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ABSTRACT

The ultimate goals of space vehicles are to move faster, further, and more reliably
in the space environment. Electric propulsion (EP) has proven to be a necessary
technology in the exploration of our solar system ever since its working principle
was empirically tested in space in 1964. Thanks to the high exhaust velocities of
ionized propellant gases, EP enables efficient utilization of the limited supply of
propellant aboard spacecrafts. This technology has opened the possibility of long

distance autonomous space missions.

EP devices require electron sources to ionize the propellant gas and to neutralize
charges that are leaving the spacecraft. In modern EP thrusters, this is achieved
by the use of hollow cathodes — complex devices that employ low work function
materials to emit electrons. Hollow cathodes using polycrystalline LaBg inserts
are attractive candidates for long duration EP based space missions. However,
the physics behind LaBg hollow cathode operation has not been studied in detail,
which limits the possibility of their optimization. This work presents an integrated
experimental and computational approach to investigate LaBg hollow cathode
thermal behaviour and the interplay between LaBg insert surface chemistry and

xenon plasma.

Our investigation of the thermal behaviour of LaBg cathodes led to the
unexpected discovery of a thermal transient when a new insert is first used.
Specifically, we observed that the cathode temperature decreases by
approximately 300 degrees over 50 hours before reaching steady state. This
finding suggests a beneficial dynamic evolution of the cathode’s chemical state
when it interacts with its own plasma. This evolution is intrinsic to cathode
operation and can only be precisely understood when the multiphysic nature of
the cathode is self-consistently simulated. Thus, we built a numerical platform
capable of combining the plasma, thermal and chemical behavior of a discharging
hollow cathode. Simulations incorporating different neutralization models,
inelastic ion-surface interaction and heterogeneous chemical evolution led to two

major conclusions. First, simulations predicted a significant reduction of the LaBg
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work function (0.42 eV) compared to previously reported baseline values, which is
of paramount importance for EP thruster efficiency and operational lifetimes.
Second, simulations suggested that the interaction between xenon low energy ions
(< 50 eV) and the LaBg surface occurs following a two step neutralization
mechanism. The predicted work function reduction was experimentally confirmed
by photoemission spectroscopy. Furthermore, using a combination of
crystallographic analysis, scanning electron microscopy and profilometry, we
demonstrated that work function reduction is caused by the creation of a
crystallographic texture at the LaBg surface upon interaction with Xe plasma. In
addition, we postulated the existence of a work function enhancing mechanism of
secondary importance, which can be explained by forced cationic termination of

plasma exposed crystals.

Our results revealed the unexpected phenomenon of work function reduction
upon plasma exposure of LaBg. These findings suggest that LaBg hollow cathodes
may outperform current technologies and become the component of choice in

EP thrusters for future space missions.
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Chapter 1

INTRODUCTION

Exploration beyond the boundaries of Earth has captured human imagination
since ancient times. With billions of galaxies in the observable universe, space
offers a wealth of discoveries, opportunities, and resources. Technological advances
in the 20" century have allowed humans for the first time in history to pioneer
space exploration. However, in order to travel further in space, more progress has

to be made in propulsion technology.

In order to cover the vast distances between objects in space, it is necessary to
use a propulsion system that efficiently utilises the limited supply of propellant
aboard the spacecraft while maintaining reasonable flight times (human time scales).
Efficiency, in this context, means the maximal utilization of the propellant mass
available for thrust purposes. The energetic requirements necessary to complete
a space mission are specified by the quantity Delta-V. Therefore, a propulsion
system is more efficient when it can obtain a given Delta-V with less propellant.
The ideal rocket equation, first derived by mathematician William Moore in 1813,
describes the motion of vehicles in space (see Fig. 1.1). It shows that the propellant
has to be ejected from the vehicle at the highest possible speed in order to optimize

its use.

Conventional chemical propulsion is limited by the amount of energy released
in the combustion reaction. The maximum exhaust velocities that can be achieved
with known fuels and oxidizers are only a few km/s. Therefore, this technology is
considered “energy-limited”. However, given that propellants are their own energy
source, the power supplied to the propellant is independent of the mass of the

vehicle. This enables very high thrust-to-weight ratios to be attained.

