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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 LaB6 inserts
are attractive candidates for long duration EP based space missions. However,
the physics behind LaB6 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 LaB6 hollow cathode
thermal behaviour and the interplay between LaB6 insert surface chemistry and
xenon plasma.

Our investigation of the thermal behaviour of LaB6 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 LaB6
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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 LaB6 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 LaB6 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 LaB6. These findings suggest that LaB6 hollow cathodes
may outperform current technologies and become the component of choice in
EP thrusters for future space missions.
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C h a p t e r 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 20th 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 (∆V ' 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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Figure 1.1: Implications of the rocket equation. mp is the propellant mass, m0 is
the initial mass of the vehicle.

missions in the first half of the 20th 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 2 000 Earth days (∼ 50 000 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 LaB6.

1.3 Properties of LaB6

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 LaB6 as an effective thermionic emitter is commonly
attributed to Lafferty [6], who estimated a polycrystalline work function value of
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2.66 eV. Many uses for LaB6 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.

LaB6 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 LaB6 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 Å, the intraoctahedral
parameter is 1.766 Å (2) and the interoctahedral parameter is 1.659 Å (3) [8]. The
phase diagram can be found in Fig. 1.3.

Figure 1.2: LaB6 crystal structure. Image produced with VESTA [9] using data
from [10].

The excellent thermionic behavior of LaB6 is due to its surface structure,
which in turn derives from the bulk structure. Per unit cell, LaB6 contains one La
atom and one B6 octahedron unit. Boron atoms in the B6 units are bonded with
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Figure 1.3: LaB6 phase diagram. Reprinted with permission from the copyright
holder [11]. Adapted.

intraoctahedral covalent bonds. Each B6 unit is bonded to adjacent cells B6 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. LaB6 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 LaB6 has an estimated work function of 2.66 eV [6]. Polycrystalline
materials have complex surfaces composed of different crystals, with individual
crystals exhibiting different work functions. In the case of LaB6, 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 LaB6 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 LaB6

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 LaB6. Chemicals known to affect emission negatively include O2, H2O,
CO and carbon, and so are considered “poisons” for LaB6. Cesium is the best
known work function enhancer for LaB6, either by itself or in combination with
oxygen. Values as low as 1.35 eV for cesium coadsorbed with oxygen in the (100)
LaB6 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 LaB6 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 LaB6

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.

LaB6 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 LaB6 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 LaB6 surfaces. This is the
environment that exists inside a hollow cathode with a polycrystalline LaB6 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 LaB6 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 LaB6 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 LaB6 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 10−5 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-consistent cathode model, a converged solution of the coupled
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system was found. However, upon initial attempts, the simulated temperature
distribution did not agree with our temperature measurements. We then studied
the effect of the energy accommodation coefficient and a two-step neutralization
mechanism on the self-consistent solution. The energy accommodation coefficient
(EAC) is primarily influenced by the mass ratio of the ions and the atoms at the
surface. For the Xe–LaB6 system, a value no less than 80% is expected. With that
EAC value no agreement with experimentally measured temperatures was found.
However, we found that incorporating a two-step neutralization mechanism yields
agreement with experimental measurements. This mechanism could also govern
the neutralization process in other cathode technologies where low work function
emitters are employed. This approach constitutes the first successful attempt to
simulate a LaB6 hollow cathode with 2D axisymmetric models for the plasma and
heat transfer to the cathode that are self-consistently coupled.

Finally, we sought to understand the underlying chemical basis of the observed
work function reduction upon exposure to plasma (Chapter 4). To this end,
we investigated the chemical, crystallographic and morphological changes of the
cathode emitting surface after it is exposed to the cathode internal plasma. Since
crystallographic analyses require flat surfaces for optimal performance, we designed
and fabricated a new two-part emitter geometry with a flat portion of surface.

In order to characterise the effect of plasma on the morphology evolution of the
surface, we employed scanning electron microscopy (SEM). In SEM, accelerated
electrons are forced to collide against a surface. When the electrons interact with
the sample, they are decelerated by inelastic collisions, producing a variety of
signals. One of these signals is the secondary electron emission, which is used to
produce SEM images. We further used a stylus profilometer to quantify the effect
of plasma on the topology evolution of the surface. Stylus profilometers measure
the surface profile of a sample by physically moving the tip of a probe along the
sample surface.

Chemical characterisation and direct work function measurement were performed
using spectroscopic methods including ultraviolet phomoemission spectrometry
(UPS) and X-ray photoemission spectrometry (XPS). UPS is a surface analysis
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technique which provides both elemental and chemical state information on virtually
any material. XPS is similar to UPS except that it uses X-rays rather than
ultraviolet light to excite electrons. X-rays penetrate deeper into the materials
and therefore electrons from core levels can be excited. UPS and XPS can be used
to directly measure the material work function.

Finally, we employed two complementary diffraction methods – electron
backscattering diffraction (EBSD) and X-ray diffraction (XRD) – to identify
different crystallographic phases and explore the evolution of the relative exposed
crystal faces after cathode interior plasma interaction.

EBSD is a surface analysis technique that allows quantitative microstructural
analysis in SEM up to a nanometer scale. In this method, a beam of electrons
is focused at the point of interest on a tilted sample. Upon inelastic interaction
between the impinging electrons and the atomic structure of the sample surface,
scattered electrons form a divergent source of electrons close to the surface of the
sample that contains information about the crystalline structure of the sample.

XRD is another surface analysis method that provides information about the
crystalline nature of materials at penetration depth of around 10 µm. Similarly
to EBSD, XRD employs constructive interactions between X-rays and atomic
structures producing patterns that can be recorded and used against database
information to deconvolve the different phases present in the sample.

Results from different analytical approaches collectively revealed that the
observed work function reduction is likely due to the emergence of a crystallographic
texture in the LaB6 insert induced by the interaction with Xe plasma. In
addition, we hypothesize that forced cationic termination may be a secondary
factor contributing to the work function reduction in operating cathodes.

1.6 Impact of results

Together, this work provides an in depth insight into the thermal behavior and
effect of plasma exposure on polycrystalline LaB6 inside a hollow cathode. Results
revealing the unexpected phenomenon of work function reduction upon plasma
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exposure on LaB6 suggest that the evaporation rates of LaB6 hollow cathodes may
be much lower than previously thought and therefore their lifetime much longer.
Given the importance of lifetime for EP components, LaB6 could outperform
current technologies and become the component of choice in EP thrusters for
future space missions.

We show that material compatibility is still an unresolved issue for LaB6.
Graphite cups around the LaB6 insert can still lead to contamination of the
thermionic emitting surface. The effect of this contamination was manifested by an
increase in the insert temperature. This observation together with the temperature
transients suggest that common cathode experimental practice needs to be updated
in order to obtain significant value from experiments. Furthermore, the problem of
material compatibility has been shown to be very detrimental for cathode lifetime
and therefore, we urge a solution to be found before unexpected premature failures
start occurring.

From the cathode modelling standpoint, this work demonstrates the following:
assuming the cathode plasma solution is accurate, the classical model to compute
thermal fluxes from the plasma solution is not accurate. In fact, we were only
capable of finding a reasonable agreement with experimentally measured insert
temperatures when we used a two step neutralization model for the return current
of ions to the cathode. This is a major finding as the involvement of a two step
neutralization process was not previously recognized. Furthermore, this modelling
approach may be applicable to other low work function cathode technologies.

Our contribution to the understanding of the correct chemical picture behind
the work function evolution in LaB6 emitters upon plasma exposure should also be
noted. We have shown that the only phase present after plasma exposure at room
temperature is LaB6. We also prove that a crystallographic texture appears after
plasma exposure. Together, these pieces of evidence are in agreement with the
hypothesis of Uijttewaal [20] who proposes a correlation between low work function
crystal faces and high surface stability. This idea establishes the thermodynamic
base for the crystallographic evolution upon plasma exposure.
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C h a p t e r 2

WORK FUNCTION REDUCTION IN LANTHANUM
HEXABORIDE HOLLOW CATHODES OPERATED IN GAS

DISCHARGES

2.1 Abstract

Thermal characterization of lanthanum hexaboride (LaB6) hollow cathodes
has revealed lower than expected electron emitter temperatures when the cathode
reaches steady state. This phenomenon is observed at discharge currents ranging
from 5 to 35 A and xenon mass flow rates of 5 to 25 sccm in cathodes with three
different orifice diameters. Thus, the accepted value of the work function for
polycrystalline LaB6, 2.66 eV, does not describe well the emission characteristics
of LaB6 hollow cathodes operating with internal gas discharges at steady state.
The measured temperatures and a model of the hollow cathode emitter and xenon
discharge were used to estimate the value of the work function in these experiments,
yielding a value ranging from 2.1 to 2.44 eV. Measurements of the work function
as a function of depth on a hollow cathode emitter using X-ray photoelectron
spectroscopy and ion beam milling indicate that the work function for lanthanum-
rich stoichiometry is lower than 2.66 eV. We postulate several mechanisms that
could explain this enhancement. This observation has consequences on the design,
study approach, and operation of these cathodes and potentially other cathodes
with hollow configuration. Furthermore, it opens the question of why the work
function is enhanced. Regardless of the answer to these questions, LaB6 cathodes
are now important competitors to other conventional cathode technologies.

2.2 Introduction

NASA’s vision for human exploration for the near future includes the Deep
Space Transport (DST). One of the ultimate objectives is piloted Mars missions
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employing this architecture. However, this ambitious goal is extraordinarily difficult
given the large mass necessary to reach Mars and provide habitable conditions for
the astronauts. A very high efficiency propulsion system such as high-power electric
propulsion can yield mass reductions that enable near-term deep space missions.
NASA is investing in high power, light weight solar arrays and high power Hall
thruster systems to enable this vision. Reaching further with heavier payloads
is the key objective of this new endeavor. In order to successfully accomplish
this challenge, a new scalable propulsion system has been under development at
NASA since 2012. The goal is to develop the components for an Advanced Electric
Propulsion System (AEPS) with a total system power of 40 kW. A key building
block of the system is the Hall Effect Rocket with Magnetic Shielding (HERMeS).
Hollow cathodes are at the heart of the system, with LaB6 being one of the cathode
technologies under development.

Increased understanding of the detailed physical processes underlying Hall
thruster operation has eliminated some of the possible failure modes that can limit
the thruster lifetime. One example of a significant breakthrough in Hall thruster
technology is the so-called magnetic shielding, a technique that employs carefully
engineered magnetic fields to protect surfaces close to the plasma discharge from
erosion. Nonetheless, a number of failure modes associated with different Hall
thruster components are yet to be resolved, several of which are related to the
thruster cathodes. It is important that the Hall thruster service life, aimed to
exceed 35k hr, is not limited by the cathode lifetime. Thus, understanding cathode
failure modes is of paramount importance for future NASA activities.

LaB6 hollow cathodes have a demonstrated capability for long life operation.
They also exhibit other advantages: they are more resistant to poisoning by
reactive gases than dispenser cathodes and they are scalable to high discharge
densities [1]. LaB6 emitter lifetime is ultimately limited by evaporation related to
high temperature operation and thermal loads.

Thermionic electron emission is the principal mechanism by which hollow
cathode discharges operate [2]. The thermodynamic work necessary to free electrons
from the cathode insert inner surface is determined by the emitting surface work

- 21 -



2.2. Introduction P. Guerrero

function φ (φ is the work function of the material with a nominal value of 2.66 eV
for LaB6). The fraction of electrons in the emitter with sufficient energy to escape
the work function barrier at the surface is related to the surface temperature by
Eq. 2.1. Thus, precise knowledge of the emitting surface temperature distribution
is essential to fully understand the current emission capability. In addition, insert
evaporation, one of the main failure modes that affects state of the art cathodes,
is exponentially related to the material temperature.

The thermionic emission current density ( jther) is defined by the Richardson-
Dushman equation:

jther(φ, X) = D T(X)2 exp

(
−e(φ − φSchottky)

kBT(X)

)
(2.1)

with the parameter D = 29 A/cm2 K2 correcting for the temperature dependence
of the work function, T(X) is the temperature at any point X in the insert, kB is
Boltzmann constant. φSchottky is the reduction in the work function due to the
external electric field and e is the electron charge.

Precise temperature measurements are challenging due to the high temperature
at which these cathodes normally operate, often close to 2000 K. Further, LaB6

cathodes consist of many components that cluster in assemblies, which makes
them difficult to instrument. Previous efforts have established two approaches for
measuring temperatures inside hollow cathodes, namely thermocouples and fiber
optic pyrometers.

Type C commercial thermocouples have the highest operating temperature
range (0-2320 °C), which makes them an attractive option for cathode instrumentation.
The downside is that they typically have a 1% precision. Fiber optic systems, on
the other hand, require calibration, which can be very difficult to accomplish at
that high temperature without using thermocouples.

In this paper, we present the results from using type C thermocouples to
measure temperatures inside LaB6 cathode inserts for a variety of cathode operating
conditions and three different orifice diameters. Thermocouple accuracy, stability
and placement strategy were assessed both experimentally and by computational
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simulations using the in-house plasma solver OrCa2D and COMSOLMultiphysics®.
Surprisingly, the data revealed that the commonly accepted work function value
for polycrystalline LaB6 (2.66 eV [2]) cannot adequately describe the emission
characteristic of the cathode at steady state. Instead, lower work functions
are necessary to fit the measured temperatures and discharge currents to the
Richardson-Dushman equation. We propose several mechanisms that could be
responsible for these atypically low work function values, including formation of
stable phase LaB4, forced cationic termination of LaB6 crystals, formation of a
crystallographic texture, and surface absorption of some contaminant that actually
enhances the LaB6 work function.

2.3 Description of the measurement approach

The cathode used in these experiments has been described in [1]. Briefly, it
consists of a cathode tube with a cylindrical LaB6 emitter (the “insert”) positioned
at the downstream end in front of an orifice plate, which serves to increase the
internal gas pressure (Fig. 2.1). The downstream portion of the cathode tube is
surrounded by a heater used to preheat the insert material for ignition. The heater
is covered by tantalum foil shielding to minimize heat loss through radiation at
start or during normal operation. Finally, the assembly is enclosed in one more
concentric electrode, termed the keeper, which is used as an ignitor electrode or
to maintain a secondary discharge to keep the cathode operating in the event of
extinction of the main discharge.

In this work, three orifice plates with different orifice diameters were used –
small, medium and large. Medium refers to the nominal orifice plate envisioned
for HERMeS, and the small and large orifice diameters were 80% and 160% of
nominal, respectively. The insert was perforated using electro-discharge machining
(EDM) in order to place three ∼1.6 mm diameter Idaho Laboratories Type C
sheathed thermocouples longitudinally. The thermocouples were distributed evenly
in the azimuthal direction and were installed at three different depths in the
insert (Fig. 2.2). Herein, we use TC1, TC2, and TC3 to refer to the temperatures
measured by the thermocouples positioned at the highest, middle, and lowest
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LaB6 insert

Keeper

Orifice plate

Cathode tube
Heater insulation

Heater

Figure 2.1: LaB6 hollow cathode schematic.

depth, respectively (see Fig. 2.2). A second order polynomial was used to fit
the three measurements to give an approximation of the temperature profile. In
order to assure good thermal contact between the thermocouples and the location
where temperature is measured, the thermocouples were installed using a pre-
loaded spring strategy. By using this approach, each individual thermocouple can
accommodate the thermal expansion of the different components of the cathode
assembly and still guarantee that the bottom of the thermocouples are against the
insert wells at any point in time during the experiments.

In the appendix, we discuss the thermocouple placement, accuracy and stability.
We conclude from these analyses that the error introduced by the temperature
measurement approach is the thermocouple accuracy plus a small temperature
reduction associated with the distance between thermocouple junctions and the
insert surface. Nonetheless, we plan to use fiber optic pyrometric techniques using
a calibration source independent of thermocouples to measure the temperature
profiles of the insert. This approach will remove all doubts about the temperature
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Figure 2.2: Insert finite element model with three thermocouples wells.

measurement accuracy.

A copper cylindrical anode 50.8 mm in diameter and 25.4 cm long was placed
∼20 mm from the keeper face, concentric with the assembly. Experiments were
performed inside a 4 m3 stainless steel vacuum chamber equipped with two 25.4 cm
diameter cryopumps which produce a base pressure of 9 × 10−8 Torr. Data were
acquired using a custom built system based on a Opto22 SNAP-PAC-EB brain
that measures voltages, currents, and xenon mass flow rates with precision of
10 mV, 10 mA and 0.01 sccm with respect to calibrated values, respectively, and a
2 s refresh rate. Thermocouple signals were also acquired with the aforementioned
equipment, which performs the cold junction temperature correction.

2.4 Experimental Results

We initially sought to acquire the temperature distribution using the three
thermocouple approach described above. When the cathode was set to a specific
operating condition, a temperature transient was observed before the temperatures
stabilized. Interestingly, we found that the duration of the transient is longer than
expected and depends on the previous history of the cathode: if the cathode is in
steady state and a small change to either the discharge current, JD, or the xenon
mass flow rate, ÛmXe, is applied, the cathode temperature adapts rapidly with only
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a few tens of degrees of overshoot or undershoot with respect to the steady state
temperature. In such cases, the duration of the transient is around 30 min to a few
hours. A detailed description of the transient behavior is provided in the following
section.

Due to the variation in the time required to reach steady state and the large
number of operating points to be tested, we developed a data acquisition and
control (DAQ) strategy which autonomously determines when the cathode reaches
steady state. The system defines steady state as the point where the temperature
difference in two consecutive 15 min intervals is less than 1 °C for all three
thermocouples.

2.4.1 Transient behavior

2.4.1.1 Initial start with a new LaB6 insert

Using the automatic DAQ setup described above, we first assessed the system
behavior upon initial start with a new LaB6 insert. The ignition was performed at
JD = 25 A and ÛmXe = 14.75 sccm. Data showed that for a new insert, it takes tens
of hours to reach steady state (Fig. 2.3). After that long transient, we observed a
small amplitude, low frequency periodic fluctuation in the measured temperatures
(although this phenomenon is not fully resolved in Fig. 2.3).

In addition, the data showed a peak temperature of 1737 °C and that the
condition ∆Tmean

∆t = 0 occurred around 65 hr after ignition, where Tmean is the mean
temperature of all three thermocouples.

2.4.1.2 Initial start after atmospheric exposure

To further elucidate the unexpected cathode behavior, we studied the cathode
thermal transients upon ignition after exposure to the atmosphere for several hours.
To this end, we stopped the cathode discharge (JD = 0 A) and let the cathode
cool down completely (until thermocouples read ambient temperature) and then
opened the vacuum chamber. After several hours, we evacuated the chamber and
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Figure 2.3: Thermal transient for a new insert at JD = 25 A and ÛmXe = 14.75 sccm
with the nominal orifice. In the inset it is shown the details of the temperature
transient during the first few minutes of operation after the discharge power supply
has been enabled.

reignited the cathode with JD = 25 A and ÛmXe = 14.75 sccm. This reignition
operation was performed manually, therefore, the temperature right before ignition
is not the same for the three cases shown in Fig. 2.4. Only TC1 is shown for each
start, which typically is the hottest of all three at ignition.

