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ABSTRACT

A CALCIUM ALUMINATE ELECTRIDE HOLLOW CATHODE

The development and testing of a hollow cathode utilizing C12A7 (12Ca0@&Al203)
electride as an insert are presented. Hollow cathodes are an integral part of electric
propulsion thrusters on satellites and ground-based plasma sources for materials
engineering. The power efficiency and durability of these components are critical,
especially when used in flight applications. A low work function material internal to the
cathode supplies the electrons needed to create the cathode plasma. Current state-of-the-
art insert materials are either susceptible to poisoning or need to be heated to
temperatures that result in a shortened cathode lifetime. C12A7 electride is a ceramic in
which electrons contained in sub-nanometer sized lattice cages act as a conductive
medium. Due to its unique atomic structure and large size, C12A7 electride has a predicted
work function much lower than traditional insert materials. A novel, one-step fabrication
process was developed that produced an amorphous form of C12A7 electride that had a
measured work function 0.76 eV. A single electride hollow cathode was operated on xenon
for over 60 hours over a two-month period that included 20 restarts and 11 chamber vent
pump-down sequences with no sign of degradation, and on iodine for over 20 hours with
no apparent reactivity issues. The operations of cathodes with three different orifice sizes
were compared, and their effects on the interior cathode plasma modeled in a zero-

dimensional phenomenological model.
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1 Introduction

This work describes efforts to fabricate and test a hollow cathode that utilizes C12A7
electride as a thermionic emission surface. Hollow cathodes are essential components of
electric propulsion, and, as with any space-based technology, it is highly desirable for
hollow cathodes to require minimal power to operate and be resistant to adverse
conditions. In regard to these metrics, the C12A7 electride cathode developed as part of
this effort compares very favorably to the current state-of-the-art. The low work function
and stable structure of C12A7 electride enable a cathode to be started immediately from
room temperature without a heater, which is a common point of failure in electric
propulsion systems. The electride insert can be exposed to atmospheric conditions
without degradation, and can be operated with reactive propellants like iodine. This is the
first report, as far as the author is aware, of the use C12A7 electride in a hollow cathode.
Over the course of the work described herein, approximately 10 different cathodes were

fully fabricated and tested.

1.1  Electric Propulsion

Almost every satellite mission requires the use of in-space propulsion after launch.
The ideal propulsion system is lightweight, long lasting, durable, and delivers a large
impulse from a given mass of propellant. Electric propulsion utilizes electric and or
magnetic fields and electric power sources to accelerate ions away from a spacecraft to
produce thrust [1]. Electric propulsion was first conceived of by Tsiolkovsky 1911, who
mused on the “use of electricity to produce a large velocity from the particles ejected from a

rocket device” [2]. In 1917, Robert H. Goddard filed the first patent directly related to



electric propulsion, in which he reported on the acceleration of ions through the use of an
electrostatic field [3]. The first electric thruster to demonstrate operation in space was a
gridded mercury ion thruster on the Space Electric Rocket Test I mission in 1964. The
thruster operated for 31 minutes [4].

Although they vary in their architecture and operation, plasma-based electric
propulsion thrusters accelerate ions from a plasma into a plume to produce thrust. The
plasma is the result of electron-neutral collisions, in which a cathode supplies electrons
that bombard neutral propellant atoms. Typically xenon propellant is used, although
vaporized cesium and mercury have also been utilized [1]. The specific impulse (ISP)
produced by electric propulsion devices are greater than those generated by chemical
propulsion devices. More specifically, ion thrusters range in ISP from 2500 to 3600 s, and
Hall thrusters vary between 1500 and 2000 s. Chemical thrusters have ISPs closer to 150
to 450 s. As a result, electric propulsion devices are desirable for missions that require
large velocity changes. Due to limitations on the maximum power available on spacecraft,
most electric propulsion systems need to be operated for long periods, and hence, electric

propulsion devices must have long lifetimes [1].

1.2 Hollow Cathodes

The work described herein focuses on the development of a hollow cathode for
electric propulsion applications. The simplest type of cathode is a hot filament, in which a
conductive wire is resistively heated to a temperature at which electrons are boiled off its
surface [5]. Hot filament cathodes are not suitable for flight applications due to their low
durability, high power consumption, and limited lifetime. The common failure mechanism

of a hot filament cathode stems from the evaporation of the cathode material at the



elevated temperatures required for sufficient electron emission. A much more robust
cathode technology is the hollow cathode.

Hollow cathodes are cylindrical in geometry and are typically constructed from a
refractory metal tube with an orifice plate at the downstream end. Inside the tube is an
annular insert fabricated from a low work function material. Propellant gas is fed from the
upstream end of the tube that flows over the insert surface and out the orifice. The orifice
serves to increase the neutral pressure inside the cathode tube, often up to several Torr
depending on the orifice diameter [6]. A coaxial, sheathed heater, wrapped around the
outer surface of the tube, heats the insert material to a temperature where copious electron
emission can occur. A closed keeper electrode with an orifice located just downstream of
the cathode orifice is biased positive and used to accelerate electrons from the cathode.
The electrons collide with the neutral propellant atoms, ionize them and form plasmas
within and downstream of the cathode. The desired current is drawn from these plasmas
to an anode. In electric propulsion applications, the anode is either a component of the
thruster, such as the back plate of a hall thruster channel, or the positively charged thruster
plume [1]. The geometry and operation of a typical hollow cathode is shown in Figure 1.1.

It is desirable for the material that makes up the insert to have as low a work
function as possible. The work function is the energy needed for an electron in the highest
occupied electron state of a material at 0 K to emit sufficiently far into a vacuum that it is
no longer affected by electric fields within the material. The electron must overcome the
attractive forces of the surface atoms and the loss in kinetic energy due to inter-material
collisions [7]. If the material is heated until the electron has enough kinetic energy to

escape, the phenomenon is termed thermionic emission [8]. Thermionic emission is
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Figure 1.1: Schematic illustrating the operation of a hollow cathode. Electrons emitted from the insert ionize propellant
atoms. Current is then drawn out the orifice by the anode. The keeper electrode is not shown.



described by the Richardson-Dushman equation
—e
J=AT? exp —e9 (1.1)
kT

where J is the emitted thermionic current, 4 is a material-specific constant, T is the material
temperature, k is Boltzmann’s constant, e is the charge of an electron, and @ is the work
function [9]. It can be seen through examination of (1.1) that a material with a lower work
function will emit a larger current at a given temperature than a material with a higher
work function. As a result, a hollow cathode with a low work function insert will not need
to be heated by the coaxial heater as hot as a cathode with a higher work function insert to
emit electrons and create an internal plasma, through which the desired current can be
drawn to the anode. Once a cathode has started, the bombardment of the interior surface
by ions from the internal plasma self-heats the insert, allowing the heater to be turned
off [1].

There are three commonly utilized insert materials in current state-of-the-art
cathodes. Lanthanum hexaboride (LaB6) and cerium hexaboride (CeB6) have bulk work
functions near 2.7 eV and 2.5 eV, respectively [10,11]. Barium-impregnated porous
tungsten (BaO-W) has a work function of 2.1 eV [10]. Unlike LaB6 and CeB6, in which the
work function is a property of the bulk material, BaO-W inserts rely on a monolayer barium
coating at the surface of the porous tungsten matrix to form a dipole with residual oxygen,
lowering the potential barrier that electrons need to overcome to be emitted. Because the
work function is so reliant on a specific surface state, BaO-W inserts are susceptible to
contamination by excess oxygen [12]. Additionally, the barium evaporates quickly at

elevated temperatures where some cathodes operate, which limits the lifetime of the



insert [13]. Although BaO-W inserts are sensitive to contamination and exhibit shortened
lifetimes at high temperatures, they have been operated for over 50,000 hours in the NEXT
lifetest [14].

To emit sufficient electrons to create an internal plasma and start the cathode, BaO-
W inserts must be heated to 1300 K, and LaBe inserts to 1900 K [10]. The coaxial heaters
used to heat the cathodes rely on the resistive heating of a sheathed filament, and are
subject to the filament breaking, the filament shorting to the sheath, and the sheath
cracking [15]. The rate at which the heater fails is related to the temperature desired for
the cathode to start. Thus, it is desirable to lower the temperature at which the cathode
starts. If a low enough work function insert material could be found that could supply
sufficient electrons to start the cathode at room temperature, the heater could be left out of
the design entirely, removing a possible point of failure from the thruster.

Recently, CubeSats have gained a tremendous amount of interest within the
aerospace community. CubeSats are a 1 kg payload within a 10 cm cubed box. These
weight and volume restrictions allow for a “plug and play” satellite development process.
Rather than spend large amounts of time and money building subsystems specific to each
satellite, CubeSats are designed to be similar enough to one another that they can use “off
the shelf” parts [16]. This leads to sub-$100,000 costs to design, manufacture, and launch a
CubeSat [17]. However, due to their size, CubeSats have very little power available for
propulsion [18]. A hollow cathode that had no heater, could be cold-started instantly, and
was inexpensive to fabricate and store would open up several possibilities for the

development of a CubeSat electric propulsion thruster.



The work described in this dissertation is discussed over the course of the following
five chapters. Chapter 2 reviews the development of a novel, direct synthesis of C12A7
electride and analyzes the results of several characterization experiments. In Chapter 3,
the integration of the fabricated electride into a hollow cathode is described. Chapter 4
summarizes the operation of the electride hollow cathode at a variety of gas flows,
discharge currents, and on iodine. In Chapter 5, a zero-dimensional model is presented to
gain insight into the internal plasma conditions of an electride hollow cathode. Chapter 6
discusses suggestions for future research. Lastly, Appendix A presents the results of a test
in which a prototype version of the electride hollow cathode operated in conjunction with a

6 kW Hall thruster.
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2 A Room-Temperature Stable Electride: 12Ca0°Al203:(4¢€°)

This chapter discusses electrides and focuses specifically on work done previously
with C12A7 electride. Fabrication processes are examined and compared with the
procedure developed as part of the work described herein. The results of analytical
material studies are compared to what is found in the literature. Additionally, work

function measurements are presented.

2.1 Electrides

It has been long known that under certain conditions, electrons may act as anions in
compounds. One of the simplest examples of this phenomenon is that when dissolved in
ammonia, an alkali metal such as potassium disassociates into its ionic configuration (K*),
freeing its electron [1]. An electride is the crystalline analog of this; an electron acting as an
anion in an ionically-bonded compound [2]. The electron is not bound to any specific atom
or molecule in the compound, and generally has a wave function loosely centered around a
crystalline defect formed by an anion vacancy, known as an F-center [2]. The electrons in
electrides differ from those in metals in that they are usually not completely de-localized,
and cannot be thought of as a “sea of electrons” [3]. Electrides were first reported in 1990
by James L. Dye, who published the synthesis and characterization of two electrides, Cs*
(18-crown-6)ze- and K* (crytand[2.2.2])e-[4]. The e notation following the chemical
names of the two compounds indicates that electrons act as anions.

Dye’s electrides were organic by necessity. For his synthesis, he needed a solvent
that would solvate the cation (in this case, Cs* or K*) while staying resistant to reduction.

Two solvents that met those criteria were crown ethers and cryptands [5,6]. These
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solvents were non-reducible only below -40 °C (above which thermal decomposition led to
reducible products, such as oxygen), which limited the stability of Dye’s electrides to below
that temperature. Additionally, Dye’s electrides could not be exposed to atmosphere
because air and water introduced reducible compounds (such as oxygen) that reacted with

the anionic electrons [4].

2.2 C12A7:e

In 2003, Matsuishi et al reported on the fabrication of the first inorganic electride
stable at room-temperature in air from a 12Ca0*7Al;03:202% crystal [7]. The calcium
aluminate compound, 12Ca0°Al;03 (referred to as C12A7, henceforth), is a crystalline
ceramic with a lattice structure that contains 12, 0.4 nm wide nanocages per unit cell.
When formed in a non-reducing environment, the nanocages clathrate, or contain,
unbounded oxygen anions (02-). The lattice structure of each unit cell has a net +4 positive
charge, so there are two 02 anions in each cell for overall neutrality. The oxygen anions
are loosely attracted to the six calcium atoms that participate in the cage structure, which
distorts the cage shape slightly. In the electride form of C12A7, the oxygen atoms are
removed (through various methods, discussed below) and are replaced with electrons. To
maintain the overall neutrality of the compound, four electrons per unit cell are necessary,
and they occupy four of the 12 cages.

