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PREFACE

This thesis represents the first investigation into the compatibility of Field
Emission (FE) cathodes and Electric Propulsion (EP) systems. FE cathodes have
demonstrated 1000s of hours of operation in Ultra High Vacuum (UHV) environments.
Hall thrusters have demonstrated 1000s of hours of operation in 10°-10" Torr with
hollow cathodes. FE cathodes are being considered to replace hollow cathodes in Hall
and ion thrusters because they do not require propellant, operate cold, and operate at
much lower power levels. These features are especialy important as EP systems are
shrinking in size and power levels to meso- and microscales. The effects of hostile
thruster environments on the performance of FE cathodes was investigated in thisthesis
work. Issues of contamination, lifetime, and space-charge limited el ectron emission were
addressed. Experiments were performed to determine if silicon and molybdenum Field
Emission Array (FEA) cathodes could operate in xenon environments without
performance degradation, what caused the performance degradation, and how the
degradation rate could be controlled. Models were developed to predict performance
degradation rates of S and Mo FEA cathodes in xenon environments. They were used to
determine cathode lifetimes and suggest cathode configurations that will satisfy lifetime
and current requirements. A sheath model was also devel oped to predict space-charge
current limits in operating configurations where a plasma provides a virtual anode to
collect the emitted current. This model was also used to investigate the space-charge
limits on FE cathodes in Low Earth Orbit (LEO) on atether system. The sheath and
performance models were used to optimize cathode configurations for thruster and tether

applications.
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INTRODUCTION

The compatibility of Field Emission (FE) cathodes in Electric Propulsion (EP)
systems is explored in this dissertation. Some of the results of this thesis work were also
used to address compatibility issues between electrodynamic space tethers and FE
cathodes. The plasma environments of these systems place challenging demands on
cathode performance. Field emission cathode performance in simulated environments of
interest is theoretically and experimentally evaluated. This chapter provides an
introduction to the configurations, operation, and applications of Hall and ion thrusters,
el ectrodynamic tethers and FE cathodes. The motivation for using FE cathodes with
thrusters and tethers and the associated challenges are presented. Previously obtained
experimental results which motivated the experimental performance evaluations

employed in this thesis work is discussed.

1.1 Electric Propulsion

EP systems have been under investigation since the 1950s as alternatives to
chemical propulsion systems on spacecraft. They offer advantages including higher
specific impulse, and, therefore, lower wet system mass for the same mission, resulting in
significantly reduced launch costs. EP systemsfall into three categories. electrothermal,
electrostatic, and electromagnetic. These systems have been optimized for different

thrust, specific impulse, and power regimes.

1.1.1 Roleof Electric Propulsion

The primary advantage of EP systems over chemical propulsion systemsis their
higher effective exhaust velocity, ue. The amount of propellant required by the rocket
engine to impart the necessary change in velocity, DV, to a payload is determined by the

rocket equation,



M; isthe initial mass of the spacecraft including fuel, and M; is the final mass of the
spacecraft after the fuel has been spent. The amount of fuel required to attain the desired
DV exponentially increases with DV. Chemical rockets are limited to ue below ~5000
m/s. Particle exhaust velocities can be an order of magnitude higher in EP systems than
in chemical systems because electrical energy is added to the system to heat or ionize and
accelerate the propellant instead of relying on chemical energy of the propellant. The
rocket equation shows how much less propellant is needed for the same mission DV when
Ue is significantly increased with the use of electric propulsion.

EP systems have been used for North-South Station-Keeping (NSSK) on satellites
and primary propulsion for interplanetary probes. They could also be used for orbit
raising, comet sample return, and piloted missionsto Mars. Interplanetary probes require
significant periods of continuous thrusting during a mission while satellites require short
duration thrusting periodically during the satellite lifetime. Lifetimesin excess of 1000s
of hours are required of EP systems for satellites or interplanetary probes, and piloted
spacecraft. Power is supplied to EP systems with solar (<100 kW) or nuclear sources,
depending on the amount of power required.

There are severa types of EP systems, each with unique capabilities and roles.
Currently, the most widely used and simplest EP system is the resistojet, an
electrothermal device. It isused on communication satellites for NSSK, attitude control,
on-orbit maneuvering, and is capable of running on waste water. The MR501 hydrazine
resistojet operates at 350-500 W to generate 0.18-0.36 N of thrust at 280-300 s.* The
electrothermal arcjet is aso commonly used on communication satellites, operating at 1.8
kW using hydrazine propellant. Spacecraft equipped with megawatts of power could
employ magnetoplasmadynamic (MPD) thrusters, electromagnetic devices, for sample

return missions and piloted missionsto Mars. This system can operate at 60% efficiency



on lithium propellant. Field Emission Electric Propulsion Systems (FEEP) are being
considered for drag compensation for precise spacecraft positioning.? These systems
operate at 10 kV, ~1 mA, with maximum thrust approximately 1 mN. FEEPs have been
built to operated at only 30 niN. Hall thrusters have been used on communication
satellites that employ solar power. These 1.35 kW systems have been optimized to
operate at ~53% efficiency on xenon to generate ~83 mN of thrust at 1600 s specific
impulse.® Ion thrusters have been used on communications satellites and interplanetary
probes. A 30 cmion thruster is currently being used for primary propulsion on DS-1, a
mission to fly-by an asteroid and comet. A 30 cm ion thruster can generate 91 mN of
thrust at a specific impulse of 3380s and 66% efficiency with xenon propellant.* Hall and
ion thrusters are both electrostatic propulsion systems. Constellations of hundreds of
satellites for global telecommunication systems, are being developed which will employ

these systems.

1.1.2 Hall Thrusters

Development of the Hall thruster was initiated independently in both the USSR
and the U.S. inthe early 1960s. Research effortsin the U.S. were more heavily focused
on theion thruster by 1970, while development of the Hall thruster flourished in the
former USSR.> Following the first flight of aHall thruster, the SPT-60, in Feb. 1972 on
the Meteor satellite, approximately 100 Hall thrusters have been used on Russian
satellites. Engineersin the U.S. have been working on integrating Russian Hall thrusters
and U.S. satellites since 1992. Thrusters developed for 11kW communication satellites
operate at 1.35 kW to generate 83 mN of thrust and 1600 s specific impulse. Recent
discussions about deploying constellations of ~300 satellites have included scenarios with
5-6 kW of on-board power that could support 4.5 kW propulsion systems with 2-6

systems on-board. Since 1993, there has been aflurry of research activity in the U.S.



focusing on characterizing their performance, modeling their performance, and
understanding the issues associated with integrating Hall thruster and satellite systems.
High energy ions emitted by the propulsion systems can damage a spacecraft and plasma
noise can interfere with communication systems. Hall thruster design development has
been on-going for more than 20 years to improve performance and minimize interference
with communication systems and damage to spacecraft surfaces. These thrusters operate
most efficiently on xenon, however, they have aso used Ar, Kr, Air, O,, Ny, Bi, and Cs
propellants.

A Hall thruster developed at PEPL is shown in Figure 1.1. The PEPL-70, based
on Russian designs, was developed as alaboratory model and used only to generate a
plasma environment to characterize. Hall thrusters employ an anode as the positive
electrode and gas distributor in the annular ceramic discharge chamber. Multiple
chambers are typically used in the anode to improve the azimuthal uniformity of the
propellant injection. The discharge chambers are usually composites of BN, Si, and
AlO2. Hall thrusters employ inner and outer electromagnets with poles at the thruster
exit plane to support aradia magnetic field (~300 Gauss in the center of the discharge
chamber) with large gradients. The cathode is commonly positioned external to the
thruster. When the discharge voltage is applied, the anode and cathode support an axial
electric field. The cathode emits electrons to ionize the propellant and to neutralize the
ion beam emitted from the thruster. These thrustersrequire 0.2-10 A of current,
depending on the size of the thruster. Electrons emitted by the cathode become trapped
in the crossing electric and magnetic fields in a closed azimuthal drift. Xenon atoms are
injected into the drifting electron cloud from the anode, and are then ionized by electron
bombardment. The axial electric field accelerates ions axially out of the discharge
chamber to produce thrust. Inthe Hall thruster, the ionization and acceleration occur in
the same region; therefore plasma quasineutrality is maintained everywhere in the

thruster.



Figure 1.1 Cross-section of a Hall thruster with a hollow cathode.

1.1.3 lon Thrusters

Anion thruster is another form of an electrostatic EP system with performance
similar to Hall thrusters. They typically operate at a higher specific impulse and higher
efficiency than do Hall thrusters. This thruster also ionizes the propellant by electron
bombardment. It employs permanent bar magnets which run along the discharge
chamber, as shown in Figure 1.2. The electrons become trapped in the magnetic field
between the cathode and anode. This thruster has separate regions for ionization and
acceleration. The thruster configuration is shown in Figure 1.2. Thisthruster requires a
cathode inside of the discharge chamber for propellant ionization and another cathode
outside of the thruster for ion beam neutralization. The propellant isionized in the
discharge chamber and then extracted by the screen grid. lon beam accel eration occurs
between the acceleration and screen grids. lon thrusters operate at lower current densities
than Hall thrusters because space-charge effects between the grids limit the ion current
density; however, an ion thruster can accelerate ions through much higher voltages than

the single stage Hall thruster discussed in thisthesis. A typical 30 cmion engineis



capable of generating 92 mN of thrust at 62% efficiency with a specific impulse of 3100

s. Specific impulses above 10,000 s have been achieved by ion thrusters.
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Figure 1.2 Cross-section of an ion thruster (courtesy of Matt Domonkos).

1.1.4 Oxygen Thrusters

Hall thrusters that use oxygen as the propellant are being developed for missions
inwhich in-situ resource utilization is anecessity. Lunar surface material is 50 %
oxygen by weight,® and 95 % of the Martian atmosphere is CO.. If oxygen is extracted
from these environments, it can be used as propellant for lunar cargo vehicles or Mars
sample return missions when necessary. Acquiring propellant at the mission target for
the return trip could significantly reduce the launch costs of amission. Inthe future, if
and when these missions occur regularly, using this propulsion system could prove to be

rewarding.



Before oxygen Hall thrusters can be utilized, their efficiency must be improved’
and the hollow cathodes typically used with Hall thrusters must be replaced with cold
cathodes. Hollow cathodes employ thermionic electron emitters, which are very sensitive
to the operating environment. In an oxygen environment, these electron emitting cathode
inserts quickly oxidize and their work function increases. To overcome theincreasein
work function and maintain a constant current, higher power levels are required for the
heaters to attain higher operating temperatures for the insert. At high enough
temperatures surface oxidation rates significantly decrease; however, the lifetime of the
emitters will also significantly decrease. If Hall thrusters are to successfully operate on

oxygen propellant, cold cathodes must replace hollow cathodes in these systems.

1.15 Meso- and Microscale Thrusters

Meso0 and microscale thrusters are being developed for spacecraft in the 1-200
kg wet mass range and for fine attitude control of larger spacecraft. Theinterest in such
small spacecraft is motivated by the reduction of launch costs and mission risk. It has
been proposed that particular missions, like exploring the rings of Saturn, be
accomplished by fleets of microcraft possibly in communication with alarger mother
spacecraft.® Such spacecraft configurations provide a high degree of mission flexibility.’
Larger spacecraft could use microscale el ectric propulsion systems for continuous
disturbance torque compensation and drag make-up. Such missionsinclude laser
interferometer space antenna (L1SA)™ for the detection of gravitational waves, Gravity
Recovery and Climate Experiment (GRACE) follow-on mission, and Terrestrial Planet
Finder. Incredibly precise position maintenance is required for both of these missions.
Microscale propulsion systems are a necessity for the success of this type of mission.
While microscale propulsion system technology is still very immature, a mesoscale 50 W

Hall thruster has been developed.** The primary technological hurtle for this propulsion



system is now finding a compatible cathode. The cathodes commonly used with larger
scale Hall thrusters are not presently compatible with thisthruster. A 1/4” cathode
operates at 25 W, and a 1/8” hollow cathode operates at 7-10 W. These cathodes
consume power that can be as high as 50 % of the total power of a mesoscale system.
Some mesoscale thrusters at 50 W will require ~1.5 sccm of propellant, and an 1/8”
cathode will require 0.5-1.0 sccm. Therefore, hollow cathodes can also consume 50% of
the propulsion system propellant. This problem will be even more severe with

microscal e propulsion systems requiring an electron source.

1.1.6 Conventional Electric Propulsion Cathode Technology

Cathodes conventionally used with Hall and ion thrusters are too inefficient to be
used with meso- and microscale propulsion systems and are easily contaminated in
oxygen environments. Hollow and filament cathodes are most commonly used with Hall
and ion thrusters. Hollow cathodes employ lanthanum hexaboride, LaBs, or barium
oxide, BaO,, impregnated tungsten inserts which require heaters to increase their
temperature up to ~1000 °C for sufficient electron emission before thruster start-up.
They also require propellant to create plasma which ‘ contacts' the electron beam to the
ion beam. lons created in this plasma supply thermal energy to the insert by collisional
energy transfer, and neutralize the negative space-charge of the electron beam. Thislocal
plasmaincreases the electron transmission from the cathode to the thruster discharge
chamber and ion beam at voltages ~20 V. State-of-the-art 1/8” hollow cathodes under
development at NASA Glenn Research Center (GRC) and the Plasmadynamics and
Electric Propulsion Laboratory (PEPL) at the University of Michigan consume ~7 W and
0.1 mg/s of xenon for ~0.1 A.** Filament cathodes can also be used with Hall and ion

thrusters, and field emission electric propulsion systems (FEEP); however, they also



consume significant power. An oxide thermionic cathode is being developed for FEEP

systems at ESTEC with an anticipated performance of 5 mA/W.*

1.1.7 Advanced Cathode Requirements

The development of small, meso-, and microscale propulsion systems, and
oxygen thrusters for spacecraft will be enabled by the development of cold cathodes,
which do not require propellant. Such cathodes should be easily scalablein sizeto less
than 1 cm? and power to less than 1 W/A to be used by small, meso-, and microscale
thrusters. These cathodes must survive for 1000s of hours eventually; however, initial
performance objectives are only 100 mA/cm?, for 100 hr. in simulated thruster

environments.

1.2 SpaceTethers

Space tethers are conducting or non-conducting cables which are used to couple
spacecraft together for energy transfer or for propulsive maneuvers. They typically
consist of a center conducting wire surrounded by several layers of thin strands of high
strength fibers. It has been proposed to use tethers for orbit transfer and for orbit
insertion from the Earth’s or Moon'’ s surface using rotating tethers.*** The action of
tethers depends on orbital mechanics. A tether dropped down from a spacecraft is pulled
down to the Earth while atether extended up from the spacecraft in orbit is pulled up by
centrifugal forces. Electrodynamic tethers use interactions between Earth’s magnetic field
and current in the tether for power or propulsion.*® SEDS-2 mission demonstrated that a
20 km long tether could successfully de-orbited at payload from LEO. The TSS-1R
mission demonstrated that tethers can be used to boost satellites into higher orbits. The
terminator tether is one type of electrodynamic tether that can be used to de-orbit

satellites.



1.2.1 Electrodynamic Tethers

It has been proposed to use the el ectrodynamic (ED) space tethers to de-orbit
satellites at the end-of-life.r” One concept for using ED tethers to de-orbit spacecraft is
the Terminator Tether.*" These ED tethers use passive el ectrodynamic tether drag to
de-orbit a satellite from LEO. Asthe vertical tether is pulled through the mostly
horizontal Earth magnetic field by the spacecraft, a voltage is induced in the tether wire.
Wire ends make contact with the space plasma with one end emitting electrons. The
current is conducted through the space plasmato the other end of the tether where
electron collection occurs. The Earth’s magnetic field induces a JxB force on the wire
which opposes the host spacecraft motion. Electrodynamic drag is many orders of
magnitude greater than aerodynamic drag for orbits above 500 km.*” A 700 kg satellite at
1475 km could be de-orbited in 6 months by a 10-km-long tether.’” The mass of the
tether system isless than athird of the propellant mass required by aresistojet if the

electron emitter on the tether system does not require a heater or consumable gas

supply.*’
1.2.2 Cathode Requirements

Electron emitters used with an ED tether de-orbiting system must operate cold
and without propellant, and be capable of as much as 2 A to make it competitive with
other satellite de-orbiting options. It isaso important that cathode materials are resistant
to oxidation in Low Earth Orbit (LEO). The cathode current requirement could be
satisfied by using several cathodes. The tether system could use a single hollow cathode
as the electron source, however, the mass penalty of this cathode system may negate the
advantage of the ED over the resistojet to de-orbit satellites. The use of cold cathodes
that do not require a consumable gas could return the competitive edge to the ED tether

concept.
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1.3 Field Emission(FE) Cathodes

A FE cathode is a promising alternative to thermionic hollow cathodes because
they are small, cold, efficient, chemically inert, and do not require an ionizable gas.
Figure 1.3 shows a Hall thruster with FE cathodes in two possible positions: in the center
of the thruster (internal) and on the periphery (external). FE cathodes employ strong
electric fields instead of high temperatures to emit electrons. FE cathodes require much
simpler and smaller systems to operate them than conventional cathodes. They can be
easily scaled in size and power level to be compatible with microscale propulsion
systems, and have demonstrated significantly higher efficiency than thermionic
cathodes.® Two types of FE cathodes were investigated in this thesis: thin film carbon

FE cathodes, and microcone field emission array (FEA) cathodes.

Electromagnets

Discharge
Chamber

Figure 1.3 A Hall thruster shown with hollow and field emission cathodes.

1.3.1 Field Electron Emission

Field electron emission occurs when applied electric fields, F, at the cathode

surface are high enough (0.3-0.6 VV/A) to deform the potentia barrier, f,, between the
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cathode surface and vacuum to allow electrons to tunnel out of the cathode surface and
through the deformed potential barrier.*® Potential barrier deformation by an electric
field isshown in Figure 1.4. The applied electric field is F, the work functionisf,, the
Fermi energy is Er, and eisthe electron charge. The Fermi energy is the maximum
energy level occupied by electronsif al of the lower energy levels arefilled in the
guantum structure. The height of the potential barrier between the surface and vacuum is
f, and the width of the barrier isf ,/F. The electrons emitted by field emission originate
below the Fermi energy level, therefore these low energy electrons are considered cold.
Field emission differs significantly from thermionic or photoemission where electronsin
the solid must be given enough energy to go over the potential barrier. These electrons

have energy considerably greater than the Fermi energy, and are considered hot.
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Figure 1.4 Potential energy diagram for electrons at a metal surface, without (left)
and with (right) an applied electric field, F.