As shown in Fig. 2.4, all three starts after atmospheric exposure had initial
temperatures between 1459 and 1506 °C. There does not seem to be a clear
relationship between temperature right before ignition and temperature right after
ignition, although the coldest start reached the highest peak temperature. A more
carefully designed experiment is necessary to gain a further understanding of the
thermal transient at ignition. Note here that the temperature evolution right at
the start produces an overshoot. Together, these results suggest that desorption of
oxides is increased if the temperature before ignition is higher.
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Figure 2.4: Thermal transient at JD = 25 A and ÛmXe = 13 sccm with the nominal
orifice after exposing the cathode to the atmosphere for several hours.

2.4.1.3 Transients associated with hot reignitions

We define hot reignition as the process of igniting the cathode after a sudden
shutdown (JD = 0 A), and allowing only a few hundred degrees cool-down before
reigniting it. At that point, switching on only the keeper or the keeper and the
heater might be necessary to reignite the cathode. Fig. 2.5 shows the temperature
evolution during two different hot reignition experiments, synchronized at Time =

0 min.

Before shutting down the cathode, neither of the experiments had reached
steady state, i.e., there is a temperature difference of 26 °C (Fig. 2.5). Both
experiments were performed with the nominal orifice plate and JD = 25 A and
ÛmXe = 13 sccm.

When a reignition attempt was made by shutting down the cathode and
allowing it to cool down to 1229 °C, the discharge reignited without a temperature
overshoot. Later on, when the cathode was shut down and the temperature dropped
to 1195 °C, the cathode reignited and reached a peak temperature of 1410 °C.
A third hot reignition test was performed, reaching a minimum temperature of
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Figure 2.5: Thermal transient associated with hot reignition at JD = 25 A and
ÛmXe = 13 sccm with the nominal orifice. TC1 temperature shown for both
experiments.

864 °C right before reignition, and the cathode peak TC1 temperature measured
1447 °C.

2.4.1.4 Transients associated with discharge current step events

Finally, we tested the cathode behavior with discharge current step events. To this
end, we first ignited the cathode and allowed it to reach steady state, as determined
by the DAQ system. At that point small changes in JD of 2.5 A were suddenly
imposed. These changes in the discharge current were applied with both ascending
and descending currents. The DAQ transitioned from one operating point to the
next only when a steady state condition had been reached. The thermal transient
associated with a few of the step events is shown in Fig. 2.6. We observed that the
direction of the discharge change (whether positive or negative) did not determine
the direction of the temperature deviation with respect to the value that the
temperature would ultimately reach at steady state. In some instances there was
an overshoot (between 5 A to 7.5 A, 7.5 A to 10 A and 10 A to 12.5 A) whereas
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Figure 2.6: Thermal transient evolution with JD at ÛmXe = 10 sccm with nominal
orifice.

at others there was an undershoot (between 15 A to 17.5 A and 17.5 A to 20 A).
There is one case in which the temperature transitions with no over- or undershoot
(12.5 A to 15 A), right in the middle of overshoot and undershoot trends.

2.4.1.5 Sudden change of steady state for one operating condition

In addition to the results above, experiments revealed an unexpected phenomenon.
We observed that while running the cathode at fixed operating conditions, steady
state temperatures changed from one start to the next (Fig. 2.7). Following these
experiments, we found a ring of black deposits in the downstream region of the
insert inner surface (Fig. 2.8). When the deposit was removed, the steady state
temperature dropped by almost 100 °C. We hypothesized that the source of this
black coating is a graphite cup located at the cathode downstream end. Thus, we
replaced the graphite cup with a 25.4 µm thick tantalum cup and ran the cathode
for tens of hours and several starts. Borescope inspection of the insert inner surface
following these runs did not reveal any deposits, confirming that the source of
the coating was indeed graphite. As a 100 °C increase in the insert temperature
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Figure 2.7: Abnormal thermal transient after a hot reignition with the nominal
orifice at JD = 25 A and ÛmXe = 14.75 sccm.

significantly impacts evaporation, and consequently the lifetime of the cathode, we
suggest that graphite deposition has an important negative impact in the service
life of the cathode. Our results strongly suggest that downstream graphite cups
should be eliminated or at least redesigned in future cathode designs.

2.4.2 Steady state temperatures

The steady state temperature distribution of the cathode insert was obtained
for each orifice diameter at discharge currents of 5, 10, 15, 20, 25, 30, and 35 A,
and for each discharge current, ÛmXe was set at 5, 10, 15, 20 and 25 sccm. For the
large orifice, the 5 A case was not studied as the cathode was in plume mode for
that condition over the whole ÛmXe range under consideration. Temperature maps
constructed from those data are shown in Fig. 2.9.
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Figure 2.8: Detail of the contaminant deposited on the inside of the insert.

2.5 Discussion

2.5.1 Effect of orifice size on temperature

In order to assess which orifice configuration offers the best performance, we
estimated the temperature profiles along the insert by fitting the data with a second
degree polynomial (Fig. 2.10). For each orifice plate and cathode operating point, a
different temperature profile is obtained. As minimizing LaB6 evaporation is critical
for cathode lifetime, the main parameter of interest is lower mean temperature.
However, given the sensitivity of evaporation rate to temperature, deviations from
the mean are also of a great importance. In addition, in order to consume the
insert uniformly over time one would need to maintain a homogeneous temperature
distribution along the insert. As shown in Fig. 2.10, the large orifice configuration
has the highest peak temperatures for every operating condition. This is not a
desirable mode of operation, as it will evaporate the insert material faster for a
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given discharge current. The profiles for discharge current above JD = 15 A have
the smallest difference between maximum and minimum temperatures for any
given profile. Minimizing the temperature gradient along the axis of the insert
is desirable because the insert should then erode more uniformly over thousands
of hours. Nonetheless, this is a consideration of lesser importance compared to
minimizing the peak temperature for the same discharge current.

On the other hand, the small orifice shows the biggest temperature range over
the same operating condition space. Peak temperatures are lower than for the
large orifice case, but higher than for the nominal orifice size for discharge currents
above 5 A. Differences between maximum and minimum temperatures along the
insert are the largest of the three configurations for all discharge currents above
5 A.

The nominal orifice diameter offers the lowest temperature peaks for discharge
currents above 5 A and differences between maximum and minimum temperatures
that lie between those of the larger and smaller orifices. This configuration is
the most appealing one in terms of thermal distribution. In this analysis, the
evolution of the insert inner diameter and consequent effect on the temperature
profile has not been taken into consideration when choosing the best configuration
for the lifetime of the insert. That analysis would require knowledge of how the
temperature profile evolves as the LaB6 insert erodes.

2.5.2 Cathode temperature sensitivity to effective emissive area

The reduced temperature of the cathode at steady state could be related to an
increase in the effective emissive area of the insert. Such increase in the effective
area could be produced by an increase in the roughness of the insert created by the
plasma. To assess the extent to which surface area increase can affect the thermal
behaviour of the cathode, we analyzed the relationship between surface area and
temperature for a cathode emitting at 25 A of total discharge for two values of
the work function, 2.1 and 2.67 eV (Fig. 2.11). Profilometry analysis of the insert
surface suggested that roughness caused by plasma exposure is unlikely to cause
more than a 2-fold increase of the effective emissive area (see Chapter 4). The
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Figure 2.11: Cathode effective emitting area sensitivity analysis. A is the effective
area used in the Richardson equation, AN is the nominal emitting area based on
the diameter of the emitter.

expected reduction of temperature in this case is no more than 70 °C. In the case
of the nominal orifice plate in Fig. 2.10, the observed reduction is on the order of
300 °C. A 300 °C temperature reduction corresponds to more than 20-fold increase
in the effective emissive insert area. Even though we cannot rule out increased
effective emissive area of the insert as a contributing factor, it cannot explain the
magnitude of temperature reduction of the cathode at steady state observed.

2.5.3 Inferred work function

At every point on the insert emitting surface (S), the balance between the flux
of emitted electrons and the flux of ions and electrons from the plasma back to the
surface determines the net current density. Integrating these three components
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over the cathode area yields the total discharge current,

JD =
¨

S

(
jther(φ, X) − je(X) + ji(X)

)
dS, (2.2)

where S is the insert emitting surface, X is a point on the surface S, and je(X) and
ji(X) are the current densities of electrons and ions that return to the emitting
surface and effectively increase and reduce the demand for emitted electrons ( jther)
for the same JD, respectively. jther is the thermionic emission current density as
modeled by Eq. 2.1.

If we try to match Eq. 2.2 assuming φSchottky = 0 eV, zero ion or electron return
current, φ = φLaB6 = 2.66 eV and an axisymmetric temperature distribution from
Fig. 2.10, we realize that there is not enough emission to generate the measured
discharge current JD. Two terms which help increase the net current to the cathode
for the same temperature distribution have been neglected in this calculation. One
of them is φSchottky which typically has a value on the order of 0.1 eV, see Chapter 3
for more details. Even considering that, the ion return current would have to be
more than 50% of the discharge current to balance Eq. 2.2, which is not realistic.

Therefore, we concluded that one possible explanation for this apparent lack
of current capability could be explained if we assume that the work function in
the material is lower than the value of 2.66 eV. In the following subsections we
will present two different estimates for the work function for every orifice size and
operating condition.

2.5.3.1 Work function estimation, method 1: Matching net JD

Computing the work function necessary to match JD assuming φSchottky, je(X) and
ji(X) are zero results in the distributions shown in Fig. 2.12. The work function
seems to decrease with increasing discharge current until a minimum value is
reached, at which point the trend is reversed and the work function increases. The
effect of the ÛmXe seems of lesser importance for higher than 15 sccm flows. In the
late 1970s, Storms and Mueller [3] reviewed all previous measurements of the work
function for near-stoichiometry polycrystalline LaB6 and found that there was no
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consensus on a single value. Instead, they defined a range of 2.52 to 2.87 eV which
encompassed the measured values. The work function found with method 1 is far
from this range for most of the operating conditions studied.

2.5.3.2 Work function estimation, method 2: Minimization of sum
(
abs(JD(φ)

– JD,measured)
)
per orifice.

If we assume that φSchottky, je(X) and ji(X) are zero and that there is a single
value of the work function for a given orifice size, and select a value that minimizes
the error of the absolute difference between the measured discharge current and
the calculated discharge current over the entire current-flow rate parameter space,
we obtained values 2.24 eV, 2.2 eV, and 2.36 eV for the small, nominal and large
cathode orifice configurations.

Plots in Fig. 2.13 show the quantity JD(φ) − JD,measured for every operating
condition. The shape of the distribution of this plot is similar to the one that can
be obtained when computing the work function for each orifice size by minimization
of the standard deviation of the error, or std

(
JD(φ) − (JD,measured)

)
, which is the

proper method to calculate deviation from mean. Results show that given the
assumptions, a single uniform work function for each cathode configuration does
not adequately describe the cathode performance for all the operating conditions.
However, they show that the difference is zero, or close to zero for a significant
portion of the map. With a more realistic analysis that included φSchottky, je(X)

and ji(X), it might be possible to identify a single work function value that could
produce zero error for those portions of the map.

2.5.4 Measured work functions

Given the striking difference in LaB6 work function value between our estimates
and the literature, we next sought to directly measure the work function and
chemical composition of the emitting surface of an insert that had been used
in the hollow cathode experiments and compare it to the estimates from the
temperature data. To this end, we used the Kratos Axis Ultra XPS instrument at
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the Molecular Materials Research Center at the California Institute of Technology.
This technique employs X-ray and ultraviolet photo-electron spectroscopy (XPS
and UPS) to determine the secondary electron photoemission cutoff. For more
information about the approach and calibration, see [4, 5]. We selected 3 spots
along the emitting surface of the insert, identified as P1, P2 and P3 in Fig. 2.15,
and measured the work function and photoemission spectra for each of them as
a function of depth. The analysis area was approximately 900 µm2. The grains
in the polycrystalline sample are only a few µm in average, so the results are
averaged over many grains of the polycrystalline sample. We used an argon ion
gun with 500 V, 200 µA beam energy to remove material from the upper layer and
study the sample at different depths. We calibrated the etch rate at 500 V using
a Dektak XT profilometer. The results indicate that LaB6 is sputtered with the
500 V Ar beam at a rate of 5.6 nm mm2/min. This rate is independent of exposure
time and target area. Higher energy beams were studied but we observed evidence
of ion implantation, rendering the data unusable for work function measurements.

The work function results (Fig. 2.14) show that the sample has a higher work
function right at the surface and it drops with depth. The carbon levels were
measured to test for the effect of surface contaminants on the work function.
Results showed that the value of the work function as measured by XPS (and
UPS) strongly depends on surface contamination (Fig. 2.16). With a decrease in
surface carbon content, the measured value of the work function drops drastically,
as can be seen for spots P2 and P3. The carbon content for spot P1 is the highest
of the three and the measured work function is significantly higher. For the three
locations and all depths, the stoichiometry was found to be La-rich.

The work function in spots P2 and P3 peaks in Fig. 2.14 at around 2 nm deep.
The sample had to be exposed to the atmosphere for XPS maintenance before
these points were taken. Figure 2.16 shows that the carbon abundance around
2 nm increased for spot P2 after the exposure, which could be the cause for the
sudden increase in work function. This hypothesis is not conclusive given that
spot P3 did not show an increase in the carbon composition. Oxygen and carbon
surface contaminants have been reported to increase the work function by Oshima
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Figure 2.14: Work function as a function of depth measured at three different
positions along the insert inner surface.

Figure 2.15: Insert piece inside the KRATOS Ultra XPS at Caltech.
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Figure 2.16: Carbon (C 1s) relative atomic abundance on the insert at three
different positions along the insert inner surface. C 1s, La 3d and B 1s core levels
were used for the normalization.

et al. [6], which is in agreement with our findings.

The presence of carbon and work function increase would explain the nearly
100 °C increase of the cathode temperature at steady state with the black ring
deposit discussed above (Fig. 2.8). In this case the carbon coating was so dense
that effectively the area of the ring would be emitting with the work function of
graphite, ∼ 4.6 eV [7].

Figure 2.16 indicates the presence of carbon deep inside the insert surface.
This result was not expected, as the chemical analysis certification from the
manufacturer claimed that the insert was prepared from carbon-free LaB6 powder.
It is not clear whether the carbon contaminating the emitting surface comes from
another component of the cathode assembly or from the press sintering process
associated with the insert manufacturing.

A controlled experiment measuring cathode thermal transients at ignition
after abrupt shutdown from steady state and repetitive ignitions with and without
atmospheric exposure could reveal whether the cathode gets contaminated with a
thin film of adventitious carbon from air exposure, and whether this contamination
results in higher temperature peaks during the ignition thermal transient. This
would suggest a higher work function induced by the carbon film on the surface.
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2.5.5 Work function reduction mechanism

We propose that the observed atypically low work function values may be
explained by several mechanisms. First, we hypothesize that lanthanum redeposition
on the emitter surface due to ionization and transport processes in the hollow
cathode interior plasma may result in the formation of a La-rich surface due
to La forced termination of LaB6 crystals or LaB4 deposits, resulting in lower
work function. A similar recycling effect for barium has been found in dispenser
hollow cathodes as well, and makes their operation in gas discharges quite different
from cathodes in vacuum devices [8, 9]. Alternatively, it is well established that
an enrichment of low work function crystals has a net beneficial effect on the
work function of the polycrystalline solid [10]. Therefore, the observed enhanced
thermionic emission may result from the formation of a specific crystallographic
texture over time. Finally, a chemical outgassed by some of the cathode components
could interact beneficially with the polycrystalline surface and reduce the work
function.

2.5.5.1 Lanthanum recycling hypothesis

We hypothesize that the apparent reduction in work function observed on LaB6

cathodes operated in gas discharge environments compared to cathodes operated in
vacuum is due to production of a lanthanum-rich surface by recycling of lanthanum
in the internal plasma. In xenon hollow cathodes, lanthanum evaporated from
the cathode surface is ionized in the dense xenon plasma and returned to the
surface by the electric field. The lanthanum ionization mean free path is of the
order of the characteristic length scale of the collisional plasma region, so a large
fraction of the evaporated lanthanum atoms are likely ionized before they can
escape. Ionized lanthanum can be driven back to the cathode emitting surfaces and
can interact with the LaB6 substrate. La-terminated crystals exhibit lower work
function than B-terminated ones, primarily due to strengthening of the surface
dipole by the La-cationic effect [11, 12]. Additionally, this La-enriched topmost
layer could reduce the effect of relaxation that increases the work function in the
La-terminated crystals (110), (111) and (111). Thus, enrichment of La on the
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insert surface due to recycling could explain the enhanced work function found in
this work. An alternative mechanism that may also result in enhanced emission is
the formation of a different La-B structure with higher La content and therefore
potentially lower work function such as LaB4.

In order to investigate the ionization of lanthanum atoms inside the interior
plasma region of the cathode, we used the hollow cathode plasma simulation code
OrCa2D [13]. OrCa2D solves conservation laws for three species present in a
partially ionized gas: electrons, singly charged xenon ions, and xenon neutrals.
A time-splitting method in which all the equations are solved consecutively at
every time-step is employed. Inside the cathode, the Navier-Stokes equations for
neutral xenon are solved using an implicit backward Euler scheme, which includes
the viscous terms. It has been shown that the flow of neutrals transitions from
a low to a high Knudsen number downstream of the cathode orifice. Thus, a
fluid approximation is not applicable in the cathode plume. Free molecular flow,
in which neutrals move in straight paths, is assumed downstream of a specified
axial location, typically chosen to be in the cathode orifice where the Knudsen
number approaches unity. Mass and momentum conservation is preserved across
the transition boundary. The Euler equations for mass and momentum of xenon
ions are solved in the entire computational domain. The presence of ion momentum
terms was recently included to account for the increased ion densities and currents
in high-current cathodes. The effects of ionization, charge exchange and electron-
ion collisions are considered in the equations and modeled as source or drag terms.
Finally, the plasma parameters for electrons are determined from the solution
of the electron energy equation and the combination of the current conservation
equation with the vector form of Ohm’s law.

We simulated the plasma structure for the nominal cathode configuration at
JD = 25 A, ÛmXe = 14.75 sccm and two work functions using the temperature
measurements reported in this work. The value for the work function of 2.3 eV
represents the upper bound of the range of possible work functions for which
OrCa2D converges. Above this value, the emitted current can not satisfy charge
continuity in the plasma region. The value 2.1 eV was chosen as the lower bound
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because the thermionic current emitted was 62 A, which is almost 250% of JD,
and this was considered unrealistic. Results from the OrCa2d code can be used to
compute the ionization mean free path (λ) for La and B (Fig. 2.17) using ionization
cross section data from Kim [14] and Drawin [15]. Results showed that for this
cathode configuration and the specified work function, the mean free path for La
is on the order of the orifice diameter, and therefore lanthanum atoms have a high
probability of being ionized before they leave the cathode inner region. In contrast,
the mean free path for ionization of boron is an order of magnitude bigger than
the orifice diameter, thus its ionization rate is negligible.

