25 A6 Transition energy (eV) 0.000
26 A7 Ionization degree 0.000
27 A8 Plasma density (1/m3) 0.1000E+19
28 A9 Ion charge parameter 1.000
29 A10 Ion/neutral mass ratio 1.000
30 A11 Coulomb collision model 3.000
31 A12 Energy sharing 1.000
32 A13 Growth model 1.000
33 A14 Maxwellian mean energy (eV) 0.000
34 A15 # of grid points 200.0
35 A16 Grid type 0.000
36 A17 Maximum energy 200.0
37 A18 Precision 0.1000E‐09
38 A19 Convergence 0.1000E‐03
39 A20 Maximum # of iterations 1000.
40 A21 Mole fraction Ar 0.6800
41 A22 Mole fraction O2 0.3200
42 R# A1 A2 A4 A5
43 1 0.9204E‐01 0.1619E‐13 0.1000E+05 0.1000E+05
44 2 3.373 0.1619E‐13 0.1000E+05 0.1000E+05
…

645 Transport coefficients
646 A1 Mean energy (eV)
647 A2 Mobility *N (1/m/V/s)
648 A3 Re/perp mobility *N (1/m/V/s)
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649 A4 Im/Hall mobility *N (1/m/V/s)
650 A6 Diffusion coefficient *N (1/m/s)
651 A11 Energy mobility *N (1/m/V/s)
652 A12 Energy diffusion coef. *N (1/m/s)
653 A13 Total collision freq. /N (m3/s)
654 A14 Momentum frequency /N (m3/s)
655 A16 Total ionization freq. /N (m3/s)
656 A17 Total attachment freq. /N (m3/s)
657 A20 Power /N (eV m3/s)
658 A21 Elastic power loss /N (eV m3/s)
659 A22 Inelastic power loss /N (eV m3/s)
660 A23 Growth power /N (eV m3/s)
661 A27 Maximum energy
662 A28 # of iterations
663 A29 # of grid trials
664 R# E/N (Td) A1 A2 A3 A4 A6

A11 A12 A13 A14 A16 A17 A20
A21 A22 A23 A27 A28 A29

665 1 0.9204E‐01 1.284 0.7710E+25 0.4059E+25 ‐0.2950E+25 0.6527E+25
0.7927E+25 0.6790E+25 0.2235E‐13 0.7268E‐14 0.6759E‐21 0.2485E‐18

0.3439E‐19 ‐0.8516E‐20 0.3610E‐18 ‐0.3183E‐18 20.70 5.000 1.000
666 2 3.373 1.868 0.4709E+25 0.3364E+25 ‐0.1661E+25 0.6737E+25

0.5642E+25 0.6974E+25 0.3161E‐13 0.5616E‐14 0.1559E‐20 0.5271E‐18
0.3827E‐16 0.5481E‐18 0.3869E‐16 ‐0.9819E‐18 24.47 10.00 2.000

…
1267 Rate coefficients (m3/s)
1268 C1 Ar Effective (momentum)
1269 C2 Ar Excitation 11.50 eV
1270 C3 Ar Ionization 15.80 eV
1271 C4 O2 Attachment
1272 C5 O2 Attachment
1273 C6 O2 Effective (momentum)
1274 C7 O2 Excitation 0.020 eV
1275 C8 O2 Excitation 0.19 eV
1276 C9 O2 Excitation 0.19 eV
1277 C10 O2 Excitation 0.38 eV
1278 C11 O2 Excitation 0.38 eV
1279 C12 O2 Excitation 0.57 eV
1280 C13 O2 Excitation 0.75 eV
1281 C14 O2 Excitation 0.98 eV
1282 C15 O2 Excitation 1.63 eV
1283 C16 O2 Excitation 4.50 eV
1284 C17 O2 Excitation 6.00 eV
1285 C18 O2 Excitation 8.40 eV
1286 C19 O2 Excitation 9.97 eV
1287 C20 O2 Ionization 12.06 eV
1288 R# E/N (Td) Energy (eV) C1 C2 C3 C4

C5 C6 C7 C8 C9 C10 C11
C12 C13 C14 C15 C16 C17

C18 C19 C20
1289 1 0.9204E‐01 1.284 0.1422E‐13 0.7980E‐20 0.1081E‐21 0.6205E‐36

0.7766E‐18 0.3963E‐13 0.2487E‐16 0.2720E‐15 0.1587E‐16 0.8701E‐16
0.7929E‐17 0.2284E‐16 0.6440E‐17 0.9012E‐16 0.1952E‐16 0.6228E‐17
0.5027E‐17 0.2377E‐17 0.8407E‐21 0.1882E‐20