Spindt-type FEA cathodes with microtip structures require electric field
enhancement by the sharp tip structure. Electric fields at the emitting tipsin excess of
4x10" V/cm are required for field emission. Thefield emission tip configuration, which
istypicaly employed, is shown in Figure 1.5; dimensions and materials are processor
dependent. The Fowler-Nordheim (F-N) equation for field emission current density at an

emission siteisEqgn. 1.1. The F-N coefficients are &, and by, are given in Egn. 1.2 and
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Egn. 1.3 where t(y)~ 1.05657, n,” 0.93685, m=511000 eV/c? , c=2998.79 A/fs,
Q=ah c/4=3.6eV-A, a=1/137.04, and 7 =0.655eV-fs. A more detailed derivation of

20,21

these relationshipsis given elsewhere.

Figure 1.5 Field emission tip and gate electr ode configuration (courtesy of Dr.
Kevin Jensen).

Eqn' 11 ‘]FN(F) » aanzeXp(' bfn/ F),
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1.3.2 State-of-the-Art FE Cathode Technology

The applications discussed in this thesis require state-of-the-art FE cathode
technology for materials, cathode structure, and current limiting architectures. This

technology is evolving as microfabrication techniques mature to deposit more robust

materials, and smaller and more complicated structures. Microfabrication techniques are

applied to deposit and etch insulating and conducting films and arrays of microcones on

silicon wafers. Electron beam and interferometric lithography techniques are used for
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patterning the cathodes. Tip and gate aperture radii are on the order of 1 and 100 nm,
respectively.?? Packing densities greater than 10° tips/cm? have been achieved.??
Materials most commonly used are silicon and molybdenum, however, diamond-like
carbon films and coatings on the microtips have been used to improve robustness of the
tips, work functions, chemical inertness, and emission stability.?>?*?"?% Molybdenum
FEA cathodes fabricated at the Massachusetts Institute of Technology Lincoln
Laboratory (MIT/LL) have attained 1 mA at 25 V with an array of 900 tips. The same
cathodes with cesiated tips demonstrated 1 mA at 10 V.?* Spindt at SRI International has
reported dc field emission up to 100 mA/tip from a 100-tip array.?® Emission current
densities greater than 2000 A/cm? have been achieved.®**! The current collected by the
gate electrodes is typically 1/1000 of the emitted current. For optimum cathode
performance typical tip operating pressure is ~10° Torr after careful conditioning in
hydrogen and neon environments.*#3* Microtip FEA cathodes at SRI International
have demonstrated performance of 100 mA with less than 1 mW consumed by the gate
electrode.®

Alternatives to the micro-fabricated FEA cathodes are diamond, diamond-like
carbon, or carbon thin film FE cathodes. The unique advantage to using doped carbon is
its low electron affinity.*® These cathodes can emit electrons at macroscopic vacuum
electric field strengths that are two orders of magnitude lower than those fields required
by silicon and molybdenum Spindt-type cathodes and performance is not as sensitive to
sputtering by ion bombardment.***"*  Dijamond cathodes are very resistant to oxidation
while some carbon films have demonstrated performance degradation in oxygen
environments.*®

Carbon FE cathodes are more robust than the Spindt-type FEA cathodes, however
the Spindt-type cathodes have typically demonstrated higher current densities and
efficiency. Various types of carbon cathodes have been investigated. It iscommon for

carbon film cathodes to operate with only 20% of the emitted current escaping through
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the gate electrode and being collected by the anode. A 40 mA current was measured at
Field Emission Picture Element Technology (FEPET) Inc. from a 25 mm carbon film
cathode with an extraction field of 6.7x10% V/cm.*” An emission current density of 100
mA/cm? was achieved with an extraction field of lessthan 1.2x10° V/cm. Blyablin et al,
demonstrated 500 mA/cm? from diamond film cathodes.* Cathodes with diamond grit in

microfabricated gated structures have achieved 100 mA/cm? at 20 V.*°

1.4 Challenges

State-of-the-art FE cathodes have demonstrated excellent performance in UHV
environments with large anode voltages and promising results in some higher pressure
environments. Thruster and tether environments could significantly limit the
performance of these cathodes. FE cathodes have demonstrated lifetimes of 1000’ s of
hoursin UHV environments. In higher-pressure environments cathode lifetime can be
shortened by arcing between the gate electrodes and tips, and by the cathode getting
sputtered by ion bombardment. In low-pressure environments without a close-spaced

anode, electron emission can be space-charge limited.

141 Cathodelifetime

In UHV environments, the primary cathode failure mode has been arcing between
the gate and tip, shorting out the cathode and ending itslife. In higher pressure
environments, this threat is even greater. Recent advances in microfabrication should
eliminate this cathode failure mode. Catastrophic arcing events can be prevented by
using current limiting structures such as resistive layers,° field effect transistors (FET),**
and vertical current limiting (VECTL)* architectures. Robust materials can be used to

improve cathode sputter resistance and resistance to oxidation. *+%
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Cathode performance will aso be affected by ion bombardment. There are two
populations of ions which will bombard the cathode tips in electric propulsion systems
such as Hall thrusters. One population is created between the tips and gate el ectrode, and
the other population originates near the thruster where charge exchange (CEX) collisions
occur between beam ions and neutrals. The trgjectories of beam ions will not intersect
the cathode, however, they will create CEX ions that can be accelerated into the cathode
region. Measurements of this CEX current are discussed in Chapter 2. The energy of
these ions depends on the potentia between the cathode and local plasma as shown in
Figure 1.6.

The second population of ionsis generated near the electron emitting surface
between the tip and gate el ectrode where emitted electrons ionize neutrals by ion
bombardment. If ions are accelerated into the microtips through large enough voltage
differences, these ions will damage the cathode surface. The flux of theseionsisdirectly
dependent on the local pressure. FEA cathodes have demonstrated stable emission in
elevated pressure environments when start-up occurs at ~10° Torr and the pressure is
slowly increased.’® Spindt et al.*® showed that these cathodes could operate in ~10 Torr
of O, Ar, He, H,, and N, for hundreds of hours. During these exposure tests, the
emission current dropped by about an order of magnitude, if at all. When the chamber
returned to the original UHV environment, the cathodes demonstrated full recoveries.
Similar experiments at the Microelectronics Center of North Carolina (MCNC) yielded
similar results for silicon cathodes.*®*" The results of these experiments showed that
increases in pressure increased cathode work function temporarily. Exposure
experiments performed with xenon at SRI International showed that cathodes were
severely damaged in axenon environment. Tests at Linfield Research Institute (LRI) of
single ZrC and HfC tips with kilovolt gap voltages showed that emission continued for
several minutes at 10 Torr of Ar and O,. Although a glow discharge operating mode

was possibly attained, the tips were not destroyed during operation for afew minutes
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with ions bombarding the tips with several keV energies. The results of these
experiments in elevated pressure environments are very promising, especially because
some of the cathodes seemed to be undamaged during operation.

Carbon cathodes are more robust than the Spindt-type cathodes, however the
Spindt-type cathodes have typically demonstrated higher current densities and efficiency.
These cathodes can operate at 400 V at pressures greater than 750 mTorr of nitrogen
without being damaged. While performance degradation has been observed for the
diamond and carbon film cathodes while operating in oxygen-rich environments®,it is
anticipated that the cathode performance will be much more stable in the inert gas
environment of a xenon plasma thruster.

The effect of higher pressure environments on the lifetime of FEA cathodes has
only been investigated to determine the removal rate of material from FE microtips. This
model was developed by Brodie.*® His model is used to calculate the number of ions
bombarding the tips and rate of material removed from the emitting area of the tips, and
depends on the sputter yield of the ion-target combination, and ionization energy,
pressure, and temperature of the ambient gas. He assumed an average ion energy and
corresponding ionization cross-section, Q;, and sputter yield, Y, and employed operating
voltages around 100 V. He showed that a Mo tip with 2500 A radius of curvature,
operating at 100 V, at 10™° Torr of hydrogen, emitting 1 nA, will lose 10 layers of
material from ion bombardment in 2x10” hours. With alinear relationship with pressure,
the cathode will lose 10 layers of material in 200 hours at 10° Torr. The material lost
rate will increase significantly with increasing ion mass. This model was developed for
single tip configurations; however, asimilar model could also be used for microtip
structures operating at much lower voltages. At lower operating voltages, averageion
energies should not be assumed because of the exponentia nature of the relationship
between Q and electron energy and S and ion energy. Many models have been devel oped

to predict the performance of FEA cathodes as a function of tip radius. Performance
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models have never been coupled with Brodie’'s model to determine the effect of cathode

sputtering in higher pressure environments on cathode performance.

1.4.2 Space-ChargeLimited Emission

The second concern with integrating FE cathode with EP and tether technologies
is space-charge limited electron emission when emitting into plasma. FE cathodes
typically employ a close-spaced triode configuration with a physica anode only
millimeters away from the gate electrode to collect the emitted current. Hall and ion
thrusters employ anodes and cathodes separated by a plasma with pressures up to 10™
Torr in the ionization regions. In this environment, a virtual anode will collect the
emitted electron current at the cathode sheath boundary. The thickness of this sheath and
potential drop through it depend on the environment, cathode potentials, and properties of
the emitted current. Hall thrusters typically operate in a configuration where the cathode
isfloating. The cathode sheath voltage is approximately 20 V in a 1.35 kW Hall thruster
system with a 300 V anode-cathode voltage difference. Hollow cathodes use propellant
in addition to the primary supply to the anode to generate a plasma at the emitter surface
to reduce space-charge effects and the cathode sheath voltage. A reduction in sheath
voltage improves the efficiency of the thruster since less of the discharge voltage is tied
up in the cathode fall and a higher voltage is available to accelerate the ions to produce
thrust. Itismore crucial that the cathode potentia islow with respect to plasma potential
when FE cathodes are used because of the lifetime limitations induced by ions sputtering
the microtip structures and gate electrode. It isimportant that the gate electrode potential
is lower than the plasma potential to retard the collection of plasma electrons while the
cathode beam electrons escape to the plasma. It is anticipated that the field emitter gate
electrode will be set at approximately 20 V below plasma potential, f.. A potentia

diagram is shown in Figure 1.6. The thruster discharge voltage between the anode and
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cathode, V4, and the gate voltage with respect to the cathode FE surface, f 4, are shown.
In a plasma environment with virtual anodes, space-charge effects will limit the electron
current that escapes through the sheath to the plasma. This concern must be properly
addressed and current limits must be determined using sheath modeling before FE

cathodes can be designed and used in plasma environments.
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Figure 1.6 Potential diagram of the cathode, thruster, and plasma configuration.
Anode, plasma ion beam, sheath boundary, gate electrode, and cathode potentials
are shown relativeto ground.

Space-charge limited current problems have been studied extensively. The
Childs-Langmuir relationship describes space-charge current limitations in a vacuum
diode. In the derivation, the current was limited by a zero electric field at the cathode
surface because initial electron velocities were negligible®*®® Fay et al. determined
emission current limitations in a parallel plate geometry when electrons are emitted with

considerable velocities in avacuum.® In that case, positive electric fields at the cathode
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surface are stable solutions to the Poisson equation, permitting larger currents to escape
from the cathode. Virtua cathodes can eventually form between the cathode and anode
to limit the emitted current. Langmuir considered space-charge limitations for parallel
plates separated by a plasma, where ions contribute to negative space-charge
neutralization to further increase space-charge limited current. He claimed that electron
and ion currents were limited in proportion to ion and electron masses when ion and
electron initial velocities are negligible, but showed that these currents can increase with
non-zero velocities at the sheath boundary.®> Bohm modeled the sheath near the cathode
and determined that for a cathode sheath to be stable, the ions must enter it with non-zero
initial velocity.®® To ensure that potential minima occur only at sheath boundaries for a
non-emitting cathode, it was determined that vi>(TJ/m)"1/2 at the sheath boundary.
Crawford and Cannara™ considered the case for space-charge limited emission of a hot
cathode into plasma. They determined a valid velocity range for ions entering the sheath,
the velocity being limited by charge-exchange and momentum exchange collisions in
pre-sheaths. Prewett and Allen® studied the same configuration, and included a criterion
derived by Andrews and Allen®® to construct an analytical expression for the initial
energy of ions entering a sheath. Using that expression in the sheath model, they
achieved excellent correlation between theory and experiment. Goodfellow augmented
this model by considering the initial thermal velocities of the electrons emitted at the
cathode. He used this sheath model combined with therma models to predict cathode
temperatures in a magnetoplasmadynamic thruster system. He aso achieved good

correlation between experiment and theory.>’

15 Roleof thisThess

It is anticipated that the successful integration of FE cathodes with EP systems

will require the modification of currently existing Hall thrusters, more advanced FE
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cathode technology, and an understanding of how these cathodes will operate in plasma
environments. Thrusters will require different start-up sequences than commonly used,
to protect the cathode. Lower work function materials, smaller cathode dimensions, and
current limiting structures will significantly improve the performance and compatibility
of these cathodes with electric propulsion systems. Testing of FE cathodesin Xe
environments similar to Hall thruster environments is necessary to study the effect of
higher pressure environments and operating voltages on cathode lifetime. This process
should also be modeled to expedite the devel opment and integration process, reduce
costs, and to determine how to optimize cathode design for different applications. Also,
space-charge limited emission should be modeled for the FE cathode and virtual anode
configuration to develop and understanding of the performance and cathode current
limitations due to space-charge effects in plasma environments. Some of the modeling
results should be experimentally validated. Thisthesistacklesafew of these
technological hurtles including performance assessment of available FE cathodesin
simulated thruster environments, the development of amodel of the performance
degradation due to cathode sputtering by ion bombardment, and a model to predict space-
charge limited emission from a FE cathode in a plasma environment.

The primary objectives of thiswork were to determineif field emission cathodes
can operate in thruster environments and what limitations should be expected. Cathode
lifetime and space-charge limited electron emission are focal pointsin thisinvestigation.
It isassumed that FE cathodes with current limiting configurations will soon be available
to eliminate arcing between tips and gate electrodes as a cathode failure mode.

The first stage of this research focused on characterizing the cathode environment
of aHall thruster. A 70 mm Hall thruster, PEPL-70, was built and used in the cathode
environment characterization. The performance of the thruster was evaluated to ensure
nominal operating conditions were achieved. lon current densities were measured in the

cathode region of the thruster using a Faraday probe. A neutral particle flux (NPF) probe
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was used to measure the local pressure. These measurements were used to design
experiments and model the effect of the thruster environment on FE cathode
performance. The PEPL-70 thruster configuration represents only one of the possible
applications of FE cathodes to electric propulsion. Initial FE cathode and thruster testing
will be conducted with athruster of this size and power level, therefore this thruster
environment was simulated for initial FE cathode testing.

Experiments were conducted to evaluate the performance of FE cathodesin
environments representative of Hall thruster environments. The performance of carbide
cathodes was evaluated in argon and oxygen environments. The performance response of
molybdenum, silicon, and carbon film cathodes to increases in xenon pressure was
investigated at different operating voltages and pressures. The objectives of these
experiments were to determine if xenon exposure during operation would change the
cathode work function and if the cathodes could be operated at low enough voltages to
avoid damaging them during ion bombardment.

A model was developed to predict performance degradation of microtip cathodes
in xenon environments. This model uses a cathode performance model developed by
Jensen to predict effective tip radius and spread in radii of an array of cathode tips from
an |-V traceto predict the cathode performance. The performance degradation model
also uses amodel developed by Brodie to predict the rate of removal of material from the
microtip emitting area. These models are combined with models which predict changes
in effective tip radius and spread in tip radii in time to estimate the change in current
emitted by afield emission array cathode during xenon ion bombardment. The model
flow diagram is shown in Figure 1.7. Experimental data and this performance
degradation model were used together to estimate the energy thresholds for sputtering of
Mo and Si by xenon ions. With this model the performance degradation can be predicted

for any Mo or Si FEA cathode operating in a Xe environment. Good agreement was
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achieved between modeling and experimental results. This model can also be used asa

tool to optimize the cathode configuration for various applications.
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Figure 1.7 Flow diagram for thefield emission array cathode performance
degradation model.

A model was developed to predict space-charge current limitations of FE
cathodes emitting into thruster and tether environments. This model is based on the
planar sheath models devel oped by Goodfellow and Prewett and Allen. The criterion
derived by Andrews and Allen was used to estimate the ion velocity at the boundary
between the sheath and pre-sheath. The model developed in this research considers
electrons emitted with energies greater than 20 eV. This model also considers cylindrical
and spherical sheath geometries to model situations in which electron beam expansion

occursin the sheath as 1/r and 1/r?, respectively. Beam expansion must be considered in
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the cases when the sheath dimensions are larger than the cathode dimensions. These
models were used to investigate the effect of cathode environment and dimensions on the
space-charge current limit.

Finally, the modeling and experimental results are applied to design cathodes for
thruster and tether applications. Preliminary cathode design objectives are ~100 mA
from an area smaller than 1 cm? for 100 hrs. Cathode lifetime and space-charge current
limitations are considered in the designs. Cathode geometrical and operating

configurations are suggested for the different applications.
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CHAPTER 2

CATHODE ENVIRONMENT characterization

The cathode environment of a Hall thruster must be understood to determine the
compatibility of Hall thrusters and FE cathodes. A Hall thruster was built and operated
with xenon propellant to provide a plasma environment which is similar to the plasma
environment of acommercial system. The performance of the thruster was evaluated
with I-V and thrust measurements. Faraday and Neutral Particle Flux (NPF) probes were
used to measure ion current density and neutral particle pressure in the region of a Hall
thruster where FE cathodes could be positioned. Electron number densities and
temperatures on asimilar Hall thruster system were measured elsewhere.®® Parameters
obtained from cathode environment characterization were used to design FE cathode
experiments in xenon environments and model the effect of the thruster environment on
cathode performance and lifetime. The thruster devel oped, diagnostics used to
characterize the cathode environment, and the measurements obtained in the cathode

environment characterization are discussed in this chapter.