Fig. 2.18 shows the plasma potential along the centerline of the cathode as
simulated by OrCa2D for different work functions (using the anomalous plasma
resistivity model [16], for the value 2.67 eV, the temperature was increased above
measured values to match the discharge current). Plasma potential can be measured
with emissive and Langmuir probes with a few volts precision, which would provide
an independent assessment of the work function value with 0.01 eV of precision using
OrCa2D simulation results. As we increase the work function while maintaining a
constant temperature distribution in the simulations, the net emission decreases
according to Eq. 2.1, which requires a decreasing electron return current to maintain
the discharge current of 25 A. In this case the code raises the plasma potential so
fewer electrons return to the insert from the plasma, which produces the distinctive
curves shown. Results for the electron return current Je for φ =2.1, 2.2 and 2.3 eV
are 33.7, 14.2 and 2.6 A, respectively.

The thermal transient experienced by the cathode with step changes in current
that was presented in Fig. 2.6 and the work function predictions shown in Fig. 2.12
are consistent with an evolving emitter surface chemistry due to lanthanum
redeposition. During the first steps in increasing current the insert temperature
overshoots, which is consistent with cathode transitioning from a higher work
function to a lower work function operating point. During the first moments,
right after the abrupt change in discharge current is imposed on the cathode by
the power supply, the cathode still has a higher work function than the value to
which it evolves when steady state is reached at that new operating point. The
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Figure 2.18: OrCa2D simulation results for the plasma potential along the cathode
centerline for the nominal configuration at JD = 25 A and ÛmXe = 14.75 sccm.

temperature will drop after those initial moments due to the reduction in work
function that the lanthanum dynamics establishes at that new operating point.
We have studied all other small changes for ascending and descending discharge
current settings and found that this explanation fits all the observations well with
small discharge current steps (less than 5 A).

The La-B system consists of three compounds [17]: LaB4, LaB6, and LaB9.
Single phase LaB6 only exists for atomic ratios of B/La between 6.0 and 6.1 [3]
(this last value is slightly dependent on temperature for the temperature range
of interest for this work), and it has a purple color in natural or incandescent
light. Two phases coexist from B/La ratios between 6.1 and 9. LaB9 has been
reported to appear blue [18], and therefore, in this range the color of the surface
depends on the ratio of the two phases, with higher LaB9 concentration, the color
will be closer to dark blue. Two phases also coexist for B/La ratios between 4
and 6.1. In this La-rich phase, the grey color of the surface is proportional to
the concentration of LaB4 [17]. This result suggests that if the insert cools down
quickly, we can freeze the surface chemistry to a certain degree and by visual
inspection, roughly infer the surface chemistry. In Fig. 2.8 the emitting surface
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shows two distinct colors, which suggests La enrichment for the majority of the
insert emitting surface and B-rich for a small area close to the orifice plate. We
could not find work function measurements for the lanthanum-rich and boron-rich
phases in the literature. However, our own work function and chemical analyses
suggest that La-rich chemistries have a lower work function than 2.66 eV. There
is no definite conclusion about the impact on work function of B-rich chemistries
because the carbon presence is very high in the same area where B/La concentration
is higher than stoichiometric. Nevertheless, LaB9 is considered not to have free
electrons and therefore to be a semiconductor [3], so a high work function value
for this B-rich region is expected. Precise understanding of the different possible
phases at the insert surface requires crystallographic analysis of samples exposed
to the cathode plasma. We discuss our approach to crystallographic analysis in
Chapter 4.

2.5.5.2 Crystallographic texture hypothesis

A polycrystalline sample of LaB6 contains a random distribution of crystals.
Each type of crystal exhibits a different work function and surface energy as a
consequence of the specific electron distribution established by the atomic bonds
present at the grain surface. Given the high temperatures, long time periods and
bombardment by Xe ions, the emitting surfaces of the cathode have enough time to
evolve towards their lowest surface energy crystals. Lower surface energy crystals
possess lower work function as shown by Uitejtwaal [11]. Crystallographic textures
can be studied by X-ray diffraction; this is further described in Chapter 4.

2.5.5.3 Chemical enhancement hypothesis

Several adsorbates have been identified as work function reducers for LaB6, e.g.
Cs [19] and Ba [11]. Therefore, there is a possibility that a chemical that we are
not aware of is reducing the work function of the emitter.
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2.6 Conclusions

In this work we have obtained temperature measurements of the thermionic
emitting surfaces of a working hollow cathode for a variety of steady state and
transients operating conditions. These temperatures suggest that LaB6 hollow
cathodes exhibit lower work function than their vacuum cathode counterparts.

The reduction in work function observed in the hollow cathode gas discharge
could be explained by the following hypothesis. (a) Lanthanum is evaporated from
the insert constantly. In a cathode operated in vacuum, most of the evaporated
lanthanum would escape, but in a gas discharge its ionization mean free path is
small, on the order of the orifice diameter. The neutral La atoms would therefore
be ionized and pushed back to the insert surface by the plasma electric field,
making the insert emitting surface rich in lanthanum. The degree of enrichment
could vary, depending on the global and local operating conditions of the cathode.
(b) Over a sufficiently long time scale, the crystallography of the polycrystalline
sample could evolve and increase the abundance of low work function crystals
at the emitting surface. (c) A chemical outgassed from the thermionic emitter
environment could be adsorbed and reduce the work function of the emitter.

The following evidence is in agreement with the lanthanum recycling hypothesis:

• The fact that the estimated work function for the large orifice cathode is
higher than that for the smaller ones, as lanthanum neutrals will have a
shorter residence time in the region where they can get ionized.

• The fact that the deeper the cool down, the higher the temperature peak after
reignition. When the cathode is shut down, the plasma disappears. Without
plasma, lanthanum cannot be ionized. The emitting surface is still hot and
lanthanum that is weakly bonded to the surface can easily evaporate. The
longer it takes for the reignition to happen, the closer to stoichiometric LaB6

the surface will get and therefore, the higher the temperature at reignition
will be. Another scenario to explain this behavior is related to oxidation of
the lanthanum at the emitting surface with water and/or oxygen present in
the vacuum vessel.
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Figure 2.19: Thermal transient and inferred work function for a new insert at
JD = 25 A and ÛmXe = 14.75 sccm with the nominal orifice. In the inset it is shown
the details of the temperature transient during the first few minutes of operation
after the discharge power supply has been enabled.

• The long thermal transient for a new insert could also be explained with
this model as the stoichiometry is LaB6 when the insert is new and it will
take some time for lanthanum to be deposited and diffuse into the insert.
Figure 2.19 shows that the initial temperature after ignition of a new insert
is consistent with a work function of 2.66 eV, but drops to 2.13 eV over a
time scale of 40 to 50 hr.

• The XPS work function measurements for La-rich stoichiometries with the
lowest contamination content.

• The overshoot and undershoot of the temperature transients as JD is changed.

The following evidence is in agreement with the crystallographic evolution
hypothesis:

• The long thermal transient for a new insert could be explained with this
model as the relative crystallographic abundance at the surface of the emitter
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could evolve over a long time scale because of the effect of the plasma on
the emitting surface. Figure 2.19 shows that the initial temperature after
ignition of a new insert is consistent with a work function of 2.66 eV, but
drops to 2.13 eV over a time scale of 40 to 50 hr.

• The fact that once a new insert has reached steady state, if the cathode is
shut down and ignited again, the temperature comes back to the steady state
value associated to 2.13 eV. This observation suggests that the work function
enhancement has a permanent component, which could be the result of the
crystallographic evolution.

The following evidence is in agreement with the chemical enhancement hypothesis:

• The long thermal transient for a new insert could be explained with this
model as outgassed chemicals could reduce the work function progressively
in the time scale of tens of hours.

• The fact that the work function enhancement seems to have a persistent
component after the first 50 hr could be the results of the permanent
adsorption of these chemicals.

The precise chemical picture that explains the behavior of the work function
given the environment that the hollow cathode produces in the thermionic emitter
with xenon gas discharge is still elusive. A combination of their effects is not
necessarily mutually exclusive given the ample range of temperature and plasma
densities throughout the inner cathode region.

Further surface analyses are necessary to gain more evidence to conclude with
certainty which and to what extent the aforementioned hypotheses are responsible
for the transient and permanent temperature evolution observed in this work.
Because of limited physical access to the emitter and the harsh plasma environment,
measuring the chemical composition of the insert inner surface while the cathode is
running is not feasible. Instead, we must rely on indirect measurements while the
cathode is running and direct crystallographic and chemical measurements before
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and after operation. These are ambitious but necessary goals to further explain
the elusive mechanism that govern lanthanum hexaboride thermionic emission
performance in gas discharges.

2.7 Appendix: Validation of the temperature measurements

2.7.1 Thermocouple accuracy and stability

When using thermocouples to measure temperatures, in order to minimize
perturbations to the temperature of a solid at a point of interest it is desirable to
use only the thermocouple wires, as their thermal mass and conductivity is the
smallest possible for any thermocouple assembly. In our case we cannot use this
approach because we observed that boron diffuses in the refractory metal matrix of
the thermocouples wires shifting their calibration. The solution to this problem is
to use sheaths to isolate chemically the thermocouples wires from possible chemical
contaminants. We use tantalum sheaths as they have shown to be robust in this
environment.

Boron diffusion from the insert to the tantalum sheath that protects the
thermocouples was also a concern. When this happens, the tantalum eventually
becomes embrittled and cracks can appear. If that happens, boron has a direct
path to contaminate the tungsten rhenium thermocouple wires, which is of great
concern as this will shift the calibration of the type C junction. Even if the
tantalum sheath is not cracked, boron could potentially diffuse towards the inside
of the thermocouples given enough time. However, thorough examination of the
thermocouples using a microscope showed that even after 1000 hours of operation
they have not developed cracks.

In order to rule out any potential shifts in the response of the thermocouples
used in the cathode temperature measurements, we compared the accuracy and
stability of these thermocouples used in our experiments with those of new
thermocouples in an isothermal oven that we built in-house. These tests showed
that the thermocouples used in our experiments performed similarly to new ones,
with an accuracy within the expected range. Thus, the thermocouple calibration

- 53 -



2.7. Appendix: Validation of the temperature measurements P. Guerrero

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Distance along insert surface / Insert length

0

1

2

3

4

5
105 Net heat fluxes from the plasma to the insert. OrCa2D results.

 = 2.3 eV

 = 2.1 eV

Orifice plate

Figure 2.20: Thermal heat fluxes along the insert of the cathode at JD = 25 A and
ÛmXe = 14.8 sccm with the nominal orifice.

had not shifted during the experiments.

The agreement between new and used thermocouples removed any doubt related
to thermocouple calibration shifts. Boron does not diffuse through the tantalum
sheath, at least for these temperatures and the time frame of the observations.

2.7.2 Thermocouple installation impact on the thermal characteristics
of the insert.

COMSOL Multiphysics® is a multidisciplinary finite element analysis solver.
COMSOL thermal simulations were used to study whether the installation of
thermocouples disturbs the insert temperature distribution. 3D thermal simulations
were necessary to reproduce the actual geometry with high fidelity. A thermal
simulation of the entire cathode would have been prohibitively expensive, thus,
the simulation approach was based on simulating only the insert. The thermal
flux distributions on the insert from the OrCa2D simulations for the cases 2.1 and
2.3 eV were used as the heat flux boundary condition on the insert exterior surface,
see Fig. 2.20. The boundary condition for the inner surface was the measured
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temperature distribution from the thermocouple data. The other two surfaces of
the insert were thermally isolated. First, the insert temperature distribution was
computed with the aforementioned boundary conditions for an insert without any
thermocouple wells (the undisturbed case). The temperature was extracted at
six points in the simulation domain where the thermocouple junctions would be
and 1.5 mm away from the junctions, into the insert material. A second model
was then constructed with the three thermocouple wells and run with the same
boundary conditions. Comparison of the unperforated and perforated inserts
showed a difference of less than 2 °C for both thermal flux distributions at the six
points.

A third model of the insert with the three thermocouple wells and inserted
thermocouples was then studied. Thermocouples were simulated as single component
solids with thermal characteristics equal to the real multicomponent structures. The
thermocouples protrude from the insert 15 cm, at which point a 100 °C temperature
boundary condition was applied. This value was the coldest temperature measured
at that point in the actual cathode assembly with a thermocouple during testing.
Perfect thermal contact was simulated between the insert and the thermocouples.
The thermocouples were allowed to conduct heat out of the insert and the value was
recorded. Ambient temperature with which the thermocouples could exchange heat
due to radiation was set to 1000, 900, 700, and 500 °C. Non-radiating thermocouples
were also simulated. The results from this experiment at the six points agree
within 0.6 °C with the temperatures in the intact insert for both thermal fluxes.
The total amount of heat that the three thermocouples conduct out of the insert
was less than 15% of the heat input to the insert from the plasma, less than 4.2 W
per thermocouple.

If the thermocouples have less than perfect thermal contact with the insert, they
will measure temperatures lower than the actual temperature of the insert interior.
Most of our initial measurements were taken with a thermocouple placement
strategy based on inserting the thermocouples and rigidly gluing them to the
structure of the cathode. To test the effect of thermal contact, a spring loaded
thermocouple assembly was built to ensure good thermal contact by applying a force
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Figure 2.21: Spring loaded thermocouple assembly.

of approximately 23 N between the insert and each thermocouple independently,
see Fig. 2.21. In order to maximize the contact area between the thermocouples
and the insert, the thermocouples were finished in the shape of half a sphere and
the bottom of the thermocouple wells in the insert were machined to match the
shape of that sphere. Temperatures measured with this approach at JD = 25 A and
ÛmXe = 14.75 sccm agreed with the data obtained earlier, indicating good thermal
contact with the initial thermocouple fixturing as well. The thermocouples tend to
get stuck inside the wells, apparently because evaporated material from the insert
fills the gap between thermocouples and the insert.

The cathode was later simulated in full detail assuming axial symmetry. We
have learned from those simulations that the radial temperature drop across the
insert thickness is, in the worse case scenario, 10 °C.
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C h a p t e r 3

HOLLOW CATHODE THERMAL MODELLING AND
SELF-CONSISTENT PLASMA SOLUTION; WORK FUNCTION

EVALUATION FOR A LAB6 CATHODE AND TWO STEP
NEUTRALIZATION MODELLING.

3.1 Abstract

Self-heating hollow cathodes are central components in modern electric thrusters.
The plasma discharge inside these devices heats the internal components, thus
maintaining the temperatures required for electron emission. Precise knowledge
of the physical phenomena governing hollow cathode operation, specifically, their
thermionic emission characteristics, is key to predicting their lifetime. A new
simulation platform has been built to couple plasma and thermal physics models
of the self-heating hollow cathode to produce a self-consistent solution. The
plasma solution is provided by JPL’s 2D axisymmetric code OrCa2D and the
corresponding cathode temperature distribution is calculated using COMSOL’s
Multiphysics® heat transfer module. The platform allows investigation of the
sensitivity of different variables that govern the behavior of the three dominant
processes involved in cathode operation – thermal, plasma and chemical. A
self-consistent solution has been found for a LaB6 hollow cathode operating at
25 A and 13 sccm when classical assumptions are implemented in the model, i.e.,
resonant neutralization, homogeneous work function along the emitter, and 100%
energy accommodation of the returned ion flux to the internal cathode surfaces.
However, the emitter temperature from the converged solution does not agree with
experimental temperature measurements. We studied the effect of four potential
explanations for the disagreement: sensitivity of the self-consistent solution to the
thermal model or measured keeper voltage of the cathode, variable work function
distribution along the insert, energy accommodation coefficient, and neutralization
model for the ion return current. We conclude that the most likely cause for the
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disagreement is the lack of fidelity of the classical resonant neutralization model
and the need to account for energy accommodation. Importantly, we demonstrate
that an agreement between simulated and experimental results can be found when
incorporating a two step neutralization mechanism and energy accommodation
for the ions impacting the cathode surfaces. This mechanism could govern the
neutralization in other cathode technologies where low work function emitters are
employed. This approach constitutes the first successful attempt to simulate a LaB6

hollow cathode with 2D axisymmetric models for the plasma and thermal model of
the cathode (where the thermal model is experimentally validated independently
of the plasma) that are self-consistently coupled. Previous attempts to couple
plasma and thermal solutions have used low-fidelity 2D thermal models that were
not independently validated [1, 2]. This coupled simulation methodology enables
us to better estimate the work function of running LaB6 hollow cathodes. We
find that the work function for the aforementioned operating point is ∼2.25 eV,
which is significantly lower than previous estimates[3], and implies a better than
expected cathode material performance.

3.2 Introduction

Reaching further, going faster and delivering heavier payloads are the ultimate
goals of the design of any space vehicle. In order to improve the current technical
capabilities and enable more ambitious deep space missions, NASA is investing in
high power electric propulsion systems. Scalable arrays of Hall thrusters are at
the heart of these propulsion systems.

Hollow cathodes are among the basic components necessary for Hall thruster
operation, and therefore cathode lifetime is a major determinant of thruster lifetime.
There are several cathode failure processes which are still not fully understood and
a better understanding of the different physical mechanisms that govern cathode
discharges is necessary. Thermionic emission of electrons is the most fundamental
mechanism of the cathode discharge. Thermionic emission is strongly dependent
on the work function of the emitting surface of the cathode. Cathodes composed
of a porous tungsten emitter impregnated with barium-calcium-aluminate mixture
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are the baseline for the Advanced Electric Propulsion System (AEPS) that is
under development by the NASA Glenn Research Center (GRC) and the Jet
Propulsion Laboratory (JPL) with Aerojet Rocketdyne as an industrial partner.
This technology maintains a relatively low work function during the operation of
the cathode, conferring a long lifetime. LaB6 cathodes are a promising alternative
with several advantages over tungsten cathodes, which include emitting surface self-
cleaning from oxides, greater resilience to contamination, and low work function.
A low work function is essential for electron emitters because it enables operation
at a lower temperature for a given emission current, which reduces the evaporation
of the emitting material and thus increases their useful lifetime.

Hollow cathodes are thermionic emitters classically modelled with the Richardson-
Dushman law [4] (Eq. 3.1). This law relates temperature, emission current density
of electrons and work function.

jther(φ,T) = D T2 exp

(
−e(φ − φSchottky)

kBT

)
, (3.1)

where T is the temperature at the emitting surface, D = 29 A/cm2 K2, kB is
the Boltzmann constant, φ is the work function of the material, φSchottky is the
reduction in the work function due to the Schottky effect Eq. 3.2 [5] and e is the
electron charge.

φSchottky =

√
e|

#»
Ewall |

4πε0
, (3.2)

where
#»
Ewall is the external electric field value at the interface with the emitter

wall and ε0 is the vacuum permittivity.

Several phenomena must be taken into account when studying the current
density capability of a hollow cathode, namely (1) the return current of electrons
and ions to the emitting surface, (2) the Schottky effect, (3) space charge
limitations, (4) temperature variation along the emitting surfaces and (5) work
function variation due to evolution of the chemistry and/or crystallographic
structure of the emitting surfaces.
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In order to estimate the current density a cathode is capable of, a simple
analysis can be done with the following assumptions:

1. No net return current (contribution from plasma electrons and ions)

2. φSchottky = 0

3. Not space charge limited current

4. Uniform temperature along the emitter

5. Uniform work function along the emitter

Fig. 3.1 shows a study of thermionic emission current density with temperature
and φ as a parameter for a range of temperatures between 1200 and 1600 ◦C for
LaB6. The emission current density for a 2.54 cm long insert with inner diameter
6.35 mm and net discharge current of 25 A is shown, as well as the range if a
net return current of ±10% and ±15% are considered. The temperature of the
insert for this configuration with a xenon flow rate of 13 sccm has been measured
experimentally [6] and the range is shown as well.