In order to enable space missions with high Delta-V, such as the Dawn mission
to Vesta (AV =~ 11 km/s [1]), the limitations of chemical propulsion need to be

overcome. Electric propulsion (EP) was envisioned as a solution for high Delta-V
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Implications of the rocket equation Ve: exhaust velocity
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Figure 1.1: Implications of the rocket equation. my, is the propellant mass, mg is
the initial mass of the vehicle.

missions in the first half of the 20" century and later demonstrated in space in
1964 [2, 3|. EP is not “energy-limited” — an arbitrarily large amount of energy can
be used to accelerate the propellant, thus, much higher exhaust velocities than
with chemical propulsion can be obtained. In the Dawn mission, the ion propulsion
system accelerated xenon propellant to approximately 30 km/s. However, EP
requires an external power source and power processing units (PPU) to deliver
energy to the propellant. PPUs are heavy pieces of equipment. Thus, increasing
the power deposited to the propellant requires an increase of the mass of the
vehicle. This requirement makes EP “power-limited.” Space vehicles equipped with
EP thrusters typically have low thrust-to-weight ratios and therefore, they are low
acceleration vehicles. EP enables space missions that are otherwise unrealistic,
however the major drawback of its usage is long flight times. In the case of Dawn,
the maximum thrust attainable was only 91 mN and therefore a long burn time of
about 2000 Earth days (~ 50000 hr) was required to complete the mission. Electric
thruster components must endure the long flight times required to accomplish the

ever more demanding space missions. With tens of kilo-hours as a usual target,
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component lifetime is one of the most important parameters to take into account

when designing electric thrusters.

1.1 Electric propulsion overview

In EP, propellant gases are accelerated by direct electric heating and/or
electromagnetic body forces. Conceptually, EP is divided into three categories
— electrothermal, electrostatic and electromagnetic propulsion systems. This
division is based on the different physical mechanisms used to accelerate the
propellant. The most widely used electric thrusters are electrothermal (arcjets and
resistojets). Pulsed magnetoplasmadynamic (MPD) thrusters have only flown on a
few technology demonstrator missions and are still in the laboratory development
phase. Hall-effect thrusters and gridded ion thrusters are electromagnetic propulsion
systems that have been under development since the 1960s. Today, increasing
numbers of commercial companies are developing Hall and ion thrusters, and only

these two have been used for deep space missions.

In order to produce thrust, most EP devices need to ionize the propellant gas
and accelerate the resultant ions by applying an electric field or a combination of
electric and magnetic field. The ions are then ejected at very high speeds out of
the spacecraft, forming the thruster plume. As the ions leave the thruster, charges
accumulate in the space vehicle. These charges need to be neutralized, otherwise
the spacecraft would continuously charge and attract the ions back with increasing
strength, ultimately rendering zero thrust. Cathodes are fundamental components
of these EP systems. First, they provide the electrons necessary to ionize the
propellant, and second they are responsible for neutralizing the plume. Therefore,
advancing cathode technologies are of central interest for the research community

in EP and the motivation for this work.

1.2 Review of cathode technologies

In the early days of electric propulsion, cathodes were made of directly heated

filaments of refractory metals, mainly tungsten. When heated, these metals emit
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electrons thermionically. Thermionic emission for a given material is determined
by the amount of energy required to extract electrons — a property termed “work
function.” Due to the relatively high work function of these metals (e.g. 4.55 eV
for tungsten), filament cathodes required working temperatures of up to 2600 K [4].
These high operating temperatures however led to rapid evaporation of the cathode
material, limiting filament cathode lifetimes. Additionally, in order to reach the
required emission temperature, the filaments were directly heated by passing
current through them. This was achieved by mounting the filament in an open
configuration which exposed the emitting material to high energy ions, thus further
impacting the cathode lifetime because of sputtering — a wear mechanism based
on the ejection of material due to the interaction of its surface with high energy
particles. Collectively, the high operating temperature and sputtering permitted

only hundreds of hours of available operation for this primitive cathode design.