The band structure of the electride features a sub-band located within the band gap
between the valence band and the conduction band called the cage conduction band [8-
10]. The cage conduction band is made up of electronic states that represent the electrons

clathrated within the cages. The band structure is shown in Figure 2.1. The shaded area
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represents occupied states at 0 K. As such, the top edge of the shaded area denotes the

Fermi level [11].

Electron
Energy
Vacuum
l T | Framework
Conduction Band
Work function
Fermi Level ——}r --------------------- v i CageConduction
4 Band
Valence Band
v

Figure 2.1: Band structure of metallic crystalline C12A7:e".

At low concentrations, on the order of 1x101° cm3 and less, conduction of the
electrons through the crystal occurs via a hopping mechanism in which clathrated
electrons jump between unoccupied cages [10]. The cages contract tightly around the
highly-localized electrons, impeding conductivity. If an occupied cage is modeled as a
particle in a potential well [3], the wave function of the electron only barely extends
beyond the cage boundary, decreasing the likelihood of a tunneling event that can lead to a
jump between cages. As the electron density increases, the cages relax and the wave

functions extend farther beyond their boundaries. At the metallic transition that occurs at
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an electron density of 1x1021 cm3 [9], the cages relax to the point that there is no distortion
of the walls due to occupation by electrons, and the electron wave functions extend far past
the cage boundaries, leading to a greater degree of electron delocalization. This results in a
much higher likelihood of a cage-hopping event, which increases the conductivity of the
material.

Matsuishi et al confirmed the electride form of C12A7 with electron paramagnetic
resonance spectroscopy (EPR)[7]. The EPR technique measures the absorptivity of a
sample when exposed to a magnetic field. The magnetic field removes the degeneracy of
the electron spin states. If there are unpaired electrons in the sample, a transition (and
thus absorption peak) may occur between an aligned spin state and an anti-aligned
state [12]. The oxide form of C12A7 (C12A7:0%) had a single peak identified as the two
unpaired valence electrons on the clathrated oxygen (the transition is allowed because the
two valence electrons are in different orbitals). The electride form C12A7:e- showed a very
large peak in a different location, which was indicative of unpaired electrons in
nanocages [7]. Additionally, the spectrum for the electride had only one peak, which was
evidence of either an unbound electron or an electron bound to only one species of
atom [12]. The location of the peak maximum, also known as the g-factor, was reported to
be 1.994. The g-factor is a measure of how tightly contained the electron is. For a free
electron, the g-factor is 2.002319 [13]. The similarity between the two numbers is
indicative of a free-floating, unbound electron in the electride material. The localization of
the electride can be quantified by the ratio of the height of the positive signal to the height

of the negative signal of the derivative of the absorption peak. Matsuishi et al reported a
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ratio of 2.6. Any ratio over unity is indicative of non-localized electrons, which suggests
that the electride sample showed characteristics of a metallic conductor [14].

There are several methods to fabricate C12A7 electride reported in the literature.
One process converted an initial synthesis of C12A7:0%- to the electride form [7]. The
challenging step in the synthesis process was the replacement of the oxygen anions with
electrons. Matsuishi et al exposed a C12A7:0% crystal to calcium pellets heated to a
temperature of 700 °C to form hot calcium vapor, which pulled the oxygen anions out of the
cages to form calcium oxide. The conductivity of the resulting electride increased with the
amount of time it was exposed to the hot calcium, until 240 hours at which point it reached
a maximum electron density (evidenced by a maximum conductivity) of 2x1021 cm-3 [7].
Matsuishi et al hypothesized that this saturation limit was representative of the point at
which all the oxygen anions were replaced by electrons, which was theoretically calculated
to occur at an electron density of 2.33x10%21 cm3, very close to the experimentally
measured value. The downsides of this method were that it could not be done on a large-
scale and an insulating calcium oxide layer was left on the surface that had to be removed
afterward [15].

Two additional synthetic methods more easily adapted for to large scale fabrication
were reported in 2005 [16]. They both involved the use of what Hosono et al [8] called the
reduced melt, which was the result of the precursors, CaO and Al;03, being heated to 1600
°C in a semi-airtight carbon crucible [17,18]. In the melt-solidification procedure, the
reduced melt was cooled slowly to room temperature, resulting in the formation of the
non-conductive eutectic phase of calcium aluminate (3Ca0O*Al203 + CaO*Al;03). When the

compound was heated once again to 1600 °C in the carbon crucible and cooled slowly to
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room temperature, the resulting product was crystalline electride [8]. In the glass-ceramic
procedure, the reduced melt was quickly quenched in air to room temperature. The
resulting product was a clear, insulative, amorphous glass. When the glass was brought
above the crystallization temperature (1000 °C) in vacuum and slowly cooled, the resulting
product was electride [8].

In both procedures, it was found that the carbon crucible was necessary for the
successful formation of electride. Raman spectroscopy of the intermediates produced in
the two processes, the eutectic and the reduced glass, showed a peak identified to be C;%
[18]. Kim et al believed that the carbon anions were dissolved in the reduced melt
following the initial heating process to neutralize the compound once the oxygen anions
were removed (the hot carbon crucible formed a strongly reducing atmosphere). Because
the carbon peak disappeared in the raman spectra taken after the compound was
crystallized (after the second phases of the syntheses) [18], Kim et al hypothesized that
carbon was not a stable clathrated species, hence the resulting formation of electride.

In 2011, Kim et al reported on a conductive, amorphous form of C12A7
electride [19]. When the reduced melt was quenched in an oxygen-deficient atmosphere,
an amorphous, conductive glass formed. X-ray diffraction spectra taken of the resulting
product had few sharp peaks, confirming the low crystallinity content [19]. Kim et al
concluded that this electride form consisted of interconnected nanocages suspended in an
amorphous matrix of AlO4 groups [19]. Because of the decreased number of cages (as
compared to the fully crystalline form), the amorphous electride exhibited a conduction

mechanism more akin to the semi-localized cage-hopping seen with the lower electron
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densities in the fully crystallized electride than the metallic behavior associated with
higher electron densities [9,10].

Dye pointed out early on in electride research that these materials should have a
low work function due to the large lattice structure. Similar low work function predictions
were made for C12A7:e- and several different measurement techniques were used to
quantify the work function of the crystalline electride. In reference [18], Kim et al
measured the current emitted through field-assisted thermionic emission. In this
phenomenon, electrons are given kinetic energy through the temperature of the lattice
structure, and an external electric field acts to artificially lower the Schottky potential
barrier at the material surface. The emitted current can be calculated as a function of the
temperature, work function, and applied electric field with the Richardson-Dushman

equation

J=AT”exp —¢9 exp e |
kT kT \ 47e,

(2.1)

Kim et al measured the current emission as a function of extraction voltage at seven
different temperatures. Using the analysis method discussed by Cronin [20], linear fits
were made to the data when graphed on a In(J) vs. V1/2 set of axes. The y-intercepts of the
trend lines were effectively the thermionic-limited emission with no surface electric field,
which is a physically impossible value to measure directly because of space-charge limiting
effects. The intercepts are then plotted on a In(J/T?) vs. 1/T graph. The slope of the line,
according to the Richardson-Dushman equation for thermionic emission (equation (2.1)),
is the work function. Kim et al reported a work function of 0.6 eV measured with this

technique [18]. However, with the same technique but a different sample a year later, Toda
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et al measured a work function of 2.1 eV [21]. The authors speculated that surface
contaminants could have been responsible for reducing the work function in the original
measurement.

Another measurement technique used to measure the work function of crystalline
electride focuses on the current emitted through the photoemission mechanism. In this
process, a photon interacts with a surface electron, imparting enough energy to the
electron for it to overcome the surface potential barrier and emit into vacuum [22]. In
reference [9], the authors measured the work function using photoelectron yield
spectroscopy (PYS) and ultraviolet photoelectron spectroscopy (UPS). In UPS, the kinetic
energies of electrons photoemitted from an electride sample when exposed to a fixed
wavelength of ultraviolet light are measured. Only electrons emitted through secondary
electron emission, which are thermalized through inter-material collisions and thus are no
longer dependent on binding energies, are examined. As a result, the kinetic energies of the
observed electrons are dependent only on their thermal temperature distribution and the
work function. When the onset of the secondary electron emission peak (when graphed as
intensity versus kinetic energy) is compared with that of a sample with known work
function, the work function of the electride can be deduced [23]. In PYS, the emitted
current from the electride is measured as a function of the wavelength of the incident
beam [24]. When the square root of the emitted current is graphed versus the photon
energy, the x-intercept of the linear trend line fit to the data is the work function. Toda et al

measured a work function of 2.4 eV with both UPS and PYS [9].
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2.3 Direct Synthetic Method

In early 2012 we developed a novel process to fabricate C12A7 electride. The
method consists of only one heating cycle, no quenching, and is adaptable to large-scale
production. A vacuum furnace is used, capable of heating a hot zone 2.54 cm in diameter
and approximately 5 cm long to 1800 °C. The furnace consists of a 0.05 mm thick piece of
tantalum foil sheet wrapped around a 3.18 cm outer diameter Al203 tube. The tube and
tantalum sheet were insulated with carbon felt. The precursors reported in reference [8]
were mixed in the C12A7 stoichiometric ratio with a mortar and pestle. The powders used
were 150 Mesh Type 507C aluminum oxide from Sigma Aldrich and 99.9% pure calcium
carbonate from Fisher Scientific. The mixture was deposited in a graphite crucible,
fabricated from EDM-3 fine-grained graphite obtained from Ohio Carbon Blank, Inc. [25]. A
graphite plate was secured over the top of the crucible with tantalum wire to keep the
material contained within the crucible during the heating process. A high surface tension
was observed in early fabrication attempts, and without the lid, the molten precursors
often flowed up and out of the crucible.

The furnace and crucible were placed in a 0.76 m diameter, 0.6 m long stainless
steel chamber pumped by a Brooks CTI-Cryogenics Cryo-Torr 10 cryopump. A Sorensen
DCR40-250A 10 kW power supply was used to heat the tantalum sheet in the furnace. The
furnace temperature was slowly raised to 1700 °C over the course of 2.15 hours, at which
point the power supply was abruptly turned off and the furnace and crucible were allowed
to radiatively cool to the water-cooled chamber walls. The crucible cooled to below the

recrystallization temperature of 1000 °C in less than 30 minutes [8]. The chamber was
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generally not vented for at least 16 hours after the power supply had been shut off, in order
to give the furnace and crucible time to cool before exposure to atmosphere.

The product of this fabrication process was metallic-looking, conductive, and
bonded to the graphite. Chapter 3 presents details about how this material was used as an
emission surface suitable for a hollow cathode. To positively identify the product, several
analytical surface techniques were used, including EPR, x-ray photoelectron spectroscopy
(XPS), and x-ray diffraction crystallography (XRD). Additionally, the work function of the

product was measured.