This simplified example shows that the return current and temperature
distribution are of great importance. In fact, all of the aforementioned physical
details must be considered to develop a more accurate description of LaB6 hollow
cathode operation. We can observe though that the work function for LaB6 hollow
cathodes operated with an internal gas discharge must be lower than the previously
reported value of 2.66 eV [3] for polycrystalline LaB6 operating in vacuum. Our
previous estimate of the work function for this operating point was ∼2.19 eV, where
assumptions 1, 2, 3 and 5 were used and the temperature profile along the insert
(Tinsert(z)) was extrapolated from three thermocouple measurements using a second
degree polynomial fit.

In order to improve the determination of the work function in a LaB6 hollow
cathode that has reached steady state, it is of paramount importance to accurately
determine the net return current (considering space charge limitations), Tinsert(z),
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Figure 3.1: Thermionic emission sensitivity analysis for Richardson-Dushman law.
Uniform emission at JD = 25 A is shown with a ±10% net return current (dark
shaded area) and a ±15% net return current (lighter shaded area). Experimentally
measured temperature range of the insert at JD = 25 A is also shown, as well as
the range of work function possible for it.

and the impact of the Schottky effect on the work function. If all of those variables
were perfectly known, the work function could be determined with higher accuracy
than in our previous work. In the present work, we have employed the JPL in-house
plasma solver OrCa2D to find the plasma structure inside the cathode, which
provides a quantification of the net return current and Schottky effect.

The question of how to accurately determine the temperature distribution is
still challenging to answer. Two experimental approaches have been employed
to determine the temperature in our previous work; type C thermocouples and
sapphire fiber optic-based ratio pyrometry. Even though we continue to improve
those techniques with more accurate calibrations, the temperature distribution
along the emitting surfaces has uncertainties that impact the proper determination
of thermionic emission in a significant manner.

With regards to the thermocouple approach, it is only feasible to measure
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the temperature at a few locations along the emitting length of the insert, and
then the temperature can be interpolated between those points. However, it is
difficult to make thermocouple measurements of the temperature at the ends of the
insert, which impacts the estimation of the actual shape of Tinsert(z). Furthermore,
type C thermocouples have a 1% inherent tolerance. The fiber-optic approach also
poses challenges in determining Tinsert(z). Fiber-optics depend on their calibration
and a view factor correction method to produce the most accurate temperature
profile. When they are used with LaB6 cathodes, the fiber-optic probes might
get coated with La or B, which impairs their optical properties and shifts their
calibration. In addition, accurate view factor correction of the unfiltered signal
relies on knowledge of the temperature distribution of all the surfaces within view
of the insert, data which are not available.

We have developed a third method to improve our understanding of the
temperature distribution along the insert and the plasma structure inside hollow
cathodes which relies on a self-consistent simulation of plasma heat loads and
cathode thermal behavior. A high fidelity thermal model of the cathode built using
the COMSOL Multiphysics® heat transfer module was experimentally validated
and coupled with the in-house OrCa2D plasma solver. An iterative coupling of
the two codes is possible due to the slower time scale of the thermal response of
the cathode compared to the much faster plasma behavior. Using this coupled
OrCa2D-COMSOL solver, we can simulate the temperature distribution that is self-
consistently produced at steady state during cathode operation for any geometry,
materials, and operating conditions that we establish. Combining the OrCa2D-
COMSOL coupled solver with the aforementioned experimental methods brings
a significant improvement to the cathode temperature determination problem.
We can now account for the return current of ions and electrons, space charge
limitations, temperature distribution, and work function variations along the
emitter. In addition, we can include the effect of the plasma electric field in
lowering the effective work function at the interface between plasma and emitter.

A self-consistent solution has been found for a LaB6 hollow cathode operating
at 25 A and 13 sccm when classical assumptions are implemented in the model,

- 65 -



3.2. Introduction P. Guerrero

i.e., resonant neutralization, homogeneous work function along the emitter, and
100% energy accommodation of the returned ion flux to the internal cathode
surfaces. The emitter temperature from the converged solution does not agree with
experimental temperature measurements, however. The self-consistent solution
provided a temperature distribution about 150 ◦C higher than the experimentally
measured temperatures [6].

We studied the effect of four potential explanations for the disagreement:
sensitivity of the self-consistent solution to the thermal model or measured keeper
voltage of the cathode, variable work function distribution along the insert, energy
accommodation coefficient, and neutralization model for the ion return current.

Variable work function distribution

In our previous work we observed a color gradient in an insert used for hundreds
of hours in a hollow cathode, which was removed from the cathode after it was shut
down, cooled down to ambient temperature and exposed to the atmosphere [6].
This color gradient suggests a possible chemical evolution while the cathode is in
operation. Given the dependency between chemical state at the surface of the
insert and work function, we hypothesised that the chemical composition, and
hence the work function, might not be constant along the insert.

To investigate the work function distribution along the insert, we studied four
different profiles (including two linear and two quadratic) in the self-consistent
solution. Results showed that the temperature distribution of the insert is quite
insensitive to the work function profile. Therefore, we conclude that this hypothesis
cannot explain the disagreement between the self-consistently computed insert
temperature and the experimentally measured one.
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Thermal model and keeper voltage sensitivity

We considered that the self-consistent solution might be sensitive to some
parameter used to define the thermal model or the plasma solution. We studied
the effect on the self-consistent solution of two parameters – the cathode thermal
losses and the keeper voltage. The results from these experiments ruled out both
parameters as factors that could explain the discrepancy between simulated and
experimental values.

Inelastic ion-surface interaction

For the cathode used in this study and the operating condition chosen, the
most significant contribution to the heat fluxes from the plasma to the cathode
structure are the ones produced by the return current of ions. Those returning ions
collide inelastically against the surface of the emitter, releasing their kinetic energy
on it. This process does not necessarily release all the energy of the incoming ions
to the surface, but can result in neutralized ions bouncing off the surface with
some energy left. We studied the effect of the energy accommodation factor, which
is the fraction of ion kinetic energy deposited on the surface, on the self-consistent
solution and concluded that we need an energy accommodation factor of about
50 % for all the surfaces in the cathode in order to find a self-consistent solution
that agrees with the experimentally measured values. The energy accommodation
factor for the Xe+(<50 eV)–LaB6 and Xe+(<50 eV)–W has not been reported in the
literature as far as we are aware. We explain that the energy accommodation factor
is primarily influenced by the mass ratio of the impinging ions and the atoms in
the surface. Using experimentally measured values for the energy accommodation
factors for gas-surface system with similar mass ratios as the Xe–LaB6 and Xe–W
systems, we concluded that the energy accommodation factor for either case cannot
be less than 80 %. We report that while an energy accommodation factor less
than 100 % helps get closer to the experimentally measured temperatures, it is
not necessarily the only contributor to the disagreement between experiments and
simulation results.
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Neutralization model

Finally, we studied the effect of a two step neutralization model for the ion
return flux to the emitter. The model includes resonant neutralization to the
first excited state of xenon, followed by Auger de-excitation to the ground state.
During the de-excitation of the Xe atoms, electrons in the solid gain energy and
a portion of them per neutralized Xe ion will have enough energy to be emitted
from the solid into the plasma sheath. These electrons will then be accelerated
by the sheath into the plasma. There is no data available in the literature for the
electron yield for the Xe+(<50 eV)–LaB6 system. We modelled the probability
of an electron leaving the solid into the sheath with γAuger and computed the
necessary value to match the experimentally measured insert temperature. Results
show that assuming 100% energy accommodation for the return current of ions,
γAuger = 0.85 is necessary to find an agreement with the experimentally measured
temperatures of the insert. In this case the work function yielded by the model is
2.27 eV. Similarly, we found that when the energy accommodation is 80%, γAuger

needs to be 0.5, and in this case the work function is 2.25 eV.

3.3 Methods

3.3.1 Overview of the coupled self-consistent simulation approach

The overall strategy used to couple both codes can be seen in Fig. 3.2.
MATLAB® 2018a was used as the main framework from which OrCa2D and
COMSOL simulation packages are controlled, and where the coordination between
models is established. The general process of finding a plasma solution which is
consistent with the thermal characteristics of the hollow cathode requires several
global simulation/iteration steps.

A global iteration step starts when OrCa2D is provided with an initial guess
for the temperature distribution along the insert and the plasma solution is then
obtained for the particular operating point. At that point, OrCa2D produces
the heat fluxes to the walls of the cathode from electrons and ions. Those fluxes
are then input into the COMSOL heat transfer simulation package where the
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Figure 3.2: Overview of the strategy used to compute the coupled solution that
includes plasma and thermal models.

updated temperature of the insert is obtained. Then, MATLAB® compares the
temperature provided to OrCa2D at the beginning of the global iteration step with
the temperature profile that COMSOL has generated using the plasma heat fluxes.
If they are not the same, the accommodating function g1(T(z)) shown in Fig. 3.2,
Eq. 3.3 creates a new temperature profile to input into OrCa2D, which is closer to
the one that COMSOL computed in the previous global iteration step.

T ′i+1(z) =


Ti(z) i f |Ti(z) − T ′i (z)| < dTcap ∀z

T ′i (z) +
(
Ti(z) − T ′i (z)

)
/ F i f |Ti(z) − T ′i (z)| ≥ dTcap ∀z

where T = Tinsert, dTcap = parameter,

and F = max
(
|Ti(z) − T ′i (z)|

)
/ dTcap

(3.3)

In order to input T ′insert(z) into OrCa2D, a fourth order polynomial fit is
used. Then, a new global iteration can be executed. The code finishes when the
temperature input into OrCa2D and the one computed by the COMSOL heat
transfer module differ by less than a small tolerance. The root mean square error
(RMSE) of both profiles is computed and convergence is defined when this value is
less than 10 ◦C. At that point, we conclude that the plasma solution is consistent
with the thermal model of the cathode. With this self-consistent solution we are
able to capture the details of the shape of Tinsert(z), along with a high fidelity
estimate of the net return current and Schottky effect [5].
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Figure 3.3: Temperature distribution created with COMSOL (example).

3.3.2 Hollow cathode thermal model

The thermal model used in this study was created using COMSOLMultiphysics®

V5.3a. The geometry was built using SOLIDWORKS® 3D CAD 2016 and
imported into COMSOL. Two “Physics” modules were used to model heat transfer
by conduction and radiation between components, “Heat Transfer with Surface-to-
Surface Radiation” and “Heat Transfer in Thin Shells”. The meshing approach was
based on a parameterization using a combination of maximum sized elements in the
edges of the domains and “extremely fine refinement” for the interior of the domain.
The thermal model was written in batch mode in Java, enabling MATLAB® to
dynamically create and execute thermal models with any configuration (geometry,
material properties, boundary conditions, mesh configuration and refinement and
modeling details: parameters used for thermal contact, convergence criteria, etc).
An example of the solution of such a strategy is shown in Fig. 3.3

3.3.2.1 Geometry and materials

The geometry of the cathode thermal model is a 2D axisymmetric approximation
of the actual cathode geometry. The different parts and materials used are shown
in Fig. 3.5 and Table 3.1. The mounting plate (Part 7) is a fictitious boundary at
which a fixed temperature equal to that measured at a corresponding point on the
cathode tube is specified. In reality the cathode is attached to an aluminum block
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0.5" further upstream.

800 1000 1200 1400 1600 1800 2000 2200
0.1

0.2

0.3

0.4
Tantalum total hemispherical emissivity

Figure 3.4: Ta total hemispherical emissivity from [7].

The heater coil is manufactured with an inner diameter slightly smaller than
the cathode tube outer diameter so it presses against the tube when installed
around it. Because the heater and cathode tube are both made of pure Ta and are
pressed together, during operation at high temperature they eventually fuse to each
other. This interaction between the two parts was modelled with a point contact
between the individual heater coils and the cathode tube. Thermal conductivity
and total hemispherical emissivity values for the different materials used in the
cathode construction were obtained from the literature and the references are
shown in Table 3.1. Tantalum total hemispherical emissivity is shown in Fig. 3.4.

3.3.2.2 Thermal modelling

In the present work the thermal model of the cathode assumes axisymmetry
(2D model), as shown in Fig. 3.6. The only component that is not axisymmetric in
reality is the heater, which is made from a long cable, thus, there is heat conduction
along the heater length. In the model the heater is made of 19 tori arranged
along the axis of symmetry of the cathode, starting from the one that is most
downstream. The heater consists of three components, the inner wire, insulator

- 71 -



3.3. Methods P. Guerrero

1
2

3

4 5 6

7

1
2

3

4 5 6

7

Figure 3.5: Cathode geometry.

Table 3.1: Summary: cathode parts and materials

Part number Name Material Material properties

1 Insert LaB6 [8, 9]
2 Cathode tube Ta [7, 10]
3 Orifice plate W [10, 11, 12, 13]
4 Heater Ta and Al2O3 [7, 10, 14]
5 Radiation shielding Ta [7, 10]
6 Keeper C [15, 16]
7 Mounting plate Al 6061 [17, 18]

Figure 3.6: Axisymmetric model of the hollow cathode.

and outer sheath. It was assumed that those three components are in perfect
thermal contact, as they are manufactured with a swaging process.

The insert is assumed to be non-porous and in perfect thermal contact with
the orifice plate. The orifice plate was modelled as having perfect thermal contact
with the cathode tube. The radiation shielding was modelled with 5 layers instead
of 10 as it is in reality. This reduction in the number of shields is a way to
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approximate the thermal contact between layers, which we found was necessary
to match measured temperatures. Each radiation shield was modelled using
“Heat Transfer in Thin Shells” where the governing equations associated with the
thermally thin approximation are implemented (no temperature gradient across
the layers). The radiation shielding used was 0.001" thick. Additionally, the
radiation shields were observed to have darkened during cathode operation. We
believe this darkening is associated to the adsorption of a chemical during the high
temperature operation of the cathode. In order to account for this darkening effect
on the radiation properties of the shields, we added 0.2 to the literature value
for the emissivity curve of Ta (εTa) on these layers, this configuration is named
the baseline thermal model. The sensitivity to this parameter was studied with a
second model which assumed the emissivity was higher by 0.4 (i.e., an additional
0.2 increase above values used in the baseline case), see Results section 3.4. The
graphite keeper emissivity was assumed to be unity.

All the components were modelled from the radiation standpoint as diffuse gray
surfaces (no wavelength dependence of emissivity). The hemicube approximation
was used to compute the form factors, taking into account shadowing effects.
A value of 256 (COMSOL default) was used for the radiation resolution, a
parameter which controls the accuracy of the method [19, 20, 21]. We are using
axisymmetric geometry, therefore, the 2D geometry needs to be virtually revolved
to create a 3D one where values for the mutual irradiance and view factors can be
computed. 128 azimuthal sectors (COMSOL default) were used for this process.
The thermal solution sensitivity was studied against grid refinement (Fig. 3.7),
radiation resolution, and azimuthal sectors. The outcome of that analysis showed
that the temperature distribution does not change significantly with increasing
radiation resolution and the number of azimuthal sectors, see Fig. 3.8 and 3.9.
The values used for the baseline thermal model are shown in the figures.

3.3.2.3 Thermal fluxes – the interface with the plasma solver

Heat from the plasma is input into the model as heat fluxes along the surfaces
shared by both codes. These surfaces are highlighted in red in Fig. 3.10. The
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Figure 3.7: Dependence of the maximum temperature of the insert surface with
the total number of elements in the Comsol thermal model.

approach followed for this interaction is based on extracting the heat fluxes from
the plasma at every grid point of the plasma boundary and interpolating their
value at every grid point of the thermal model boundary. The total heat input
into any surface was used to check the success of the approach.

3.3.3 Thermal model validation

The COMSOL thermal model was validated with measured temperatures at
five cathode heater power levels (P = 124.53, 157.19, 192.62, 229.9, 267.78 W,
see Fig. 3.12). Seven thermocouples were used to measure the temperature in
the positions shown in Fig. 3.11. Two of those thermocouples (TC6 and TC10)
provided boundary conditions for the thermal model, the other five were used to
compare experimental with simulated thermal results.

The heater was powered with a DC power supply. The current was measured
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Figure 3.8: Dependence of the maximum temperature of the insert surface with
the number of azimuthal sectors used in the COMSOL thermal model.

with a shunt placed along the heater circuit which provides 10 mA accuracy.
The voltage of the heater was measured at the vacuum feedthrough. There
is approximately 2 m of cable connecting the feedthrough to the heater. The
resistance of that cable was measured and used to correct for the voltage drop
along the cables when the heater is powered. The voltage measurement has an
accuracy of 50 mV. A Keithley 2400-C sourcemeter was used to calibrate the
data acquisition system. In the thermal model, the distribution of power over
the heater was modeled by calculating the Joule heating produced in the inner
conductor of each coil using the temperature-dependent electrical resistivity [22]
for a given current. The current was varied until the sum of the power dissipated
in the coils matched the experimental value. Thus, the current necessary to match
the measured total power is self-consistently obtained during the thermal model
simulation and a more realistic distribution of power is simulated. The error
between simulated and measured current was between 4.3% and 7.9%.
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Figure 3.9: Dependence of the maximum temperature of the insert surface with
the radiation resolution used in the Comsol thermal model.

There is a section of the heater (see Fig. 3.11) that is not included in
the thermal model but consumes part of the heater input power. The power
associated with that part of the heater was estimated using a linear variation of
the temperature along the heater lead and electrical resistivity from [22]. This
calculation yielded 5% as the maximum percentage of the power associated with
the part of the heater not modelled. In order to take into account the effect of this
portion of the power input, five more thermal simulations were performed with
power reduced by 5% from the measured power. With those extra five temperature
distributions we can bound the effect of not including that portion of the heater
in the model.

The results of the described thermal model validation process can be observed
in Fig. 3.12. There are 10 plots in total. The five plots on the top show absolute
temperature for TC1, TC2, TC3, TC11, TC12 for the five power levels. The
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(a) Thermal model results and a schematic representation of the internal plasma.

(b) Surfaces where the plasma heat fluxes are input into the thermal model geometry
(highlighted in red).

Figure 3.10: Representation of the cathode thermal model, plasma and surfaces at
the interface.

experimental results are shown in blue (temperature measured with thermocouples
in the cathode). The COMSOL thermal model results are shown in red. The
results of the COMSOL thermal model when 95% of the heater power is input
instead of the experimentally used power levels are shown in green. The five plots
on the bottom show the differences between simulated and experimental results.
Bar plots show the rated thermocouple accuracies.

Assuming the thermocouples measured the correct temperature value, the
COMSOL thermal model results for TC1, TC2 and TC3 produce a maximum of
∼60 ◦C absolute error. This error is reduced to a maximum of ∼31 ◦C for TC11
and TC12.
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Figure 3.11: Location where the thermocouples were installed.