To address the short lifetime of filament cathodes, the hollow cathode design was
created. In this design electrons are emitted by a so-called emitter, which is enclosed
and protected by an orifice plate and a keeper (see section 2.2). Electrons flow
from the emitter to the thruster discharge or plume with a relatively low potential
drop because a high conductivity plasma is created inside and outside the cathode.
The cathode plasma extends outwards until it merges with the thruster plasma,
thus creating a suitable medium for charges to move between cathode and thruster.
The closed hollow cathode architecture presents several key improvements with
respect to the primitive filament cathode approach. First, it creates the cathode
plasma efficiently, which is important for electron transport. Second, continuous
emission is only possible thanks to a carefully designed thermal architecture coupled
with low work function emitters, which makes them energetically efficient and
improves the thruster energy demand as a whole. Finally, hollow cathodes are
very compact because their emission is not controlled by space-charge limitations.
This characteristic is highly desirable as it enables very high current densities to

be extracted from the cathode with yet small overall size.

Many advanced materials have been developed and improved over the years to

be used as thermionic emitters in hollow cathodes. Low work function materials
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allow abundant electron emission per gram of material evaporated, thereby
extending the lifetime of the cathode. Thus, the most important feature for
a cathode emitter is to have low work function. Furthermore, a key characteristic
of hollow cathodes is that they are self-heating devices, i.e. the emitting surfaces of
the cathode are heated by the internal plasma and do not require an external heat
source. From a practical standpoint, this can only be achieved with materials that
require relatively low operating temperatures to emit electrons. Thus, low work
function materials also enable the self-heating property of hollow cathodes. The
ideal emitter material also needs to be resistant to contamination from impurities
in the propellant gas or feed system. Emitters whose efficiency is influenced by

small amounts of contaminants in the propellant gas are not desirable.

Hollow cathodes can be grouped into two categories based on the technology
of the emitter material: composite and bulk emitters, also known as dispenser
and crystalline cathodes respectively. Composite emitters are based on low work
function surfaces created with electronegative adatoms deposited on an appropriate
substrate. The adatoms form a dipole at the surface which reduces the energy
required for electrons to be emitted thermionically. Composite cathodes use
compounds with extremely low work functions. One of the best known composite
cathodes is the BaO-W cathode, widely used in space applications. However, a
major disadvantage of these systems is the limited amount of substance that can be
held by the substrate. Bulk cathodes use single crystals or polycrystalline materials
that exhibit low work function. The main advantage of crystalline cathodes is
the abundance of material available for emission. As the surface of the emitter
evaporates away, the newly exposed surface exhibits the same emission profile. The

most widely used material in bulk cathode technologies is polycrystalline LaBg.

1.3 Properties of LaBg

Boron-based materials have been studied since the 1950s due to their excellent
chemical bonding, crystal structure and phonon and electron conduction properties [5].
The first experimental use of LaBg as an effective thermionic emitter is commonly

attributed to Lafferty [6], who estimated a polycrystalline work function value of

-6 -



1.3. Properties of LaBg P. Guerrero

2.66 eV. Many uses for LaBg as a cathode material have been found since, including
but not limited to X-ray sources, electron beam pumped lasers, thermionic energy
converters, ion beam sources, halogen atomic beam detectors, negative ion surface
ionizers, scanning electron microscopes, transmission microscopes, electron probes,

scanning Auger systems and electron lithography systems.

LaBg is a refractory ceramic material characterized by high melting point
(2988 K [7]), strength, chemical and thermal stability, low vapor pressure, electronic
work function, resistivity, thermal expansion coefficient, and high current and
voltage capabilities, among other properties. The crystal structure of LaBg is
simple cubic with octahedral space group P m 3 m and central La cations (Fig. 1.2).
The lattice parameter (number 1 in Fig. 1.2) is 4.1569 A, the intraoctahedral
parameter is 1.766 A (2) and the interoctahedral parameter is 1.659 A (3) [8]. The

phase diagram can be found in Fig. 1.3.

Figure 1.2: LaBg crystal structure. Image produced with VESTA [9] using data
from [10].