A. X-ray Diffraction Crystallography

XRD is a technique useful in obtaining information about the crystal structure of a
sample. Measurements of the angles and intensities of x-rays diffracted by the lattice
structure of a compound give information regarding its crystalline characteristics [26]. A
directly synthesized electride sample was studied in the Central Instrumentation Facility at
Colorado State University with a Rigaku SAXS instrument. The spectrum is shown in Figure
2.2. The only discernable peaks were attributed to graphite, which was a likely
contaminant. Other than the carbon, there appeared to be little discernable crystal
structure, indicating that if the sample was indeed electride, it was amorphous. No attempt
was made to recrystallize the amorphous material, which is an area that warrants further

investigation.
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Figure 2.2: The XRD spectrum obtained from a sample of the directly synthesized electride. The red arrows indicate peaks

attributed to graphite. The graphite peak at 26° peaks above the cutoff of the graph at 735 counts. There are otherwise no
identifiable peaks.
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B. X-ray Photoelectron Spectroscopy

XPS can be used to acquire the atomic composition of a material surface as well as
binding information about the identified species. XPS is similar to UPS in that it measures
the kinetic energy of electrons emitted when the sample is exposed to an incident photon
beam. From that measurement, the binding energies of the electrons prior to the
absorption of the incident photon can be deduced. As a result, it is possible to obtain the
identity of an unknown compound [27]. An electride sample produced using the direct
synthesis technique was studied with a PE-5800 x-ray photoelectron spectrometer. In an
effort to remove contaminants, the sample surface was sputter cleaned with a 2 keV argon
beam to remove approximately the top micron, which was thought to be a sufficient
amount of sputtering to reach a steady-state surface composition. The spectral sweep XPS
spectrum obtained after the sputter cleaning is shown in Figure 2.3. Table 2.1 shows the
acquired atomic composition.

Table 2.1: Atomic composition acquired from XPS spectral sweep

Atomic %
Cls 85.1
O1s 9.9
Al2p 2.9
Ca2p 1.5
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Figure 2.3: An XPS spectral sweep of the directly synthesized electride sample.
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The atomic composition indicates that 85% of the surface is carbon, which is
unsurprising given that the sample was formed in a graphite crucible and separated from
that crucible with a dremel blade, which created an graphite debris. The ratio of aluminum
to calcium is 1.93, which at first glance appears to rule out 12Ca0*7Al;03, which has an
aluminum to calcium ratio of 1.17. However, the initial sputter cleaning process is an
important consideration because preferential sputtering will alter the surface composition
of the sample. Using the SRIM software by Ziegler, it was shown that one would expect an
aluminum to calcium ratio of 2.3, which is only 20% higher than the measured ratio.

Information regarding the chemical bonding structure of the sample can be obtained
by examining the fine features of the elemental peaks. The elemental peak for aluminum is
shown in Figure 2.4. The identified peaks occurred at binding energies of 74.46 eV, 75.99
eV, and 77.55 eV. If the range of possible compounds is limited to one consisting of only the
elements detected by the full spectral sweep, only Al03 and Al(OH)3 match the peak
signature to within 0.1 eV [28].

The elemental peak for oxygen is shown in Figure 2.5. The identified peaks
occurred at binding energies of 531.31 eV, 532.96 eV, and 534.72 eV. Both Al;03 and
Al(OH)3 match this peak signature to within +0.1 eV [28].

The elemental peak for calcium is shown in Figure 2.6. The identified peaks
occurred at binding energies of 348.11 eV, 349.83 eV, 351.74 eV, and 353.36 eV. If only the
species detected in the full spectrum sweep are considered, only CaO and CaCO3 match the
peak signature to within 0.1 eV [28].

The identified peaks in the elemental carbon spectrum (not shown) occurred at

binding energies of 283.71 eV, 284.80 eV, 285.67 eV, and 288.29 eV. Because
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contamination is the most likely source of the carbon, attempting to find a single compound
that fits that peak profile is not useful. Instead, the carbon peak profile can be used to rule
out the possibility of CaCOs3 raised by the analysis of the calcium elemental peak. To within
0.1 eV, none of the carbon peaks measured in the profile match that of CaCO3, which
confirms the presence of Ca0O [28].

The analysis of the elemental peaks from the XPS measurement confirms the
presence of Ca0O and either Al>03 or Al(OH)3. The possibility of aluminum hydroxide over
alumina is highly unlikely, given the conductive nature of the sample, the signal seen on the
EPR spectrum (presented in section C), and the successful operation of the electride hollow

cathode.
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Figure 2.4: The XPS elemental peak for aluminum in the directly synthesized electride sample. The experimental data is
shown in black. Three individual curve fits are superimposed over the experimental data, and their composite is shown in red.
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C. Electron Paramagnetic Resonance Spectroscopy

As discussed previously, EPR spectroscopy can be used to detect the presence of
unpaired electrons, and it also can distinguish between bound and clathrated electrons.
Consequently, it yields useful information when used to examine an electride. The EPR
spectrometer used is a Bruker ESR-3000. The spectrometer directs a beam of microwaves
at 9.75 GHz at the sample, and measures the absorption over a range of applied magnetic
fields from 0.328 T to 0.368 T. When exposed to a magnetic field, opposing electron spin
states become non-degenerate due to the Zeeman effect [12]. Because of the induced
energy difference, a transition may occur when an electron with a spin parallel to the
magnetic field absorbs a photon and jumps to an antiparallel spin state, according to

equation (2.2)
hv=gu,B, (2.2)

where v is the frequency of the microwave, h is Planck’s constant, g is the g-factor
previously discussed, ug is the Bohr magneton, and B, is the magnetic field resonant to the
transition. However, this transition can only occur if the electron is unpaired. Otherwise,
there is already an electron occupying the antiparallel spin state and the Pauli exclusion
principle prohibits the transition. The result of equation (2.2) is that the absorption of the
microwave can be directly linked to the presence of unpaired electrons in the sample. In
the case of C12A7, an absorptivity peak is indicative of either the electride form or the
presence of clathrated free radicals, such as 02-. The peak of the absorption signal is the g-

factor. Figure 2.7 shows the EPR spectrum taken of the directly synthesized electride.
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Figure 2.7: An uncalibrated electron paramagnetic resonance spectrum taken of the directly synthesized C12A7 electride
sample. Plotted is the derivative of the absorption peak. When calibrated, the g-factor is 1.9376.
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There was only one peak observed in the absorption EPR spectrum, which is
indicative of either an unbound electron or an electron bound to only one species of atom.
The g-factor, when calibrated with a DPPH standard, was found to be 1.9376. This is
smaller than the g-factor of electride reported in the literature, and is farther away from
the free electron g-factor by 2.8%, indicating that the electron in the directly synthesized
electride sample is more tightly contained than that reported in the literature. This is
possibly due to the difference in crystallinity content; the literature sample was fully
crystalline and the directly synthesized sample was amorphous, as suggested by the XRD
analysis. The lack of unoccupied nanocages around the clathrated electrons may have
allowed a greater contraction of the occupied cages, which would increase the discrepancy
between the measured absorption peak g-factor and that of a free electron. The ratio of the
positive signal height to the negative signal height is calculated to be 1.42. This signifies
some delocalization of the electrons and metallic behavior, although not to the extent

reported for the fully crystalline electride [7,12].

2.4 Work Function Measurement

As will be discussed in Chapter 3, the electride cathodes were observed to run at
lower anode voltages and temperatures after several hours and multiple restarts. It was
thought that there might have been a cleaning or conditioning effect caused by exposure to
the internal cathode plasma that enhanced the emission properties of the electride. Hence,
to obtain a relevant work function measurement, we believe it is desirable to first expose
the emission surface to a cathode plasma environment. Cylindrical crucibles that could be

inserted into a 6.35 mm diameter tantalum orificed tube were fabricated from EDM-3 fine-
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grained graphite [25]. The crucibles had a base diameter that was slightly smaller than the

inner diameter of the tantalum tube. The crucible is shown in Figure 2.8.

Figure 2.8: Round crucible fabricated from EDM-3 for work function testing.

The precursor powders were deposited into the crucible, which was heated in
accordance to the fabrication process described in Section 2.3 in a vertical position, as
shown in Figure 2.8. The resulting product was a circular, slightly concave, metallic-
looking electride surface. The crucible with the electride was then inserted into a hollow
cathode barrel, with the electride surface approximately 1.27 mm upstream of the orifice
plate. The cathode was started and operated at 1.3 A according to the procedures
described in Chapter 3 over the course of four different runs, each approximately two
hours in duration.

After the hollow cathode conditioning process, the crucible was removed and placed

in a diode work function apparatus, as shown in Figure 2.9 and Figure 2.10.
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Figure 2.9: Schematic of the diode apparatus used to measure the electride work function.

Figure 2.10: Picture of the diode apparatus used to measure the electride work function.

A swaged tantalum heater was fit around the crucible, which was electrically isolated from

the crucible. A positive voltage was placed on the anode plate suspended approximately
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3.8 mm over the electride surface. The electric field assured that the emission was
thermionically limited, as described by equation (2.1), rather than inhibited by the space
charge effect [22]. The emitted current was quantified by measuring the voltage across a
one-megaohm resistor placed in series with the diode apparatus, as shown in Figure 2.9.
New, clean insulators were used to prevent leakage current between the anode and the
cathode. The leakage current was measured with a blank crucible at elevated
temperatures and was found to be below detectable limits. The sheath of the coaxial heater
was kept completely isolated, to prevent any thermionic emission from the heater to the
anode.

The measurement was performed according to the technique described in
references [18] and [20]. The emission was measured at several different temperatures
over seven different voltages ranging from zero to 600 V. This technique is only an
effective quantification of work function if the emission is not time-dependent over the
duration of the voltage sweep. 0.15 A/m? of emission was observed from the CSU electride
at a temperature of 50 °C. However, that emission was observed to decrease to below
detectable limits within 13 minutes. Several additional measurements were taken at
increasing temperatures, and while measurable emission current was observed, the
current never reached the intensity observed in the first test. Figure 2.11 shows the peak

currents measured at 600 V over a range of temperatures versus time.
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Given the time-dependent nature of the emission, the work function could not be
calculated according to Cronin’s technique [20]. Instead, an estimation was made for the
Sommerfeld constant (4) in equation (2.1) to obtain a work function value. Using the
highest observed current emission, 0.15 A/m?, and assuming a value of 120x10> Am-2K-2 for
the Sommerfeld constant, a work function of 0.76 eV was calculated. Work functions were
also calculated for the other peak values measured, as shown in Figure 2.12.

There are several explanations behind the apparent increase in the work function
over time. The simplest of which is basic contamination. The chamber in which the work
function measurement was performed was pumped via an oil-based diffusion pump that
lacked a cooled baffle. It is likely that oil was introduced into the system as soon as the gate
valve on the chamber was opened. If that oil coated the electride surface, it could have
acted as an insulating layer, inhibiting emission.

Alternatively, the increase in work function may be indicative of a more
fundamental property of the emission. Phillips et al [29] measured the thermionic
emission from potassium and rubidium cryptand electride thin films. They reported the
thermionic emission at temperatures between -65 °C and 0 °C. The resulting thermionic
emission was found to decrease with time, similar to the phenomenon observed in the
measurements of the directly synthesized electride. Phillips et al also described that
additional emission was recovered when the temperature was increased and their
maximum emission current increased with increasing temperature.

Phillips et al speculated that the initial emission was a result of electrons located in
electronic states near the vacuum level due to surface defects. After emission, these states

were not replenished, leading to an apparent increase in work function. They believed that
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thermal decomposition of the surface (known to occur at temperatures above -60 °C) led to
the creation of new defect sites when the temperature was increased, a notion that was
supported by the increasing height of the peak emission current with temperature. If a
surface depletion mechanism was indeed responsible for the increase in work function
with time observed for the directly synthesized electride, then it is possible that there was
no decomposition at the surface, leading to no creation of new defect sites. As a result, the
only emission seen at elevated temperatures would be from electrons in states that are too
far from the vacuum level to emit at lower temperatures. This is supported by the
decreasing height of the peak emission amounts with temperature, as shown in Figure 2.11.
Given that C12A7 electride has been reported to be stable in vacuum up to 1000 °C [30], it
is unlikely that any thermal decomposition took place at the low temperatures used in the
work function measurement.