3.3.4 Hollow cathode plasma model (text by Dr. Yiangos Mikellides,
coauthor in the paper.)

All plasma simulations presented herein have been performed with the 2D
axisymmetric solver of the partially ionized gas in hollow cathode discharges called
OrCa2D.

The physics models, conservation equations and numerical methods in OrCa2D
have been described in detail in previous articles [23, 5, 24, 25] and will only be
described briefly here. The code solves the conservation laws for three species in
the partially-ionized gas: electrons, xenon ions and xenon neutrals. It is assumed
that only singly-charged ions are present and that quasi-neutrality prevails except
inside sheaths which are handled with appropriate boundary conditions. The
Navier-Stokes equations are solved for the neutral gas only inside the cathode up
to a “transition boundary” at which the method to obtain the solution changes to
a collisionless approach that assumes neutrals follow straight-line trajectories [26].
The Euler equations for mass and momentum of ions are solved in the entire
computational domain. A separate energy equation is solved for the ions, allowing
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Figure 3.13: Schematic of the computational domain (blue dashed outline) used in
the OrCa2D simulations, in a region near the cathode electrodes and plume (not
to-scale).

for distinct temperatures for the two heavy species. Ionization, charge exchange
and electron-ion collisions are accounted for in the equations and modeled either as
source or drag terms. The solution for the electrons is obtained from a combination
of Ohm’s law, energy, and current conservation equations. An idealized model for
the anomalous enhancement in the resistivity, which is now known to occur in the
cathode plume [27, 28] due the excitement of ion acoustic turbulence (IAT) there,
is included in Ohm’s law. The model is based on the formulations of Sagdeev and
Galeev (S&G) [29] and is described in more detail in a paper by Mikellides, et
al. [30].

The emitted electron current density from the insert is specified according
to the Richardson-Dushman equation for thermionic emission [31]. The emitter
temperature is implemented as a boundary condition in OrCa2D using a 4th-
order (or lower) polynomial that provides the temperature as a function of axial
position along the emitter. The field-enhanced emission due to the Schottky effect
is included, and its implementation in OrCa2D is described in [32]. The work
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function must be provided and its value depends on the specific case studied.
It is important to emphasize that net emission is determined not only by the
emission current density but also by the current density of electrons and ions
that are adsorbed by the emitter wall. This is also accounted for in OrCa2D as
described in [23, 5]. For boundaries that are electrically conducting, electron and
ion collection is accounted for in both limits of ion-attracting and an ion-repelling
sheaths. This boundary condition was described in detail in [33]. At the anode,
current is collected as specified by the discharge current. It is also assumed that
ions become neutralized after they strike it and return back to the computational
region as neutrals with a thermal speed that is based on the specified temperature
of the anode.

In the experiments that provided the conditions and measurements for the
cathode investigated here, a cylindrical anode was used [6]. The OrCa2D computational
domain in the vicinity of the cathode plate and near plume is outlined in Fig. 3.13.
The full domain from a representative simulation of the cathode is shown in Fig. 3.14.
The two figures also provide naming conventions for the various cathode components
and boundary conditions that are relevant to this study. The inlet boundary is
defined to be at z = 0 in the domain. The keeper was set to collect no net
current (i.e. it was floating), which was accounted for in the simulations through
appropriate boundary conditions. A zero-current condition also was specified at
the out-flowing boundaries (Fig. 3.14). A magnetic field was not applied in the
experiments or the simulations.

The highest Xe+ number density expected in the cathode is on the order of
ni_max = 1021 m−3. Using that estimate for the plasma density, the photon mean
free path based on the Planck opacity or the Rosseland opacity is much larger than
10 cm and 2.5 m respectively [34, 35]. Thus, the plasma is considered transparent
and it does not interact with the thermal radiation mechanisms described above.

At every global iteration step, a new temperature profile is input to the plasma
solver. OrCa2D was configured to find the plasma solution that provides the
keeper voltage that matches the experimentally measured value of VK. Then, the
new heat fluxes associated with the converged plasma solution are input into
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the thermal model in order to generate an updated temperature profile for the
insert (Tinsert(z)). This is one of the many approaches that can be used to update
the plasma solution at every iteration. This approach provided the most stable
convergence in the global sense because the plasma solution is always close to the
one that matches the experimental value of VK, and only the heat fluxes are being
influenced by the small changes in the plasma distribution and the updated value
of the work function.

During the simulation, the evolution of the plasma solution is monitored by
several numerical probes positioned throughout the computational domain. A
convergence criterion has been implemented in OrCa2D that is based on the
time-averaged computed variables. The algorithm computes the percent change in
the main plasma variables within a specified time increment, from all numerical
probes. The simulation is terminated when the maximum percent change is less
than 10−6. The MATLAB® framework was built to be able to manipulate this
convergence criterion as needed. The current configuration requires the plasma
solver to produce more accurate results as the global simulation gets closer to the
self-consistent solution. This strategy optimizes global convergence computational
time without affecting the fidelity of the final solution.

Initial plasma solution for the coupled plasma-thermal simulations

To start the coupled plasma-thermal simulations an initial solution of the plasma
must be provided. This is obtained with OrCa2D as follows. The mass flow rate
and discharge current are required as inputs to the simulation. They are therefore
specified directly in the code based on the conditions under which the experiment
was conducted, namely 13 sccm and 25 A. To achieve the specified discharge
current, an iteration is performed on a single coefficient that determines the level
of resistivity enhancement due to the IAT in the cathode plume, as described in
more detail in Mikellides, et al. [36]. The discharge voltage is set in the simulations
at 25 V to match the experiments. The temperature along the emitter Tinsert(T) is
specified using a 2nd-degree polynomial fit to measurements discussed in Chap. 2
using three type C thermocouples, see Fig. 2.9. The simulation iterates on the
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value of the work function to obtain the measured keeper voltage of 4.2 V.

Figure 3.15: Steady-state solution for the plasma potential (φ), electron
temperature (Te) and neutral gas density (nn) from the OrCa2D simulations
with the initial emitter temperature profile shown in Fig. 3.21. The solution was
used to calculate the initial heat fluxes for the coupled plasma-thermal simulations.

3.3.5 Plasma model validation (text by Dr. Yiangos Mikellides, coauthor
in the paper.)

Unlike general-purpose computational tools, such as commercial computational
fluid dynamics (CFD) and scientific magneto hydrodynamics (MHD) codes, OrCa2D
was developed to simulate a very specific problem, namely the hollow cathode
discharge. A main reason for developing a new code to do this was that the physics
that drive the discharge are uniquely diverse in these devices and span a wide range
of spatial and temporal scales. Hence, it became evident very early that attempts to
model the problem using general-purpose tools, or some modified version of them,
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would be futile and that a tailored mathematical and numerical approach had to
be developed from scratch. A consequence of this is that the ability to validate
the strongly-coupled governing physics models, or even subsets of these models,
using existing analytical solutions were very limited. Thus, OrCa2D’s validation
has been pursued largely by direct comparisons with laboratory measurements,
which themselves carry uncertainties of varying degrees. Because neither the
simulations nor the experiments performed to validate them are straightforward,
the comparisons between the numerical results and the laboratory measurements
have varied. A typical example is provided in Figs. 3.16, 3.17 and 3.18, which
shows comparisons between OrCa2D and experimental results for two very different
hollow cathodes [32]. In the small cathode (bottom), called NSTAR DHC, the
agreement between electron number densities was well within the uncertainty of
the measurement whereas in the larger cathode the simulation under-predicted the
measurement in the interior by about a factor of 1.7 (see Fig. 3.17). Despite this
discrepancy, the agreement with the plasma potential and electron temperature
in this same cathode was found to be less than 10 % and 25 %, respectively (see
Fig. 3.18).

Development of the code began in 2004 and since then it has been used to
simulate numerous hollow cathodes, operating under a wide range of conditions [23,
5, 37, 24, 33, 25, 38]. In most cases, each investigation focused on a given geometry
at a fixed or a range of operating conditions to elucidate specific physics such
as electrode erosion [23, 24, 33], emission and related sheath physics [37, 5],
power deposition and thermal response of the cathode[2, 39, 37], effects of neutral
gas viscosity [25], BaO material transport[40, 41], operation at high discharge
currents [32], and electron transport due to ion-acoustic turbulence [42]. In
many cases, especially early in the development of OrCa2D, comparisons between
simulations and laboratory measurements helped advance the physics models,
thereby improving the fidelity of the code. Occasionally, even with the more
accurate models, larger discrepancies would be obtained in one cathode compared
to another (such as those shown in Fig. 3.16). Since the code solves the same
governing equations for every cathode, part of these discrepancy variations were
due to uncertainties that are difficult to quantify, for example in the inputs to
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Figure 3.16: Comparison of a LaB6 hollow cathode operating at 100 A and 12
sccm with a BaO cathode (called NSTAR DHC) operating at 13.3 A and 3.7 sccm.
OrCa2D simulation results for the electron number density showing the significantly
different geometries of the two cathodes. Also shown are representative electron
current density streamlines. [2]

the simulations and/or in the laboratory measurements, and/or due to subtle
differences between simulation and experimental setup. For example, in Fig. 3.16,
the emitter temperature (a required boundary condition for OrCa2D), was not
known as well in the 100-A cathode as it was in the 13.3-A cathode, which the
authors identified as a possible source of the discrepancy in the density.

Based on the wide range of cathode geometries and operating conditions that
OrCa2D has simulated, and the many comparisons with laboratory measurements,
the developers of the code estimate that in the absence of errors associated
with discrepancies in the experimental setup and/or uncertainties in the material
properties (such as emission characteristics), the uncertainty of the solution in the
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Figure 3.17: Comparison of the electron number densities along the centerline of
the two cathodes between theory and experiment. [2]

Figure 3.18: Comparison of the plasma potential and electron temperature along
the centerline of the 100-A LaB6 cathode. The density comparison is repeated for
reference. [2]
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cathode interior is less than 25% for the plasma potential and electron temperature
and less than 50% for the plasma density.

3.3.6 Heat flux model

The inner region plasma consists of three fluids – neutrals, electrons and ions.
Depending on the operating point of the cathode, different fluxes of those species
reach the internal cathode surfaces exposed to the plasma. These fluxes heat the
cathode, thus maintaining operating temperatures. The heat fluxes are computed
following Eqs. 3.4, 3.5, and 3.6

Ûqther = − jther φ (3.4)

Ûqe = − je−return (2Te + φ) (3.5)

Ûqi = ji−return
(
α0EAC f (β) (φsheath + Te/2) + αISC ENC

)
(3.6)

where Ûqther, is a cooling heat flux term due to electrons going over the work
function barrier of the insert. Ûqe and Ûqi are heating terms associated with the
return current of electrons and ions. jther is the thermionically emitted electron
current density defined in Eq. 3.1. je−return is the return current density of electrons.
ji−return is the return current density of ions. φ is the work function of the insert.
Te is the electron temperature at the sheath edge. φsheath is the potential of the
sheath. αISC is the ion survival probability. α0EAC is the energy accommodation
coefficient for normal-to-the-surface angle of incidence β. f (β) is the function that
models the dependence of the energy accommodation coefficient with ion-surface
incidence angle. ENC is the energy associated with the neutralization event, with a
maximum possible value equal to the ionization potential of the first excited state
of the gas minus the work function of the surface.

In the cathode used in this study, the main thermal load consists of ions
returning to the cathode, accelerated in the sheath and pre-sheath. The main
cooling load comes from the thermionic emission of electrons into the plasma. The
emitter and the orifice plate receive approximately the same net heat load. The
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next relevant heat load is received by the keeper. The electron heating effect is
insignificant given the low electron return current collected.

The total amount of energy that ions returning to the cathode bring with
them consists of the energy picked up as the ions are accelerated through the
potential of the sheath ji−return φsheath, their thermal energy ji−return Te/2 (due to
the plasma potential drop in the pre-sheath), and the ionization potential (IP) of
the specific gas used, in our case, xenon [43]. The exact amount of heat transferred
to a surface when an ion collides with it depends on the following factors: ion
survival probability, energy accommodation factor, and neutralization mechanism.

The ion survival probability αISC quantifies the probability that an ion will be
neutralized when it interacts with a surface. In our case, the low energy of the
noble gas ions returning to the surfaces of the cathode (< 50 eV) indicate that we
can assume 0% probability of ion survival rate (αISC = 1) [44].

The return current of electrons is estimated following classical sheath theory
[43]. Returning electrons heat the material by the work function as they descend
through the potential barrier of the surface. They also transfer their kinetic energy,
computed as the flux weighted average kinetic energy [2].

3.3.6.1 Energy accommodation coefficient

The energy accommodation coefficient αEAC depends on the inelastic behavior of
the interaction between ions and the atomic structure of the surface, therefore,
it is a function of the energy and incident angle of the ions with respect to the
normal of the surface (β). αEAC only affects the potential and thermal energy of
the ions, where α0EAC is the energy accommodation factor for normal ion incidence
and f (β) is the function that accounts for deviations with respect to the normal.
In this work, we only use the canonical form of f (β) = cos(β) as the ions become
merely perpendicular to the surface due to the strong action of the sheath, and
therefore, the results are basically insensitive to the functional form of f (β).

The energy accommodation coefficient (EAC) strongly depends on the mass
ratio (µ) between gas ions and surface atoms. The EAC is different for ion-surface
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Figure 3.19: EAC as a function of ion-surface mass ratio and ion energy. Data
from [45].

interaction and neutral-surface interaction. To our knowledge, there are no data
available in the literature for the system Xe+−LaB6 in the energy range of interest
for this work. In order to bound the effect of the EAC in our case, we extrapolated
the results of the only data available for the interaction between low energy ions
and polycrystalline surfaces [45], see Fig. 3.19. In our case, Xe ions interact with
LaB6 crystals. Depending on the crystal, the interaction will occur with lanthanum
atoms (when the crystal is purely terminated in La, like the crystal (001)) or a
molecular form of LaB6, depending on how many boron atoms participate on the
interaction. In the case Xe+−LaB6, µXe+−LaB6 = 0.64 and in the case Xe+−La,
µXe+−La = 0.95. According to Shuvalov’s experimental data, the EACXe+−LaB6 for
ion energies lower than 50 eV must be lower than 90% and higher than 75%.
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3.3.6.2 Neutralization model

The energy associated with the neutralization event is accounted for in ENC. There
are two possible families of neutralization mechanisms based on how many steps it
takes for the neutralization event to be completed: single or two step. The selection
of mechanism depends on the surface internal electron density distribution where
the ions collide, and on the energy level of ionized and first excited neutral states
of the incoming ion.

One step neutralization model

Among the single step neutralization mechanisms only two are applicable to the
case where low energy ions impact solid surfaces: resonant tunneling neutralization
and Auger neutralization. The leading theory describes resonant neutralization as
the dominant mechanism by which low energy ions neutralize upon interactions
with conductive surfaces [46]. Auger neutralization can still exist in this case,
with a much smaller probability. Only when the density of states (DOS) in the
solid is not aligned with the energy levels in the ion, Auger neutralization takes
a dominant role. This is the case when He+ interact with metals. In our case, if
the neutralization event between Xe+ and LaB6 occurs following a single step, it
will most probably do it by resonant neutralization. In this case, incident xenon
ions are neutralized as they come closer to the surface by tunneling an electron
from the appropriate energy band of the solid into an energy hole of the ion,
thus creating a ground state xenon neutral. In this case the energy given to the
surface is the ionization potential of xenon minus the work function of the surface
ENC = IP −WF, where IP = E(Xe+) − E(Xe0).

Two step neutralization model

The alternative neutralization model consists of resonant neutralization to the first
excited state of xenon (Xe∗) followed by Auger de-excitation to the ground state
of xenon (Xe) [47]. This mechanism is only possible if the work function of the
material is low enough, thus allowing electrons from the appropriate energy level in
the material to fill the respective energy hole in the ion, creating an excited neutral.
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In the case of xenon, the difference between the ionized and the first excited state
is E(Xe+) − E(Xe∗) = 3.81 eV [48]. This means that only the emitter surface can
be modelled with this two step neutralization model, as the other surfaces are pure
metals and their work function is greater than 3.81 eV. The probability of creating
excited neutrals is higher than creating ground state atoms because electrons have
to tunnel through a lower potential barrier.

In the first step, the amount of heat exchanged between the ion and the surface
is due to the transfer of one electron per ion neutralized, E(Xe+) − E(Xe∗) −WF.
During the second step, the excess of energy contained in the excited xenon neutral
relaxes to the ground state xenon neutral by transferring that energy to the solid.
The electrons in the solid will then be excited with this energy. Depending on
the distribution of the energy in the solid, a different population of electrons
will be excited and a portion of them will be emitted by means of Auger de-
excitation. We model that yield with a parameter, γAuger. In summary, the total
amount of energy deposited in the solid due to neutralization per ion strike is
ENC = IP −WF − γAuger

(
E(Xe∗) − E(Xe0)

)
.

As a side effect, electrons are emitted from the solid at a rate jAe = γAuger ji−return.
These electrons get accelerated away from the emitter by the emitter sheath. This
component was accounted for in OrCa2D when computing the net charge exchange
at the emitter surface. To date, there does not exist a theory or simulation
capable of estimating the value of γAuger given specific ions and solids. However,
it is possible to experimentally quantify it. To our knowledge, this has never
been measured for the combination Xe+−LaB6. Values below γAuger = 3 have
been measured for several noble gases at different charge states interacting with
tungsten [49].

3.3.7 Iterative solution (text by Dr. Yiangos Mikellides, coauthor in
the paper.)

As noted earlier, the plasma solution in Fig. 3.15 is used to calculate the
initial heat fluxes for the coupled plasma-thermal simulations. During the coupled
simulations the approach to obtain the steady-state OrCa2D solution at each
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intermediate global iteration remains essentially the same. The exception is that
at each iteration a new polynomial fit to the emitter temperature is defined at the
OrCa2D emitter boundary, based on the solution provided by the thermal model.
With the newly defined temperature, OrCa2D then proceeds to obtain the new
steady-state solution by performing the two aforementioned iterations in parallel,
namely on the anomalous transport coefficient to attain the specified discharge
current (25 A) and on the work function to attain the measured keeper voltage
(4.2 V).

Initializing the coupled plasma-thermal model with the aforementioned plasma
solution produces the evolution of temperature Tinsert(z)i and T ′insert(z)i at every
global iteration step i, as shown in Fig. 3.20.

3.4 Results

We employed the novel scheme described above to study the self-consistent
solution of a LaB6 cathode running at JD = 25 A and ÛmXe = 13 sccm with the
experimentally measured values of VK = 4.2 V and VD = 25 V for the keeper
and discharge voltage. In the simulations presented here, the plasma convergence
criterion was set to 0.002%.

3.4.1 Baseline thermal model, α0EAC = 1, one step neutralization

The self-consistent solution
(
Tinsert(z)i = T ′insert(z)i

)
is shown in blue in Fig. 3.21

for the baseline thermal model. The modelling approach for the heat fluxes assumes
α0EAC = 1 and f (β) = 1. The neutralization mechanism is the single step resonant
neutralization to Xe0 and the work function profile along the insert is constant. In
this case the work function converged to 2.55 eV and the net return current was
19.76% of the discharge current.