The excellent thermionic behavior of LaBg is due to its surface structure,
which in turn derives from the bulk structure. Per unit cell, LaBg contains one La

atom and one Bg octahedron unit. Boron atoms in the Bg units are bonded with
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Figure 1.3: LaBg phase diagram. Reprinted with permission from the copyright
holder [11]. Adapted.

intraoctahedral covalent bonds. Each Bg unit is bonded to adjacent cells Bg units
covalently as well. This boron network is electron deficient, a situation that gets
resolved with the transfer of 2 electrons per unit cell from the La atoms [12, 13].
The third electron of the trivalent metal atoms enters into a metallic conduction
band that bonds La atoms between each other metallically. LaBg contains covalent
B-B bonds, ionic La-B bonds and metallic La-La bonds [14] and this peculiar

network of bonds is responsible for the unique set of macroscopic properties of the
material.

Polycrystalline LaBg has an estimated work function of 2.66 €V [6]. Polycrystalline
materials have complex surfaces composed of different crystals, with individual
crystals exhibiting different work functions. In the case of LaBg, the work functions
of a selection of crystals have been reported [15], see Fig. 1.4. Furthermore, the

topmost atomic layer of crystalline solid compounds consists of one of the crystal
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chemical constituents. The composition of the topmost atomic layer is an important
determinant of the work function. In the case of LaBg the crystals can be terminated
in the La or B atomic layer. The electronegativities of La and B on the Pauling
scale are 1.1 and 2.04 respectively. Therefore, La terminations are cationic and
B terminations are anionic. Depending on the crystal, this termination naturally
occurs in one or the other [16]. Theoretical studies have established that LaBg
crystals terminating in La have a significantly lower work function compared to
those terminating in B [17]. Relaxation of the lattice near the surface is another
effect to take into account when computing work function. The increase in the
interatomic distance between the constituent elements affects the electron density

distribution at the surface and hence the work function.

Given the sensitivity of work function to the surface state, it is unsurprising
that adsorbed chemicals can affect either positively or negatively the thermionic
behavior of LaBg. Chemicals known to affect emission negatively include O2, H5O,
CO and carbon, and so are considered “poisons” for LaBg. Cesium is the best
known work function enhancer for LaBg, either by itself or in combination with
oxygen. Values as low as 1.35 eV for cesium coadsorbed with oxygen in the (100)

LaBg face have been reported [18].

With the recent advances of quantum mechanical modelling and increases in
computational power, density functional theory (DFT) has become a powerful tool
to understand electronic density distribution in condensed matter physics problems.
In particular, it is now possible to compute the work function of materials from
DFT simulation results [19]. Experimental measurement of the effect of surface
state (including adsorbates) on the work function is extremely difficult. DFT can
provide an alternative way to determine these effects. The simulation capabilities
of this method enable to investigate the wide variety of scenarios that appear in
the chemistry of the cathode thermionic emitter. In this work results from DFT
calculations were used to formulate hypothesis that explain the observed trends in
the cathode work function [20, 17, 16].
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Figure 1.4: Work function of different LaBg crystal faces computed from DFT
simulations. Data in blue is from [20]. Data in red is from [17]. Polycrystalline
value is from [6]. Known natural terminations are underlined [16].

1.4 Research objectives

The main focus of this work is to characterise and understand the processes
involved in establishing the working temperature of the electron emitter in a LaBg

hollow cathode fed with xenon gas. The main research goals are:

1. Characterization of the cathode insert temperature when operated with an

internal gas discharge.

2. Development of an integrated plasma and thermal model for hollow cathodes.
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3. Determination of the physical phenomena responsible for the temperature
distribution of the cathode.

LaBg has been extensively studied now for almost 70 years in different fields [16].
While these studies revealed many aspects of its structure and behavior in different
contexts, none of them addresses how it is affected by plasma. Most of the studies
that focus on the emission properties of LaBg are concerned with emission in
vacuum. To our knowledge, no study has focused on the interaction between low
energy (< 100 eV) noble gas ions and polycrystalline LaBg surfaces. This is the
environment that exists inside a hollow cathode with a polycrystalline LaBg insert

fed with noble gas.

Given the dependence of EP thrusters on cathodes for their operation, the
lifetime of EP thrusters can be determined by their cathode lifetime. In the hollow
cathode configuration, one of the main processes that determine lifetime is the
evaporation of the emitter material, which is caused by the working temperature
of the emitter. The emitting surface temperature is established by thermionic
emission, which in turn depends on the work function of the material. The
work function of the emitter is a material property that depends on the chemical
structure of the material at the surface and therefore, it can be influenced by any
process that affects the surface. In the complex hollow cathode configuration,
several processes can affect the surface of the emitter. One of these processes is
the redeposition of evaporated chemicals from the insert that can interact with
the plasma and be recycled back to the emitting surface, changing its composition.
In addition, the plasma can directly interact with the surface of the emitter and

affect its thermionic properties by modifying its crystallographic structure.