2.1 Experimental Apparatus

211 Test Facility

These experiments were conducted at the Jet Propulsion Laboratory (JPL). The
test facility consisted of a 2.3 x 4.6 m vacuum chamber with a xenon pumping speed of
30,000 I/s and base pressure of 4x10°® Torr maintained by both diffusion and cryogenic

pumps. The pressure gauge was calibrated against a xenon calibrated ionization gauge.
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A JPL hollow cathode was used to supply electrons for propellant ionization and ion
beam neutralization. Thruster performance was evaluated using aNASA GRC designed
inverted pendulum thrust stand.>® Calibration data are shown in Figure 2.1. The thrust
stand is an inverted pendulum type with a Linear Voltage Digital Transducer (LVDT)
that detects movement of the thrust stand. An inclinometer and motor are used to
maintain a constant thrust stand inclination because changes in inclination can be
detected by the LVDT as artificial thrust. A motor drives the deployment of a chain with
calibration weights distributed at several positions. The weights are deployed
periodically and the LVDT displays the voltage corresponding to the thrust stand
displacement during calibrations. During the calibrations, the weights deployed shift the
LVDT from its zero weight (thrust) position associated with a voltage output, V vpro. A
change in voltage from the zero position is then associated with each calibration weight
to estimate thrust during thruster operation. This thrust stand was calibrated for much
larger thrust levels than the PEPL-70 generated; therefore, the thrust estimates had to be
extrapolated from the calibration curve. Thrust stand response has been shown to be

linear to very low thrust levels.
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Figure2.1 Thrust stand calibration data.

2.1.2 Hall Thruster-PEPL-70

Limited Hall thruster availability necessitated the fabrication of alaboratory
model at the PEPL. Fabrication of this thruster was also necessary to investigate
performance of Hall thrusters with oxygen propellant. Oxygen can be very destructive to
the thruster. Different thruster designs and materials are optimal for operation on oxygen
and xenon. The boron nitride discharge chamber has a 70 mm average diameter. The
titanium anode has one propellant inlet into a gas distributor with 48 outlets in the first
chamber and 24 outlets in the second chamber. Two chambers with different radial
locations of the propellant outlets improve the azimuthal uniformity of xenon in the
discharge chamber. The magnetic polesin this thruster are slightly thicker than the pole
pieces commonly used in xenon thrusters to create alarger ionization region because
ionization of oxygen requires alonger path length. The ionization region is confined by
the magnetic field generated by the electromagnets. The thruster, shown in Figure 1.3
and Figure 2.2, employs outer and inner electromagnets to generate aradial magnetic
field. Hall thrusters commonly used 4 outer el ectromagnets; however, this thruster
employs 8 outer el ectromagnets to improve azimuthal uniformity in the magnetic field.
An axial electric field is maintained between the anode and cathode. The axial electric
field and the radial magnetic field create a closed Hall current of electrons. Propellant
atoms injected into this electron cloud through the anode-gas distributor are ionized by
electron bombardment. Theions are then accelerated axially out of the discharge

chamber by the electric field to generate thrust.
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Figure2.2 The PEPL-70 Hall thruster with a hollow cathode, neutral particle flux
(NPF) probe, and Faraday Probe.

2.1.3 Diagnostics

Faraday and neutral particle flux (NPF) probes were used to characterize the
cathode environment. A Faraday button probe which was developed at JPL, shown in
Figure 2.3, was used to measure ion current densitiesin aregion external to the thruster
where a FE cathode could be used. A schematic for the Faraday probe is shown in Figure
2.3. A NPF® probe was used to measure neutral particle pressures in the cathode region.
This probe measures neutral particle pressure by using a series of retarding grids to
deflect ions entering the ionization gauge. A thermocouple provides the probe wall
temperature. It isassumed that the temperature of the gasisin equilibrium with the
probe walls. The NPF probe is shown in Figure 2.3. The actual positions of the cathode
and probes during the measurements presented in this chapter are different than the
positions shown in Figure 2.3. The cathode was at a 3 0’ clock position, the NPF at 10
0’ clock, and the Faraday probe at 8 o’ clock.
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Figure 2.3 Faraday probe schematic (courtesy of James Haas).

2.2 Experimental Methods and Results

2.21 Thruster Performance

During several hours of testing, the thruster demonstrated 1-V trends comparable
to similar Hall thrusters used for satellite NSSK. Figure 2.4 shows |-V data at different
propellant flow rates. A properly operating Hall thruster will demonstrate a steep 1-V
curve at low voltages, followed by a steep drop, and then a plateau in current with further
increases in discharge voltage. The thruster is operating optimally in the plateau region
of the I-V curve; increases in discharge voltage increase the ion exit velocities while the
ionization fraction of the propellant does not change.

During several hours of testing, the thruster demonstrated short-term performance
comparable to similar Hall thrusters used for satellite north-south station keeping. A 1.4
kW commercia Hall thruster system generates 4.5 A at 300 V and 53 sccm of xenon with
83 mN of thrust at 53 % efficiency.®> The PEPL-70 generated 4.6 A and 65 mN of thrust
at 36% efficiency, 300 V, and 43 sccm of xenon. Thrust efficiency, hey, is determined
using Egn. 2.1, where nf is the mass flow rate of propellant (mg/s), Ty isthrust (N), lgis
the discharge current (A), and V is the discharge voltage (V). Performance dataare

shown in Figure 2.5. The error bars on these measurements are fairly large because the
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thrust stand was configured to measure thrust on much larger propulsion systems with
much higher thrust levels, and the zero drift of the LVDT was significant during the
experiments. During the experiments, the thrust is estimated by the thrust stand position
with respect to theinitial zero thrust position. A shift in the thrust stand zero position
during the experiments can result in significant over- or underestimatesin thrust. The
most accurate method of determining thrust isto run the thruster at the operating point of
interest for at least 0.5 hour and then turn it off to determine the zero point of the thrust
stand and the thrust associated with the LVDT voltage reading before the thruster was
turned off. Time limitations prevented the acquisition of such accurate thrust
measurements in these experiments. Operating points were only explored for afew
minutes. The thrust stand was calibrated before and after the experiments. The
calibration taken after the experimentsis shown in Figure 2.1. The thrust stand zero
thrust point shifted significantly during the experiment. Therefore, the actual thrust can
be bound using the initial and final zero points and the final calibration. The error bars
on the measurements shown in Figure 2.5 reflect the spread in thrust values estimated,

which isaresult of the thrust stand zero position shift.
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Figure2.4 1-V curvesfrom the PEPL-70 at different xenon volumetric flow rates.

30



Va(V) M (sccm) 1g(A) T(MN)  heg(%)

300 234 18 26.1 27
300 274 2.4 33.8 29
300 34.0 3.2 45.4 32
300 38.6 3.8 55.3 35
300 43.0 4.6 65.4 36
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Figure 2.5 Thruster performance data with varying propellant flow rate and a
constant discharge voltage, 300V. The numberson the markerson thegraph
correspond to thetotal propellant flow rate (sccm). The table above the graph
shows the discharge current also.
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2.2.2 Xenon Pressureand lon Current Density in Cathode Region

Xenon pressure and ion current density were measured at several thruster
operating points. The NPF probe showed that the pressure in the cathode region of a Hall
thruster at each operating point is primarily attributed to the neutral particles; retarding
the ions had virtually no effect on the measured pressures. Table 2.1 shows data acquired

with the Faraday probe flush with the exit plane of the thruster. Corresponding NPF data
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are not available. Table 2.2 shows data taken with both probes positioned 3 mm behind

the physical exit plane of the thruster.

Table2.1 lon current densities measur ed by the Faraday probe flush with the exit
plane of thethruster. Discharge voltage and current, electromagnet inner, I y,, and
outer, Imo, currents, and Xe pressures are also given.

V(scem)  1g(A)  Va(V)  Iwi(A) Imo(A) P (Torr) J(mA/cm?)
23.8 1.9 259 19 8 1.1x10° 0.010
238 19 300 19 8 1.1x10° 0.010
28.6 2.7 298 18 5 1.3x10° 0.013
335 35 298 18 5 1.5x10° 0.018
38.0 35 300 28 15 1.7x10° 0.014
42.7 45 300 26 7 1.9x10° 0.019
43.1 4.9 300 27 0 1.9x10° 0.020

Table2.2 Neutral Xe particle pressuresand ion current densities measured by the
probes 3 mm behind the physical exit plane of thethruster.

V(scem) 1g(A) Va(V)  Iwi(A)  Imo(A) P (Torr)  Puee (Torr)  J(mA/cm?)
18.7 1.3 260 25 12 8.0x10° 2.1x107 0.001
19.1 13 280 25 12 8.3x10° 2.1x10° 0.001
19.4 1.3 302 25 12 8.3x10° 2.1x10° 0.001
235 2.0 200 27 7 9.8x10° 8.9x10° 0.003
23.4 1.8 300 27 7 1.0x10° 9.1x10° 0.002
27.4 2.4 300 27 7 1.2x10° 9.1x10° 0.003
34.0 3.1 300 27 8 1.4x10° 1.3x10° 0.005
38.6 38 300 27 8 1.9x10° 1.7x10° 0.006
43.0 4.6 300 26 8 1.9x10° 1.6x10° 0.008

Datain Table 2.1 and Table 2.2 show that xenon pressure measurements by the

NPF probe near the thruster could be higher or lower than tank pressure. This

relationship depends on the ionization fraction of the propellant exiting the thruster, and

the ion optics of the thruster, which depend on the discharge voltage and currentsin the

electromagnets. The ion optics were typically optimized for this thruster at each

propellant flow rate and discharge voltage by adjusting the currentsin the

electromagnets.
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The measurements obtained in the experiments discussed in this chapter will be
used in the following chapters of the thesis to determine the effect of this thruster
environment on cathode performance and lifetime. The pressure measured by the NPF
probe is strongly influenced by vacuum chamber pressure. Therefore, lower pressures
are expected in the cathode region in lower pressure environments. lon current densities
of 0.02 mA/cm?, and local pressures up to 2x10° Torr were used in the models and
experimental performance evaluations to estimate lower limits on the cathode lifetime.
These measurements must be conducted on any thruster that could use FE cathodes to

assess their compatibility.
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CHAPTER 3

FIELD EMISSION CATHODE EXPERIMENTS

FE cathodes are typically used in UHV environments where lifetimes of
thousands of hours have been demonstrated. The experimental results discussed in the
previous chapter show how hostile the thruster environment is, with pressures several
orders of magnitude higher than the UHV environments preferred for these cathodes. In
this environment, FE cathodes can become contaminated and can be sputtered by ions
which are created by the electrons emitted from the cathode and CEX ions originating
near the thruster. Cathode environment characterization was conducted only with xenon
propellant; however, there is also interest in using these cathodes in oxygen
environments, as discussed in Chapter 1. Preliminary experiments were conducted in
hostile environments at the Linfield Research Institute (LRI) to determine if single FE
cathode tips can operate in argon and oxygen environments with pressures as high as
~10" Torr. Theresults of these preliminary experiments were promising; therefore, the
investigation into the compatibility of these two technologies continues. FEA and carbon
film FE cathodes were later obtained for performance characterization in UHV
environments and performance degradation experiments in xenon environments.
Experiments were conducted on single FE tip, FEA, and carbon film FE cathodes to
study the emitting area of single tips, emission stability in higher pressure environments,
changes in work function due to contamination by the environment, and the effects of
gate and anode el ectrode voltages on cathode sputtering. The results of these

experiments are discussed in this chapter.



3.1 CarbideSingle Tip Cathode Experiments

Single carbide FE cathode testing conduced at LRI focused on determining if FE
cathodes could operate in oxygen and argon environments at pressures as high as 10
Torr. Thisinvestigation also focused on gaining an understanding of the effect of argon

and oxygen exposures on the performance of single carbide FE tips.

3.1.1 Cathodes

Single HfC and ZrC FE cathodes were fabricated and tested at the Linfield
Research Ingtitute (LRI). Carbide FE cathode work has been the primary focus at LRI
for the past several years. FEA cathodes have been coated with carbides at LRI, however
most of the cathode fabrication work at LRI focuses on single tips that are fabricated
from commercially available sintered carbide rods. Therods are crystallized at LRI
through a process of floating zone arc refinement® with carbon to metal ratios of the
single crystal specimen typically lessthan one. The zone refined rods are ground to 0.75
mm diameters and then sandwiched between two 0.5 mm pyrolytic carbon blocksin a
Vogel-type mount. The rod and blocks are in spring tension between two Mo-Re posts
on aceramic base. A single tip carbide cathode in the VVogel-type mount is shown in
Figure 3.1. The FE cathode is then formed by electrochemical polishing of the rod into a
sharp tip. Thisfabrication process produces cathodes of varying tip radii and cone
angles. After fabrication, the cathodes are imaged in a scanning electron microscope
(SEM) to determine the cathode structure. In UHV environments the cathodes are
‘flashed’ to temperatures greater than 1900 K by resistively heating the cathode base.
This process removes oxygen and other impurities from the cathode surface. Field
desorption is commonly used to smooth an uneven tip surface by positively biasing the

tipto~10 kV.
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Figure 3.1 A scanning electron microscope (SEM) micrograph of a single carbide
cathode in a Vogel-type mount.

3.1.2 Experimental Apparatus

Carbide cathode testing was performed at LRI in UHV facilities. Two vacuum
chambers were primarily used in the experiments. They employed mechanical, turbo,
and ionization pumps to attain pressures as low as 10° Torr. The vacuum chambers
employ Field Emission Microscopes (FEM) which have phosphor coated glass with atin
oxide conductive coating that serves as the anode. The cathodes are positioned afew
centimeters behind the anode; therefore, several kilovolts are required from the anode
power supply to provide the electric fields at the cathode tips necessary for field
emission. Asthe anode collects the current emitted by the cathode, the film
phosphoresces from electron bombardment. The image observed on the phosphor coated
glassis ahighly magnified representation of the emission pattern on the cathode surface.
The FEM configuration isillustrated in Figure 3.2 showing a pattern that has been
observed. An electrical schematic for the FEM is shown in Figure 3.3. A Keithly 485
picoammeter was used to measure emission current. A 1-20 MW resistor was used to
limit the cathode current to prevent cathode destruction as a result of arcing between the

tip and anode.
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Figure 3.2 Anillustration of how the field emission microscope (FEM) was used to
determine the emitting area of thetip from the angle, s, which can be calculated
from the size of the emission pattern, d, on the screen at a distance x from the
emitter.
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Figure 3.3 Electrical schematic of the FEM.

3.1.3 Experimental Methods and Results

Twenty-seven HfC and ZrC cathodes were fabricated and tested in FEMs at LRI.
SEMs were used to image the cathodes after they were fabricated to determine the cone
angles of the cathodes and radii of curvature of the tips. The tips were also imaged after
the experiments to quantify changesin tip structure. The resolution of the SEM was
approximately 10 nm. Theradii of the tips fabricated and tested were typically much

larger than 10 nm. The FEM was used to observe emission patterns from the cathodes.
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Because different crystal planes in the carbides have different work functions, electron
emission is not uniform from the cathode tip. Instead, the majority of the emission
current originates from the low work function planes. The pattern observed on the FEM
screen indicates where the tip is centered in the crystal structure and which planes are
most strongly emitting. Organized patterns are only observed for clean cathodes. The
size of the pattern isindicative of the area of the cathode that is emitting, whichisa
function of half-cone emission angle, s, and thetip radius, r;. FEMswere used to
measure s, with tan(s)=d/2x, as shown in Figure 3.2. Current-voltage (I-V) traces give
insight into the emission stability, and changes in work function and tip radius.

The SEM and FEM were used to gain a better understanding of the cathode
dimensions and characteristics required for performance modeling. SEM images of
cathodes used in this investigation showed that the average half-cone angle of the
emitting tip is 0.26 radians (16°). Tip radii, measured in the SEM, ranged from 40-270
nm. The half cone emission angle, s, ranged from 8-44°, averaging 28° for eight
cathodes tested. FEM images show that electron emission from the area, defined by the
tip radius and half cone emitting angle, was not uniform. In fact, only asmall fraction of
that areais emitting. Figure 3.4 shows an emission pattern observed in the FEM. The
patterns shown in Figure 3.4 are representative of afairly clean tip, while the patterns
shown in Figure 3.5 are representative of an emission pattern from a cathode before
flashing it or performing field desorption. Organized patterns were never observed from

some cathodes, even after flash cleaning and field desorption.
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Figure 3.4 Emission patterns observed with the FEM from fairly clean carbide
cathodes.

Figure 3.5 Emission patterns observed with the FEM from damaged or
contaminated carbide.

The effect of contamination and ion bombardment on cathode performance was
investigated in argon, oxygen, and air environments with promising results. These
experiments were conducted in much more hostile environments than the cathode will be
subjected to when used with propulsion systems. Operating voltages were several
kilovoltsin the FEM because the distances between the tips and anodes were ~1 cm;

however, they will be only afew tens of voltsin field emitter array configurations when
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used with Hall thrusters. The cathodes demonstrated more stable performance in UHV
environments than in higher pressure environments. Using a~1MWTresistor behind the
tip did prevent catastrophic arcing between the tip and anode during unstable operation in
argon and oxygen environments; however, it did not regulate the current enough in every
experiment to prevent tip melting. Experimental results showed that cathodes operating
at ~1 mA at 3x10°® Torr were rarely stable; the current typically slowly degraded with
time. However, in one experiment the cathode stability improved significantly when the
current was increased up to 80 mA at 3kV. Electron emission from this cathode was
incredibly stable for more than one hour. In other experiments, the cathodes were
exposed to oxygen to determine if oxygen radicals and ions would sputter and
contaminate the cathodes to quickly destroy them. The HfC cathode was conditioned at
9x10™° Torr by running it and flashing it. With the cathode emitting 1 mA, the oxygen
pressure was increased up to ~10° Torr. Some current reduction was observed; however
the emission pattern on the FEM screen improved, showing enhanced emission from sites
not previously detected in the FEM. The cathode continued to operate when pressures
reached 10 mTorr by accident. At this pressure the cathode was voluntarily turned off,
but was not destroyed.