Notably, the converged insert temperature profile does not match the thermocouple
measurements, with the solution predicting higher temperature (∼150 ◦C) than
that measured with thermocouples. The thermocouple measurement approach
was thoroughly analyzed in our previous work [6], and we concluded that the
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Figure 3.21: Converged temperature results for the baseline thermal model.
Experimental values shown for comparison.

discrepancy observed in the coupled converged solution cannot be explained by an
inaccuracy of the temperature measurements. Therefore, we conclude that this
discrepancy must the result of modelling inaccuracies in either the plasma, heat
flux or thermal models.

3.4.2 Sensitivity to errors in plasma model results

We did not perform a sensitivity analysis for the plasma model as such analysis
is outside the scope of this work. However, the heat fluxes are primarily dictated
by the return and thermionic currents which are coupled with the plasma solution.
It is of interest for future work to thoroughly study the dependence of the heat
fluxes on the assumptions and sensitivities of the different variables involved in
the definition of the plasma solution.
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3.4.3 Sensitivity to thermal model assumptions

To understand the sensitivity of the thermal model to the different parameters
that define it, we studied the impact of parameter variations from the baseline
thermal model. The most sensitive parameter in the cathode thermal behavior
is the value for the total hemispherical emissivity of tantalum (εTa). εTa is
used to model the radiation properties of the cathode tube, the heater and the
radiation shield. εTa in the literature is obtained for pure polished material. We
observed darkening of different Ta cathode components, indicating impurities, that
may increase the actual value of the emissivity. The darkening was particularly
prominent on the radiation shielding, therefore, we used a value of εTa + 0.2 for
this component in order to obtain the agreement shown in Fig. 3.12. This value
was also used in the baseline simulation shown in Fig. 3.21.

We created a new thermal model to understand how the baseline thermal model
validation is impacted by the increase of the emissivity that defines the radiation
properties for some of its components. This new thermal model underestimates
the global thermal losses of the cathode, and therefore, for any given power input,
the temperature distribution of the inner region (insert region) is colder than the
experimental values, see Fig. 3.22. The only difference between this thermal model
and the baseline is that we have added 0.4 to the εTa from literature in the material
properties utilized to model the radiation shield, as opposed to 0.2 used in the
baseline.

In Fig. 3.22 we have simplified the validation results by removing the absolute
values of the experiments and simulations that we showed in Fig. 3.12. As TC1,
TC2 and TC3 give very similar results due to their physical proximity, we only
show results for TC2. We have also removed the two simulation series 100% P

and 95% P, and only show the mean temperature simulated by both. Results
for this thermal model show that TC2 is cooler than the experimental results
by a minimum of ∼30 ◦C and a maximum of ∼110 ◦C. In addition, the new
thermal model estimates ∼70 ◦C cooler temperatures for all power levels than
those for the baseline.

In order to estimate the sensitivity of the coupled system to inaccuracies in the
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Figure 3.22: COMSOL thermal model validation results. Comparison between
thermal model baseline and modified version with 0.4 addition to the emissivity of
the radiation shield.

thermal model, we varied two parameters and ran the global simulation until the
converged solutions of the system were found. These included εTa (20% increase
with respect to the literature values) for every Ta component, and εTa used in the
definition of the radiation shield (0.2 increase above the value used in the baseline).
Results are shown in Fig. 3.23.

When we increase the value of the emissivity for modelling the radiation shield
by 0.4 above the literature values, we are effectively overestimating the losses in
the cathode as shown in Fig. 3.22 by the cooler response of the insert. However,
that does not affect the response of the coupled solution significantly (∼6 ◦C),
see Fig. 3.23. This occurs because in the coupled system, the overestimation of
the thermal losses creates a temperature solution that results in lower thermionic
emission. In this case the plasma solution cannot converge given that the total
discharge current of 25 A cannot be satisfied. Therefore, the new plasma solution
(self-consistent with this perturbed thermal model) is different than the one for
the baseline thermal model.

A more significant overestimation of the losses was performed by using 120% of
the literature values for the Ta emissivity for every Ta component in the cathode.
The response of the converged solution using this modified thermal model was still
not significantly cooler (∼24 ◦C). Therefore, the discrepancy between the converged
global simulation results and the experimental values cannot be explained by any
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Coupled simulation results. Thermal model sensitivity analysis.

Figure 3.23: Converged temperature results for the baseline thermal model.
Thermal model sensitivity analysis. Experimental values shown for comparison.

reasonable modification of the cathode thermal characteristics that result in an
increase of the thermal model heat losses.

3.4.4 Sensitivity to plasma model parameters

The discrepancy between the predicted and observed temperature values could
also be related to inaccuracies in the plasma solver results due to sensitivities in
the input parameters defining the cathode operating point. The plasma solution
depends on four experimentally measured variables and the modelling techniques.
The four empirical variables – ÛmXe, JD, VD, and VK – were measured with accuracies
that do not affect the final solution significantly. However, the solution of the
coupled system strongly depends on the value of VK. VK is ultimately used to find
the work function at every global iteration step. We studied the sensitivity to VK
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Figure 3.24: Converged temperature results for the baseline thermal model.
Sensitivity analysis for VK. Experimental values shown for comparison.

by reducing it to 3.5 V (0.7 V less than the actual measurement). Results are
shown in Fig. 3.24.

The self-consistent insert temperature solution was reduced by ∼30 ◦C in
this case. This result suggests that inaccuracies in VK modelling are not a likely
explanation of the observed difference between experimental and modelling results.

3.4.5 Sensitivity to energy accommodation coefficient

The results also showed that the solution is indeed insensitive to f (β) and if
α0EAC = 0.75 at every surface of the cathode, the converged solution does not agree
with the experimental values as shown in Fig. 3.25. The temperature distribution
at convergence is in this case (∼74 ◦C) cooler than the one obtained for the baseline
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Figure 3.25: Converged temperature results for the baseline thermal model.
Sensitivity analysis for EAC. Experimental values shown for comparison.

thermal model.

3.4.6 Sensitivity to work function distribution

In this work we also studied the dependence of the self-consistent solution on
work function distributions along the emitter (φ(z)). This study was motivated by
the observation of discoloration along the emitter, suggesting chemistry evolution
due to plasma interaction which could result in such axial variations in the
work function. The impact on the magnitude of the work function or its spatial
dependence is difficult to capture experimentally, as we cannot measure the work
function or the chemical state of the surface while the cathode is running. However,
to get an initial estimate of the sensitivity of the self-consistent solution to work
function distributions, we decided to study the effect of linear and parabolic work
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Figure 3.26: Work function profiles studied in this work.

function profiles whose mean magnitude is adjusted according to the self-consistent
model needs. The amplitude of those profiles is 0.2 eV, value chosen arbitrarily
to get an initial estimation of the sensitivity of the solution to a plausible real
scenario, see Fig. 3.26. We use α0EAC = 0.75 for all the work function profiles
studied.

The self-consistent solutions show that the temperature distribution is not
greatly affected by the work function profiles utilized in this study. The net
effect on the insert temperature for Profile 1 in Fig. 3.26 is a shifted temperature
distribution ∼30 ◦C cooler than the solution with constant work function profile.
Similarly for Profile 3, it is ∼25 ◦C cooler. For profiles 2 and 4, the shift is towards
higher temperatures, by ∼20 ◦C.
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Figure 3.27: Converged temperature results for the baseline thermal model.
Sensitivity analysis for work function distributions. Experimental values shown
for comparison.

3.4.7 Sensitivity to neutralization model

Amuch better agreement was found when the two step neutralization model was
employed. In this case, γAuger = 0.85 (α0EAC = 1) was sufficient to find a reasonable
agreement with the experimental results, with work function convergence at 2.27 eV.
Similar agreement was found when γAuger = 0.5 and α0EAC = 0.8, in which case the
work function is 2.25 eV.

3.5 Discussion

The converged solution is defined by the COMSOL thermal baseline model and
the OrCa2D plasma solution necessary to match VD and VK at the operating point
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Figure 3.28: Converged temperature results for the baseline thermal model.
Sensitivity analysis for EAC and neutralization model. Experimental values
shown for comparison.

utilized in this test case. Coupling both models imposes an additional constraint
in the solution, therefore, one less degree of freedom is available. Thus, φ and
Tinsert(z) are the inherent results of this coupled system.

We have shown in Fig. 3.20 that the simulation approach is successful and
convergence occurs.

In order to find agreement with experimental measurements we need to employ
one or the other of two major assumptions. One assumption is that α0EAC is smaller
than 0.75 if resonant neutralization dominates the charge exchange process of
ions that interact with solids for every surface at the cathode-plasma interface.
However, we propose that this scenario is unlikely: accommodation coefficients
are dominated by the mass ratio between the ions and the atoms of the surface.
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According to the most extensive data set that we could find in the literature [45]
extended to the Xe+–LaB6 case, α0EAC is not expected to be lower than 0.8.

An alternative assumption that leads to an agreement between simulation
results and experimental measurements is that the ion-surface interaction is
governed by the two step neutralization process described above, with either
γAuger = 0.85 and α0EAC = 1 or γAuger = 0.5 and α0EAC = 0.8. In each case, the
work function predicted by the simulation platform is 2.27 and 2.25 eV respectively.
These values corroborate our previous finding that LaB6 inserts exposed to plasma
in hollow cathodes display reduced work function [6] with respect to the previously
reported value of 2.67 eV [3] measured in the vacuum diode configuration for
polycrystalline LaB6. The refined prediction of the work function produced with
the model includes all the effects introduced in 3.2. The most significant of them,
for the test case analysed here, is the ∼20% ion return current that the interior
cathode plasma direct towards the insert walls. The contribution of the Schottky
effect can be observed in Fig. 3.29.

Two step neutralization is a well-established process in systems comprising
low energy ions neutralizing with low work function surfaces. To our knowledge
the mechanism of Xe ion neutralization with LaB6 solids has not been specifically
addressed by empirical studies. Experimental work to confirm our model that Xe
ions neutralize with LaB6 solids following a two step neutralization mechanism in
similar conditions should be performed.

We studied the behavior of the self-consistent cathode simulation approach
with respect to work function axial distribution φ(z). The work function profiles
tested did not influence the solution to the extent necessary to find agreement with
the experimental results. The work function distribution might be non-uniform
in the cathode, but we learned that the self-consistent solution is not heavily
influenced by the studied φ(z) profiles.

The baseline thermal model could be improved upon by experimentally testing
individual components or small sub-groups of components of the cathode and
comparing the results with corresponding thermal simulations. In that manner
we can likely reduce the variability observed in Fig. 3.12 over the different power
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Figure 3.29: Contribution of the Schottky effect for the final self consistent
solutions.

settings. Those studies would focus on trying to measure a more realistic emissivity
for Ta in the actual components using a calibrated thermal camera. In addition,
an improved modelling technique could be used to simulate the radiation shield
and the contact between cathode tube and heater coils. However, given the
results of the sensitivity analysis for the overestimation of the global heat losses
of the cathode, it is not possible that refining the thermal characteristics of the
cathode will explain the difference between temperature measurements and the
self-consistent solution shown in Fig. 3.21.

Uncertainties in the plasma model should be identified and their impact in
the self-consistent solution should be quantified. This is a very challenging goal
given the number of variables involved and the inherently non-linear behavior of
the plasma model. It is not clear at this point whether or not such study can be
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accomplished within a reasonable amount of time given the computational cost of
each simulation and the number of variables to be studied.

In conclusion, in order to predict the temperature distribution of the cathode
in any configuration and operating condition we still need to identify which of the
mechanisms studied here are in fact occurring in the cathode and to what extent
they affect the cathode. Experimental work is necessary to obtain that knowledge.
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C h a p t e r 4

LAB6 HOLLOW CATHODE WORK FUNCTION ENHANCEMENT:
INSIGHT INTO THE CHEMICAL PROCESSES.

4.1 Abstract

LaB6 hollow cathodes have demonstrated robust performance as electron
emitters for electric propulsion applications. In Chap. 2 we showed that cathodes
based on this material exhibit a transient thermal behavior during the first
50 hr of operation that we attributed to a reduction in the work function of
the cathode emitter. In Chap. 3 we built a self-consistent thermal-plasma model
that confirmed the reduction in the work function, estimating it at ∼ 2.25 eV.
This value is much lower than the polycrystalline work function value for LaB6

of 2.67 eV. In the present work we establish the possible chemical reasons for
such improvements and study them with chemical analysis. The hypotheses for
the reduction include crystallographic evolution of the polycrystalline sample,
phase change of the emitting surface, forced lanthanum termination of naturally
occurring boron-terminated crystals and chemical poisoning of the surface. In
order to investigate these hypotheses, we designed and built a modified insert
which contains a small portion of flat emitting surface exposed to the collisional
plasma in the cathode interior. This small piece was built to be removable
and therefore, we could extract it from the cathode and place it inside an
ultraviolet photoelectron spectrometer (UPS) for work function measurements,
electron backscatter and an X-ray diffractometer for crystallographic measurements,
secondary electron microscope for morphology identification, and a profilometer
for topology characterization. The results from these analyses allowed us to
characterize the morphological and chemical modification resulting from the action
of the plasma on the emitting surfaces of a LaB6 cathode running at 25 A and
13 sccm. They also aided in isolating the mechanism behind the lowering of the
work function. Work function measurements with UPS confirmed that the work
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function is reduced permanently after plasma exposure. However, there may also
be secondary factors that further reduce the work function temporarily during
operation, such as forced La termination. No phase change was observed at the
surface of the sample after cool down. Finally, we observed a crystallographic
texture formed by the action of the ions impacting on the walls of the cathode
emitter, which can explain the work function reduction. The work function
reduction due to the action of the cathode plasma is a recently found phenomenon [1]
which greatly benefits the lifetime of LaB6 hollow cathodes. As a result of
identifying the mechanism behind the reduction, we can now pre-process the
inserts that will be used in space cathodes to yield the best possible lifetime.
Similarly, we can design the geometry of the cathode to make sure the beneficial
crystallography is exposed throughout the lifetime of the cathode.

4.2 Introduction

Electric propulsion (EP) plays a crucial role in space exploration, from satellite
station keeping to deep space exploration. Ion thrusters and Hall effect thrusters
have proven to be very useful tools, allowing us to reach further into the unknown.
Furthermore, higher power technologies like the magnetoplasmadynamic (MPD)
thrusters promise to increase the application range of EP devices [2]. Hollow
cathodes are essential components for the performance of any of these thrusters,
to such a great degree, that if the cathode fails prematurely, the whole thruster is
rendered unusable.

Unfortunately, cathodes are complex devices which require a multiphysics
approach to fully understand them. At the heart of the behavior of hollow
cathodes is the cathode plasma which provides a conductive medium that connects
the electron emission source to the thruster plasma or ion beam. The electron
emitter provides the electrons necessary to sustain the cathode plasma and for
the thruster operation. The materials used as electron emitters must share
several characteristics; low work function, low evaporation rate and robustness
to propellant impurities, among others. Several materials have been selected and
tested throughout the years to be used as emitters. Two technologies are widely
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used today in electric thrusters, namely: BaO-W and LaB6 [3].

LaB6 hollow cathodes have proven to be a very robust technology after many
years of use in operating spacecraft. However, the specifics of their operational
behavior are still evading our understanding. In our previous work [1], we found
that the cathode behaves as if it had a work function lower than the classically
accepted value for LaB6 vacuum cathodes, 2.67 eV [4]. In order to estimate
precisely the work function of LaB6 in the hollow cathode configuration, we built a
coupled 2D axisymmetric plasma and thermal model [5]. Based on the final result
for the coupled system we estimate a work function of 2.25 eV for the cathode
with a 25 A discharge and 13 sccm mass flow rate of xenon. This is 0.42 eV lower
than the vacuum cathode value.

The specific mechanism responsible for the reduction in work function is of
great importance, not only from a purely scientific point of view, but also from
an engineering one. Once the mechanism for the reduction is identified, we can
potentially use it to engineer LaB6 hollow cathodes for even lower operating
temperatures throughout the lifespan of the cathode. With this new design, we
could maximize the lifetime of polycrystalline LaB6 cathodes.

The work function of a crystalline solid is a surface property of its crystals.
It is an energy barrier established by the local environment of the crystal atomic
structure at the surface. Therefore, it can be affected by numerous mechanisms. It
is challenging to isolate a singular mechanism that can impact the work function in
a given direction, because work function is determined by fine details of the atomic
structure at the material surface. We have used published results from density
functional theory [6, 7] (DFT) to elaborate the hypothetical mechanisms behind
the work function reduction in LaB6 presented in this work. We have identified
four possible mechanisms that could improve the work function of polycrystalline
LaB6:

1. Formation of a crystallographic texture promoted by the preferential
removal of high surface energy crystals by ion bombardment of the emitting
surface of the cathode. A polycrystalline LaB6 sample contains a random
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distribution of crystals. Each crystal orientation exhibits different work
function and different surface energy. We hypothesise that the action of
plasma ions upon the grains of the polycrystalline sample could preferentially
etch grain surfaces whose surface energies are high. The energy of those ions
must be below the sputtering threshold of LaB6 (∼ 50 eV), otherwise the etch
would not discriminate on the basis of surface energy. As this process evolves,
the initial random distribution of crystals at the surface of the polycrystalline
sample would evolve into a surface composed of grain surfaces that are highly
stable (low surface energy). The relation between low surface energy crystals
and low work function has been studied in the work of Uijttewaal [6].

2. Formation of LaB4 due to the re-crystallization of LaB6 in a La-rich
environment. In Chap. 2 we showed that the mean free path for evaporated
La atoms is on the order of the cathode interior dimensions, and therefore,
we expect it to be ionized. Given the cathode plasma distribution, ionized
La must be driven back to the emitting surfaces of the cathode where it
will interact with the polycrystalline surface of LaB6 responsible for the
thermionic discharge of the cathode. Given the high temperatures of the
surface and the constant bombardment with La ions, we hypothesize that
re-crystallization of LaB6 into the more metallic phase LaB4 might occur.
The work function for LaB4 is not known, but considering its highly metallic
character we expect its work function to be comparable to LaB6, or possibly
better. If that is correct, the formation of LaB4 could the reason behind the
reduction of the work function.

3. Formation of a cationic termination in otherwise naturally occurring
boron-terminated crystals. When La ions reach the surface of the insert,
they could stick to the surface like adatoms without affecting the crystalline
structure of LaB6. DFT results have shown that cationic terminations of
crystals (La terminations in compounds La-B) are responsible for the low
work function of LaB6 crystals. A polycrystalline sample of LaB6 is composed
of a mix of La and B terminated crystals, with the work function of the first
group much lower than that of the second. We hypothesize that the return
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flux of La ions could force the B-terminated crystals into their La-terminated
counterpart, yielding a reduced work function behavior of the solid.

4. Formation of a surface complex upon the interaction of LaB6 with some
undetermined chemical species outgassed from a component in the vicinity
of the emitter. There could be a chemical species evaporated from the high
temperature components that exist close to the insert that could reduce the
work function of LaB6 by the formation of a favorable dipole on its surface.
Cesium is the only well known work function enhancer for LaB6 [8]. We
do not have any source of Cs anywhere near the insert, therefore, we have
excluded that possibility. In general, other work function enhancers are
possible (metals with lower electronegativity than the one for boron). Thus,
we are not excluding this possibility entirely.