1.5 Thesis outline and summary

This thesis has been organised into three chapters and a final summary
and future work section. The three chapters are conference papers which are
being prepared for submission to peer-reviewed journals. Chapter 2 introduces

experimental work on the operating characteristics of a polycrystalline LaBg hollow
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cathode. Results from this work served as a foundation for the development of
a multidisciplinary simulation methodology for operating cathodes described in
Chapter 3. In Chapter 2 we also hypothesise the possible chemical mechanisms
that could explain the empirical observations. Chapter 4 presents a comprehensive
study of the chemical evolution of plasma exposed LaBg cathode surface that sheds

light on the physical basis of the cathode thermal behavior.

In order to understand the interaction between the cathode plasma and the
polycrystalline LaBg emitter surface, we developed a state-of-the-art experimental
setup consisting of a stand-alone instrumented hollow cathode placed inside a
vacuum chamber capable of unattended operation. This configuration allows
down to 107 Torr of high vacuum, which closely approximates the conditions
that the cathode experiences when it runs in thrusters. Further, we developed
a data acquisition system to capture all relevant parameters used for cathode
diagnostics with one-second time resolution. Using this system, we discovered
a thermal transient behavior of the cathode for which there was no previous
evidence or explanation. Specifically, we observed that the temperature of the
insert drops over the first few tenths of hours. This temperature drop is consistent

with an approximately 0.4 eV decrease in the work function of the electron emitter

(Chapter 2).

To further understand the relationship of the temperature drop and the
material work function, the different experimentally measured variables that
define the cathode operating condition need to be traced back to the thermionic
emission characteristics of the cathode. This task is challenging, given the coupled
multiphysics nature of a hollow cathode. The cathode plasma, the thermal
architecture, and the chemistry evolution form a complex network of interrelations.
The temperature of the insert is established by the plasma heat fluxes, the thermal
characteristics of the entire cathode, and its environment. The plasma heat fluxes
depend on the following: the distribution of electrons and ions inside the cathode
(plasma structure), the work function of the material, the energy accommodation
coefficient (inelastic collisions between ions and atomic structure of the surfaces)

and the specific neutralization mechanism that occurs upon ion-surface interaction.
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The plasma structure is established by the temperature of the insert, its work
function, and other effects that appear when plasma is created and interacts with
the emitter surface, i.e., return current of electrons and ions, and the Schottky
effect (lowering of the effective work function due to the presence of the plasma

electric field on the emitting surface).

We attribute the temperature drop to a work function reduction produced
by the interaction between the cathode plasma and the insert. To uncover the
precise work function reduction, we developed a computational platform where
all three physical effects — plasma, thermal and chemical — are simultaneously
studied. This self-consistent cathode modelling approach is described in Chapter 3.
A thermal model of the entire cathode was created and validated experimentally
for this work. We use the plasma solver OrCa2D to simulate the distribution of
electrons and ions inside the cathode [21, 22, 23, 24, 25, 26, 4]. At the interface
between these two models, we compute the heat fluxes that will ultimately heat
the cathode structure and establish its temperature. At this step we defined the
effect of the energy accommodation coefficient and neutralization model. The
platform requires the input of the experimentally measured discharge current
and voltage, keeper voltage, and xenon mass flow rate to specify the boundary
conditions. We use an initial plasma structure to start the simulation. This
plasma structure is created using a combination of work function and temperature
distribution that produces a viable numerical solution while satisfying the boundary
conditions. With the plasma distribution we then compute the heat fluxes that will
produce a temperature distribution once input into the thermal model. The model
then outputs the temperature distribution of the cathode. If the temperature
distribution of the insert does not match the one previously used to create the
plasma structure, a new temperature distribution is input into the plasma solver.
This new temperature distribution is closer to the one output by the thermal
model. This cyclic simulation process continues until the temperature distribution
produced by the thermal model is the same as the one input into the plasma solver

in the previous iteration.

Using the self-consis