In another set of experiments, a ZrC cathode was exposed to 3x10™ Torr of argon
for ~0.5 hr. The cathode was turned on at 3x10™° Torr. It was flashed several times;
however, the pattern observed with the FEM was not representative of a clean emitter.
After the argon pressure was increased up to 3x10™ Torr with ~20 mA and ~6 kV, a
pattern started to develop, as shown in Figure 3.6a. After several minutes, it isbelieved
that aglow discharge developed. The emission pattern grew into a solid disk, as shown
in Figure 3.6b, and the current jumped up to afew hundred microamperes. The argon gas
was then evacuated from the vacuum chamber and the pressure returned to 10° Torr.
After the exposure, returning to UHV, and flashing the cathode, the emission current was

incredibly stable and the emission pattern was representative of a clean cathode. The
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post-exposure FEM image is shown in Figure 3.6¢. Post-exposure examination of the
cathode with the SEM showed no measurable damage by ion bombardment from
exposure to argon ~10 Torr and 6 kV. |-V curves taken before and after the cathode
was exposed to argon while operating are shown in Figure 3.7. Thisfigure aso showsa
Fowler-Nordheim (F-N) plot of the Current—Voltage (I-V) data, on which In(1/V?) is
plotted vs. 1/VV. The argon ion bombardment actually cleaned the cathode and improved
the emission stability, as shown by the increased linearity of the F-N curves. The change
in slope of the F-N curves shown in Figure 3.7 indicates a change in tip radius. Before
the exposure, emission could have been originating from nanoprotrusions on the cathode
tip. During the exposure the surface was smoothed and cleaned to increase the effective
tip radius. The emission current was reduced at the low-voltage end of the I-V trace, and

increased at the high-voltage end of the trace.

* ‘ @ D
a b. C. .

Figure 3.6 Evolution of thetip emission pattern observed with the FEM a,b) during
and c) after the exposureto argon.
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Figure 3.7 Fowler-Nordheim (F-N) (left) and |-V curves (right) obtained from the
Zr C cathode before and after exposure to argon.

HfC and ZrC had already demonstrated superior performance over Mo and Si
cathodes. Carbide cathodes can emit higher currents at the same voltage because of
lower work functions.?*%*%*% |n this investigation they demonstrated incredible
robustness in oxygen and argon environments and resi stance to oxygen poisoning.

Resistance to oxygen poisoning is critical to the successful integration of FE
cathodes and oxygen fueled propulsion systems and tethered spacecraft. This cathode
characteristic is also valuable when they are used with xenon thrusters because the
cathodes could be frequently exposed to air during ground testing, and turn-on will occur
inair partial pressures between 107 and 10 Torr. HfC and ZrC materials are preferred
for thruster and tether applications; however, carbide FEA cathodes were not available

for testing in this investigation.
3.2 Moand S Field Emission Array Cathode Experiments

Field emission array cathodes with arrays of more than 10,000 tips were used to

determine the effect of xenon exposure on Mo and Si FEA cathode performance. The
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advantage of these microtip cathode arrays is that the operating voltages can be less than
100V to get 1 mA of current. The objective of these experimentsisto determine if
xenon adsorption will affect the work function of the cathodes and if the cathodes can be
operated at low enough voltages to avoid sputter damaging the microtip structures. These
experiments also resulted in estimates for energy threshold, E;, for sputtering of Mo and
Si targets by Xeionswhich are better than those previously available. Experimental
results discussed in the previous chapter showed that the xenon pressure in the cathode
environment of aHall thruster at 1.4 kW is around 2x10” Torr at 1.4 kW. Therefore,
most of the performance evaluations were conducted at this pressure. The performance
of these cathodes was not optimized in these experiments because of limited time and
cathode availability. Much better performance is expected if the cathodes are tested in
cleaner environments and operated at higher voltages. These experiments focused on

low-voltage operation where emission currents were typically lessthan 1 mA.
3.21 Cathodes

Silicon cathodesfrom MCNC

The MCNC FEA cathodes used in these experiments employed 16,000 silicon tips
with 2 nm aperture diameters on 10 nm centers. Four cathode arrays were fabricated on a
single chip with four gate electrodes and a cathode base common to each of the arrays.
The chip was mounted to a TO-5 head. Each tip in the arrays used in the experimentsis
similar to the tip shown in Figure 3.8.

The cathodes are fabricated at MCNC using a self-aligning tip-on-post and gate
electrode process.®® The process begins with deposition and then reactive ion etching
(RIE) of anitride film to leave circular caps on asilicon wafer. The caps are used as
masks for etching silicon to form silicon posts and tips. Silicon posts are formed using an

anisotropic RIE with amixture of BCl3, Cl,, O,, and He gases. The wafers are then
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oxidized to sharpen the posts into tips, with the nitride capsin place. SIO; isthen
deposited onto the structure with a protective photoresist layer around the cone structures.
Chromium, tantalum, and platinum gate electrode film is then deposited. The liftoff
material isremoved and a self-aligned gate electrode remains. The nitride caps are
removed in a buffered oxide etch, and a hemispherical cavity remains around the post, as

shown in Figure 3.8.

Figure3.8 A MCNC S field emission array singletip configuration (courtesy of
MCNC).

Molybdenum cathodes from SRI

The molybdenum FEA cathode, provided by SRI International, consisted of an
array of 50,000 tips with 0.9 nm gate aperture diameters on 4 nm centers fabricated on a
2000 Ohm-cm silicon wafer. The high resistivity wafer protects the cathodes against arc
damage by effectively providing an isolated resistor in series with each emitter. Figure
3.9 shows a FEA cathode from SRI that was cracked in liquid nitrogen and imaged in a
SEM. The cathode shown has been damaged by xenon ion bombardment. An
undamaged cone is much sharper, with the tip flush with the top surface of the gate



electrode. The structure of the conical SRI cathode is significantly different from the
MCNC cathode, which has atip-on-post structure.

The molybdenum cathode used in these experiments was fabricated at SRI using a
process in which the gate electrode is deposited before the tip structure. First the silicon
wafer was covered with a1 nm thick insulating layer of thermally grown SiO,. A
molybdenum film with a 0.25 mm thickness was deposited on the insulating layer. An
array of 50,000 apertures with 0.9 mm diameters on 4 mm centers were then patterned on
the Mo film with electron beam lithography and then etched. Cavitiesin the SO, were
then etched using the gate electrode as the etch mask. A lift-off layer was then deposited
on the gate electrode. Mo was then deposited on the film forming a cone structure in the
cavity as the gate aperture closed. The excess Mo was then lifted off and the cone
structure remained in the cavity as shown in Figure 3.9. The cathodes are then cleaned in

aH+Ne plasma.

SRI NO RUN
B8 BB1 18.8kV X%48.68K 258nm

Figure 3.9 A SRI International Mo field emission array cathode single tip and
array.
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3.2.2 Experimental Apparatus

Silicon and molybdenum FEA cathode testing was performed at the JPL. The test
facility consisted of a0.0664 m* vacuum chamber that was pumped by turbomolecular,
ion, and sublimation pumps to pressures as low as 7x10™ Torr. The vacuum facility is
shown in Figure 3.10. The cathodes were mounted to electrical feedthrus on conflat
flanges. The cathode test flange is shown in Figure 3.11. Xenon pressure was increased
using a Granville-Phillips leak valve, “The Leak”. The cathodes and the ionization gauge
were equidistant from the xenon inlet orifice and vacuum pumps to minimize pressure
gradients between the cathodes and pressure gauge. Three Keithley 480 picoammeters
were used to measure the current emitted through the base and collected by the gate
electrode and anode. The picoammeters on the anode and gate electrodes floated
electrically above ground to minimize the measurement of stray currents. Pressure was
measured using aVarian UHV-24 nude ionization gauge. Pressure, current, and voltage
signals were recorded using a National Instruments LabVIEW data acquisition system.
The electrical configuration employed during the experimentsis shown in Figure 3.12. A
10 Mw resistor was used on the gate electrode for microtip cathode testing. This resistor
was used to significantly reduce V4 when several microamperes of current were collected

by the gate electrode, to prevent arcing between the tip and gate electrode.
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Figure 3.10 Theultra-high vacuum (UHV) facility at the Jet Propulsion
Laboratory.

Figure3.11 Thefield emission cathodetest flangein UHV facility.
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Figure3.12 Electrical schematic for field emission cathode testing.

3.2.3 Si FEA Cathode Experimental Methods and Results

The first experiments investigated the effect of xenon exposure on the work
function of aMCNC S FEA cathode with 16,000 tips. The cathode was exposed to
xenon at 2x10™ Torr for 1 hour to provide a dose of xenon to the surface of the cathode
greater than it experienced during the exposure tests at 2x10™ Torr with the cathode
operating. Data obtained during this and repeated experiments show that xenon coverage
did not change the work function of the silicon cathode surface. These data are shown in

Figure 3.13.
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Figure 3.13 |-V curvestaken before and after the Si cathode was exposed to Xe.

The objective of the next experiments was to determine if the cathode could
operate at low enough voltages to avoid being sputter damaged. An experiment similar
to those conducted at MCNC was conducted at JPL where the cathode was exposed to
7x10°® Torr of xenon with an initial current of 20 mA. The gate voltage in this experiment
was 86 V and the anode voltage was 400 V. The response of the cathode current to the
increase in pressure is shown in Figure 3.14. During the 2 hours of operation in UHV
after the exposure test, the cathode current continued to decay. The experiment was
repeated on another cathode with the same configuration. During this exposure the initial
current was 22 mA with 75 V on the gate electrode and 500 V on the anode. The same
results were obtained; during the 10 hr. at UHV that followed the second exposure, the
current never recovered to the original value. The results of these experiments suggest
that the tips were damaged from ion bombardment. Experiments conducted with anode
voltages below 90 V also showed performance degradation due to sputtering; therefore,

high-energy ions generated between the gate and anode electrodes are not responsible for
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the tip sputtering observed. A model for estimating the Ey, was developed by Y amamura
et a.®” This model was used to predict that the energy threshold for xenon ions
sputtering a silicon target is 91 eV. Because damage was done to the cathode at anode

and gate voltages below that value, the true threshold value must be lower than 91 eV.
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Figure3.14 S cathode current response to an increasein Xe pressure with V4 at 86
V and V,at 400 V.

Experiments were then conducted at lower gate voltages to determine the xenon
ion energy threshold for sputtering silicon. Irreversible performance degradation was
observed during exposures to xenon at 2x10° Torr with gate voltages of 75 (Vaat 100 V),
70(Vaa70V)and 60V (Vaat 80V). Typicaly, the current dropped in half during the
first hour of the exposure. Data acquired from the xenon exposure experiment at 2x10°
Torr with Vaand Vg at 70 V isshown in Figure 3.15. Aninitial increase in current was
commonly observed when xenon was introduced. This response could be attributed to
cleaning of the cathode by ion bombardment before the ions begin to damage the
cathode. Cathode cleaning was observed in the FEM when carbide cathodes were

exposed to argon during operation at LRI. With 50 V applied to the gate electrode no
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performance degradation was observed during a one hour exposure to 2x10™ Torr of
xenon with 70 V applied to the anode; the current actually increased dlightly. The results
of this experiment are presented in Figure 3.16. During other experiments with MCNC
cathodes, the current through the gate electrodes was usually less than a factor of 100
lower than the anode current. The efficiency of this cathode was poor; about 50% of the
current was measured through the gate electrode. After the exposure, the emitted current

increased while the efficiency decreased.
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Figure3.15 Si cathode current responseto 2x10° Torr of Xe with Vgat 70V and
theV,at 70 V.
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Figure3.16 MCNC Si cathode current response to a 1 hour Xe exposure with Vg at
50VandV,at 70 V.

These MCNC cathodes operated for several hours without catastrophic arcing in
xenon environments. The results of these experiments showed that xenon adsorption
does not change the cathode work function. Performance degradation occurred in xenon
environments as a result of the microtip structure being sputtered by ion bombardment.
Experimental results showed that when the cathodes were operated at low enough
voltages, ~50 V, ion energies were not high enough to cause significant sputter damagein
one hour. Silicon cathodes emitting 100 mA at 50 V should satisfy current and lifetime
l[imitation requirements necessary for the successful integration of Hall thruster and FE
cathode technologies. A current of 2.5 mA has been measured from asingle Si microtip
structure with the gate voltage at 25 V.%® Therefore, an array of less than 100,000 tips
could providel00 mA of current to aHall thruster if 2.5 mA/tip can be extracted from the

array at 25 V.
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3.24 Mo FEA Cathode Experimental Methods and Results

The first experiments, conducted on the Mo cathode from SRI International with
50,000 tips, investigated the effect of xenon adsorption on the work function of the
cathode. The cathode was exposed to 2x10™ Torr of xenon for one hour to provide a
dose of xenon to the surface of the cathode greater than it experienced during the
exposure tests at 2x10°° Torr with the cathode operating. 1-V traces were taken at UHV
immediately before and after the exposure; these data are shown in Figure 3.17. Thel-V
trace taken after the exposure showed dlightly better performance than before the
exposure. The results of this experiment suggest that the work function did not increase
due to the adsorption of xenon or any contaminants in the xenon supply. Any
performance degradation observed during xenon exposure can, therefore, be attributed to

changes in the geometrical parameters of the cathode.
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Figure3.17 |-V datataken before and after the Mo cathode was exposed to xenon.

The next experiments focused on studying microtip sputtering by ion

bombardment in xenon environments. A xenon exposure test, with operating conditions
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similar to the operating conditions during experiments conducted at SRI International
with a gate electrode voltage at 65 V and an anode voltage of 80V with ~18 A for one
hour in 2x10°® Torr. Figure 3.18 shows the current response to the increase in xenon
pressure. The current dropped to one-third of its original value in one hour. No current
recovery was observed in 13 hours at UHV that followed the xenon exposure. The

cathode was permanently damaged from ion bombardment.
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Figure 3.18 Mo cathode current response to 2x10° Torr of xenon with Vg at 65.6 V
and V,at 80 V.

An experiment was conducted to determine the gate voltage that corresponded to
the onset of cathode sputter damage. The anode voltage in this experiment was 100 V,
and the xenon pressure was 2x10” Torr. The gate voltage wasincreased in 1V
increments every 10 minutes, starting at 50 V. Performance decay caused by tip
sputtering was observed within 10 minutes when the gate voltage reached 58 V, as shown
in Figure 3.19. With further increases in gate electrode voltage, the current initially
increases and then decays before stabilizing. Preliminary experiments showed that afew

minutes are required for stabilization after the changes in gate electrode voltage. Figure
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3.20 shows the current response to increases in gate electrode voltage in both UHV and
10 Torr xenon environments. This cathode had already been exposed to xenon
environments for several hours and had suffered significant sputter damage before this
experiment. It isexpected that other cathodes will respond somewhat differently. A
cathode with sharper tips and the same number of emitting tips, should show performance
decay within ten minutes at even lower gate voltages, because the energy of the ions
bombarding the emitting area of the tips will be dlightly higher for sharper tips. This
effect isaresult of the higher electric fields at the tips. The maximum energy of the ions
bombarding the emitting area of the tips sightly increases with decreasing tip radius, as

will be shown in the following section.
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Figure 3.19 The Mo cathode current response to increasing gate electrode voltage
with V, at 100V, 2x10° Torr of Xe.
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Figure3.20 A comparison of the Mo cathode current responseto increasing gate
electrode voltagein 2x10° Torr and 2x10° Torr of Xe.

Several experiments were conducted with the gate voltage at 50 V. The
maximum ion energy in this configuration is 46 eV, as predicted by the models discussed
in the next chapter. In an experiment with the pressure at 2x10° Torr that lasted for 5
hours with the gate voltage at 50 V and the anode voltage at 60 V, the current initially
increased and then decayed monotonically. The results of this experiment are shownin
Figure 3.21. These resultsimply that the E;, for Mo sputtering by Xe ionsis below 46
eV. Another experiment was conducted at the same pressure with Vg at 50 V to study the
effect of increasing anode voltage. It was anticipated that at a high enough anode voltage
the current would begin to decay. The current dropped from 110 nA to 85 nA in response
to theinitial increasein Xe pressure up to 2x10° Torr, and then increased with increasing
anode voltage from 60 V up to 130 V in 10 V increments every 10 min. The results from

this experiment are shown in Figure 3.22. They show that increasing the anode voltage
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from V=V with V¢~E, can actually improve the performance of the cathode. Inan
experiment at the same pressure with Vg at 50 V and V, at 100 V, the current only
increased during a two hour xenon exposure test with constant voltages. These results

are shown in Figure 3.23.
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Figure 3.21 Mo cathode current response to a Xe pressure increase up to 2x10°
Torr of xenon for 5 hourswith Vgat 50V and Vaat 60 V.
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Figure 3.22 Mo cathode current responseto a Xe pressure increase up to 2x10°
Torr with varyingVaand Vgat 50 V.
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Figure 3.23 Mo cathode current response to a Xe pressure increase up to 2x10°
Torr for 2 hourswith Vgat 50V and Vaat 100V.

The performance improvements observed at low gate voltages and increasing
anode voltage could be attributed to increases in the electric field at the cathode tips from
changesin the tip microstructure. An increase in anode voltage to increase the electric
field at the tip would result in an initial increase before the current equilibrates,
equilibration typically required less ~5 min. During exposures with ~100 V applied to
the anode and 50 V applied to the gate electrode, the current continually increased. If the
increase in anode voltage increased the energy of the ions bombarding the emitting area
of the tips, a current decay would be observed because the r, would increase from
sputtering. However, not only is the emitting area being sputtered, the cone sidewalls are
also being sputtered by ion bombardment. While the emitting areais being bombarded
with ions primarily at anormal incidence to the surface, the cone sidewalls are also being
bombarded by ions at smaller angles. Sputter yields increase with decreasing incident ion
angle from 90° to 60°. With a uniform flux of ions to the cone surface, the sidewalls will

sputter faster to decrease the half-cone angle and increase the current at a constant
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voltage. Asthe anode voltage increases, ion acceleration into the cathode tip isless
focused on the cathode emitting area and more ions hit the cathode sidewalls where the
sputter yield is higher. Cathode sputtering by ion bombardment is discussed in more
detail in the following chapter.

The SRI cathode survived for 21 hoursin 2x10°-2x10 Torr of xenon without
catastrophically arcing. The cathode performance degraded during the xenon exposures
because the cathodes were sputtered by ion bombardment. The results of the xenon
exposure experiments showed that xenon adsorption does not change the cathode work
function. They also showed that it is possible to avoid sputter damage while operating in
xenon environments if operating voltages are low enough. The experimental results
showed that the gate voltage should be below 50 V to avoid sputter damaging the
emitting areas of the tips. It was learned that anode voltage does affect cathode
performance in xenon environments. Increasing the anode voltage up to 100 V with the
gate electrode ~50 V improved the cathode performance, possibly by reducing cone half-
angles or sharpening the emitting cones. However, operating with the anode voltage at
100 V is not favored because the material sputtered off of the cone sidewalls will then

redeposit on the insulator walls, eventually shorting the tips and gate electrodes.