The polycrystalline LaB6 inserts used in our studies are manufactured from
LaB6 powder synthesized using carbothermal reduction [9] and subsequently
milled into 2 µm mean grain size. The powder was manufactured by Treibacher
Industrie AG. The powder was then sintered into a billet by means of hot isostatic
pressing in a Ta crucible by Exothermics Inc. Subsequently, the billet is machined
into the final shape of the emitter using electro-discharge-machining (EDM).
Throughout the synthesis of the powder, consolidation into the billet, and machining
into the final emitter shape, there is no mechanism that preferentially exposes
any one type of LaB6 crystal at the surface. Thus, the exposed crystallographic
orientation at the surface of the emitter does not show any specific crystallographic
texture; it is completely random. That is the state of the emitting surface when
the work function of polycrystalline LaB6 samples is measured by means of a
Richardson plot in a vacuum diode test cell.

In this work, we have studied the effect of the hollow cathode plasma interacting
with the emitting surface of a polycrystalline LaB6 insert. To that end we have
built a slightly modified version of the classical cylindrical shaped insert, with the
objective of exposing a flat surface of LaB6 to the plasma. We then operated the
cathode uninterruptedly for 50 hr at 25 A and 13 sccm. We have characterised
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the effect of the plasma on the surface by means of crystallographic, chemical and
morphological analyses. Upon comparison of the data obtained with the control
measurements taken in the unexposed sample, we were able to determine that
formation of a crystallographic texture likely contributes to the work function
reduction.

4.3 Methods

The objective of this work is to elucidate, from a chemical point of view, what
causes the work function reduction in the LaB6 hollow cathode configuration. We
have focused our attention on the case where the cathode is operating at 25 A
and 13 sccm. From our previous experience at this operating condition, we know
that the cathode exhibits a transient behavior during the first 50 hr of operation
and at that point, the thermal response of the cathode is very stable. Thus, we
replicated that experiment but this time we used a modified insert that could help
us understand the chemical evolution that occurs during the transients.

We prepared an experiment that consisted of exposing a polycrystalline LaB6

sample for the first time since manufacturing to Xe plasma in the cathode over a
period of 50 hr. The shut down sequence was designed to minimize any further
evolution of the thermionic surface due to the cool down transient of the cathode.
We designed a special vacuum chamber to cool down the cathode as quickly
as possible after the experiment to reduce further chemical evolution of the
thermionic surface due to high temperature (diffusion of chemicals at the surface
or recrystallization). The chamber is described in section 4.3.1. We obtained very
steep cool down rates (starting at 246 ◦C/min) and total cool down of the insert
in 5 hr. Additionally, we kept the Xe flow running until the insert temperature
reached room temperature to prevent any chemicals from the vacuum chamber
from reaching the sensitive thermionic emitter surface while it cools down from
operating temperature (> 1200 ◦C).
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Figure 4.1: Modified insert geometry used in this study. Total inner area available
for thermoemission is reduced by 1.72% with respect to an unmodified cylindrical
insert.

4.3.1 Test article and facility – insert, cathode and chamber

The cathode setup used in this experiment was described in Chap. 2 and 3.
The only difference with that configuration is the use of a modified insert geometry
in this study. The modified insert is shown in Fig. 4.1. The insert consists of
two pieces, part A and part B. Part A is held in place by its own weight in part B.
Part A can be easily placed inside part B as in Fig. 4.1 and it can also be easily
removed and transported for chemical analysis. This new geometry has an available
area for thermionic electron emission 1.72% smaller than the original insert.

The chamber in which this experiment ran has a volume of 22 × 10−3 m3 and
two 10" cryopumps arranged in opposite directions to each other (Fig. 4.2), the
cathode sits between them (Fig. 4.3).

4.3.2 Operating conditions

The cathode operating point chosen for the 50 hr test had been studied
previously and results were shown in Chap. 2 and 3. The discharge was set at
25 A and the mass flow rate at 13 sccm.
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Figure 4.2: Vacuum chamber used in the experiment.

- 119 -



4.3. Methods P. Guerrero

Figure 4.3: Cathode assembly inside vacuum chamber.

4.3.3 Surface morphology characterization – scanning electron microscopy
(SEM) and profilometry

In order to visualize the effect of the plasma on the sample of LaB6, a series of
high resolution images were obtained using a scanning electron microscope, ZEISS
1550VP FESEM. This device is located at the Caltech GPS Division Analytical
Facility. The objective was to characterize the surface before and after plasma
exposure. In SEM, accelerated electrons are forced to collide against a surface.
When the electrons interact with the sample, they are decelerated by inelastic
collisions, producing a variety of signals. One of these signals is the secondary
electron emission, which is used to produce SEM images. Backscattered electrons
are also emitted and they are mostly used for illustrating contrasts in composition
in multiphase samples.
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Figure 4.4: Test sample (part A). Depicted are the paths along which the
profilometer was used to acquire the topology of the sample.

To quantify the effect that the plasma had on the morphology of the surface
exposed to the plasma of part A (highlighted surface in Fig. 4.1), we used a
DektakXT stylus profilometer. This device is located at the Caltech Molecular
Materials Research Center. Stylus profilometers measure the surface profile of a
sample by physically moving the tip of a probe along the sample surface. The
method consists of applying a constant force to the stylus and maintaining it
through a feedback loop. The change in the height of the arm holder is then
measured and the profile can be reconstructed from the data. The radius of the
stylus is 2 µm, profile configuration was “Hills and Valleys” and the stylus force was
3 mg. We selected the best possible resolution depending on the surface roughness
present in the sample, which was either 6.5 µm or 65.5 µm peak to peak. Profiles
along five straight lines were obtained before and after the plasma exposure. Those
lines are shown in Fig. 4.4. Note that the profile could not be extended to the
edges of the sample due to limitations in the apparatus.
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4.3.4 Direct work function measurement – ultraviolet photoelectron
spectroscopy

The work function was measured directly in the test sample after plasma
exposure along Line 3 (see Fig. 4.4) in 15 different locations by ultraviolet
photoelectron spectroscopy (UPS) using a Kratos Ultra spectrometer located
at the Caltech Molecular Materials Research Center.

In UPS, ultraviolet light from a helium discharge source is shined on the location
of interest. As a result, electrons of the sample get excited and photoemitted
from the surface. By measuring the kinetic energy of the electrons emitted and
subtracting the incident photon energy, one can measure the binding energy of the
photoemitted electrons. UPS can therefore be used to measure the work function
of a sample. The work function is the energy difference between the Fermi level
and the vacuum level of a sample. The Fermi level is the highest energy level of
an electron in a sample at absolute zero temperature. The work function can be
spectroscopically acquired by measuring the difference between the Fermi level and
the cutoff of the tail at the low kinetic energy end of the photoemitted electrons
of the sample, and subtracting this value from the incident photon energy (see
Fig. 4.5).

After the 50 hr test finished, the sample was exposed to the atmosphere in
order to be transported from the vacuum chamber where the cathode was run (Jet
Propulsion Laboratory), to the UPS instrument located at Caltech. The work
function was also measured at five randomly chosen locations in a control sample.
The control sample belongs to the same billet from which the insert was extracted.
The surface of the control sample where the work function was measured was
produced by cracking a control piece of LaB6 with a pair of pliers right before
introducing it into the UPS. The exposure of that sample to the atmosphere was less
than 10 min. To account for possible area effect on the work function measurement,
we used five different focusing lenses in the UPS instrument. According to the
manufacturer of the apparatus, the different settings correspond to the following
approximate areas: 1 × 1 mm2, 110 × 110 µm2, 55 × 55 µm2, 27 × 27 µm2 and
15 × 15 µm2. We checked the calibration of this technique by measuring the work
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Figure 4.5: UPS spectra for the LaB6 test article after plasma exposure at location
z̄ ∼ 0.884 (see Fig. 4.14) obtained with aperture 110 × 110 µm2.

function of a sputtered polycrystalline gold sample at one location, using each
of the aforementioned apertures, and obtained a value which deviates from the
nominal value of 5.1 eV by less than 0.014 eV, a mean 5.086 eV with a standard
deviation 0.037 eV.

4.3.5 Phase identification – X-ray powder diffraction and electron
backscatter diffraction

X-ray powder diffraction (XRD) and electron backscatter diffraction (EBSD)
are techniques useful for the characterization of the different phases present in a
sample. Both of these techniques require flat samples to obtain meaningful results,
which drove us to the design shown in Fig. 4.1.
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EBSD is a surface analysis technique that allows quantitative microstructural
analysis in SEM up to a nanometer scale. In this method, a beam of electrons is
focused at the point of interest on a tilted sample, typically at 70° from the normal
to the surface. Upon inelastic interaction between the impinging electrons and the
atomic structure of the sample surface, scattered electrons form a divergent source
of electrons close to the surface of the sample. Some of those electrons interact with
the structure at angles that satisfy the Bragg equation: nλ = 2d sin(θ) where n is
an integer, λ is the wavelength of the electrons, d is the spacing of the diffracting
plane, and θ the angle of incidence of the electrons on the diffracting plane. The
diffracted pattern is recorded on a phosphor screen where the so-called Kikuchi
bands are recorded. Each Kikuchi band can be indexed by the Miller indices
of the diffracting crystal plane which formed it, thus enabling crystallographic
identification. By comparing the measured Kikuchi patterns with known patterns
from a database, phase identification can be obtained. Penetration depth in the
order of 10 nm is characteristic for this technique, albeit dependent on the material.
We applied this technique at locations of interest in the test sample after it was
used in the 50 hr run test. The area analyzed in each case was 1 mm2. The speed
of acquisition was 40.53 Hz and the accelerating voltage was 20 kV. The EBSD
system used was manufactured by KHL Technology and is located at the Caltech
GPS Division Analytical Facility.

XRD is another surface analysis method that provides information about the
crystalline nature of materials at penetration depth of around 10 µm. Similarly
to EBSD, XRD employs constructive interactions between X-rays and atomic
structures, producing patterns that can be recorded and used against database
information to deconvolve the different phases present in the sample. The directions
of possible diffractions depend on the size and shape of the unit cell of the material.
The relative intensities of the diffracted X-rays depend on the kind and arrangement
of atoms in the crystal structure. In order to produce a unique pattern from a
crystalline material, the atomic structure needs to be exposed to the incident X-ray
beam in every possible direction. This is obtained in practice by producing a
powdered sample from the crystalline material of interest. The powdered sample is
typically called a polycrystalline aggregate or powdered material. When a powder
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with randomly oriented crystallites is placed in an X-ray beam, the beam will
expose all possible interatomic planes. If the experimental angle is systematically
changed, all possible diffraction peaks from the powder will be detected by the
scintillation detector. By comparing the measured peak and intensity patterns
with known patterns from a database, phases can be identified. We utilized a
PANalytical X’pert3 XRD with Bragg-Brentano geometry operated by Professor
K. Faber’s group at Caltech. The data was acquired at 0.31 ◦/min.

4.3.6 Crystallographic texturing – X-ray powder diffraction

X-ray diffraction as a technique is similar to measuring the diffraction from
a single crystal that is rotated in every possible direction with respect to a fixed
incident X-ray source. From that point of view, the XRD pattern represents the
result of a perfectly random distribution of crystal orientations in the powder
sample or similarly in the polycrystalline solid sample (our test article). This
situation is described by saying that there is no crystallographic texture in the
polycrystalline solid sample. As a consequence of this, if a texture is present in
the sample, the relative intensities of the XRD peaks will change.

4.4 Results

4.4.1 Cathode operating conditions

The cathode was operated for 50 hr in the aforementioned vacuum chamber
and its performance was measured with the data acquisition system introduced in
Chap. 2. Fig. 4.6 shows the temperature of the insert measured with a Type C
thermocouple for the 50 hr test. Fig. 4.7 shows the shut down procedure and cool
down curve. Fig. 4.8 shows the main discharge voltage, current and keeper voltage
during the test. Fig. 4.9 shows the vacuum chamber pressure and Xe mass flow
rate fed into the cathode.

In Fig. 4.6 we can observe a temperature transient somewhat similar to the
one introduced in Chap. 2, Fig. 2.3. The behavior of the transient is similar in
terms of showing a fast cool down during the first 5 hr of the cathode operation
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and slower cool down during the following 45 hr. Of note, while the transients
were highly reproducible, at this time we observed a temperature at steady state
about 200 ◦C higher. Once we dissembled the cathode, we found that most of the
thermionic active area of the insert part B was coated in black, see Fig. 4.10. The
source of this contamination is most likely the graphite pusher placed upstream of
the insert. Prior to this 50 hr test, the cathode assembly (including the pusher
but excluding the insert) was thoroughly outgassed. The outgassing lasted for
∼24 hr at 1300 ◦C. It is unclear whether the outgassing procedure was insufficient
(higher temperature or longer processing time required) or this contaminant is
sputtered off the pusher walls by energetic ions. Insert temperature increments due
to carbon contamination have already been observed, see Chap. 2, Fig. 2.8 and 2.7.
We believe that this contamination is the reason for the abnormal temperature
at steady state in this test. Fortunately, the carbon contamination did not affect
the test article (part A) significantly. Nonetheless, these observations highlight an
important unsolved problem with LaB6 cathodes, namely material compatibility.
Graphite is considered as the best suited material to be in contact with LaB6

at high temperature given the knowledge available in the literature and from
practitioners in the field. This is also true given our own experience. However, in
light of the contamination issues introduced here, more work needs to be done to
perfect its utilization.

4.4.2 Morphology identification – scanning electron microscopy (SEM)

In Fig. 4.11 the microscopic evolution of the morphology of the surface of
the material can be observed. The image on the left corresponds to a surface
that was produced by electrical discharge machining (EDM) from the billet as the
test sample. On the right we can observe the test sample after exposure to the
cathode plasma for 50 hr. The most remarkable detail in the pictures is the faceted
appearance of the surface that corresponds to the area of the test sample exposed
to the high density plasma (downstream side or right hand side in Fig. 4.11). On
the left hand side of the test sample (exposed to a much lower plasma density), the
surface morphology seems to be increasing in roughness but facets are not visible.
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Figure 4.6: Thermal transient for a new insert at JD = 25 A and ÛmXe = 13 sccm
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Figure 4.10: Test sample (part B) after the 50 hr test. Sample shows carbon
contamination in most of its internal area.

4.4.3 Topology characterization – profilometry

The profiles measured along the five lines depicted in Fig. 4.4 before plasma
exposure are shown in Fig. 4.12 and for the sample after plasma exposure
in Fig. 4.13.

As can be observed, the sample roughness after EDM is on the order of 2 µm

peak-to-peak and deviation from flatness is on the order of 1 µm. The spikes in
Fig. 4.12 are small imperfections in the surface.

In Fig. 4.13 the profiles after plasma exposure show a roughness on the order
of 2 µm peak-to-peak in the upstream region of the sample (z̄ ∼ 0.1) that increases
up to 8 µm peak-to-peak in the downstream region. Furthermore, we can observe
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the profiles deviating from the upstream flat region which correspond to the mass
of insert lost due to the action of the downstream high density plasma. These
results are in agreement with the morphology observed qualitatively in Fig. 4.11.

4.4.4 Direct Work function measurement – ultraviolet photoelectron
spectroscopy

Results for the work function measurements are shown in Fig. 4.14. There are
five color bands that correspond to the work function measurement obtained in
the control sample in five randomly chosen locations. At every location, the work
function measurements were acquired five times with increasing aperture size of
the UPS.

4.4.5 X-ray powder diffraction results

XRD spectra before and after plasma exposure are shown in Figs. 4.15 and
4.16. In Fig. 4.15 it is obvious that the XRD profiles before and after the test
sample was exposed to the cathode plasma are not aligned with the lines that
represent the peak locations for LaB4. On the other hand, the match is significant
when we compare the profiles with the peak locations for LaB6, see Fig. 4.16.

4.4.6 Electron backscatter diffraction results

The results from the EBSD analysis can be found in Fig. 4.17. The phase
identification map on the left corresponds to a 1 mm2 area in the upstream end of
the test sample, whereas the one on the right corresponds to the downstream end.
As can be seen, the Kikuchi patterns belong to crystalline LaB6. The patterns were
also compared with La oxide, B oxide and LaB4. Similarly to the XRD results,
EBSD did not detect the presence of crystalline LaB4.

4.5 Discussion

Work function measurement by UPS

UPS was employed to directly measure the differences in work function at plasma-
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exposed and control areas of LaB6 inserts by UPS (Fig. 4.14). First, it is important
to note that all the measurements are above 3.3 eV, which is considerably higher
than the value of 2.66 eV for polycrystalline LaB6 obtained by Lafferty[4]. These
differences are not unexpected given that in the work of Lafferty, work function
was estimated using a LaB6 sample in a vacuum cathode configuration at high
temperature and results were extrapolated using the Richardson plot method. In
contrast, we measured the photoemission work function by UPS of a LaB6 sample
at room temperature that has been exposed to the atmosphere. We propose that
the observed differences in the absolute values of the work function measurements
are likely due to adventitious carbon or oxidation of the surface from exposure to
air after the experiment was concluded. Despite these differences, since putative
atmospheric contaminants such as carbon are constant throughout the samples,
the relative differences in work function measurements across the insert are still
comparable.

The measurements for the control sample provided work functions ranging from
3.75 to almost 4.2 eV. However, in the case of the test sample, the work function
measured at 15 locations along the emitter sample ranges from 3.3 to 3.86 eV. We
believe this is a real trend in the work function of the sample, associated with
exposure to Xe plasma. Consistent with this hypothesis, we note that the lowest
values of the work function are found in the downstream region of the insert, about
z̄ ∼ 0.8 − 0.9. This is the region which was exposed to high density plasma and
showed a faceted morphology, as can be seen in Fig. 4.11. It is reasonable to believe
that the facets shown in Fig. 4.11 could correspond to the LaB6 crystals which
exhibit lower work function. Hence, the work function observed in the downstream
end of the insert shown in Fig. 4.14 would be the effect of such texturing.

For each location, 5 apertures were used. The work function spread for each
location can reach 0.15 eV in some of the measurements, and as small as 0.02 eV
in other instances. It is unclear at this point the nature of this variability. In the
sputtered gold sample, the range was 0.094 eV.

- 138 -



4.5. Discussion P. Guerrero

Crystallographic analysis by XRD

XRD showed that LaB4 is not present in the crystalline form in the cathode sample
before or after plasma exposure. However, it is possible that LaB4 could be present
in an amorphous state after the cathode cools. Nonetheless, amorphous substances
are not faceted, as they lack lattice ordering. Given the faceted appearance of the
downstream end of the insert surface in Fig. 4.11, we do not think that it is possible
to find amorphous LaB4 in this end of the cathode. Another possibility is that
LaB4 could be present while the cathode is running but it transitions to LaB6 as the
cathode cools down. The only locations where this might exist are in the crevices
between the peaks shown in Fig. 4.11 and the upstream end of the insert. Fig. 4.18
shows a SEM picture of the surface, where crevices are easily distinguishable
and hold an apparently amorphous substance. One possibility that explains the
formation of amorphous substance in the crevices is quenching of melted material
due to the fast cool down rates obtained at cathode shut down. The melting point
of LaB6 and LaB4 are both above the cathode operating temperature, therefore,
we do not believe this is the mechanism behind their formation. An alternative
explanation is that the amorphous-looking structure in the crevices is not a sign
of lack of crystallinity but is instead a result of ion etching. Crystals with high
surface energy are more rapidly etched away than crystals with low surface energy
(highly stable). The material in the valleys has lower chances of being impacted
by returning plasma ions (as those ions can interact with the peaks on their way
to the valleys) and therefore, it takes them longer to be etched away. If this
mechanism is indeed the one occurring during the 50 hr test, it can explain the
different temperature gradients observed in Chap. 2, Fig. 2.3 and Fig. 4.6.