The possibility that depleted surface energy states affected emission brings
additional complications into how the hollow cathode operates. It is possible that electrons
from the surface defect states are enough to start the cathode (discussed more in Chapter
4), after which point the cathode is hot enough that it can operate on electron emission
from the bulk. It may be that the bulk work function is the 2.4 eV quantity measured by
Toda et al [9]. At some point, whether it is during the cathode operation of the cooling
process after the cathode has been turned off, perhaps the surface defect states repopulate.
Additional work function measurements using directly synthesized electride samples that
had not been operated in a cathode were unable to detect any emission current, indicating
that the samples had high work functions. It is possible that the light ion bombardment at

the 5-10 eV levels found within a hollow cathode continuously repopulates the surface
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defect sites. An additional investigation into the emission mechanism of C12A7 electride

beyond what is discussed herein is certainly warranted.
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3 CATHODE FABRICATION AND APPARATUS

This chapter describes the methods employed to assemble a cathode using the electride
described in Chapter 2. Additionally, the experimental configuration used to test the

cathode performance is discussed.

3.1 TestFacility

The cathode testing was conducted in a 1.7 m diameter, 4.6 m long steel vacuum
chamber. The chamber was diffusion pumped, with a base pressure of approximately
6x10-¢ Torr after five hours of pump operation. The chamber pressure was 2x10- Torr at 4

sccm of xenon, a common mass flow rate used to test the hollow cathodes.

3.2 Test Apparatus

A diode configuration was used to evaluate cathode performance, as shown in
Figure 3.1. A Xantrex XFR 100-12 DC Power Supply was utilized as the discharge power
supply, driving the circuit between the cathode and the anode. The keeper power supply
was a Spellman SL1200. A ring anode was fabricated from a piece of stainless steel shim
stock that was 0.38 mm thick, 5 cm wide, and 24 cm long. The shim stock was rolled into a
ring 7.6 cm in diameter and mounted along the axis of cathode orifice with its upstream
edge 3 cm downstream of the exit plane. A photograph of the open testing apparatus,
including the anode, is shown in Figure 3.2.

For the majority of cathode evaluation, an open wire keeper was used. The reasons
for this were two-fold. A thermocouple could be easily mounted on the barrel to measure
operating temperature, and the cathode operation was easy to observe. The thermocouple

was a type R thermocouple with one layer of 0.0254 mm thick tantalum foil placed over the
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Figure 3.1: Circuit diagram of diode configuration test apparatus.
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junction. The thermocouple junction was spot welded to the downstream end of the
cathode barrel where it joined the orifice plate. For some tests, an enclosed graphite

keeper was utilized, which did not allow the use of a thermocouple.

<—— Ring anode

Figure 3.2: Cathode testing apparatus.

3.3 Barrel Material

The initial electride hollow cathode prototype utilized a 1.27 cm diameter graphite
barrel, fabricated from EDM-3 grade graphite supplied by Poco Graphite [1]. Graphite was
chosen because the electride could be melted directly on the inner surface of the barrel.
The precursors were mixed and put directly in the tube, and the entire tube was then

placed in the vacuum furnace and heated according to the procedure described in Chapter
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2. The resulting cathode typically had several solidified electride droplets stuck to the
graphite at uncontrollable intervals down the barrel. The non-continuous nature of the
emission surface was not ideal. Additionally, the electride droplet furthest downstream
was often as much as 1.27 cm upstream of the orifice plate. Given that phenomenological
models predict the majority of electron emission in a hollow cathode will occur in the first
few millimeters of the insert [2], the relatively far upstream position of the electride was
also not ideal.

The resulting operation was unstable with periodic material ejection and frequent

“wink outs”, in which the discharge would extinguish and have to be re-started.
During operation, the anode voltage varied considerably. It is thought that the variation
may have been due, in part, to the dominant emission site changing between the multiple
electride droplets. Another cause of the unstable operation was the graphite orifice plate.
Graphite is highly susceptible to arcing, a result of which produces pitting in the surface [3].
As the keeper voltages spiked when the cathode winked out, arcing between the orifice
plate and keeper resulted in the buildup of material that partially occluded the orifice in
some tests. The visible ejection of sparks occurred periodically during operation, as shown
in the photograph in Figure 3.3.

To improve the stability of the cathode and decrease arcing, a 0.635 cm diameter
tantalum tube was used in place of the graphite barrel. The tantalum barrel was capped
with a thoriated tungsten orifice plate with an orifice diameter of 0.76 mm. Rather than
melt the electride precursors directly onto the inner surface of the barrel, the precursors

were heated in a graphite crucible. The resulting electride was broken into pieces and
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Figure 3.3: Electride hollow cathode operating unstably with material ejection. The
cathode was fabricated from graphite.

several pieces were inserted into the orificed tantalum tube. The resulting cathode did not
“wink-out” over the course of multiple hours of operation, which was a substantial
improvement over cathode operation with the graphite barrel. It ran for over seven hours
without winking out, although the operation was highly unstable. This instability was
typified by large fluctuations in anode voltage and the occasional visible ejection of
material. It is thought that the movement of emission sites between the different electride
pieces could cause the observed instability in the anode voltage. Differing dominant
sources of current would be reflected in the anode voltage because emission from a piece

further upstream in the barrel would require higher voltage.
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3.4 InsertFabrication

A reliable and reproducible fabrication process was developed to form inserts from

electride melted in a rectangular graphite crucible, like the one shown in Figure 3.4.

Figure 3.4: Graphite crucible used to produce electride. The electride is the metallic
material in the center cavity.

A diamond-coated Dremel blade was used to separate rectangular sections of the crucible.
The resulting pieces were approximately 1.9 mm wide and 12.7 mm long. The flat face of
the blade was then used to grind the crucible graphite from the electride, leaving a sliver
consisting almost entirely of electride. An example of a sliver is shown in Figure 3.5, and its

operation in Figure 3.6.

Figure 3.5: Electride sliver cut from crucible using diamond-coated Dremel blade.
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47



To keep the electride in its conductive form, an anionic template such as fine-
grained graphite needed to be present in the hollow cathode barrel. An orificed graphite
tube fabricated from EDM-3 graphite at Ohio Carbon Blank, Inc. was created [6], as shown

in Figure 3.7.

Figure 3.7: Graphite sleeve fabricated from EDM-3.

The tube was 2.54 cm long with an inner diameter of 2.54 mm and an orifice diameter of

1.9 mm. It was designed to be “slip-fit” in the tantalum barrel.

3.5 InsertPreparation

Once the graphite sleeve was incorporated into the cathode design, the electride
hollow cathodes could be restarted multiple times similar to the traditional LaB6 and BaO-
W cathodes. However, it was observed that multiple runs of several hours each were
required before a cathode reached reproducible operation. Reproducible operation was
important to achieve because it allowed for an investigation of orifice diameter to be

conducted.
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In this context, reproducible operation is defined as duplicated anode voltages and
barrel temperatures at a given set point. Even stable traditional hollow cathodes will
exhibit slightly different anode voltages and operating temperatures between operational
periods. This is primarily due to external factors such as the coating of the anode surface
and slightly different background pressures or mass flow rates. As a result, defining
reproducible operation to the tenth of a volt or single degree Celsius was unrealistic. For
the following data, reproducible operation was defined as an anode voltage constant and
repeatable within three volts and an operating temperature constant and repeatable within
50 °C.

In general, it was found that the first two or three times an insert was run, the
cathode generally exhibited initially high and decreasing anode voltages and barrel
temperatures. After three or four runs, the anode voltages and barrel temperatures at
different set points became constant. Figure 3.8 and Figure 3.9 show this progression for a
single insert over the course of four runs. The operation is deemed reproducible between
the third and fourth run, due to the convergence in voltage and temperature.

The reason behind the preparation process is unknown. The sliver manufacturing
process described in section 3.4 resulted in a large quantity of graphite dust. Additional
sources of contamination could exist simply from the handling that occurred during the
manufacturing process. No stringent cleaning procedures were used between the sliver
cutting and the use of the piece as an emitter. As a result, it is possible that a contamination
layer exists on the surface. The changes that occur during the preparation process, namely
the decreasing anode voltage and temperature, indicate that the insert is conditioning due

to some sort of cleaning that is taking place or due to some transformation of the electride
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Figure 3.8: Anode voltage as a function of time over the course of four runs during the preparation of an insert. Runs 3 and 4
are deemed close enough to indicate reproducibility.
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surface with time. It is noted that switching the cathode off was required before an
improvement in temperature and anode voltage occurred, so a quenching process of heat

treatment may also play a role in conditioning the electride.
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4 CATHODE PERFORMANCE

This chapter characterizes the operation of an electride hollow cathode. The cathode
consists of a tantalum barrel, graphite liner, and continuous insert surface, as described in
Section 3.4. Testing of an initial prototype design in conjunction with a Hall thruster is

discussed in Appendix A.

4.1 Starting Characteristics and Protocol

Relatively low voltage on the keeper was required to start the electride cathode and
there was no visible arc activity detected. The cathode did not appear to need an arcing
event to initiate operation, and the voltage applied to the keeper was not adequate to cause

arcing. According to Raizer [4], the breakdown voltage, V at which an arc occurs is

(4.1)

where B and G are constants specific to xenon, y is a constant specific to the surface
material, p is the pressure and d is the distance between the electrodes. Equation 4.1 is

applicable for all pd > (pd)iim, where (pd)iim can be found according to

(pd), =G 1nG/ +1j (4.2)

At (pd)iim, the amplification of single ionization events caused by random occurrences such

as cosmic rays is not sufficient to start the avalanche effect that creates a breakdown. For a
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breakdown to have occurred to start the cathode, the required voltage at the relevant pd
needed to be greater than V/z and pd must be shown to have been greater than (pd)iim.

For the following discussion, the keeper and orifice plate are treated as parallel
plates separated by a distance d of 0.127 cm. At 25 sccm of xenon flow, the background
pressure in the vacuum chamber used for cathode testing was ~1x10-4Torr. To estimate
the pressure between the orifice plate and keeper before the cathode started, the 25 sccm
of xenon was assumed to emit from a point-like source located at the orifice exit plane. A
sphere was drawn with a radius d centered at the point source and extending to the keeper.
The xenon atoms were assumed to move radially-outward from the point and subsequently
expand uniformly. Thus, it was possible to find the pressure at any distance away from the
point source by calculating the number of particles in the surface area on the sphere
specified by a solid angle. For this discussion, the solid angle was assumed to be m
steradians, as shown Figure 4.1.

The surface area of A as shown in Figure 4.1 was % the surface area of the sphere.
With d specified as 0.13 cm, A was calculated to be 5x10-¢ m2. The number density at the
keeper was found using the area 4, the atomic flow rate N, and the thermal velocity v,

according to equation 4.3.

n=_—"_ (4.3)

The atomic flow rate for 25 sccm of xenon is 1.1x101% atoms/s. The thermal velocity is

denoted by equation 4.4 as
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Figure 4.1: The geometry used to calculate the breakdown voltage between the cathode
orifice plate and the keeper. The mass flow rate is assumed to originate at a point source
centered in the orifice and expand outward at a solid angle of 1 sr.

v, = /Sk—T (4.4)
mm

The number density n was found to be 1x10%2 particles per square meter. The pressure
could then be found with the ideal gas law

P =nkT (4.5)
The P used in equation 4.5 was calculated midway between the orifice and the keeper. The
actual pressure, found by summing the calculated P and the background pressure of the
chamber, was estimated to be 0.3 Torr. The resulting pd was found to be 0.038 Torr-cm.

The minimum quantity for a breakdown to occur, pdiim,is 0.11 Torr-cm. As a result, it was
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concluded that the start-up mechanism of the electride cathode was not likely due to the
breakdown of the xenon between the keeper and the orifice plate.

It is possible that the actual start-up mechanism was similar to that observed in
LaB6 cathodes. Typically, the LaB6 insert is heated until electrons are emitted, usually at
approximately 1600°C [3]. The electric field formed between the keeper and the cathode
penetrates, albeit poorly, through the orifice into the insert region, accelerating the
electrons downstream [5]. The electrons subsequently collide with neutral gas particles
and act as triggers to the avalanche effect that results in the formation of a plasma and the
ignition of the cathode [4]. These few seed electrons effectively replace the cosmic ray
events needed to trigger a breakdown described by equation 4.1, which negates the need
for pd to be greater than pdiin. Additionally, the electrons, although low in number, are
much more plentiful than cosmic ray occurrences, so the discharge initiates at much lower
pressures. We judge that LaB6, with a work function of 2.67 eV [5], needs to be heated to
1600 °C to emit sufficient electrons to initiate the avalanche effect at reasonable flow rates.
In comparison, electride, which has a lower work function, appears to emit a sufficient
number of electrons at room temperature to trigger the initiation sequence.