3.3 Carbon Film FE Cathode Experiments

A carbon film cathode from FEPET was used to determine the effect of xenon ion
bombardment on field emission cathodes with thin films instead of microtip structures.
These cathodes have low electron affinity and require lower macroscopic field strengths
than FEA cathodes. Electron emission from the carbon filmsis not as sensitive to ion
bombardment as microtip structures. The current emitted by the microtip structuresis
exponentially sensitive to changes in tip radius from sputtering by ion bombardment.

Limited sputtering of carbon film may not affect the emission current; these cathodes can
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withstand more sputter damage without performance degradation. Carbon film cathodes
are more sensitive to chemical changes in the surface of the film; inert gas environments
should not affect the surface chemistry.

Carbon film cathodes can tolerate much higher pressure environments than micro
tip cathodes when operating, and can operate more safely at much higher voltages. The
disadvantages to using currently available carbon film cathodes are the high gate
electrode voltages required and low operating efficiency. The FEPET cathodeis not a
microintegrated structure like the microtip cathodes. Gate voltages of several hundred
volts are required for microamperes of current. Low cathode efficiency is also a concern;
the gate electrode collects up to 80% of the current. Large improvements in the cathode
efficiency are expected when a microintegrated film and gate structure is fabricated.

In thisinvestigation, the focus of the experiments with a FEPET cathode was on
the response of the current to increases in xenon pressure up to 2x10°° Torr. The pressure
was only increased to 2x10°® Torr of xenon because of the close proximity of the
ionization gauge and anode and the high anode voltage at 900 V. Charged particles were
created in this configuration with high pressures and were collected by the electrodes at a
much higher rate than the electrons emitted by the cathode, making it impossible to
measure the emitted electron current. With high operating voltages required by this
cathode, the rate of xenon ion bombardment will be much higher than the cathode will
experience in the thruster environment where operating voltages will be much lower.

Therefore, any positive resultsin these experiments are extremely promising.

3.3.1 Carbon Film FE Cathode

The carbon film cathode used in this investigation was fabricated at Field
Emission Picture Element Technology (FEPET). The FEPET graphitic and amorphous

carbon films are grown on a ceramic substrate by hot filament chemical vapor deposition
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(HFCVD). The ceramic substrate is specially treated to improve the emission properties
of the film with a proprietary substance. Deposition of this substance can be controlled
when a special emission pattern or emitting areaisrequired. A hydrogen and methane
gaseous mixture is introduced in areactor chamber which is activated by hot filaments.
Activated species are then deposited on the substrate surface. The filament and substrate
temperatures, gas flow rate, and gas consumption are carefully controlled to obtain films
with good emission properties. Post-growth processing is not required.

The cathode used in these experiments consisted of athin carbon film deposited
on a ceramic substrate with a stainless steel extraction grid spaced 100 nm from the
cathode. The size of the emitting area of the cathode is 0.25 cm®. The cathodeis

mounted on a glass stem as shown in Figure 3.24.
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Figure 3.24 A FEPET carbon film cathode on a glass stem.

3.3.2 Experimental Apparatus

The experimental apparatusis described in section 3.2.2. The electrical

configuration is shown in Figure 3.12. Note: This figure shows a cathode with atip
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structure, however, the FEPET cathode does not use an emitting cone structure; the

emitting surface isathin film.

3.3.3 Experimental Methods and Results

The efficiency of thisfilm cathode is much lower than the Spindt-type cathodes.
The gate electrode intercepts the majority of the current. About 20 % of the current
emitted from the carbon film was typically collected at the anode during these
experiments; however, the efficiency was often much higher at currents below 200 nA.

The performance of the FEPET cathode used in these experimentsin UHV is shown in

Figure 3.25.
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Figure 3.25 |-V traces showing the performance of a FEPET carbon film cathodein
a UHV environment.

The cathode demonstrated impressively stable performance in the xenon
environment as shown in Figure 3.26. This figure also shows that fluctuationsin the
current can be attributed to gate voltage fluctuations. Operation of the ionization gauge

caused the gate electrode voltage to fluctuate between 835V and 850 V. This caused 2
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mA fluctuations in the emitted current. In the high pressure environments, the ionization
gauge affected the current measurements on all of the electrodes. The ionization gauge
was responsible for ~250 mA to the anode and 15 A to the gate electrode. Withal
MWresistor on the gate electrode, thisincrease in current changed the gate voltage by 15
V. Theionization gauge was turned off and on several times during the high pressure
exposure experiments to record the pressure. The large jumpsin the gate voltage, and
responding current can be attributed to the ionization gauge current. The results of these
experiments show that, even at such high electrode voltages, the cathode performanceis
not affected by ion bombardment and sputtering of the carbon film during ~10 hours.
Two of these exposure test were conducted at the same operating conditions. The first
exposure test lasted for 4 hours, and the second exposure lasted for 3 hours. No
performance degradation was observed during either of the experiments. 1-V data taken
before and after 4 hours of xenon exposure were identical, as shown in Figure 3.27.

These data also show that the cathode was not damaged during the exposures.
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Figure 3.26 Thecathode current responseto increasing the Xe pressure up to
2x10° Torr for 4 hours. The anode potential was 900 V above the potential of the
carbon film.
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Figure 3.27 1-V curvestaken in UHV before and after the carbon film cathode was
exposed to xenon.



Figure 3.28 shows |-V datataken in UHV and xenon environments. The xenon
pressure was increased to 2x10°° Torr and stabilized while the cathode was off. The
cathode was then slowly turned on in the xenon environment for ~8 min. and then slowly
reduced to zero current to obtain two of the data sets shown in Figure 3.28. The cathode
start-up in 2x10°° Torr was no different from the start-up in UHV environment. This
experiment was repeated with the same results. This characteristic of the cathodeis
extremely valuable because the base pressure of the facilities used in Hall thruster testing

is~10"-10° Torr; therefore cathodes must comfortably start-up in this environment.
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Figure 3.28 Carbon film cathode turn-on and turn-off |-V curveswith an anode
voltage of 900 V in 2x10° Torr of xenon compared to turn-on I-V datain UHV.

The FEPET FE cathode was operated for atotal of 9 hoursin 2x10° Torr xenon
environment with 850 V on the gate electrode and 900 V on the anode to get ~28 mA of
emission current. During this time, the cathode showed no performance degradation
from the intense ion bombardment. The operating voltages and efficiency of this cathode

must be significantly improved before this cathode can be used with ion and Hall
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thrusters; however it is believed that these objectives can be achieved with a
microfabricated integrated gate and carbon film structure. At the current state of FEPET
carbon film technology, this cathode presentsitself as a strong candidate for ion beam
neutralization with FEEP systems, which consume approximately 1/4 W for 1 mA at 10

KV ion accelerating potentials.
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CHAPTER 4
MICROTIP CATHODE PERformance modeling

4.1 FEA Cathode Performance Degradation M odel

To expedite FEA cathode development for EP systems and reduce devel opment
costs, a FEA cathode performance decay model was used in conjunction with
experimentation. A different model must be devel oped to predict the effect of a plasma
thruster environment on the performance of thin film cathodes. The model discussed in
this chapter incorporates 3 previously existing models with slight modifications which
predict cathode emission currents, flux of ions to the surface, and sputter yields of
cathode materials by xenon ions, and an additional model to predict changesin tip radius
from ion bombardment. With these models and experimental results, the lifetime of S
and Mo FEA cathodes can be predicted in xenon environments of electric propulsion
systems.

A flow diagram for this performance degradation model is shown in Figure 1.7.
The inputs to this model are |-V data obtained in UHV, cathode work function, half-cone
angle of the microtip structures, b, the energy threshold for sputtering cathode material
by ion bombardment, Ey,, gate aperture diameters, rg, and number of tips, Nyps. The l-V
dataare used in amodel developed by Jensen to estimate the effective tip radius, rt, and
distribution of radii in the array.®® The Jensen model is also used to determine the
emission current from an array. To determine current changes in time caused by changes
in tip radius, the change in tip radius in time must be determined. The rate at which the

tip radiusincreases in timeis approximated by

67



a, _d

Eqn. 4.1 _
a at T

e

where the atomic spacing in the material isd (A), and amonolayer of material is removed
from the tip emitting area with an effectivetip radius, r;, inte (S). A model developed by
Brodie was used to determine t.. Material sputter yields were determined using the
model developed by Yamamuraet a.®” Thetip radiusincreasesin time are approximated
by assuming that each layer removed from the emitting area of the tip increases the tip
radius by the atomic spacing in the tip material. Tip radii are represented statistically by
an effective tip radius and spread in tip radius across an array, Ds. The radius of the
sharpest tipsin the array will change at the fastest rate so that the uniformity in the array
improvesin time. The changesin the spread in tip radii, in time, shown in Egn. 4.2, isa
function of the change in effective tip radiusin time and the maximum tip radius in the
array. 1(r(t),Ds(t)) can then be determined using Jensen’ s emission model for FEA

cathodes.

;
Eqn. 4.2 Ds(t) ==& - 1,
r(t)

The following three sections of this chapter present the details of the Jensen
model to predict cathode parameters from |-V data and cathode emission current, the
Brodie model to predict the removal rate of material from the tip emission area, and the
model developed by Yamamura et al.®” which predicts the sputter yields of xenon ions

bombarding Si and Mo targets.

41.1 Fidd Electron Emission Model

The analytical and statistical model used to predict the emission current from a
field emission tip and gate electrode structure as shown in Figure 1.5, was developed by
Jensen®. The model is described in much more detail in another article.®® The emission

model takes a statistical approach to estimating the current emitted by field emission
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cathodes because the emitting area of atip, current distribution in that area, number of
tips contributing to the measured current, and current per tip are impossible to determine
exactly for any FEA cathode. Work function, tip radius, emission cone half-angle, and
cone structure half-angle assume arange of valuesin afield emission array cathode.
Because each tip is processed in parallel and exposed to the same environments, the cone
structure half-angles and work functions for the all of the tipsin the array should be very
similar. The experimental results discussed in the previous chapter showed that the
emitting area of the tip depends on the cleanliness of the tip and its radius of curvature.
Other studies have shown that field emission from a cathode can originate from
protrusions of atomic dimensions, even on a cone structure with aradius of curvature of
several nanometers.” Emission from a cathode microtip is not uniform within the
emitting area as shown in the previous chapter. The emitting area of tipsin an array is
then best represented statistically by an effective tip radius and distribution of tip radii in
the array of emitters. These parameters can be determined from experimentally acquired
|-V data and the Jensen FE current model. It has been successfully used to model the
performance of Si and Mo FE cathodes.”

Jensen’s model represents the tip with a hyperbolic shape; the field (V/A) at the
apex of the tip can then be approximated by
Eqgn. 4.3 Fip » bo\g

where Vy is the voltage on the gate electrode with respect to the emitting cone. The
electric field at the tip surface increases with decreasing tip radius, r;, and half-cone

angle, b, by the field enhancement factor, by(1/A),

5
1
and

glnég t) tan? b*—

Eqn. 45 k »— g86 220 cot(bc)

Eqn. 4.4 by »
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With these relationships, Fip (eV/A) can be approximated with an analytical expression.
The current density is approximated by the Fowler-Nordheim (F-N) equation for
emission current density Je(e/fs-A%), 202

Eqn. 4.6 J(F)=a, F?exp(- b, /F),

where the Fowler-Nordheim coefficients, br(eV/A) and an(e/ eV4s), are given in atomic

units, by
Eqn. 4.7 b,, = 0.642f **and
Eqn. 4.8 a,, = (1161 )" exp(14.3994b,, /f *).

When the current density is integrated over the surface of the emitter, the tip current in

microamperes can then be determined by
Eqgn. 4.9 Itip(Vg) = bareaJFN (Ftip)'

The areafactor, bae(A?), is the ratio between the current from the tip and the current

density on-axis, and depends upon the magnitude of the gate voltage as

& o]

_ 2 2 C I:tip -

Eqn. 4.10 b, =2p1° COS (b°)$b +sin2(b )F B
fn c/ tip

The current emitted from an array of tips can be defined by
Eqn. 4.11 laray (V‘J) = Nips é (DS’VQ)Jarea(Vg )JFN (Fﬁp(vg)),

where S is the distribution factor associated with a spread in tip radii, bs. Thetip radii
are distributed according to r(s)=r(1+s), where 0=s=Ds. For asingle tip emitting, Ds=0.
However, this value governs the distribution of tip radii with Niips, and therefore accounts
for the non-uniformity of an array. Thefield for atip of radius r(s)=ri(1+s) isthen

F(s)™ (1+co9)F(0), where F(0)=F;p, and

1
r (tan?(b,)+byr ) - 1.

Eqgn. 4.12 C, =
q ° = bb

The natural 1og of lip(S)/14ip(0) is approximated as alinear function in sand resultsin

70



exp(Dsb) - 1
Eqgn. 4.13 DsV, )= ————
: a(@sv)-—"rg
c,b;, + (X, +2)b,V, c.b V.
Eqgn. 4.14 b = = ( ° )gg_ ©79"9 tn z(bc)
bgvg bfn .
Invoking a Legendre least square analysis on
5
Eqgn. 4.15 |aray @AFNV exp Bey %
v,
Bry and Agy are
2
Eqn. 4.16 B., :bF_ d +32X°,and

b, %

Eqn. 4.17 Ay = 2pr” cos’ (b )afn—b"—expg2+ﬂd—_a (Ds X ) where

t| ps

Eqn. 4.18 d=—7-—"1—,
Vpk(Vpk - 2Vrf)
Eqgn. 4.19 —V‘L , and
o pk( 2\/rf
Eqn. 4.20 V, :M

Experimental data are used to estimater; and Ds. If 1-V data are presented on a
Fowler-Nordheim plot (In(1/V?) vs. 1/V), Aen(A/V?) isthe y-intercept and Bey(V) isthe
slope of the curve. From these parameters and an estimated work function, effectivetip
radius, ri, and distribution parameter, Ds, can be determined. Once the effective tip
radius and spread in tip radius throughout the array of emitters are known, the current
from the array can be calculated. The radius distribution parameter, Ds, represents the
spread in tip radii. In an array, DS=rimad/ 1t —1, Where rima=r{(1+Ds) is the maximum radius
and r; isthe minimum radius. During exposure to xenon environments, the performance

of the sharpest tips will degrade the fastest as dr/dt will be highest for those tips.
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Sputtering of the cathode tips will decrease the spread in tip radii to improve the
uniformity of the array. It isassumed that rima IS constant during the exposure and that
Ds changes in time with Xe exposure as r; changes, as Eqn. 4.2 shows. The changein
effective tip radius in time depends on the removal rate of material from the tip emission
area. Thetime required to remove a monolayer of material from thetip emission areais

determined using the tip sputtering model discussed in the next section.

4.1.2 Tip Sputtering Model

Brodie developed the field emission cathode tip sputtering model described in this
section.” It is described in more detail in another article.”> This model is capable of
estimating sputter rates of microtips by ions generated by the emitted electrons. It isused
here to estimate the change in tip radius in time when operating in xenon environments.
Brodie used average sputter yield and ionization cross-sections in his calculations for
high operating voltages, >100 V. Thisstudy is primarily investigating low voltage
operation where ion and electron energies are low and ionization cross-sections, Q, and
sputter yields, Y, are exponentially dependant on ion and electron energies. Accurate
sputter yield and ionization cross sections are very important to these calculations;
therefore, average values were not used in the calculations of the removal rate of material
from the emission area of thetips, n.. Thetime, te, required to erode asingle layer of

atoms from the emission areais given by

2 -
Eqn. 4.21 ¢ =2Rh (izncoss)

where d=0.416 nm for the atomic spacing of evaporated molybdenum, d=0.313 nm for
silicon. Theremoval rate of material from the tip emitting areais ng(atoms/s). The
emission half-cone angleiss; it isestimated as 37° in thismodel. The half-cone
emission angle varies significantly for tipsin an array. Experimental results discussed in

the previous chapter showed that this value ranged from 8° to 44° for eight carbide tips
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with an average value of 28°. Gomer claims that the current density drops to
approximately 10% of the value on axis by 45° off axis.® A half-cone emission angle of
37° isused because it significantly simplifies the mathematics of the sputter rate
calculations and is a reasonable estimate to represent tip half-cone emission angle in an
array.

The removal rate of material from the tip emitting area depends on the flux of
ions, energy of theions, and the dependence of material sputter yields on ion energy.

The number of ions striking the emitting area per second, n, is given by

I‘mI

Eqn. 4.22 n= (‘)—;NQ,(Vr)dr,

and the number of atoms sputtered from the emitting area per second, ns, is given by

=

Eqn. 4.23 n,= =NQ(V)Y(V)dr,

1
S

where the field emitted electron current is I and the number of molecules per cm?in the
chamber is N= 3.55x10"P molecules/cm?® (P is the pressure in Torr at room temperature).
The cross-section for ionization of gas molecules by electrons of energy eV, isQ(V)).
The sputter yield in atoms per ion of energy eV,isY (V,).

In this cathode sputtering model, the cathode configuration is approximated as an
isolated sphere of radiusr; at ground potential, as shown in Figure 4.1, and the gate
electrode as a concentric sphere with radiusry. The radial potential distribution on the

axis of thetipisV,, and can be approximated by

Eqn. 4.24 —f=8f-1é—f-1i .

This simple concentric spheres model gives remarkably good results compared to exact
predictions obtained by computer solutions of Laplace’ s equation and geometric

boundary conditions because close to the emitting area of the tip, thefield lines are radial
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and fall off inversely as the square of the distance.” The Jensen model more accurately

predicts the electric field at the tip surface, which is more important when calculating the
field emission current from atip. However, the Brodie model is sufficient for predictions
of the potential distribution near the tip to determine ion production near the cathode. For

thisanalysis, the electric field and current over the emitting area of the tip are assumed to

- e S

actual model

be uniform.

Figure4.1 Theactual cathode configuration, and the configuration used in the
microtip sputtering model to predict the potential field near the microtip and
electric field at the microtip.