The peaks before and after sample exposure to the cathode plasma are shifted
relative to each other and do not align perfectly with the peak location from the
database, see Table 4.1. Small shifts of this scale are either due to different stress
states of the sample or lack of calibration in the instrument. The sample was
manufactured by hot isostatic pressing (HIP) and after the exposure to the plasma
the sample was subject to a fast cool down. It is then reasonable to believe that
different stress states appear in the sample before and after plasma exposure, which
could explain the peak shifts. Another feature worth mentioning is the double
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Table 4.1: XRD diffraction peak location analysis. Table shows location values
(in degrees) of XRD diffraction peaks for LaB6 as reported in the literature, and
as estimated in our measurements on the test sample before and after plasma
exposure.

Crystal face PLmean
ICDD PLstd

ICDD PLbp PLap E(PLbp) E(PLap)

(100) 21.37 0.0206 21.15 21.24 −0.220 −0.133
(110) 30.38 0.0035 30.15 30.28 −0.233 −0.103
(111) 37.46 0.0358 37.21 37.34 −0.255 −0.125
(200) 43.52 0.0069 43.28 43.41 −0.236 −0.106
(210) 48.95 0.0187 48.73 48.86 −0.224 −0.094
(211) 54.00 0.0173 53.77 53.91 −0.233 −0.093
(220) 63.22 0.0097 63.02 63.11 −0.197 −0.107
(221) 67.57 0.0166 67.34 67.50 −0.228 −0.068
(310) 71.78 0.0497 71.56 71.66 −0.223 −0.123
(311) 75.88 0.0514 75.65 75.75 −0.230 −0.130
(222) 79.92 0.0916 79.68 79.78 −0.243 −0.144
(320) 83.85 0.0075 83.67 83.77 −0.177 −0.077
(321) 87.86 0.1144 87.63 87.73 −0.229 −0.129

PLmean
ICDD : peak intensity mean value based on ICDD006_0401, ICDD034_0427

and ICDD065_1831

PLstd
ICDD : peak intensity standard deviation value based on ICDD006_0401,

ICDD034_0427 and ICDD065_1831

PLbp : peak location before plasma exposure
PLap : peak location after plasma exposure
E(PLbp) = PLbp − PLmean

ICDD
E(PLap) = PLap − PLstd

ICDD

peaks that appear at some peak locations, for example, in Fig. 4.19 at the (111)
crystal location. This is most likely due to the lack of perfect monochromatic X-ray
emission by the XRD X-ray source combined with the long integration times.

In Fig. 4.19 we show the comparison of the intensities of the three most
significant crystal orientations in the XRD analysis for the sample before and
after plasma exposure along with the three best quality database points we could
find for LaB6 in the ICDD database. Each set has been normalized to the peak
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Figure 4.18: SEM picture of the test sample at the downstream end.

intensity of its own (110) peak. The XRD relative intensities between peaks for a
powder sample that show no texture is a fingerprint for each material.

The relative intensity between crystals (111) and (100) based on data from the
ICDD database is Imean,(111)

ICDD
/Imean,(100)

ICDD
= 0.71 (see Table 4.2), for the test article

case prior to exposure is I(111)
bp
/I(100)

bp
= 0.96 and after is I(111)ap /I(100)ap = 3.3. The

discrepancy of this ratio for the test sample before exposure is 36 % relative to the
mean relative intensity from the ICDD data. In the case of the sample after the
exposure it is 361%. The difference in this ratio between the sample after exposure
and the ICDD data is a consequence of the development of a non random crystal
distribution at the surface of the sample, in other words, a texture has developed.
Similar results can be found by examining the rest of the XRD spectrum.
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Table 4.2: XRD diffraction peak intensity analysis. Table shows intensity values
of XRD diffraction peaks for LaB6 as reported in the literature, and as estimated
in our measurements on the test sample before and after plasma exposure.

Crystal face Imean
ICDD I stdICDD R(100)

ICDD

Ibp

I
(100)
bp

Iap

I
(100)
ap

E%

(

Ibp

I
(100)
bp

)

E%

(

Iap

I
(100)
ap

)

(100) 0.61 0.077 1.00 1.00 1.0 0 0
(110) 1.00 0.000 1.64 2.18 8.3 33 410
(111) 0.43 0.058 0.71 0.96 3.3 36 361
(200) 0.20 0.015 0.33 0.61 1.1 83 226
(210) 0.45 0.012 0.73 1.59 4.3 116 490
(211) 0.24 0.014 0.39 0.85 2.5 119 544
(220) 0.09 0.013 0.14 0.34 1.2 145 747
(221) 0.22 0.015 0.35 1.05 2.6 197 644
(310) 0.16 0.009 0.25 0.57 1.3 123 429
(311) 0.10 0.007 0.16 0.46 1.2 191 680
(222) 0.03 0.013 0.04 0.07 0.2 81 491
(320) 0.07 0.013 0.11 0.26 0.8 141 613
(321) 0.12 0.010 0.20 0.55 1.6 180 710

Imean
ICDD : peak intensity mean value based on ICDD006_0401, ICDD034_0427

and ICDD065_1831

IstdICDD : peak intensity standard deviation value based on ICDD006_0401,
ICDD034_0427 and ICDD065_1831

Ibp : peak intensity before plasma exposure
Iap : peak intensity after plasma exposure

E(X) =
(
X−R

(100)
ICDD

R
(100)
ICDD

)
× 100

R(100)
ICDD

= Imean
ICDD / Imean,(100)

ICDD

EBSD

In the downstream area analysed (see Fig. 4.17), there is a higher portion of the
data points (black areas on the image) that do not match any of the six crystalline
structures listed, compared to the portion exhibit on the upstream area. There are
three possible explanations for this phenomena: first, the pattern could belong to
a crystalline phase that we are not aware of, and therefore, we are not comparing
it with the correct pattern set from the database; second, there is no pattern due
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to the presence of an amorphous substance at the surface. Third, this data could
be due to the lack of flatness that we observed in the morphology of the surface
on the downstream end of the sample, see Fig. 4.18. In this case, the Kikuchi
patterns exist but cannot reach the EBSD detector, either because they are out of
focus, or because the projection lies outside the detection area of the apparatus.
We do not think the amorphous hypothesis is correct because the amorphous
patches that appear in the crevices of the sample have a characteristic length on
the order of ∼5 µm and the size of the unidentified regions in the EBSD image
data is on the other of ∼50 µm. We believe the effect of the surface morphology on
the back-scattered pattern is the most promising explanation. The fact that the
upstream map contains significantly fewer data points without match compared to
the downstream one and the correlation with surface roughness, suggest that the
change in morphology is behind the increase of unidentifiable data-points.

Morphology

The observed roughness at the downstream end of the insert suggests that the
effective emissive area has increased. Cathode operating temperature depends on
the total thermionic emission for the given cathode operating point, which in turn
depends on the size of the emitting area. An increase in insert surface area could
therefore result in a reduction of the cathode operating temperature. The change
in temperature as a function of surface area is shown in Fig. 2.11, Chapter 2. To
address the contribution of surface roughening to the observed lower operating
temperature at steady state (Chapter 2), we sought to quantify the insert surface
increase following plasma exposure. Based on the morphology at the roughest end
of the insert observed by SEM, we assumed a simplified model where the surface
is composed of square pyramids, see Fig. 4.20. The pyramid height (h in Fig. 4.20)
is estimated from the distance between valleys and peaks detected by profilometry
analysis Fig. 4.13. The maximum value for this distance is 12 µm. In order to
dimensionalize the size of the pyramids (a in Fig. 4.20), we used the profile of the
surface along line 3, Fig. 4.21. The profile of the downstream end of the insert
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a

h

Figure 4.20: Idealized surface morphology for effective emissive area estimation

shows that the pyramids side length is bigger than 30 µm. Assuming h= 12 µm

and a= 30 µm, the surface area is 1.28 times the nominal area; a=20 µm and
h=15 µm would result in a 1.8 times increase of the nominal area. The latter
assumption is a large overestimation, especially given that sharp roughening is only
present in the downstream end of the insert. As we showed in Chapter 2, Fig. 2.11,
even when the effective area is doubled, the expected reduction of temperature is
no more than 70 °C. Therefore, while surface roughening may contribute to lower
operating temperatures, it cannot fully explain the cathode thermal behaviour at
steady state.

4.6 Conclusions

Collectively, the temperature evolution of the LaB6 hollow cathode and the
work function measurements with UPS presented in this study suggest that 50 hr
exposure to the internal plasma of a hollow cathode improves the work function of
polycrystalline LaB6 with respect to the work function of the material prior to
the exposure. Specifically, the work function measurement was performed in the
test article at room temperature after exposure to the atmosphere, which suggests
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Figure 4.21: Test sample profile after plasma exposure along line 3

that the effect of the interaction of the plasma with the surface is permanent (the
work function reduction is present even when the sample is not interacting with
the plasma). The permanent reduction of the work function explains the different
thermal transient behavior observed in our previous work [1] between a sample
exposed to the plasma after manufacturing and a sample that has been exposed
for a significant period of time.

In addition, we have learned that in the downstream end of the cathode, where
the work function measured is the lowest, LaB6 crystal faces have been exposed, as
evidenced by SEM image of that area showing a faceted morphology. Furthermore,
according to the XRD data Xe plasma creates a crystallographic texture at the
LaB6 surface. In summary, data showed that plasma-exposed insert surface consists
of exclusively LaB6, displays a faceted morphology and a crystallographic texture,
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and has a permanently reduced work function. Taken together, these results
suggest that plasma-surface interaction induces a preferential exposure of LaB6

crystal orientation associated with reduced work function (with respect to the
vacuum value of 2.66 eV). From the thermodynamic point of view, given that
those crystals survived the interaction with plasma ions, they should be among the
most highly stable crystals of LaB6. Therefore, we anticipate that these crystals
correspond to the lowest surface energy crystals of LaB6, which according to a
DFT study [6] are the crystals which exhibit the lowest work function of the
material. The results of our study are in agreement with that theory.

With respect to the presence of LaB4 in the sample after plasma exposure,
both EBSD and XRD analyses show no evidence of this compound. However, there
is a possibility that LaB4 exists while the cathode is in operation and it transitions
to LaB6 as the cathode cools down. In this work we cool down the cathode as fast
as possible with the goal of freezing the chemistry at the surface of the insert. It
will be of interest to model the kinetics of the transformation between LaB4 and
LaB6 and compare it with the cool down rates of this work in order to understand
the probability of the existence of LaB4 prior to the cathode being shut down.

It is advisable to gain more insight into the La recycling hypothesis [1] in
order to experimentally confirm that La gets recycled. In Fig. 2.6 (Chap. 2),
we showed that short thermal transients occur as the operating condition of the
cathode is changed. Since the timescale of these transients is only few minutes, it is
unlikely that they are caused by the crystallographic evolution of the insert surface.
However, these short transients could be explained by a dynamic redeposition of
ionized lanthanum which depends on the transport of this species by the specifics
of the plasma distribution for each operating point of the cathode. In this case, the
forced cationic termination that the recycled La would exert in the crystals of LaB6

could be behind the aforementioned short time scale thermal transients. Those
terminations would not be stable without the constant recycling of La, as the
naturally terminated boron crystals would reappear when the operating condition
of the cathode changes the plasma structure in the internal domain of the cathode
and therefore affect the recycling intensity. The formation of LaB4 could also
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explain the short thermal transients only if LaB4 exhibits a lower work function
than LaB6 and at the same time, the kinetics of the transformation towards LaB6

are on a short timescale, one that matches the observations of this discussion.
Additional work should be done to confirm that La is effectively recycled in the
insert plasma.
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C h a p t e r 5

CONCLUSIONS AND FUTURE WORK

5.1 Conclusions

This thesis presents a comprehensive analysis of the thermal behavior of hollow
cathodes with polycrystalline LaB6 emitters operated in standalone configuration
in vacuum.

We showed that these hollow cathodes exhibit transient behaviors that are
not associated with the cathode plasma or thermal characteristics. Instead, these
transient behaviors are associated with the chemical evolution of the electron
emitter material, which affects the cathode plasma distribution and therefore the
cathode thermal operation. This is a novel observation not previously reported
in the literature, which opens a new paradigm on how hollow cathodes must be
studied.

The transient behaviors are manifested in two distinct novel observations.
First, when a newly manufactured electron emitter is used, the cathode exhibits
a long timescale thermal transient (∼50 hr) with a net effect of decreasing the
operating temperature of the cathode until a stable thermal condition is obtained.
Second, a shorter timescale thermal transient (∼5-10 min) occurs when there is a
change in the operating condition or the cathode is shut down and re-ignited. In
this case, the transient depends on the depth of the cool-down before re-ignition.
No previous knowledge of, or explanation for, these effects existed before this work
was performed. We propose that these transients come from a chemical evolution
of the cathode emitting surfaces due to the plasma impinging upon them. As a
consequence of this chemical evolution, a reduction in the work function occurs.

In order to fully understand the thermal transients, the multiphysics nature
of the hollow cathode was numerically simulated by combining plasma, thermal
and chemical effects in a new platform. This platform integrates: a plasma solver
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code OrCa2D that has been under development at JPL for about 15 years, and a
novel 2D axisymmetric thermal model of the entire cathode which was developed
using Comsol Multiphysics and has been experimentally validated for this work.
Chemical and ion neutralization effects were input at the interface between both
codes. Results suggested that the thermal loads from the cathode interior plasma
were overestimated when the classically assumed mechanisms for the different
physics were utilised. In particular, we identified that the neutralization model had
a primary importance and should be reevaluated. We found that in order to find
agreement between simulation results and the experimentally measured cathode
operating conditions, a 2-step neutralization mechanism needs to be implemented.
This neutralization model consists of resonant neutralization to the first excited
state of Xe followed by Auger de-excitation to the Xe ground state. In addition,
we studied the solution’s dependence on both the energy accommodation factor
and the work function variations along the insert. We concluded from these studies
that the solution of the self-consistent cathode model is not perceptibly sensitive
to work function variations. Finally, we quantified how much Auger emission and
energy accommodation were necessary for the model to fit the empirical evidence.

For electric propulsion, this discovery means that LaB6 used at the right
operating point could exhibit a reduced working temperature, and therefore,
greatly expand the lifetime of the hollow cathodes used for electric propulsion
applications.

Lastly, in order to gain insight into the chemical mechanism behind the work
function enhancement, we performed a series of experiments using a slightly
modified electron emitter geometry to accommodate limitations imposed by the
chemical analysis techniques. The analyses consisted of evaluating the chemical
state of the emitter surface before and after exposure to the cathode plasma using
ultraviolet photoelectron spectrometer (UPS), electron backscatter, and X-ray
diffraction. The results from these analyses show that the cathode interior plasma
improves the work function and that this enhancement is permanent. Additionally,
we discovered the presence of a crystallographic texture to which we attribute the
enhancement.
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Together, this work provides an in-depth insight into the thermal behavior and
effect of plasma exposure on polycrystalline LaB6 inside a hollow cathode. Results
revealing the unexpected phenomenon of work function enhancement upon plasma
exposure on LaB6 suggest that the LaB6 hollow cathodes evaporation rates might
be much lower than previously thought, and therefore their lifetime much longer.
Given the importance of lifetime for EP components, LaB6 might outperform
current technologies and become the component of choice in EP thrusters for
future space missions.

5.2 Future work

Although this thesis has demonstrated that thermal transients associated with
chemical evolution of thermionic emitters in the hollow cathode configuration exist,
and that they are most probably due to a mixture of crystallographic texturing
and forced cationic termination,

• the lanthanum recycling hypothesis should be further investigated. There
is no empirical evidence so far as to whether La is actually recycled in the
interior plasma of a hollow cathode. Mass spectrometry and cavity ring
down spectroscopy offer the potential to provide a deeper insight into this
mechanism. With these techniques, it would be possible to detect the density
of La inside the cathode. The existence of a La recycling mechanism can be
tested experimentally by measuring enrichment of La in the inner region of
the cathode and reduction of La density on the plume region as the cathode
discharge is enabled.

• if lanthanum is indeed recycled, numerical simulations that explain the
transport of this species inside the complex inner region of the cathode are
needed to determine the flux of La coming back to the emitting surface of
the insert. With those results, La return flux and coverage information could
explain the observed short-term thermal transients and unexpected behavior
when the cathode is shut down and re-ignited.
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• the mechanism that produces the crystallographic texture should be further
studied because it can be used in other polycrystalline materials to improve
their behavior. The evidence presented in this work suggests that ions with
energy below the sputtering threshold of the material against which they
impinge can improve the work function of a polycrystalline sample and bring
its performance close to that of single-crystal cathodes. This mechanism
could be used to produce cheap enhanced thermionic emitters which are of
interest across several industries.

• identification of the crystals preferentially exposed by the action of the
plasma (texture) should be achieved as this information can be used to prove
the relation between low work function and low surface energy crystal faces
for LaB6. We could not find any technique that could straightforwardly
provide us with such information. However, a more involved technique, such
as extracting the surface grains with focus ion beam (FIB) and orienting
them appropriately for electron backscattering diffraction (EBSD), could
potentially aid in crystal identification. Additionally, it would be useful
to obtain the orientation distribution function (ODF) using an XRD with
sample-tilt capability. The ODF can identify the enriched crystal at the
surface of flat and polished samples. However, plasma produces a rough
surface, which increases the difficulty to obtain the ODF. To address this
limitation, an XRD with parallel beam geometry should be considered.

• the energy accommodation coefficient (EAC) should be experimentally
measured for the system LaB6–Xe in an environment similar to the one
that exists in the interior of the cathode. Temperature of the LaB6 target,
ion incident angle and energy at impact should all be controlled in such an
experiment. The motivation for this future work resides on the need to find
the correct EAC to model cathodes operating at different conditions than
the study in this work.

• the two step neutralization model for the ion-surface interaction should
be experimentally confirmed for the system LaB6–Xe with an environment
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similar to the one that exists in the interior of the cathode. The motivation
for this future work is the same as for the EAC previously explained.

• efforts to achieve a better validation of the plasma modelling techniques
should continue. We believe that uncertainty quantification could help in
understanding the sensitivity on the thermal fluxes of the different parameters
needed as inputs into the plasma model. Additionally, it would be of interest
to study a cathode operating condition at which the heat fluxes are dominated
by the electron return current (ion heat flux negligible). Such operating
condition would be basically insensitive to the EAC. This type of operating
condition can be found at high discharge currents where the insert sheath
voltage is low.
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