There were two procedures by which the electride cathode could be started. One
involved setting the mass flow rate and increasing the keeper voltage until a discharge was
initiated. With 50 sccm of xenon flowing, the cathode typically started with 400 V on the
keeper. Alternatively, a high voltage could be applied to the keeper while the mass flow
rate was increased until the cathode started. With 1000 V on the keeper, the cathode
started with approximately 25 sccm of xenon. Both procedures utilized the avalanche

mechanism described above. Using a high mass flow rate as discussed in the fist method
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increased the number of collisions the electrons accelerated from the insert region
underwent, and, as the the voltage was increased, they eventually were given enough
kinetic energy to cause a sufficient number of ionization events to start the avalanche
effect. In comparison, starting with a high voltage on the keeper pulled the electrons out of
the insert region with a constant, relatively high kinetic energy, and, as the gas flow was
increased, a critical point was reached where there were enough collisions to initiate the
avalanche effect. The later procedure was used more frequently to conserve propellant. It
should be noted that an attempt was made using the same start-up procedure to start an
identical cathode lacking the electride insert, and a discharge could not be started nor

maintained.

4.2 Performance of the Electride Cathode

A single insert, fabricated according to the procedure described in Section 3.4, was
operated for over 60 hours with no sign of degradation. The insert was operated in three
tantalum barrels of differing orifice diameters over the testing period. The testing occurred
over two months and included 20 cathode restarts, 11 chamber vent-pump down
sequences, and an iodine exposure in which 0.1 g of iodine was flowed through the

tantalum barrel at room temperature.
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Figure 4.2: A graph of the anode voltage versus time for over 60 hours of operation on a single insert. Separate days are

denoted by a change in color. Deviations in the anode voltage are due primarily to the variations of mass flow rate, discharge
current, and orifice size.
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Figure 4.3: A graph of the barrel temperature time for over 60 hours of operation on a single insert. Separate days are
denoted by a change in color. Deviations in the temperature are due primarily to the variations of mass flow rate, discharge
current, and orifice size.
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The transition between insert conditioning and hollow cathode characterization is visible
in Figure 4.2 and Figure 4.3. Between 0 and 1200 min, the insert was operated at a
constant discharge current at a fixed mass flow rate until repeatable anode voltages and
barrel temperatures were observed. As a result, these sections of the graphs are relatively
constant. In comparison, after 1200 min, the mass flow rate, discharge current, and orifice
size were all varied to observe their effects on anode voltage and barrel temperature. As a

result, the anode voltage and temperature vary quite a bit after 1200 min.

4.3 Orifice Sizing

Using the fully conditioned insert described in Section 4.2, three different orifice
sizes were tested under identical conditions. The three diameters were 0.76 mm, 1.42 mm,
and 2.03 mm. During each test, the barrel temperature was measured at a variety of mass
flow rates and discharge currents. The characterization was done in the diode test
configuration using an external wire keeper, which collected a constant 0.3 A of current
that was added to the discharge current.

As shown in Figure 4.4 and Figure 4.5, the cathode with the 0.76 mm orifice
generally operated approximately 100°C hotter than the cathodes with the larger orifices.
Interestingly, there did not appear to be a dramatic difference in operating temperatures
between the cathode with the 1.42 mm orifice and the cathode with the 2.03 orifice. We
judge that there could be two explanations for the increase in temperature between the
0.76 mm orifice and the 1.42 mm orifice. One possibility is that orifice heating ceased to be
the primary contributing factor to the operating temperature. Since every other variable
was kept constant, it is then not surprising that significant temperature changes were not

observed between the two larger orificed cathodes. Alternatively, as the orifice diameter
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Figure 4.4: The measured barrel temperature of cathodes with three different orifice sizes
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Figure 4.5: The measured barrel temperature of cathodes with three different orifice sizes
as a function of mass flow rate. The discharge current was fixed at 2.8 A.
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decreases, the internal cathode pressure increases, which moved the peak plasma density
closer to the orifice plate and the position of the thermocouple, which would be reflected in
an increased temperature. At very low discharge currents, all three cathodes were
observed to operate at similar low temperatures. It is likely that at this condition, either
orifice heating was not the primary heating mechanism due to the low orifice plasma
density (as a result of the low discharge current) in the 0.76 mm orificed cathode, or the
peak plasma density was no longer high enough to heat the surface under the
thermocouple significantly.

One would expect to see a decrease in anode voltage as the orifice size was
increased. However, as shown in Figure 4.6 and Figure 4.7, the anode voltages observed
with the 0.76 mm orifice and the 2.03 mm orifice were fairly similar, while the 1.42 mm
orifice exhibited the highest anode voltages. However, the difference decreased as the
plasma density increased, as evidenced by the convergence of all three data sets in both
Figure 4.6 and Figure 4.7 with increasing discharge current and mass flow rate. It is
possible that the cathode with the 1.42 mm diameter orifice was particularly susceptible to
operating in a plasma mode characterized by high anode voltages. Alternatively, the anode
may have not been adequately cleaned before testing the 1.42 mm orificed cathode, leading

to the observed increased anode voltages.

4.4 lodine Testing

lodine has recently attracted interest as an alternative electric propulsion
propellant [6-9]. lodine has an atomic mass similar to xenon with slightly larger
ionization cross-sections (for both I and I2). Additionally, it can be stored in low pressure

tanks in the solid phase, eliminating the need for the large, high pressure storage solutions
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mandated by xenon [7]. The increased reactivity when compared to xenon was a concern
due to the halogenic nature of iodine [8], especially when the susceptibility to
contamination of Ba-W hollow cathodes was considered. Given the observed resistance to
contamination of the electride hollow cathode, it appeared to be an attractive alternative
cathode technology.

An electride hollow cathode fabricated according to the procedure described in
Chapter 3 was delivered to Busek Co. Inc. to perform the iodine compatibility testing.
Busek spent several years [9] developing an iodine propulsion program, which included a
feed system. The feed system incorporated a heated iodine reservoir with a pressure
transducer that could be used to quantify the approximate flow rate. All lines between the
reservoir and the cathode were heated to prevent iodine condensation. The reservoir was
weighed after each day of operation, allowing for the development of a flow rate calibration
curve from the measured reservoir pressure. The electride hollow cathode testing was
conducted in a 1.2-m diameter, 1-m long stainless steel diffusion-pumped chamber. The
cathode was tested in a diode configuration with a ring anode as shown in Figure 4.8.

The cathode was successfully started on iodine from room temperature with no
heater, following the start-up procedure described in Section 4.1. Almost 20 hours of
operation with iodine was accumulated on a single C12A7 electride insert with no signs of
electride degradation or contamination. The 20-hour duration involved eight restarts from
room temperature as well as an exposure to atmosphere, and no difficulty starting and
operating the cathode was encountered.

The anode voltage as a function of discharge current was measured at a constant

iodine flow rate of approximately 13 sccm. Data were recorded as the current was
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Figure 4.8: An electride hollow cathode in diode configuration operating on iodine.

increased from 3 A to 15 A, and as it was decreased from 15 A back down to 3 A over
approximately one hour (Figure 4.9).

The cathode performance at lower iodine flow rates was also investigated, as shown
in Figure 4.10. The discharge current was kept constant at 3 A with an additional 0.3 A
collected by the keeper. The temperature of the iodine reservoir in the feed system was
slowly decreased while the anode voltage was recorded. The anode voltage started to
increase at flow rates below about 5 sccm. It is noted that flow rates shown in Figure 4.10
were calculated from the pressure transducer mounted on the iodine reservoir and from
calibration data that were collected from iodine reservoir weight measurements made
after each day of testing. It is not known what the internal pressure of the cathode was, but
it is estimated to be approximately one Torr, and, consequently, there is a great deal of

uncertainty regarding flow rate. We suspect that the flow rate at which the increase in
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Figure 4.9: Anode voltage as a function of discharge current for an electride hollow cathode running on iodine with a constant
flow rate of 13 sccm and 0.3 A to the keeper.
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anode voltage was observed is lower than 5 sccm, because operation on xenon shows an
increase in anode voltage at flow rates closer to 1 sccm at a discharge current of 3 A.

There was no evidence of any detrimental interaction between iodine and electride.
No degradation in operation was observed over time, nor was there any increasing
difficulty in starting the cathode. However, a black discoloration was observed on the outer
surface of the tantalum cathode barrel and the stainless steel nut, and the tantalum

radiation shielding was also discolored and damaged. The most likely explanation is that
the iodine is reacting with the cathode structure materials to form iodine compounds.
Tantalum will react with iodine to form tantalum pentaiodide (Tals) starting at
300°C [10]. Iodine is known to react with stainless steel at temperatures as low as room
temperature [11]. Using different refractory metals like tungsten or molybdenum for
the barrel and radiation shielding material would most likely not prevent corrosion, as
they react with iodine at elevated temperatures. The solution may be to use a graphite
barrel with grafoil or platinum radiation shielding. Graphite will adsorb and desorb
iodine with temperature fluctuations but will not corrode or react [12]. It would be
possible to fabricate the cathode barrel and orifice plate from graphite and cover the
downstream end of the orifice plate with a platinum plate. The platinum plate would
prevent arcs from occurring between the graphite and the keeper during starting.
Graphite erodes relatively quickly and malforms into peaks and tendrils when

subjected to arcing, which is not desirable for long life applications. The platinum
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would help to alleviate this problem. Platinum will eventually corrode in the presence

of iodine, although at a rate more than 150 times slower than that of tantalum [13].
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Figure 4.10: Anode voltage as a function of mass flow rate for an electride hollow cathode running on iodine.
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5  Zero-Dimensional Phenomenological Model

This chapter describes the development of a zero-dimensional model of the plasma
internal to an electride hollow cathode. Work done previously in the area is discussed,
and the changes implemented to create the current model are examined. The accuracy of

the model is reviewed, and suggestions for future efforts are made.

5.1 Previous Hollow Cathode Model Research

In 1978, Ferreira and Delcroix [1] developed a comprehensive, self-consistent
model of the interior plasma in a hollow cathode. Using an orifice-less hollow cathode in a
diode configuration, the authors measured the wall temperature and internal pressure as a
function of the gas flow rate and discharge current. They modeled the spatial variations of
the internal plasma according to the radial diffusion equation, and found the absolute
plasma density using a collisional model of the primary electrons. The collisional model
was a function of the sheath potential, which allowed for the determination of the potential
drop at the cathode wall. Ferreira and Delcroix were able to validate their approach
through positive comparisons between the theoretical and experimental values of the
cathode wall temperature and the internal pressure.

Ferreira and Delcroix’s model was not able to explain the observed dependence of
length of the internal plasma column on the gas flow rate and discharge current.
Additionally, it only considered a hollow cathode with no orifice, which considerably
simplified the simulation.

Building on the work done by Ferreira and Delcroix, Siegfried and Wilbur [2,3]

devised a zero-dimensional model of the internal plasma of an orificed hollow cathode

72



operated on mercury. The underlying foundations of both models were very similar. A
diffusion-based description of the plasma was used in conjunction with an energy balance
applied at the insert surface to relate the plasma volume equation to the surface emission
equations. Siegfried and Wilbur proved through theoretical and experimental results that
the emission of electrons off of the insert surface was almost entirely due to a field-assisted
thermionic emission mechanism, rather than through photoelectric emission or secondary
electron emission phenomena.

Additionally, Wilbur and Siegfried used a segmented thermionic emitter in which
the segments were isolated from one another to quantify the length of insert responsible
for electron emission. They found that only the first several millimeters of the insert were
responsible for the cathode emission, due to the ion production region (and thus the
internal plasma column) being limited to several electron mean free path-lengths from the
orifice plate. This limitation was thought to exist due to the ion formation resulting almost
solely from primary electron collisions combined with the higher likelihood of finding
primary electrons at the downstream end of the plasma column since that was where all
the electrons were being directed. Wilbur and Siegfried validated this explanation by
correlating the theoretical emission length with the emitted current distribution measured
during the segmented insert experiment.