Theion flux to the tip depends on the local gas temperature and the positions at
which ionization occurs. If anionisformed with initial crossradia velocity, n,
corresponding to atemperature of V(€V), then only the ions formed within aradial
distance rm, will strike the emitting area of the tip, where

1

aa/ O3

Eqn. 4.25 r :rgﬁi )
q m t \/tg

Usually the ion temperature is estimated to be 0.03 eV, which assumes that theions arein
equilibrium with their surrounding vacuum chamber walls with the same temperature as
the neutral particles. If ahigher temperature of ions is assumed, the flux of ionsto the
emitting area of the tips will decrease. Therefore the assumption that Vi=0.03 eV will

provide an upper limit on dr/dt.
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The significant radial positions used in this model are shown in Figure 4.2. The
radial position at which the energy of the emitted electrons reaches the threshold of
ionization (V(r;) = Vi = ionization threshold) isr;. Theradial position from which anion,
if formed, gathers sufficient energy to reach the threshold for sputtering when it strikes
the tip surface (V(rs) = Vs = sputtering threshold) isrs Theradia position beyond which

the average ion formed will not strike the emitting area of the tip isrp,.

I's i
I'm

Figure4.2 Significant radial positionsused in the model of microtip sputtering.

The calculations made by Brodie employed average values of V, and then used
corresponding Q and Y values. In this study, data curves and interpolation were used to
estimate these parameters because these parameters are exponentially sensitive to ion and
electron energies in the energy range relevant in thisinvestigation. The integral for ng
was then evaluated numerically for hundreds of points. lonization cross-sections from
Brown™ used in the calculations are shown in Figure 4.3. Interpolation was used to
determine values between data points. Sputter rates for xenon ions on molybdenum and
silicon targets were used in the model because the thruster environment is primarily
xenon. The relationship between sputter yield and ion energy is discussed in the next

section.
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Figure4.3 Xeionization cross-sections, Q;, from Brown.”

4.1.3 Sputter Yield Model

Sputter yield and energy threshold values used in this study for xenon ions
bombarding molybdenum and silicon targets with a zero degree angle of incidence were
calculated using amodel developed by Y amamura et al.®” using fit parameters,Q, from
Matsunami at al.” The electric field within r, of thetip is primarily radial. Therefore the
ion incidence angle can be approximated by zero. Because experimental data exist only
above 100 eV ion energies, the accuracy of the model is unknown at energies below this
level. The energy of ions bombarding the emitting area of the cathodesin the
configurations of interest will primarily be below 100 eV.

In the model developed by Yamamuraet al.’, the sputter yield is defined as
P8

_ aQKs, (e) &Eth 02U
Eqn. 4.26 Y(E) =0.42 O+ 03U @] gt ,

and the energy threshold for sputtering is defined by,
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& 01240
Eqn. 4.27 =¢19+38— M, +0134g—
q = 8 5 g

where the subscripts | and |1 refer to the incident and target particles, respectively. Qis
an empirically derived parameter for a specific ion target combination, Ug(eV) isthe
sublimation energy of the target material, and E(eV) istheion energy. Q values are
presented for different ion target combinations by Matsunami at al.” Other parameters

used in the model are

&M 0129
Eqn. 4.28 a =0.08+0. 164%— +0. 0145g—
a a o]
ZZ, M9

Eqn. 4.29 K, = 8-47U(Z|2/3 ok l’2§|v| +M, &

0.03255 & v, O

Eqgn. 4.30 <E,

q Z Z, (22/3 22/3)1’2 gM +M, &

3.44e"?In(e +2.718)

Eqgn. 4.31 s,(e

q )= T+ 63580 +e(-1.708 + 6,882¢""*)’
Eqn. 4.32 S =ke'?, and

M+ M. Y? 2137112

Eqgn. 4.33 k, = 0.79( M) £ ;',3 377 -

The parameters used in this investigation for molybdenum and silicon targets bombarded

by xenon ions are shown in Table 4.1.
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Table4.1 lon and target material parametersused in the sputter yield model.

Xe Mo/MoXe  Si/SiXe
M 131.3 95.94 28.1
Z 54 42 14
Us (V) 6.82 4.63
Q 0.84 0.78
Em (eV) 49 91

Table 4.1 shows Ey, values predicted by the model for Mo and Si targets being
bombarded by xenon ions. Other models predict even higher values for Ey,"® while some
experimental measurements extrapol ated to low energies yield Ey, estimates for aMo
target and Xe ion combination that is 27 eV.”” Experimental results presented in the
previous chapter show that cathodes were damaged by ion bombardment when maximum
ion energies were lower than the Eg, values shown in Table 4.1. Also, these valuesfor Ey,
led to great underestimates of di/dt using the FEA cathode performance and sputtering
models. To obtain better correlation between measured and theoretical di/dt, lower Ey,
values were used in the models. These E;, values were more consistent with
experimental results presented in the previous chapter and generated sputter yield curves
that provided a better fit through measured sputter yield values at ion energies less than
300 eV. This section discusses the modeling results and comparisons to experimental
results.

The model developed by Yamamuraet al. was used to predict that the Ey, values
for xenon ions sputtering silicon and molybdenum targets are 91 eV and 49 eV,
respectively. This model was also used to determine the relationship between ion energy
and sputter yield; these relationships are shown in Figure 4.4 and Figure 4.5 for Mo and
Si, respectively. The cathode sputtering model was used to estimate the maximum
energy of the ions bombarding the emitting area of the tips, Eimax(rm), a any operating
condition. Results from experiments during which cathodes were exposed to xenon

while operating showed that MCNC Si cathodes were damaged when gate electrode
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voltages were at 85, 70, and 60 V (Eimax = ~55 €V). The cathode was not damaged
during 1 hr. in 2x10°° Torr of xenon with 50 V applied to the gate electrode (Eimax = ~46
eV). These results are preliminary because the experiments lasted only afew hours and
some of them have not yet been repeated; however, they suggest that the E, for
sputtering of Si by xenon ionsisbelow 55 eV. When the experimental results are

combined with results of the performance model discussed in this chapter, a better

estimate of the E;, can be obtained.
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Figure4.4 Sputter yieldsfor a Mo target being bombarded by Xeions. Shown on
the graph aretheoretical curvesfor two values of E;, and experimental values
measur ed by Rosenberg and Wehner.”
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Figure4.5 Sputter yieldsfor a Si target being bombarded by Xeions. Shown on the
graph aretheoretical curvesfor threevalues of En, and experimental values
measur ed by Rosenberg and Wehner.”

The results of molybdenum cathode testing are reported with more confidence
because experiments were conducted at low voltages lasted for several hours and were
repeated. The model developed by Yamamuraet a. predicted that E=49 eV. Cathode
experimentsin 2x10° Torr of xenon showed that performance changes sometimes
occurred with V4 at 50 V where Eimax iS 46 €V, therefore the Ei, must be below 49 eV.
Experimental results combined with results of the performance model discussed in this

chapter, isrequired for a better estimate of the E.
4.2 Modding Results

The performance degradation model discussed in this chapter requires input
including experimental |-V data from a FEA cathode, cathode geometry parameters, and
sputter yield parameters before FEA cathode performance degradation can be predicted.
It incorporates the physics of field electron emission, ionization of xenon, and sputtering

of the tip emitting area by ion bombardment and are used to estimate the change in radius
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of curvature of cathode microtips and corresponding current expected during el ectron
emission into xenon environments. This model can only predict changes in the cone
structure by increases in the effective tip radius, r;. If tip sharpening occurs or areduction
in cone half-angle, cathode performance will improve. It is possible that this process did
occur during Xe exposure experiments with V>80 V and is responsible for the
performance improvements discussed in the previous chapter. Therefore, the
performance degradation model is expected to predict cathode performance degradation
in Xe environments best when V4 islow and damage from ion bombardment primarily
occurs to the emitting area of the tips. Thissituation is of primary interest for the electric
propulsion application. In the xenon environment of aHall thruster, the virtual anode
potential will only be ~20 V above the gate electrode potential. Therefore, operating with

Vaat 20V +V 4 best represents the cathode and thruster operating configuration.

421 Mo SRI International Cathode

The performance degradation of a Mo cathode operating in a Xe environment
with alow V4 (80 V) and V4 at 65 V was modeled with remarkable results. The
measured response of the cathode current to increases in xenon pressure is shown in
Figure 4.6 as I nes. |-V datataken before the exposures are shown in Figure 4.7 as | neas.
The Jensen performance model was used with these data to estimate Ds and r; shown in
Table4.2 asdataset |. Figure 4.7 also showsthe |-V relationship calculated with the
Jensen electron emission model using the experimentally determined Dsand 1y, as | cac.
The cathode performance decay caused by exposure to the xenon environment was
predicted using the model. If an Ey, of 49 eV was assumed, as the model developed by
Y amamura et al. predicted, the performance decay rate was greatly underestimated.
Using Eq at 39 eV, the cathode performance degradation model predicted the

performance decay shown in Figure 4.6 as Icqc. The correlation between experiment and
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theory isremarkable. The sputter yield curve generated by the model model developed
by Yamamuraet a.®” using Ey, a 39 eV provides a better fit to values measured by
Rosenberg and Wehner”® at ion energies below 300 eV, as shown in Figure 4.4. Cathode
parameters obtained from I-V traces taken before and after the Xe exposure are shown in
Table 4.2. Changesin cathode parameters predicted by the performance degradation
model are shown asdataset 111 in Table 4.2. During exposure to xenon, r; increased and
Ds decreased; the sharpest tips were damaged at the fastest rate increasing uniformity in

tip radius across the array, and decreasing Ds.

20 5 10°
B~ FN - loac F=4.0 €V) |
— 1 F=4.35 V) 310
- = - e =44 6V) ]
glo - Icalc. with CEX ions (f =4.35 eV) : ’03
510"
5 a
H10°
o .
I I I I i

-0.5 0.0 0.5 1.0
Time (hr.)

Figure 4.6 Experimental and theoretical Mo cathode current responseto a Xe

pressureincrease up to 2x10° Torr with Vgat 65.6V and Vat 80V with Eq, of 39
ev.
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Figure4.7 Mo cathode |-V data measured experimentally before the Xe exposure
and predicted by Jensen’s performance model.

Table 4.2 Cathode parametersbefore (1) and after (11) Xe exposure obtained from
|-V data and predicted (111) by the perfor mance degradation model.

fu(€V) be(rad) rg(R) Ntips An(ANVY) Bey(V) n(R)  Ds
| 4.35 026 4500 50000  0.0013 819 436  50.0
Il 435 026 4500 50000  0.0024 952 535 425
I 435 026 4500 50000 536 4038

The performance degradation model was aso used to study the effect of work
function on Ey, estimates. The work function typically used for Mo is4.3-4.4 eV.”
Performance degradation rates were predicted assuming three different work function
values and the same Ey, value of 39 eV. The results showed that performance
degradation rates predicted using each f , value were consistent with experimental results
when an Ey, value of 39 eV was used. Therefore, the Eq, estimates do not seem to be
significantly affected by the assumed work function in the range of possible values.

The performance degradation model was applied to predict the gate el ectrode

voltage threshold for significant performance degradation for comparison to experimental
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observations. Experimental results presented in the previous chapter in Figure 3.19 show
that at 58 V the SRI cathode current dropped by 6% during 10 min. with V,at 100 V.
The cathode parameters before the exposure are shown in Table 4.3 asdataset |. Figure
4.8 shows that the mode! predicted the dI/dt measured with V4 at 64 V for this cathode.

A comparison of cathode parameters before and after the exposure to xenon in Table 4.3
shows that Ds increased and r; barely changed. 1on bombardment of the microtips could
have changed half-cone angle or nanoprotrusion emission sites while sputtering the tip
emitting area. The same cathode was used in an experiment which showed that the
cathode performance is affected by the voltage applied to the anode in xenon
environments. With V4 at 50 V, the cathode performance increased as V, was increased
from 60 V up to 120 V. With increasing anode voltage, more ions could be bombarding
the microtips off-axis increasing the sputtering of the cone sidewalls, which sharpens the
tips and reduces the cone half-angle. With V4 at 100 V there is a combination of changes
occurring to the cathode to improve and degrade cathode performance. At lower V,,
modeling results are more consistent with experimental results. Longer duration
experiments are required at lower anode voltages to better understand discrepancies
between theoretical and experimental results.

Initial cathode performance requirements are less than 10% current reduction
during 100 hours in 2x10°° Torr of xenon. The performance degradation model was used
to investigate the effect of xenon exposure on cathode performance during 100 hours.
The cathode parameters shown in Table 4.3, data set |, were used in the model. The
performance degradation model predicted that if this cathode is operated in 2x10°° Torr, it
will demonstrate a current reduction of 5% when V4is 55V after 10 hours of operation.
Performance degradation predicted by the model for the same cathode in the same
environment at various gate voltages during 100 hoursis shown in Figure 4.9. During
100 hours of operation, the current will decrease by 34 % of its original value with Vg at

55 V. It was determined that the gate voltage for this cathode cannot be higher than 52 V
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to limit the current decay to less than 10% during 100 hours. The current for this cathode
at 52V isonly 10.4 nA. At thisvoltage, 10’ of these cathodes would be required, or
5x10™ tipsto emit 100 mA. Thesize of this cathode would be 8 m%. The performance
degradation of the cathode only considered the ions created locally. If additional ion
popul ations are present, operating voltages will be limited to even lower values and

cathode dimensions will be significantly larger.

Table 4.3 Cathode parametersbefore (1) and after (11) xenon exposure which are
used in the performance decay model for V, at 100V in 2x10° Torr of xenon.

fu(@V) be(rad) rg(A) Am(ANY)  Bey(V) n(R) Ds

I 4.35 0.26 4500 0.0043 1092 64.9 18.2
] 4.35 0.26 4500 0.00246 1104 66 32
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Figure 4.8 Performance decay rate predicted by the performance degradation
model for a Mo cathode operating in a Xe environment with a pressure of 2x10°
Torr for a cathode with parameters(l) shown in Table 4.3.
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Figure4.9 Field emission array cathode per formance decay predicted by the

per for mance degradation model for a Mo cathode operating in 2x10° Torr of Xe for
100 hours at various gate electr ode voltages with initial cathode parameters (1)
shown in Table 4.3.

In the cathode environment of a Hall thruster with avirtual anode potential only
20 V greater than the gate electrode potential, ions bombarding the cathode that originate
near the tipswill primarily affect changesinr;. Inthe Hall thruster environment, the
CEX ion population will contribute an additional ion current density of 0.02 mA/cm? to
the cathode which is distributed uniformly to the surface of the cathode cones, as
discussed in Chapter 2. The significant effect of the CEX population on performance
degradation of the Mo cathode with parameters (1) shown in Table 4.2, isalso shown in
Figure 4.6. The cathode performance degradation attributable to local ionsis negligible
in comparison. Not only will thision population degrade cathode performance by
sputtering the microtip radius of curvature to degrade performance as shown in Figure
4.6, it will also sputter material off of the cone sidewalls which will redeposit on the
insulator walls. With ion energies at eV 4+20eV=85¢V, and xenon pressure at 2x107
Torr, the gate could be shorted to the tips within several minutes. For thruster and Mo

FEA cathode technologies to be compatible, either the potential between the plasma and
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microtips must be below the voltage threshold for sputtering, or the cathode must be
shielded from this population of ions. To shield the microtips from CEX ions, CLAIR
was developed. CLAIR isacathode lens and ion repeller (CLAIR) configuration
proposed to prevent the CEX ions from bombarding the cathode microtips. CLAIR hasa
series of electrodes similar to the gate electrode that electrostatically retards CEX ions
and focuses the electrons through the highest voltage electrode. The CLAIR
configuration is shown and discussed in Appendix B. If the cathode cannot be shielded
from these ions, then molybdenum cathodes must be limited to operating voltages below

~19V to achieve lifetimes greater than 100 hours.

422 S MCNC FE Cathodes

Silicon FEA cathode performance degradation was also modeled, and the results
were compared to experimental results. Results of modeling and experimental
measurements of the performance degradation of Si cathodes in Xe environments showed
that the Ey, is also much lower than originally predicted by the model developed by
Yamamuraet al. Figure 4.10 shows the measured cathode response to an increase in
xenon pressure with Vg at 70V and V, at 70 V. Cathode performance was poor because
this cathode had been damaged in several other experiments. The cathode current before
the exposure with Vg at 70 V was 3.2 nA with good emission stability. The cathode
current dropped to 1.6 nA during 1 hour at 2x10° Torr. Correlation between experiment
and theory isgood if an Ey, value of 48 eV isused in the sputter yield model. Sputter
yield curves with different Ey, values are shown in Figure 4.5. With Eg, at 48 eV a better
fit to experimental measurements of sputter yield data obtained by Rosenberg and
Wehner is obtained than with Ey, at 91 €V. Performance degradation curves were
determined using a range of work function values, as shown in Figure 4.10. Results

showed that an E, value at 48 eV produced theoretical results consistent with
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experimental results for arange of possible silicon work functions. The work function of
silicon depends on how it has been doped. A work function of 4.05 eV is assumed for the
MCNC Si cathodes tested.®® To avoid sputter damaging the MCNC Si cathode by ions
created locally, operating voltages must be limited to values below 53 V. At thisvoltage

Eimax 1IS47 €V, below the Ey, for Xeionsto sputter Si targets.
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Figure4.10 Measured and predicted Si cathode current responseto an increasein
Xepressureup to 2x10° Torr with Vgand Vaat 70 V.