1290 2 3.373 1.868 0.2381E‐13 0.1876E‐19 0.2212E‐21 0.3207E‐36
0.1647E‐17 0.4818E‐13 0.1833E‐16 0.1726E‐15 0.3709E‐16 0.6274E‐16

0.1922E‐16 0.2128E‐16 0.6925E‐17 0.1874E‐15 0.4350E‐16 0.1350E‐16
0.8632E‐17 0.3568E‐17 0.1788E‐20 0.4400E‐20

…
1889 End of file
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Summary and conclusion 6
The overall aim of this thesis was the investigation of transient antenna-plasma inter-
actions within an inductive plasma thruster. This was achieved, firstly, by confirming
the existence of significant transient phenomena linked to coupling mode transitions
in chapter 2. Secondly, the coupling mode transition behaviour was quantified and
shown to affect the thruster’s thermal efficiency in chapter 3. Thirdly, the behaviour
was explained in terms of a circuit that linked the time-varying antenna current with
the time-varying plasma impedance in chapter 4. Fourthly, a chemistry component was
added to the circuit model to gain further insight into the influence of propellant choice
in chapter 5.

It was shown conclusively that the observed transient antenna current behaviour is
linked to mode transitions occuring periodically at 300Hz. These mode transitions
can be tracked precisely through antenna current observations and were confirmed by
simultaneous visible emission observations. This violates the steady state approxima-
tion that is typically used when studying inductive plasma sources and supports the
necessity of transient analysis.

The antenna current behaviour was quantified by the definition of the ‘inductive duty
cycle’ and the ‘inductive frequency shift’. The latter in particular was demonstrated to
be strongly related to the input power and associated with a third, high thermal effi-
ciency mode. This showed that these transient phenomena are linked to the propulsive
performance of the thruster.

A theoretical explanation of the transient phenomena was provided in the form of a
circuit model that links the antenna current behaviour to the plasma impedance. The
model was built on the transformer model of inductive coupling and exploits the chang-
ing antenna current frequency to determine the plasma impedance. This not only ex-
plains the mechanism behind the transient phenomena but also provides the basis for a
new diagnostic tool.

The link between the time-varying antenna current and excitating frequency was
exploited to generate a new non-intrusive diagnostic tool. Besides being non-intrusive,
the tool is also propellant agnostic and capable of being implemented in real time and
resolving transient effects. With the addition of a simple chemistry model, the tool can
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also provide insight into the influence of propellant composition.
The combination of the four studies presented in this thesis represents a significant

dataset and body of knowledge related to the transient behaviour of inductive plasma
thrusters. An overview of the conditions considered is provided in table 6.1. The
developed diagnostic tool and dataset together provoke a number of possible avenues
for future work, four of which are described as follows.

6.1 Future work

Firstly, the validation level of the model could be significantly increased by additional
experimental work. In particular, this couldmean Langmuir probemeasurements and/or
the application of phase-resolved optical emission spectroscopy (PROES). The latter
can provide a more forthright point of comparison since it is also non-intrusive in na-
ture. However, it would only be applicable to a limited number of propellants. On
the other hand, Langmuir probe measurements can be made with a minimal number
of assumptions, hence they may provide a stronger validation. Induced plasma current
and electron number density are important quantities to verify.

Secondly, the chemistrymodel could be extended to output species populations. This
is in principle possible with limited alterations, however, it would require significant
validation as per the previous point. It is conceivable that this could be used alongside
PROES to provide powerful diagnostics, although this would limit certain aspects of
the hybrid model, such as propellant-flexibility.

Thirdly, access to simultaneous measurements of the potential across the antenna
would reduce the uncertainty of the circuit model. For technical reasons, these mea-
surements could not be made in the present work. This led to the use of assumptions
concerning the power supply behaviour in order to estimate the time-varying plasma
resistance. These assumptions could be eliminated with access to antenna potential
measurements.

Fourthly, the time-varying results presented in this thesis (or generated in future
work based on this approach) could be used as a verification or basis for future nu-
merical investigations. The significant transient behaviour documented in this thesis,
particularly the switching between capacitive and inductive coupling modes, necessi-
tates time-resolved modelling approaches. Hence the data presented in this thesis and
the associated hybrid circuit-chemistry model can support future numerical work.