An updated zero-dimensional model for a hollow cathode was formulated by Katz et
al [4-6]. Due to advances made during the past several decades in fast-moving probe
measurement techniques, Katz et al were able to utilize experimentally-measured values
for electron temperature, plasma potential, and internal plasma density into their model.

This allowed a more accurate model to be developed that required considerably less

73



guesswork than previous iterations. Also, because the cross sections related to xenon were
extensively measured by Miller et al [7], Katz et al were able to leave out complicated
Cross section estimates.

As in the early models discussed, a control volume around the insert surface was
utilized in conjunction with equations for the conservation of energy and current.
Assuming steady-state conditions, the energy leaving the insert must be equal to the energy
deposited into the insert from plasma bombardment processes. The heat loss was
quantified with a thermal model [4] and the plasma properties were deduced through the
conservation of energy and current. More specifically, the electron temperature was solved

for using the cylindrical diffusion equation

2
(iJ n 0T, S _p—g (5.1)
Aoy zm

where R was the radius of the internal cathode volume, m was the mass of an electron, no
was the neutral density, gi(Te) was the xenon ionization cross section, and D was the
diffusion coefficient found from the ion and electron mobilities. Once the electron
temperature was known, the plasma density and sheath potential could be found by
combining the conservation of energy applied to a control volume around the internal
cathode plasma and the conservation of energy applied to a control volume around the
insert surface. The energy balance applied to the internal cathode plasma was written
1,6, +RIZ = Il-U++%TeVIe + T,y + @) ,e T . (5.2)
Equation (5.2) was structured so that that the control volume around the plasma

was bounded prior to the sheath at the insert surface. The left side of (5.2) was the energy

flowing into the plasma control volume, and the right side was the energy flowing out. I:®s

74



was the energy brought into the plasma by thermionically-emitted electrons that flowed
from the internal cathode surface and were accelerated through the sheath potential and
RI?was the joule heating of the plasma as the discharge current was pulled through the
control volume to the orifice. I.U* was the ionic potential energy removed from the plasma
in the form of ionization potential and (5/2)Tevle was the enthalpy of the electrons leaving
the control volume that flow to the orifice. The term

05
Le'ev 2T,y)

was the kinetic energy of the electrons lost from the plasma to the internal cathode surface,

in which I was the random thermal current, and

=2
Le'eV (¢,)

accounted for the potential energy carried by these electrons. Both terms included an
attenuation factor to account for the electrons that made it partially through the sheath but
had inadequate amounts of energy and were returned to the plasma before reaching the
cathode surface.
An energy balance was also applied to the control volume placed at the internal
cathode surface
0

T,
H(T)+ 1§, = ;U™ + ¢+ ;V—¢Wf)+(2Tev+¢Wf)I,eTeV : (5.3)

The terms on the right side of the equation accounted for the energy leaving the cathode

surface, where H(T) was the total heat transfer from the internal cathode surface to the
cathode structure and I;®wswas the thermionic emission cooling term describing the

energy removed by the emitted electrons when they were boiled off the surface. The first
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grouping of terms on the right side of the equation accounted for the power deposited into
the cathode surface by the ion bombardment current. ILiU* was the ionization energy
supplied by the ions when they hit the cathode surface, Ii@swas the energy gained by the
ions when they fell through the plasma sheath en route to colliding with the cathode

surface,

was the energy gained by the ions prior to arriving at the sheath boundary edge, also
known as the pre-sheath or Bohm energy, and -Ii¢puswas the energy lost by the cathode
surface when electrons in the surface conduction band jumped to the surface to neutralize
ions on the surface.

The second grouping of terms on the right side of the equation was the power
deposited into the cathode surface by the returning electron current. The rate of electrons
that arrived at the surface was equal to the random thermal electron current multiplied by
an attenuation term

9
eTeV

The kinetic energy deposited by the electrons that made it to the cathode surface

(assuming a Maxwellian velocity distribution) was

4
IeleV 2T,,)

and the energy given up by the electrons to the surface when they transitioned from the

vacuum level to the conduction band was
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IreTeV (¢wf) '

The Katz et al model was adapted to construct a model of the internal plasma in an

electride hollow cathode.

5.2 Zero-Dimensional Electride Hollow Cathode Model

A zero-dimensional model of the plasma inside an electride hollow cathode was
desired to gain insight into the operation of a cathode with a low work function, non-
radially symmetric emission surface. The model was designed to answer two questions:

1. How do the interior plasma conditions of a C12A7 electride hollow cathode

compare with those of a traditional hollow cathode?

2. How does the C12A7 electride emission surface temperature compare with

the operating temperature of the cathode?

There are several challenges in the application of a zero-dimensional model to an
electride hollow cathode. One such challenge is that in the cathodes described by the
models discussed previously, the primary surface exposed to plasma bombardment was
the low work function insert. In an electride cathode, most of the plasma-bombarded
surface area is the graphite liner or the tungsten orifice plate, which have comparatively
high work functions. Additionally, the geometries of the cathodes previously modeled
were radially symmetric. The sliver-insert of a C12A7 electride cathode leads to radial
non-symmetry, which adds complexity. To address these challenges, a two-step approach
was utilized in the development of a C12A7 electride hollow cathode 0-D model. The first
step involved a control surface around the graphite tube that accounted for the majority of

the inner surface area. With this approach, the internal plasma properties could be
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calculated from a measured operating temperature, which helped to answer question #1.
In the second phase, those plasma properties were used to determine the energy deposited
in the electride from plasma bombardment. This allowed for an estimation of the electride
surface temperature to be made, answering question #2. The remainder of Section 5.3
consists of a detailed walk-through of the application of the developed model to the case of
an electride hollow cathode with a 1.42 mm diameter orifice operating on 4 sccm of xenon
with a discharge current of 3.3 A. Additional results are presented in Section 5.3.

Table 5.1: Geometry used to model the electride hollow cathode with a 1.42 mm
diameter orifice.

Inner radius of tantalum barrel T'i, barrel 2.67 mm

Outer radius or tantalum barrel T'o, barrel 3.18 mm

Inner radius of graphite insert T'i, graphite 1.27 mm

Outer radius of graphite insert Fo, graphite 2.54 mm

Orifice diameter dorifice 1.42 mm

Orifice length Lorifice 1.37 mm
A. Determination of Neutral Pressure

An operating temperature of 808 °C was measured experimentally using a
thermocouple as described in Chapter 3. The neutral gas temperature in the cathode is
assumed to be three times the wall temperature, 3242 K in this case. To calculate the
internal cathode pressure, the viscosity of the xenon, (, is found using the equation from

the Katz et al model [6]

[ 0.29}
0.71+

5.4
F=23x10"1y T (>4
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in which T is the gas temperature divided by 289.7. To find the average pressure inside
the cathode, the pressure directly upstream of the orifice, Pz, is needed. The pressure at
the downstream end of the orifice was assumed to be small in comparison, and as such, P;

can be written as

P \/0.78Qé; Zrloriﬁce (5.5)

orifice
where Q is the mass flow rate in sccm. For the currently discussed conditions, Pz is
calculated to be 3.99 Torr. The pressure at the upstream end of the plasma column, P1, can

now be found. The emission length, Le, is assumed to be 3 mm

0.780Q(T,L,
p=|p 10
| \/ 2 o (5.6)

4
,gmphite)
P; is calculated to be 4.00 Torr, which gives an average pressure over the length of the

plasma column of 4.00 Torr. The neutral density, n,, is calculated with
P
n, =9.65x10%4 ~ 28 (5.7)
T
and is found to be 1.19x1022 m=3.

B. Determination of Electron Temperature

Katz et al [6] find the electron temperature, Te, using the radial diffusion equation

7 .
( l,graphllejnoo_i(Te) 8eT€V _D — O (5.8)
201 m

where Az is the first zero of the zero-order Bessel function 2.405, and D is a diffusion

coefficient written as
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e (Liy+Ty)
M OcEX"oVscat

D= (5.9)

In equation (5.9), M is the mass of xenon, Tiv is the ion temperature, ocex is the charge

exchange cross section, and vsca is the ion thermal velocity, written as

feT-
Vscat = A;V ' (5.10)

The ionization cross section, gi(Te) averaged over a Maxwellian temperature distribution
around T, is calculated by finding the area under the curve

Y(E)= f(E)Q(E) (5.11)
where f(E) is the Maxwellian energy distribution function (5.12) and Q(E) is the ionization
cross section as a function of electron temperature for xenon as reported in Rapp and

Englander [8]

E

F(E)=2e /%ﬁev . (5.12)
7lely

Because D and giare both functions of Te, equation (5.8) must be iteratively solved in order
to obtain an electron temperature. In the electride hollow cathode model, a guess is first
made for Tey. The ionization cross section for a Maxwellian distribution of electrons
centered around Tey is calculated. The ion temperature is assumed to be equal to the
neutral gas temperature of 3243 K, which corresponds to an ion thermal velocity of 453.13
m/s. The charge exchange cross section is assumed to be 1x10-18 m-2. With these values,
the ion thermal velocity can be found, which leads to the calculation of the diffusion

coefficient, which allows for the solving of (5.8) for the electron temperature. After the
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iterative process, the electron temperature was found to be 2.27 eV, which leads to an

ionization cross section of 1.04x10-22 m2 and a diffusion coefficient of 0.348 m?2/s.

C. Heat Transfer Model

To find the plasma density and sheath potential inside the cathode, a heat transfer
model is needed to supply one side of the energy balance. The energy balance is based on
the assumption that the cathode is operating at steady-state. As such, the heat leaving the
cathode thermally must be equal to the power deposited in the cathode from the plasma.
The basis of the heat transfer model utilized is the assumption that the temperature of the
graphite insert along the length of the plasma column is equal to the temperature
measured by the thermocouple on the outside of the barrel. The validity of this
simplification is supported by Salhi et al [9], who showed that the temperature
distribution on the exterior surface of the cathode barrel was within approximately ten
degrees of the insert surface temperature distribution. The heat transfer model used for
the electride hollow cathode is illustrated in Figure 5.1.

The conduction away from the control volume, qcond, is written as

(T. — Ty kA
4cond :% (5-13)

where Ts is the temperature measured at the surface by the thermocouple, and T is the
temperature of the cathode base, assumed to be 150 °C. k is the thermal conductivity of
tantalum, A is the cross-sectional area of the tantalum barrel, and L is the length of the
cathode barrel minus the length of the control volume, which in this case is assumed to be
Le (L is 16 mm). For the measured operating temperature of 808 °C, qcona is found to be

9.85W.
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Figure 5.1: Schematic of the energy balance applied to the control volume drawn at the insert surface.
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The radiation away from the control volume, graq, is written as

Graa = €A} ~Toury) (5.14)
where € is the emissivity of tantalum, o is the Stefan-Boltzmann constant, Tsurris the
temperature of the surroundings and is specified to be room temperature, and A is the
cathode perimeter multiplied by Le. It was assumed that there was no radiation through
the ten layers of tantalum foil radiation shielding, so A only accounts for the exposed area
of the barrel, which in this case is 3.19x10-* m2. The temperature used in (5.14) for Ts is
752 K, which is an average of the measured thermocouple temperature and the base
temperature. A more accurate method of calculating the radiation would be to divide the
exposed barrel into multiple segments and specify an average temperature for each of
them. However, even if the temperature of the exposed barrel is set equal to the measured
thermocouple temperature, which is presumed to be measuring the hottest point of the
barrel, the resulting radiative heat loss changes only by 1.13 W, which is not enough of a
difference to vary considerably the resulting plasma properties. For the electride hollow
cathode with a 1.42 mm diameter orifice, the radiation from the control volume to its
surroundings is calculated to be 1.57 W.