Modeling results were compared to another set of experimental data acquired
during Si cathode operation in a xenon environment. This experiment was conducted
with a much higher voltage applied to the anode, 400 V, and higher emission current. In
experiments conducted with V>80V, it is believed that the performance degradation
model is not sufficient to account for al of the changes in cathode structure caused by

xenon ion bombardment. Figure 4.11 shows the response of a Si cathode from MCNC to
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an increasein Xe pressure. The cathode parameters before the exposure are shown in
Table 4.4. Figure 4.11 shows the performance decay predicted by the model using the
initial cathode parameters. The model slightly over predicts the performance degradation
rate. It ispossible that thisresult occurs because of the high voltage applied to the anode,
400 V. At thisvoltage, there could be a combination of tip blunting to degrade
performance and tip sharpening and half cone angle reduction to improve cathode
performance as shown in Figure 3.22. Reductions in work function could also be
occurring as the xenon ions sputter clean the cathode surface. The increase in current as
the xenon pressure isincreased initially could be attributed to decreases in cathode work
function. Silicon emitters naturaly have a SIO- film on the tips that increases the work
function. If thisfilm is sputtered off, work function decreases would be expected. Any
change in cathode configuration to improve performance will result in a slower

performance degradation rate and discrepancies between experimental and theoretical

results.
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Figure4.11 Measured and calculated Si cathode per for mance degradation asthe
Xe pressureincreases up to 7x10° Torr with Vgat 86V and Vaat 400 V.
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Table4.4 MCNC Si cathode parameter s befor e the exposure to xenon during
operation.

fu(@) be(rad) Trg(A)  Nas nr(A) Ds
4.0 026 10000 16000 452 185

Experimental and performance decay modeling results were used together to gain
a better understanding of how Mo and Si FEA cathodes will respond to the xenon
environment of aHall thruster. Experimental results showed that the E;, values for xenon
ions sputtering Mo and Si are much lower than the model developed by Y amamura et
al.®" predicted. The modeling and experimental results showed that the gate voltage
should be below 43 V and 53 V to avoid sputter damaging the emitting area of the Mo
and Si tips, respectively, by ions created locally. It was shown that the population of
CEX ions created near the thruster will be even more damaging to the cathode than the
ions created locally. To prevent local and CEX ions from sputter damaging the Mo and
Si tips and CEX ions from shorting the gate to the tips, the gate voltage should be lower
than 19V and 28 V, respectively.

There are alot of assumptions made to predict electron emission and tip
sputtering by ion bombardment that greatly simplify modeling the physics of these
processes. In spite of such simplifications, the models are able to capture the maority of
the physics so that modeling results show impressive correlation with experimental
results in the cathode and test configurations studied. Experimental and theoretical
results also lead to a better understanding of how and when to use the model. The results
of thisinvestigation can now be applied in parametric studies of cathode design and

performance in Xe environments.

4.3 Application of Modeling and Experimental Results

The cathodes used in this investigation demonstrated |less than ideal FE cathode

performance because they did not represent state-of-the-art FE cathode technology and
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the anode and cathode could not be cleaned in the vacuum facility prior to testing. Any
FEA cathodes are very difficult to acquire; state-of-the-art FEA cathodes were impossible
to acquire. Cathodes with better uniformity and smaller dimensions have demonstrated
better performance in other UHV test facilities. Even the Mo cathode used in this
investigation demonstrated much better performance at SRI International before it was
tested at JPL. However, the experiments produced the results required in this study. This
model can now be applied to predict the performance degradation of any cathode once
the cathode geometry is known and an |-V trace has been obtained in UHV to estimate r;
and Ds. Theinitial cathode performance objective is emission of 100 mA from ~1 cm?in
2x10” Torr of xenon for 100 hours with less than 10 % current reduction from local and
CEX ion bombardment. The performance of the cathodes evaluated at JPL indicated that
the cathodes used in this study could not meet these requirements, however, cathodes
tested el sewhere may satisfy the requirements. This section presents the results of an
investigation into the theoretical performance of more ideal cathode configurationsin

Hall thruster environments to determine the cathode configurations required to be
compatible with EP systems.

The performance of a Mo cathode configuration from SRI International was
modeled in aHall thruster environment. This cathode, #52M, was tested at SR
International where an |-V curve was obtained to determine Ds and r;. The actual cathode
parameters are shown in Table 4.5 in the first row and first 5 columnsin bold type. The
predicted performance of cathodes with similar configurationsis aso presented in that
table to show how varying some parameters would affect the cathode performance.

Upper limits on operating voltages were determined for operating conditions with and
without a CEX ion population so that the current did not drop by more than 10% during
100 hours. The number of tipsin an array was scaled to attain approximately100 mA.
Table 4.5 shows the number of tips required to emit ~100 mA from different cathode

configurations with lifetimes greater than 100 hours. Higher gate voltage operation, ~43
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V, istolerable when the CEX ion population is not contributing to cathode microtip
sputtering. With the original cathode configuration (case 1) and a gate electrode at 43 V,
1.3x108 tips are required. The packing density of this cathode, #52M, is 16,000,000
tips/cm?, therefore, this cathode would be 8 cm?in size. Much smaller cathodes are
required for the compatibility of Hall thrusters and FEA cathodes. The size of this
cathode would be acceptable if the packing density isincreased by afactor of 10. The
number of tips required from similar cathode configurationsis aso shown in Table 4.5.
Reducing the gate aperture radius from 2000A to 1000A reduces the number of tips
required in the cathode by an order of magnitude. The cathode described by case 2
should be compatible with a Hall thruster without CEX ions bombarding the microtips.
Decreasing the tip radius and increasing the uniformity of tip radii in an array can aso
significantly improve the performance of the cathode so that the cathode size is less than
1 cm?. Increasing the packing density in an array by an order of magnitude will also
reduce the size of the cathode required to <1 cm?.

Presence of a CEX ion population significantly reduces the upper limit on the
operating voltage. With the CEX ions, voltage of the gate el ectrode must not be higher
than 20 V for aMo cathode. At thislow voltage, a prohibitively large number of
microtips, 4.5x10™-3.5x10™, are required to attain the desired current, 100 mA.
Improvements to the cathode uniformity of microtip radius could significantly reduce the
number of microtips required for the desired current. This cathode would still be
prohibitively large because it would be considerably larger than the propulsion system.
While this cathode demonstrated excellent performance in UHV environments, it could
only be used with aHall thruster if afilter like CLAIR is used to prevent CEX ions from

bombarding the cathode tips so that operation ~42 'V is an option.
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Table4.5 SRI International #52M Mo cathode parameters (in bold) and predicted
performance using different parameters, with and without a CEX ion bombar dment
during 100 hours.

case fw b Iy It Ds Vg Niips lo l¢

ev) (ad) A A (V) (mA) (mA)

1-Mo 441 01974 2000 404 198 43 1.3x10° 108 107
2-Mo 441 01974 1000 404 198 42 1.4x10° 105 101
3Mo 441 01974 1000 30 198 42 1.2x10° 108 107
4-Mo 441 01974 2000 404 1 43  65x10° 107 106
5>-Mo 441 01974 2000 30 198 43 7x10° 100 95

6-Mocex 4.41 01974 2000 404 198 20 45x10® 108 101
7-Mocex 441 0.1974 1000 404 198 20 4x10® 104 08
8Mocex 441 01974 1000 30 198 20 3x10" 107 101

Molybdenum cathodes fabricated at MIT/LL have demonstrated record low
operating voltages because of incredibly small cathode dimensions. FEA cathodes at
MIT/LL have been fabricated with ry only 800 A and packing densities of 10°%cm?®. A
current of 1 mA has been demonstrated at 25 V with a molybdenum cathode that has 900
tips (2.8 nA/tip) and 0.32 mm tip-to-tip spacing. A cathode with the same configuration
and quality could supply 100 mA at 25 V from a 3x3 mm cathode with 9x10’ tips and
possibly 100 mA from lessthan 1 cm? at 20 V. Scaling up the cathode in number of tips
with the same performance and uniformity is the challenge yet to be met so that Mo
cathodes are compatible with EP systems. Mo cathodes may only be compatible with EP
systemsif CLAIR isused to prevent CEX ions from bombarding the microtips.

FEA cathodes employing other materials, which are currently being developed,
could demonstrate performance superior to the Mo cathodes. A Si cathode with
dimensions much smaller than the cathodes used in the experiments discussed in Chapter
3 could run at higher gate voltages and require fewer microtips for the lifetime and
current requirements, as shown in Table 4.6. The performance of Si cathodes could be
better than Mo for this application because the work function is lower and the Ey, for
sputtering is higher. Even considering the CEX ion population, silicon cathodes with the

dimensions shown in cases 12 and 13 should be able to operate at 100 mA for 100 hours
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if tips are fabricated on 0.5 mm centers or smaller so that the cathode dimensions will be
lessthan 1 cm?® A current of 2.5 mA has been measured from a single silicon microtip
structure at 25 V.% If silicon FEA cathodes could be fabricated with great uniformity in
tip radius across an array, they could provide 100 mA of current from an array with less
than 10° microtips with an emitting area <1 cm?. Fabricating FEA cathode with the
uniformity required is currently the greatest challenge in FEA cathode fabrication. Other
cathode materials can further improve cathode performance. HfC and ZrC have
demonstrated work function values between 3.3 and 3.5 eV.*% Table 4.6 shows the
reduction in number of tips required if the work function isreduced to 3.3 eV for a
particular cathode configuration. The number of tips required was reduced by almost two
orders of magnitude by reducing the work function from 4.0 to 3.3 V. The performance
degradation was determined using the sputter yield of a Si target by xenon ions, however
it is believed that the sputter yield of HfC and ZrC will be much lower because these
materials have demonstrated incredible robustness during ion bombardment. HfC and
ZrC cathodes could operate at much higher voltages than S and Mo cathodes without
being damaged by ion bombardment which will further result in fewer tips required to
meet lifetime and current requirements. Table 4.6 shows that HfC cathodes will be able
to operate in EP system environments with or without CEX ions and with or without

CLAIR.

Table4.6 Performancelimitations of Si and HfC cathodes with and without a
charge-exchange (CEX) ion population.

Case  f,(eV) be(rad) rg(R) n(A) Ds Vg(V) Nips lo(mMA) s (MA)
9-Si 4.0 026 2000 404 1 52 6x10° 105 104
10-Si 4.0 026 2000 404 2 52 1.2x10° 106 106
11-Sicex 4.0 026 2000 404 2 30 83x10° 109 101
12-Si gex 4.0 026 2000 30 2 30 26x10° 100 92
13-Sicex 4.0 026 1000 404 2 30 29x10° 109 102
14- 33 026 1000 404 2 30  3x10° 106 100
HfCoex

94



15- 3.3 0.26 2000 404 2 30 4.6x10° 105 100
Hf Ceex

HfC and ZrC cathodes have also demonstrated greater stability in contaminating
environments and at higher currents than Mo and Si cathodes. Chemical inertness will be
very important during operation in Hall thruster test facilities where base pressures are
typically greater than 107 Torr. With cathodes that are capable of >100 mA/cm?, the
emission current will be limited by space-charge effects. The cathode must be designed
with the proper tip-to-tip spacing to achieve the desired emission current, ~100 mA.

Space-charge limited emission is discussed in the following chapter.
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CHAPTER 5

SPACE-CHARGE LIMITED €lectron emission from field emission cathodes
INTO A PLASMA

In this chapter, the development of a sheath model is discussed with results used
to predict sheath structure and emission current limitations for different cathode operating
configurations. The sheath was modeled in one dimension only, therefore the effect of
the potential of surrounding electrodes on sheath structure was not considered. The
model is based on a planar sheath model that was originally developed by Crawford and
Cannara™ and Prewett and Allen® with a sheath boundary criterion derived by Andrews
and Allen®® This model and criterion were used and augmented by Goodfellow to
consider theinitial electron thermal energies at the surface of a hot cathode.” In the
derivation of the sheath model used in thisinvestigation, initial electron energies were
used which corresponded to the accelerating potential between the electron emitting
surface and gate electrode. This sheath model was then developed for cylindrical and
spherical sheath configurations also. One of the objectives of this study was to determine
the potential of the gate electrode, with respect to the plasma potential, required to
transmit the desired electron current through the sheath with various el ectron energies.
The details of the pre-sheath were not explored; however, it was assumed that the ions
were accel erated through the pre-sheath up to high enough velocities to ensure monotonic
potential profilesin the cathode sheath. The Andrews and Allen criterion was used to
determine the ion energy at the sheath boundary. It is possible that a virtual cathode

formsin the sheath, where a potential minimum in the sheath is lower than the cathode
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potential. Virtual cathode formation plasma instabilities could increase the upper limits
on the space-charge limited emission current and change the structure of the sheath;
however these scenarios cannot be considered by the sheath model. This 1-D sheath
model was used to determine upper and lower limits on current emitted by a planar FE
cathode due to space-charge effects and limiting sheath geometries and is limited to
stable monotonic potential profilesin the sheath. The results of thismodel are compared
to the results of a Particle-in-Cell (PIC) model capable of considering virtual cathode
formation.

This sheath model was developed for planar, cylindrical, and spherical cathode
and sheath geometries. A cathode and sheath potential diagram is shown in Figure 1.6
and a possible potential profileis shown in Figure 5.1. FE cathodes are planar, however
the structure of the sheath depends on the size of the cathode and on the plasma
environment. With cathode dimensions greater than several electronic Debye lengths, the
sheath structure is primarily planar. If cathode dimensions are much smaller than the
sheath thickness, the sheath is better represented by a spherical sheath model. Two
different cathode and sheath scenarios areillustrated in Figure 5.2. The cathode
dimensions and environment significantly affect the emission current limitations, as

shown in the following sections of this chapter.

cathode

|: jee(Vg)

ol | |

fe. | — sheath
f

Ic

Figure5.1 Cathode sheath configuration which wasmodeled. The boundary
between the sheath and pre-sheath isshown at r,.
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Figure5.2 A planar cathode sheath scenario (left) with r>r 4, and a spherical
cathode sheath scenario (right) with re<rg«,.

The three environments considered in this study for space-charge limited emission
from a FE source of electrons into a plasma are those generated by a Hall thruster, a
mesoscal e ion thruster, and a tethered spacecraft in low Earth orbit. Since alarge Hall
thruster could use a FE cathode internal or external to the thruster as shown in Figure 1.3,
both conditions were considered in the analysis. A small or mesoscale Hall thruster will
require an external cathode. Electron temperatures in the environment of a Hall thruster
were obtained by Domonkos et a.% in the plasma plume of a 1.4 kW Hall thruster.
Plasma number densities were approximated from Faraday probe measurements
discussed in Chapter 2. These parameters were used in the model because initial testing
of these cathodes with Hall thrusters will most likely occur with such medium scale
systems. Anion engine requires two cathodes; one cathode in the discharge chamber for
propellant ionization, and another cathode external to the thruster for ion beam
neutralization. Plasma parameters used to represent the environment of an ion engine
discharge chamber are estimates only for a mesoscale ion engine. Charged particle

number densities could be much higher in mesoscale ion engines to get the required
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performance. Thereisalso interest in using FE cathodes on tethersin low Earth orbit to
emit electrons ~250-1000 km above the earth. The parameters used to represent each of
these environments are presented in Table 5.1. Ambient electron number densities are
given at an dtitude of 300 km; at higher altitudes, electron number densities will be even

lower.

Table5.1 Characteristics of the thruster and tether plasma environments
investigated using the cathode sheath model.

Neo(/CmM”) TeV) | p(mm)
Hall/lon thruster side 8x10° 5 0.60
Hall thruster center? 8x10% 1 0.03
lon engine discharge chamber 3x10M 2-3 0.02
Tether at 250 km® 5x10° 0.1 33

a Domonkos, M. T. Marrese, C. M., Haas, J. M., Gallimore, A. D., “Very Near-Field Plume Investigation of the D-55
Anode Layer Thruster,” AIAA-97-3062 Joint Propulsion Conference, Sesttle, WA, July 1997.

b
F. F. Chen, Plasma Physics and Controlled Fusion, Plenum Press, New Y ork, 1984.

A sheath model described in this chapter was used to estimate space-charge current limits
that can be expected for FE cathodesin Hall, ion thruster, and electrodynamic tether
environments described in Table 5.1. The effect of cathode operating voltages, sheath
geometry, and cathode dimensions on the current limit was investigated. Modeling

results are presented at the end of this chapter.

5.1 Sheath Mod€

5.1.1 Planar Sheath Geometry

A sheath model with a planar cathode and sheath geometry predicts conservative limits
on cathode emission current due to space-charge effects. All potentials represented with
f are defined with respect to the potential at the sheath boundary where quasineutrality is

assumed. The pre-sheath accelerates the ions through f , to the sheath boundary. The
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potential difference between the plasma and cathode gate electrodeisf .. Virtual cathode
formation can not be predicted by this model; it can only predict monotonic potential
profiles. The maximum current is associated with a zero electric field at the cathode
surface. Full recombination is assumed for the ions at the cathode surface. Potential
magnitudes are used in the input and output of this model for simplicity, however, their
true signs are inherent to the following equations. In this case, the 1-D form of Poisson’s

eguation is

2
Eqn. 5.1 g ('f)=L=ge(ni - n.- 1)

The continuity and energy equations for the ions and electrons in the sheath are used to
determine particle number densities. The ion number density at the sheath boundary is

Nio. Theion number density, n;, is

Egn. 5.2 = n,oevoﬁ‘ )
Eqn. 5.3 %mvf:e(f +f,),
1
® 0732
Eqn. 54 n = nog f—;

Plasma electron densities are defined by the Boltzmann relationship for a Maxwellian

distribution of electrons

&efo
Egn. 5.5 n.=n_ex .
d ¢ KT, &

It is assumed that the electrons are Maxwellian with temperature, T, and the number

density at the sheath boundary is ne. The beam electron number densities are defined as
Eqn. 5.6 Joo = NV -

Eqn.5.7 %rrgv:e:e(vg#c-f),
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Eqn. 5.8 Ng 01,2 (V +f, - f)ll2

é_g

The condition of quasineutrality at the sheath boundary is used to define the ion number

density at the sheath boundary in terms of electron number densities. At f=0

Eqn. 5.9 n,=ng,+n,,and
n j =
—io — —Jee 2
Egn. 5.10 n. 1+ i B 91/2 (Vg +fc) :
[20) mea

Poisson’ s equation can then be written as

Eqgn.5.11
& 0
¢ L
- dz(_f)———ign ae+L91’2_ (V +f_ - f) expg—ae_ of 9:
dXZ - - eog |og1 foa 01/2 Neo kTeB:
g m, 5

The parameters used to normalize Eqn. 5.11 are

ef
Egn.5.12 h=—,
q KT
Eqgn. 5.13 x:l,
o
(.jl
KT, 22
Eqgn. 5.14 I o =a%° 71,
n,e" o
- r
Eqgn. 5.15 r =—
eneo
o1 O
Eqn. 5.16 Jo = Ny ZkT_ , and
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Eqn. 5.17 g, ==

where| p isthe electronic Debye Length. The normalized form of Egn. 5.11is

d*h _

O
Eqn.518  —7 =T =g1+Jee@ +h) rag1+—1!§ - 3.0, +h. -h) - exp(- h).