The key tangible outcomewas the development of a new diagnostic tool for inductive
plasmas based on a hybrid circuit-chemistry model. With additional validation and
development, it is believed that this tool can aid in the development and operation of
inductive plasma thrusters as a propellant-flexible space propulsion technology.
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6.1 Future work

Table 6.1: Summary of all experimental conditions considered in this thesis. The
shaded conditions are low power conditions that do not exhibit inductive coupling; in
other words, they exhibit purely capacitive coupling.

Propellant Input conditions
Species ̇𝑉 [L/min] 𝑚̇ [g/s] 𝑈anode [kV], 𝑃anode [kW]

Chapter 2: Transient behaviour
Key results: antenna current, magnetic field strength and radially-resolved visible emission.

100 %N2 107 2.23 2, 4 4, 25
32 %N2 + 68 %Ar 133 3.58 2, 4 4, 34
32 %O2 + 68 %Ar 133 3.69 3, 4 10, 36
Chapter 3: Power efficiency estimation
Key results: inductive duty cycle, inductive frequency shift and thermal efficiency.

100 %O2 76 1.66 1.0, 0.9 2.0, 4.0 2.4, 6.1 2.5, 7.8 3.1, 13.9 ⋯
4.1, 27.8 5.0, 58.4 5.5, 75.0 6.0, 96.4

100 %O2 105 2.28 1.0, 1.0 2.0, 4.2 3.0, 11.6 4.0, 26.1 5.0, 51.2
100 %O2 105 2.29 1.0, 1.0 2.0, 4.0 3.4, 15.4 3.4, 16.2 4.0, 24.5 ⋯

5.0, 49.8 6.0, 86.1 6.2, 105.8
100 %O2 142 3.10 1.0, 0.9 2.0, 4.0 3.0, 9.9 4.0, 18.9 4.3, 25.3 ⋯

5.0, 38.2 5.5, 49.6 6.0, 88.5
42 %O2 + 58 %Ar 128 3.20 1.0, 0.9 2.0, 4.0 3.0, 10.2 3.5, 14.0 3.6, 16.9 ⋯

4.0, 25.0 4.4, 44.2 6.0, 113.3
32 %O2 + 68 %Ar 134 3.43 1.0, 0.9 1.0, 0.9 2.0, 4.0 3.1, 10.1 3.6, 25.4 ⋯

4.0, 35.9 5.0, 66.8 5.5, 85.5 6.0, 122.0
100 %CO2 80 2.40 1.0, 1.0 2.0, 4.0 3.0, 9.8 3.2, 13.5 4.0, 24.2 ⋯

5.0, 42.6 5.5, 56.3
100 %CO2 102 3.07 1.0, 0.9 2.0, 4.1 3.0, 10.0 4.2, 22.6 5.0, 38.7 ⋯

5.0, 38.7 5.5, 50.3
26 %CO2 + 74 %Ar 123 3.42 1.0, 1.0 2.1, 4.3 2.1, 4.3 2.8, 8.6 2.9, 11.5 ⋯

4.0, 33.3 4.5, 46.7 5.0, 63.4 5.5, 80.5 6.0, 104.6
31 %CO2 + 69 %Ar 130 3.66 1.0, 0.9 2.0, 4.2 3.0, 10.0 3.2, 12.8 5.0, 60.3 ⋯

5.5, 77.9 6.0, 99.4 6.5, 129.3 6.6, 143.4 6.6, 143.4 6.7, 154.5
Chapter 4: Circuit model
Key results: plasma volume, electrical conductivity and plasma current.

100 %O2 76 1.81 2.5, 7.8 3.1, 13.9 4.1, 27.8 5.0, 58.4 5.5, 75.0 6.0, 96.4
100 %O2 142 3.38 4.3, 25.3 5.0, 38.2 5.5, 49.6 6.0, 88.5

Chapter 5: Hybrid circuit–chemistry model
Key results: effective collision frequency and localised electron fraction.

100 %O2 142 3.38 4.3, 25.3 5.0, 38.2 5.5, 49.6
42 %O2 + 58 %Ar 128 3.49 3.6, 16.9 4.0, 25.0 4.4, 44.2
32 %O2 + 68 %Ar 134 3.74 3.6, 25.4 4.0, 35.9 5.0, 66.8
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