Orifice plate heating is the power deposited on the interior surface of the thoriated
tungsten orifice plate by plasma bombardment. The decision to consider orifice plate
heating and not orifice heating was based partially on results from more thorough two-
dimensional cathode models [5] and partially on the operating temperatures measured
during the operation of electride hollow cathodes with different orifice sizes. As shown in
Chapter 4, there did not appear to be a significant difference in the operating temperature

of a 1.42 mm diameter orifice when compared to a 2.03 mm orifice. As discussed by Katz et
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al [5], for cathodes with a orifice diameter to orifice length ratio greater than one, orifice
plate heating becomes the dominant plasma heating mechanism over heating within the
barrel of the orifice. The orifice diameter to length aspect ratio of the 1.42 mm electride
hollow cathode is 1.04.

The total heat flow out of the control volume is calculated as the heat lost through
conduction and radiation minus the heat in from the orifice plate heating. Because the
power deposited in the form of orifice plate heating is dependent on the internal plasma

properties, the heat transfer model is iterative by necessity.

D. Calculation of Sheath Potential and Plasma Density

Figure 5.2 illustrates the two control volumes that are used to model the internal
cathode plasma. Control volume #1 is placed around the insert surface and is defined by
(5.3). Now that the thermal heat loss is known, the power input from plasma
bombardment is also known. Control volume #2 is placed around the plasma column and
is defined by equation (5.2). Because the power leaving control volume #2 through plasma
bombardment is known, the power into the plasma column generated by the plasma is also
known.

To simplify the expression for sheath potential, an assumption is made that half the
electron temperature is much less than the ionic potential plus the sheath potential. Given
a calculated electron temperature of 2.27 eV, an ionization potential of 12.3 eV, and a
predicted sheath potential on the order of 10 V, this is a good assumption. Thus, the sheath

potential can be simplified, as in the Katz et al model [6], as
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H({T) 5
1( )+2Tv+¢wf—leR : (5.15)

s =

e
A work function of 4.62 eV, the literature value for graphite [10], is used for ¢pwr. The
discharge current, I, is 3.3 A as specified previously. The plasma resistance, R, is calculated
by Katz et al [6] as

1 l
R= (5.16)

2
ETeW), 7T graphite

where &, is the permittivity of free space. I is the average conduction path length, and is
estimated to be the distance from halfway along the emission length to the center of the
cathode at the upstream orifice entrance. For the electride hollow cathode, it is calculated
to be 1.97 mm. Tt.is the mean time between electron-ion and electron-neutral collisions,

and is calculated as

- “i2ngInA 8eT,y
2.9x107 1% e 7 +0,,(Ty)n \/e (5.17)

where gen(Tev) is the electron-neutral cross section and is found using

Tev _g4

Oon(T,y)=6.6x10"" | —4—— | . (5.18)
1+(T‘“’j
4
The Coulomb logarithm In A is calculated as
1. [1x107%n,
lnA:23—51n —< - (5.19)

3
Te \%
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Figure 5.2: A schematic of the energy balance applied to two control volumes, one drawn around the graphite insert surface
and the other around the internal cathode plasma column.
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The plasma density is solved for using the solution in the Katz et al model [6]
2[5
Rle _(ZTeV _¢sjle

‘ 0 ' (5.20)
€Tev TeV +
fulov > eAe ¢V + n0e<0'l-ve>V(U +9)

In (5.20), <oive> is the reaction rate coefficient for ionizing collisions and is found from the

area under the curve specified as

2€T6V

8(E)= f(E)Q(E) (5.21)

m
and fn is the ratio of the average plasma density over the plasma column ne to the plasma
density at the sheath edge. This is a parameter that must be experimentally-measured, and
is unfortunately unknown for an electride hollow cathode. An estimate for f, of 0.05 has
been used in the current model. That number is based on the measured plasma density
ratio inside the NSTAR cathode [6], which is of similar size. Although there are significant
differences between the NSTAR cathode and the electride cathode, the calculated plasma
density and sheath potential are not highly sensitive to fu.. A change in f, from 0.05 to 0.5
results in a change in the calculated plasma density of only 0.6% and no detectable change
in the sheath potential.

Because the Coulomb logarithm and collision time are dependent on the plasma
density, the sheath potential must be solved for in an iterative fashion until a self-
consistent solution for the plasma density is found. For an electride hollow cathode with a
1.42 mm diameter orifice, wy is found to be 6.55x1011 s-1, the plasma resistance is 0.362 (),
the sheath potential is 11.6 V, the plasma density is 1.35x1020 m-3, and orifice plate heating

is 3.34 W.
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E. Determination of Electride Temperature

The second step of the electride hollow cathode model utilizes a third control
volume drawn around the electride surface, as shown in Figure 5.3. Once again, steady-
state conditions are assumed, and an energy balance is used to calculate the electride
temperature. Because the plasma conditions are known, the power flowing from the
electride to the plasma is known. A thermal model is constructed, and the electride
temperature is varied until the thermal model predicts a power flux equal and opposite to
that from the plasma.

The thermal model assumes that the temperature of the electride is uniform over
the entire length of the sliver, and that the only methods of heat flow are radiation from the
electride to its surroundings and conduction. For the radiative heat transfer, it is assumed
that the entire area (not just the emitting area in contact with the plasma) of the electride
sliver is emitting to a surrounding area that is at the temperature of the experimentally-
measured cathode barrel. For the conductive heat transfer, it is assumed that the electride
has a thermal conductivity of 2 W/mK, and that the electride sliver is in perfect thermal

contact with the graphite tube.

To calculate the power into the electride from the plasma, the plasma density at the
electride surface must be known. As discussed previously, the ratio of the average plasma
density to the edge plasma density, fu, can only be obtained via experimental measurement.
As such, an educated guess must be used in the electride cathode model. For such a guess
to be made, a closer examination of the plasma sheath structure at the edge of the electride
where it meets the graphite is warranted. Katz et al [6] relate the ratio fu to the sheath

potential using
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Figure 5.3: Schematic of the energy balance applied to the control volume drawn at the electride surface.
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where ¢axis is the plasma potential on the centerline of the cathode. Over the graphite, as

calculated in Section 5.2, the sheath potential for an electride hollow cathode with a 1.42

mm diameter orifice was found to be 11.6 V. The sheath is illustrated in Figure 5.4.

.
Electron
Energy
4.62 eV
Earimi Lol ] s s b i e 11.6 V
Graphite
Potential

Figure 5.4: An illustration of the plasma sheath formed between the graphite surface and
the internal cathode plasma.

When two conductive materials are in electrical contact, their Fermi levels align [11]. As
such, if the work functions of the two materials are different, their surface energy states are
at different potentials. This phenomenon becomes relevant when the plasma sheath at the

boundary between the electride and the graphite is considered. Because the work function
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of graphite is 4.62 eV and the work function of the electride may only be 0.76 eV, as
discussed in Chapter 2, the electride surface is at a potential 3.86 V closer to the plasma

than the graphite, as illustrated in Figure 5.5.

i
Electron
Energy
4.62 eV
0.76 eV
Fermilevel = =fFlF=-===-F=—c=-=-9q ke
Graphite Electride 774V

Potential

Figure 5.5: An illustration of the plasma sheath formed at the intersection between the
electride and the graphite in an electride cathode with a 1.42 mm diameter orifice. Due to
the alignment of the Fermi levels, the plasma sheath above the electride is 3.86 V larger
than the one over the graphite.

For the plasma over the graphite, an f,of 0.05 was assumed in equation (5.20).
Given the calculated sheath potential of 11.6 V for an electride cathode with a 1.42 mm
diameter orifice, the centerline plasma potential is found from equation (5.22) to be 18.4 V.
Using the centerline potential and the increased sheath potential above the electride, the fa

for the plasma directly above the electride is calculated to be 0.27. If the assumption is
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made that the sheath remains unchanged over the entire area of the electride sliver, this
value of fn can now be used to estimate the density of the plasma above the electride, which
allows for the calculation of the power deposited into the electride surface by the plasma.
Using the thermal model for the electride sliver described previously and the sheath
potential illustrated in Figure 5.5, the electride temperature is calculated to be 773 °C. This
result indicates that the electride surface is 35 °C cooler than the measured barrel
temperature. As such, the power flows indicated in Figure 5.3 are reversed. Figure 5.6
shows the same energy balance with corrected directions of power flow. Because the work
function of the electride is low and the surface area in contact with the plasma is small, the
heating processes from the plasma are dominated by the cooling effect of the electron
emission. The results of the model indicate that for an electride hollow cathode, the barrel

temperature is not equal to the emission surface temperature.
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Figure 5.6: Schematic of the energy balance applied to the control volume drawn at the electride surface with corrected
directions of heat flow.
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5.3 Electride Hollow Cathode Model Results

In the course of the model description presented in Section 5.2, the results for an
electride hollow cathode with a 1.42 mm diameter orifice were presented. The model was
also exercised for a 0.76 mm orifice and a 2.03 mm orifice. For the two cathodes with the
larger orifices, orifice heating was neglected and only orifice plate heating was considered.
The validity of this assumption was discussed in Section 5.2. The experimental results
indicate that it is possible that orifice heating should not be so easily discounted for the
cathode with the smallest orifice. Alternatively, the increase in operating temperature
could be due to the higher pressure inside the cathode, which in turn would lead to a
shorter emission length, focusing the density of the plasma much closer to the orifice, and
as a result, closer to where the thermocouple was placed [5].

To grasp how important orifice heating may be in the cathode with the 0.76 mm
diameter orifice, an approximation of its magnitude can be made. In the NSTAR cathode
when operating at the TH15 throttle point (13.1 A, 3.7 sccm, 0.76 mm orifice diameter and
1.02 mm orifice length), the resistance of the orifice plasma is predicted (and
experimentally-verified) to be 0.31 Q, which corresponds to a power loss of 53 W [6].
Detailed two-dimensional modeling shows that half of this power loss goes to heating the
cathode through the orifice, while the other half is convected out of the cathode through
the plume [6]. If the assumption is made that the electride cathode orifice is 0.5 , which is
increased slightly due to the lower plasma density (because of the decreased discharge
current) and longer orifice length, the power loss through the orifice would be 5.45 W. If
the same 50% heating assumption is made, this corresponds to an orifice heating value of

2.72 W. This number is not drastically different than the values calculated in the other two
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cathodes for orifice plate heating, which indicates that the measured elevated operating
temperature for the smallest diameter cathode is more likely due to a highly non-uniform
plasma density distribution than a different heating mechanism. For the model results
presented below, 2.72 W is used in place of orifice plate heating for the results for the 0.76
mm orifice cathode.

Table 5.2 and Table 5.3 show the geometry of the two other cathodes modeled.
They are identical to the 1.42 mm orifice cathode, with the exception of the orifice
diameters. The operating temperature measured for the cathode with the 0.76 mm
diameter orifice was 909 °C and for the cathode with the 2.03 mm diameter orifice was
781 °C.

Table 5.2: Geometry used to model electride hollow cathode with 0.76 mm diameter
orifice.

Inner radius of tantalum barrel T'i barrel 2.67 mm
Outer radius or tantalum barrel T'o, barrel 3.18 mm
Inner radius of graphite insert T'i, graphite 1.27 mm
Outer radius of graphite insert To, graphite 2.54 mm
Orifice diameter dorifice 0.76 mm
Orifice length Lorifice 1.37 mm

Table 5.3: Geometry used to model electride hollow cathode with 2.03 mm diameter
orifice.

Inner radius of tantalum barrel T'i, barrel 2.67 mm
Outer radius or tantalum barrel T'o, barrel 3.18 mm
Inner radius of graphite insert T'i, graphite 1.27 mm
Outer radius of graphite insert Fo, graphite 2.54 mm
Orifice diameter dorifice 2.03 mm
Orifice length Lorifice 1.37 mm
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Figure 5.7 shows the calculated pressure and neutral density for each of the three

orifice sizes.
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Figure 5.7: The calculated internal pressure and neutral density for the three orifice sizes.

The trends shown in Figure 5.7 are what one would expect. As the orifice size decreases,
the interior cathode pressure increases. Because the neutral density is a function of that
pressure, it increases as well.

Figure 5.8 shows the calculated electron temperature and sheath potential for each

of the three orifice sizes.
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Figure 5.8: The calculated electron temperature and sheath potential (evaluated over the
graphite) for the three orifice sizes.

Figure 5.8 shows that the electron temperature increases with orifice diameter. This is
expected because the electron temperature is inversely related to the neutral density,
which decreases with orifice size. Interestingly, the sheath potential does not change
considerably with orifice size. The method to calculate sheath potential uses the heat flow
obtained from the thermal model to look at how severe the ion and electron bombardment
must be to provide that much power input. Because the operating temperatures of the
three cathodes are all within 130 °C of one another, there is not a dramatic difference
between the sheath voltages.

Figure 5.9 shows the calculated plasma density for each of the three orifice sizes.
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Figure 5.9: The calculated plasma density for the three orifice sizes.

As expected, the plasma density increases with decreasing orifice size.
Figure 5.10 shows the calculated electride surface temperature and the difference
between the calculated surface temperature and the measured wall temperature for each

of the three orifice sizes.
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Figure 5.10: The calculated electride surface temperature and the difference between the
surface temperature and the measured barrel temperature for the three orifice sizes.

The electride temperatures of all three cathodes are within 60 °C of the measured wall
temperature. Interestingly, the electride surface in the cathode with the smallest orifice is
predicted to be hotter than its surroundings by approximately 20 °C, whereas the electride
surfaces in the two larger cathodes are predicted to be cooler than their surroundings. It is
difficult to draw hard conclusions from this result, due to possible inaccuracies from
simplifications in the thermal model and plasma non-uniformity that are not reflected in

the zero-dimensional model.
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6 Conclusions and Future Work

6.1 Summary of Fabrication Process

A one-step fabrication process was developed to produce C12A7 electride. The
precursors were mixed and placed in a graphite crucible in a furnace. The furnace was
heated in vacuum to 1700 °C, and allowed to cool slowly. The resulting product was
metallic in appearance and conductive. An analysis of the atomic composition of the
material surface by x-ray photoelectron spectroscopy resulted in the expected aluminum to
calcium ratio. Additionally, examination of the fine structure of the XPS results narrowed
the material components down to calcium oxide and either alumina or aluminum
hydroxide. Electron paramagnetic resonance of the product identified unpaired electrons
in the compound, and the EPR peak shape was indicative of some delocalization of the
electrons, signifying a semi-metallic mode of conduction. X-ray diffraction taken of the
sample showed no peaks corresponding to a compound other than graphite, which pointed
to the production of the amorphous form of C12A7 electride rather than the fully
crystalline.

The work function of the produced electride was measured at low temperature
using a diode apparatus, in which the sample was heated to a known temperature and the
current emitted to a biased anode plate was quantified. The lowest work function
measured was 0.76 eV, which corresponded to an emitted current density of 0.15 A/m?.
The emitted current was observed to decrease over time to below a measurable value, and
did not recover after a return to room temperature and reheating. Additional current was

only observed at higher temperatures, although, after a period of tens of minutes, it also
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decreased to zero. It is thought that defect electronic states near the surface were being
depleted, giving rise to an increased work function. An unidentified process within the
hollow cathode during operation appears to prevent emission degradation with time.

An electride hollow cathode insert was fabricated using an electride sliver cut from
the crucible in which the electride was formed. It was found that a continuous emission
surface resulted in much more stable and consistent cathode operation. No special
precautions were taken to keep the electride surface pristine during its preparation, and
there appeared to be no detriment from the lack of such provisions, however, a graphite
liner placed inside the tantalum tube was discovered to be necessary. Graphite is known to
supply an anionic template that keeps the nanocages stable when electride is heated and
cooled, and it is likely a similar process occurred inside the cathode when electride was in
contact with the graphite. The operation produced by a fresh, never-used electride insert
was characterized by increased anode voltages and cathode operating temperatures, both
of which decreased to reproducible values after between three and four multi-hour

operations that were separated by cool down periods.

6.2 Summary of Experimental Results

An electride hollow cathode was constructed from a tantalum barrel that employed
a graphite liner where the electride was placed. It required only 400 V to start with 50
sccm of xenon flowing. The start-up mechanism of the final prototype was likely due to a
cascade ionization effect triggered by electrons emitted from the electride surface at room
temperature. A single insert was operated in a cathode for over 60 hours, spread across a
2-month period. This duration involved 20 restarts from room temperature, as well as 11

exposures to atmosphere.
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Cathode bodies with three different orifice sizes were operated and compared using
the same insert. It was found that the cathode with the smallest orifice size ran at a
temperature approximately 100 °C hotter than the cathodes with the two larger orifices at
a discharge current of 2.8 A. The smaller orifice increased the pressure in the cathode and
moved the peak plasma density to a location near the thermocouple, which would increase
the power deposited in that area by plasma bombardment of the surface. Similar
temperatures were observed for all three cathodes at lower discharge currents. The low
internal plasma densities that correspond to low discharge currents may have negated any
significant heating effect from spatially different plasma densities.

At Busek Co. Inc, an electride cathode was operated using iodine vapor as the
propellant. No degradation of the electride surface due to interaction with the iodine that
inhibited emission was observed. The cathode started at room temperature on iodine, and
ran for over 20 hours. The testing with iodine included eight restarts from room

temperature as well as one exposure to atmosphere.

6.3 Summary of Modeling Effort

A zero-dimensional phenomenological model was constructed to gain insight into
the plasma conditions inside an electride hollow cathode based on the measured operating
temperature. An energy balance involving a heat transfer model was applied to a control
volume on the outer surface of the tantalum barrel and graphite liner. An additional energy
balance applied to the internal plasma was used in conjunction with the computed power
deposition at the graphite liner surface to calculate the electron temperature, sheath
potential, and average plasma density. Using these properties along with the

experimentally measured work function of 0.76 eV, the power deposited into the electride
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surface could be approximated, which, combined with a heat transfer model, allowed for
the prediction of the electride surface temperature.

The model, combined with experimentally measured operating temperatures, was
used to calculate the plasma properties for cathodes with three different orifice sizes.
Decreasing orifice size, as expected, increased the internal cathode pressure and decreased
electron temperature. The orifice size was not found to have a significant effect on the
sheath potential. For the smallest orifice, the electride surface temperature was predicted
to be 20 °C hotter than its surroundings, whereas the surface temperatures of the electride
inserts in the two larger orificed cathodes were predicted to be ~40 °C cooler than their

surroundings.

6.4 Future Work

Further characterization of the electride surface could provide insight into the
structure of the material and its emission properties. A comparison of XRD, XPS, and EPR
spectra taken before and after the electride surface has operated within a hollow cathode
would give information about any changes undergone by the surface due to the cathode
operation. A work function test apparatus that exposed the surface to a plasma similar to
that found within the cathode could look deeper into the apparent recovery of the low
work function emission after cathode operation.

As described in Chapter 3, the electride material only covered a small fraction of the
cathode interior. Consequently, an annular electride insert in which the internal walls
were completely coated in electride would be highly desirable. There would be a greater
emission surface area, which could lower the operating temperature of the cathode.

Additionally, the plasma would not bombard high work function surfaces such as graphite,
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which could also lead to a lower operating temperature. There are several ways that such
an insert could be fabricated. A hole could be machined through the center axis of a solid
electride cylinder, at which point it could be inserted into a cathode barrel or graphite liner.
Alternatively, an insert could be constructed using the sliver method described herein and
put in a cathode. The cathode could then be operated at discharge currents that increased
its internal temperature to above the melting point of the electride. Because of its
amorphous nature, it is expected that the electride would continue to emit. While running,
the cathode could be slowly rotated about its axis, resulting in the coating of the graphite
liner by the electride. Other similar methods could be used where liquid electride was
supplied to an operating cathode.

Higher current electride cathodes, on the order of 100 A, could have a great deal of
use in future high power electric propulsion systems. These cathodes could be made in
several ways. The fabrication process described herein could simply be scaled up, to
produce a 1.27 cm-2.54 cm cathode similar to LaB6 cathode development efforts.
Alternatively, multiple inserts identical to those described herein could be placed in a large
barrel.

Additional experimental tests are needed before an electride hollow cathode is
perceived to be as reliable as the current state-of-the-art by the electric propulsion
community. The first step in demonstrating electride cathode durability may be a longer
duration test, on the order of several hundred hours. Further testing of an electride
cathode in conjunction with a thruster is also vital. Lastly, given the observed durability of
the electride surface, it would be worthwhile to operate an electride cathode in non-ideal

environments, especially with an increased oxygen background pressure. If the electride
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can continue to emit in the presence of oxygen, then expensive, ultra-high purity
propellants would no longer be necessary.

The zero-dimensional model could be greatly improved by using data from fast-
moving probe measurements of the electride surface temperature and the axial plasma
density. Operating temperatures acquired from an array of thermocouples placed axially
along the barrel surface would also be valuable. These experimental results could lead to
the development of one and two-dimensional models that better represented the spatial
plasma variations. The additional thermocouples would also improve the heat transfer

calculations, leading to more accurate calculations of plasma properties.
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APPENDIX A

An initial prototype electride hollow cathode was taken to the Air Force Research
Laboratory at Edwards Air Force base to operate in conjunction with a 6 kW Hall thruster
[1]. It was mounted parallel with the thruster approximately 5 cm away from the outer
edge of the thruster housing with the orifice plate at the thruster exit plane, as shown in
Figure A. 1. The thruster anode voltage and gas flow were turned on, and the gas flow to
the cathode increased until it started. It took several arcs for the cathode to maintain a

discharge. The thruster started simultaneous with the cathode.

Figure A. 1: H6 thruster with mounted electride hollow cathode.

The cathode operation with the thruster was similar to that observed in the diode-
configuration. Specifically, the operation consisted of multiple and visible ejection of

material, as shown in Figure A. 2.
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Figure A. 2: AFRL H6 Hall thruster operating in conjunction with electride hollow cathode.
Mass flow rate to cathode is 10 sccm of xenon, thruster operating conditions are 9 A and
2.71 kW. Cathode is operating in a relatively stable mode.

The cathode operated for approximately 30 minutes before winking out for the first
time. It was easily relit, after which point it operated for an additional several minutes
before winking out again. The wink-outs increased in frequency, until the cathode could no
longer be started. It is hypothesized that the material ejected during the unstable modes of
operation built up to form an electrical contact between the keeper and the cathode barrel.
This prevented the application of a high voltage to the keeper, which made it impossible to
start the cathode.

The H6 thruster was mounted on a reverse-pendulum thrust stand configuration.

The total efficiency of the thruster can be calculated according to

T2
r=— (A1)
2mP.

mn
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where 77 is the total efficiency, T is the thrust, m is the total mass flow rate, and P;, is the
total electrical power into the thruster [2]. Two terms are likely to change when switching
between a center-mounted traditional LaB6 cathode and an outer-mounted electride
cathode. If the cathode required a higher voltage to obtain an adequate discharge current,
that would be reflected in an increased Pin. Even if both cathodes operated identically, Pix
was expected to increase with the electride cathode due to the difference in mounting
positions. The externally-mounted electride cathode was farther away from the channel,

which required a higher voltage for the electrons to reach the anode. The other term that

could vary between the cathodes was m, which was based on the propellant utilization
inside the cathodes. If the electride cathode required a greater amount of propellant than

the LaB6 cathode to emit the discharge current, then that would be reflected in an increase

of m.

It was found that the thruster, when operating in conjunction with the electride
cathode, had a total efficiency of 52.6% at an anode voltage of 300 V and an operating
power of 2.7 kW. In comparison, when the thruster operated with the center-mounted
LaB6 cathode under the same conditions, it exhibited a total efficiency of 54.4%. An
approximate 2% discrepancy was expected between the two numbers, given the difference
in mounting positions. As such, it was concluded that there was no meaningful difference
in total efficiency between a 6 kW Hall thruster operating with a traditional LaB6 cathode

and the same thruster operating with an electride cathode.
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