The non-dimensional charge density isr . Integrating Poisson’ s equation once and
applying the first of the following two boundary conditions,

Eqgn. 5.19 % (h =0)=0 and

Eqn. 5.20 h(x=0)=h,,

the electric field in this region was determined to be
1

5
& O +

Eqn. 5.21 g%% = 4h gl+Jee(h +h) %gu—g -1

& E 10
+4Jeeg(hg +h,-hE- (h,+ hc)zg +2(exp(-h)- 1).

The electric field at the sheath boundary is approximated at zero. This approximation is
common because the electric field is very small in thisregion and has little effect on the
structure of the sheath.>”®* The ion energy at the sheath boundary can be approximated
using the criterion derived by Andrews and Allen,>®

dr
dhf _,

Eqgn. 5.22 =0.

Theion energy at the sheath boundary, h,, is determined using Egn. 5.18 and Eqgn. 5.22.

1+, (h, +h )

Eqgn. 5.23

o~

2- 3.(h, +h)
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Notice that in the limit of zero cathode emission h, is 1/2. Thisresult is consistent with
the model developed by Bohm.>® The upper limit on the emission current is defined as

the current emitted when the electric field at the cathode surface becomes zero,

L1
Eqn.524  0=4h gL+Jeemax@ h) zégh e -1
a

& 10
+4 o 80 J - (0, + hoJ2 + 2(exp(-ho)- 1).

With this assumption, the maximum emission current possibleis
6

é > - 1—+—(exp( h.)- 1)

‘Jee
Eqgn. 5.25 e

J10
2

ho(hg+hc)'§§ 1+ C_ +(h +h)2 (h)2

Eqgn. 5.23 and Egn. 5.25 can then be solved simultaneously to estimate Jeemax @nd h,, for
any combination of he and hg. Jeemax IS the emission current density that correspondsto a
zero electric field at the cathode surface. This value represents the lower limit on the
emission current density capability of FE cathodes emitting electrons into a plasma. If
electron beam expansion occurs in the sheath, virtual cathodes form in the sheath, or
plasmainstabilities develop, larger emission currents can be possible. Emission current
limitations predicted by this model agree with results of the Goodfellow sheath model,
which provided the basis for this model. In the case considered, he was 10, hywas 0.3,
and both models predicted that Jeemax Was 0.7. Goodfellow used a similar sheath model
combined with thermal models to predict cathode temperaturesin a
magnetoplasmadynamic thruster system, and achieved good correlation between
experiment and theory. The results of the 1-D sheath model derived in this thesis work

were also compared with the Prewett and Allen model results. A comparison of the
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results from both models shown in Figure 5.3. The Prewett and Allen model assumes
negligibleinitial velocities, and an hgy value of 10® is used in the model developed in this
thesis work to obtain the results shown in Figure 5.3. The results of thismodel are

consistent with results from the Andrews and Allen model and the Goodfellow model.
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Figure 5.3 Results of the cathode sheath model compared to the Prewett and Allen
sheath model results.

5.1.2 Cylindrical Geometry

The same sheath model was also developed for acylindrical cathode and sheath
geometry. This model assumes a 1/r expansion of the emitted electron current in the
cathode sheath and consequent decrease in ion number density. As the sheath dimensions
become comparabl e to the cathode dimensions some radial beam expansion occurs and
the cylindrical sheath model becomes more appropriate than the planar model. Inthe
cylindrical sheath model, the cathode is emitting el ectrons radially outward into a plasma
where the electron number density isne,. Plasma electron number density is given by the

Boltzmann equation, assuming a Maxwellian distribution of energies,
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&efo

Eqgn. 5.26 n, = N, ex :
KT, @

The number density of electrons emitted from the cathode is derived using the continuity,
Eqn. 5.27 j(pr.) =n_ev_(pr),

and energy equations,

Eqgn. 5.28 Vee
m

(?Zeﬁ g +io-f )9
The electron number density for the beam electronsis then

Eqn. 5.29 N = 8826301,2(f +f -f) grg.

Em 5

The continuity and energy equations are used to determine the ion number density,

Eqgn. 5.30 ii = nev(pr) = n,ev, (pr,),
1
Egn. 5.31 v, —aeze(f"”)?_z and
an-5. N e
2 ;07
f Q2. 0
Eqgn. 5.32 =n Gl+—3 2=,

Theinitial ion energy at the sheath boundary is ef ,, and the ion number density at the
sheath boundary is

& 0

¢ T

¢ J oo

Egn. 5.33 Nio=NeoNee™ Ny, g & l6‘g+fC 2G-S
Be’02 fon B

& “&m s P

where quasineutrality is assumed. Theion number density in the sheath is
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¢
¢ . sl
— ¢ Jee '-&rc : f - 0
Eqgn. 534 n=ncdl+—=—F _ +f_ )2t Cl+—= +.
q I =g @esol(g ¢ grshia:g f.o 8['@

§ s

Poisson’ s equation can then be written for this cathode configuration and environment as

&g (- f) 1d(- f)O_L

Eqn. 5.35 N*(-f
an ( ) % r dr o e,
e U
eéd & {02, 0 2 ef 9
=—an gl+—x ¢==- f +f - f — eXpe- —=(
e, S8 7.5 Erb eOz( ) g Bt KT, 3
& 1]
8 g .0 g

Eqgn. 5.12-Egn. 5.17 are used to get the normalized form of Poisson’s equation

describing the potential profile in the cylindrical sheath,

Eqgn. 5.36 d h — += 1dn =T

dx? xdx
00ae hOzai‘(

§1+ 3.(h, +h) g—cé’ghh £ g—ﬂ- J.(h, +h, - h)%%% exp(-h).

The Andrews and Allen criterion® is evaluated at the sheath boundary to derive

the relationship for the normalized potential drop across the pre-sheath,

1+3.(h, +h) 2
Eqn. 5.37 h, = a::‘ g.
2- 3. (h, +h)' "

sh

Eqgn. 5.36 is evaluated numerically using a Runge-Kutta fourth order method. Theinitial

conditions at the sheath boundary are given by

Eqn. 5.38 h(x=x,,)=0 and
Eqgn. 5.39 j—h(x X4) =0.
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The cylindrical cathode sheath problem is not very well defined, since only the potential
at the cathode and sheath boundaries, and the electric field at the sheath boundary are
known. The position of the sheath boundary is an input to the model, however, it hasto
be estimated initially. The much simpler nature of the equations for charged particle
densitiesin the planar sheath geometry does not require thisinput parameter. The sheath
thicknessis aresult of the planar sheath model; therefore, the structure of the sheath can
be determined for any Je, hc, and hg combinations. In cylindrical coordinates the Poisson
eguation is more complicated, requiring more input parameters. Initial estimates are
made for the thickness of the sheath, x«. It isassumed that the maximum current is
emitted when the electric field at the cathode surface is zero and the potential at the
cathode surface is equivalent to the cathode potential. The sheath thickness is adjusted
until these conditions are met at the cathode surface to estimate Jeemax. A potential profile
for the sheath can only be obtained for limiting cases. Potentia profiles and Jeemax are

obtained in thismodel for the limiting case of a zero electric field at the cathode surface.

5.1.3 Spherical Geometry

The sheath model with a spherical geometry was derived like the cylindrical
model except that the ion and electron number densities change with a 1/r* relationship in
the sheath. Poisson’s equation in spherical coordinates for this cathode, sheath

configuration, and environment is

Eqgn. 5.40 d h — +— 2dn =T
dx®  x dx

;_\

2(1)86 ho .._2

§1+Jee(h +h) g—mgh 32 9.0, +h -h) g—— exp(- h)

The pre-sheath accelerates the ions through a normalized potential h,
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l& 20
1+ (h, +h,) 2
Xshg
Eqgn. 541 h, =

i 2-J (h +h) ai‘zz
sh

as derived using the Andrews and Allen criterion. Egn. 5.40 is evaluated numerically
using a Runge-Kutta fourth order method for a second order differential equation. The
initial conditions at the sheath boundary are Egn. 5.38 and Eqn. 5.39. An upper limit on
Jee IS determined using the spherical sheath model. Initial guesses are made for the
thickness of the sheath, rg,. It isassumed that the maximum current is emitted when the
electric field at the cathode surface is zero and the potential at the cathode surfaceis
equivalent to the cathode potential. The sheath thicknessis adjusted until these

conditions are met at the cathode surface.

5.2 Modeling Results

Space-charge limited FE was investigated for three geometrical sheath
configurations in one dimension. The planar geometry was the simplest geometry
considered. The results of this model are most accurate when the sheath thickness is
much smaller than the cathode dimensions. As the cathode dimensions become smaller
or the ambient ion and electron number densities decrease, the sheath becomes less planar
and some radial beam expansion begins to occur in the cathode sheath. When the sheath
thickness becomes several times larger than the cathode radius, the sheath approaches a
spherical geometry. Lower energy emitted electrons will support a more spherical sheath
configuration because the electron beam will be less collimated in the sheath. Local
radial electric fields generated by high negative charge densities in the sheath will
generate more expansion for alower energy beam. With cylindrical and spherical sheath
geometries, ion number densities increase in the sheath as 1/r and 1/r%, respectively,

providing much better negative space-charge neutralization at the cathode surface by the
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plasmaions than the planar geometry to permit higher emitted electron currents. The
cylindrical and spherical sheath models were used to study the effect of cathode
dimensions on FE current limitations, an investigation not possible with the planar model.
The planar model provided conservative estimates of upper cathode current limits
set by space-charge effects for amonotonic potential distribution. Virtual cathode
formation and some plasma instabilities will increase the upper limits on the emission
current. The results of this model are shown in Table 5.2. Current density objectives for
tether and thruster environments are ~100 mA/cm? from a 1 cm? cathode. The results of
the planar model show that the conservative estimates of lower limits on the emission
current greatly exceed the requirements when the cathodes are used in the discharge
chamber of an ion thruster or at the internal position of aHall thruster. The sheath model
results show that FE cathodes emitting into a tether environment are prohibitively limited

by space-charge effectsif aplanar sheath geometry is assumed.

Table5.2 Space-chargelimited currents estimated by the planar sheath model for
thruster and tether environments.

Neo (fom’) Te(eV) Vg(V) fc(V) J eemax
(mA/cm?)
Hall thruster-external 8x10° 5 500 20 160
8x10® 5 100 20 68
8x108 5 30 20 34
8x10® 1 30 20 17
Hall thruster-internal 8x10%° 1 30 20 1,700
8x10% 1 100 20 2,884
lon engine discharge 3x10™ 2 30 20 8,800
chamber
Tether 5x10° 0.1 30 20 0.003
5x10° 0.1 100 20 0.005
5x10° 0.1 1000 20 0.016
5x10° 0.1 30 100 0.002

The effects of V4 and f ¢ on the current limitations were also considered. The

results of thisinvestigation are also shown in Figure 5.4 and Figure 5.5. According to
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these model results, cathodes will require operating voltages, ~200 V, which greatly
exceed the sputter threshold of the Si or Mo cathodes if used external to the Hall or ion
thruster where ne, is 8x10° /em® and Teis5 eV. The effect of increasing the electron
energy with the gate voltage, Vg, is shown in Figure 5.4. Increasing the electron energies
at the gate electrode does increase the emission current from the cathode. Increasing the
potential between the cathode and plasma, f , either increases or decreases the emission
current limit, depending on the initial electron energies, as represented by the gate
electrode voltage,Vq4. Increasing this potential only decreased the cathode current limit
for hg >2, as shown in Figure 5.5. Increased potential drops in the cathode sheath do not
increase the electric field proportionally because increasing f . also increases the size of
the sheath. Increasing f . with a planar sheath geometry also decreases the ion number
density at the gate electrode because the ions are accel erated through a larger potential
between the sheath boundary and gate electrode. This effect reduces negative space-
charge neutralization by the ions. FE cathode gate electrode potentials should not be
much more than 20 V below the plasma potential to maximize the current emitted from
the cathode and minimize the thermalized electron current collected by the gate electrode.
A gate electrode which is no more than 20 V below plasma potential is also required to
avoid excessive cathode sputtering by the local ions, as shown in the results of the

cathode sputtering model discussed in the previous chapter.
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Figure5.4 The effect of Vg on Jeemax for the planar sheath geometry. The numeric
mar kersrepresent the value of h, for each solution.
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Figure5.5 The effect of f . on Jeemax fOr the planar sheath geometry. The numeric

markersrepresent the value of h, for each solution.
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Potential, electric field, and charge density profiles, as predicted by the planar
cathode sheath model, are shown in the following figures for the Hall thruster
application. Figure 5.6 shows potential and electric field profilesin the cathode sheath
for some operating configurations. Charge density profiles are shown in Figure 5.7. The
effect of Jee 0N the sheath structure is shown. The charge density profiles show the
doubl e sheath structure for both J=1.5, and 2.0, where the sheath consists of both

positive and negative space-charge regions.

he=4,hs6
0.8 — Jee=2.03
......... ‘be:ls
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Figure5.6 a, b Potential (a) and electric field (b) profilesfor different emission
currentsin the cathode sheath.
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Figure5.7 Charge density profilesin a planar cathode sheath with h=4 and hy=6.

In the Hall thruster configuration where the cathode is externa to the thruster, the
sheath dimensions are comparable to the cathode dimensions, which are assumed to be
1x1 cm. Therefore, the sheath would be better represented by a cylindrical geometry that
considers some radial electron beam expansion. In the tether environment, plasma
densities are so low that the cathode sheath dimensions can be much larger than the
cathode dimensions, necessitating the use of a sheath model that is more spherical in
geometry with a 1/r? change in number densities across the sheaths. A comparison of the
results of the models of three different sheath geometriesis presented in Table 5.3. The
planar model can be used to predict lower limits on the cathode current. The spherical
model should predict the upper limits on the current that can be emitted from the cathode
because this sheath configuration will assume the highest negative space-charge
neutralization at the cathode surface. Theion collection area of the sheath boundary will
be much larger with a spherical geometry than with a planar or cylindrical geometry. Itis
uncertain, however improbable, that virtual cathode formation can not supply the same

advantage to electron beam emission as a spherical sheath geometry.
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Table 5.3 Space-chargelimited currentspredicted by the planar, cylindrical, and
spherical sheath modelsin normalized units.

geometry  x. Xsh he hg ho Jeemax
planar 20.0 4 6 0.85 2.0
cylindrical 40 54.0 4 6 0.87 2.9
cylindrical 20 32.0 4 6 0.87 35
cylindrical 10 194 4 6 0.85 4.0
cylindrica 4 13.0 4 6 0.85 6.6
cylindrical 1 8.8 4 6 0.80 15.3
cylindrical 1 184 20 6 0.55 9.8
spherical 40 48.6 4 20 1.34 31.0
spherical 40 47.0 4 6 1.34 6.5
spherical 20 27.0 4 6 1.22 7.4
spherical 10 17.0 4 6 1.10 9.9
spherical 4 104 4 6 0.95 17.6
spherical 1 6.8 4 6 0.76 70.0
spherical 0.4 5.4 4 6 0.65 168.0

The environment investigated for the results shown in Table 5.3 was that of aHall
thruster with Te=5 eV so that V=20V and V4=30 V. V. was assumed to be 20 V
because it is common for hollow cathodes to float 20 V below the local plasma potential
to retard the collection of plasma electrons. The sheath and cathode geometry strongly
influences the results of the models, as datain Table 5.3 show. The planar model
predicts lower current density limits. The cylindrical and spherical geometry sheath
models predict current limits that approach the planar model results for large cathode
configurations.

Results from the sheath models for cathodes operating in the external cathode
position of aHall thruster are presented in Table 5.4 for different sheath geometries.
While cathodes can emit much higher current densities into spherical sheaths, spherical
sheath formation requires that r.<<rg,. With such small emitting cathode areas, total
cathode current is sacrificed for greater current density as shown in Table 5.4. The area

of the cathode is determined by assuming a rectangular (cylindrical sheath) or square
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(spherical sheath) and that one-half of the length of one sideisr.. The most favorable
cathode configuration for this application isa~1.2 cm cathode with je at 82 mA/cm.
Therefore, with a 1.2 cm cathode length, le will be 98 mA. Many of these cathodes
could be used to provide afew Amperes of current required by a 1.35 kW system or 1-2
could be used for a50 W thruster.

Table5.4 Field emission current limitations predicted by the sheath model in
dimensional parametersfor planar, cylindrical, and spherical geometriesfor the
Hall thruster environment with an external cathode. Vyisat 30V and V¢isat 20 V.

geometry Xe re(mm)  jee(Alcm?)  jee(MA/CM) e (MA)
planar 34
cylindrical 10 6 68 82
4 2.4 112 54
1 0.6 260 31
spherical 4 2.4 299 69
1 0.6 1190 17

Space-charge current limitations are also predicted using the sheath model to
study a cathode emitting from an electrodynamic tether system into aLow Earth Orbit
(LEO) environment. Results with non-dimensional parameters for a spherical sheath are
shown in Table 5.5. Thistable shows that the sheath dimensions are so large that the
sheath geometry could be spherical even when x; is 10. In the tether environment Teis
0.1 eV, therefore hg is 300 and h is 200 when V4 is30V and V. is20 V. The current
density emitted by the cathode greatly increases with decreasing cathode dimensions.
Table 5.6 shows how the total current emitted by the cathode is affected by the size of the
cathode. Smaller cathodes are capable of larger current densities, however, the emitting
areais also considerably smaller. Therefore, thereis no inherent advantage in reducing
cathode size in terms of emission characteristics. Also shownin Table 5.5 and Table 5.6
isthe current gain attributable to increases in the energy of the emitted electrons by

increasing the potential of the gate electrode. Increasing the gate electrode from 30 V up
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to 100 V only increases the current by afactor of ~2. To satisfy the ~2 A current
requirements of the tether application, several hundred cathodes will be required

according to these model results.

Table5.5 Field emission current limitations predicted by the sheath model in
normalized parametersfor a spherical sheath in atether environment where Teis
0.1eV.

Xc Xsh h c h g h o Jeemax
10 64 100 100 0.53 40

10 100 200 200 0.52 91

9 103 200 300 0.52 145

5 100 200 300 0.52 430

1 97 200 300 0.52 8650
1 99 200 400 0.52 10400
1 101 200 600 0.52 13400
1 104 200 1000  0.52 18400
1 109 200 10000 0.53 63550
1 60.5 100 300 0.53 4925
1 37 50 300 0.55 2750
1 38 50 1000  0.56 5350
1

38.5 50 10000 0.56 17400

Table5.6 Field emission current limitations predicted by the spherical sheath
model for thetether environment.

Xc re(mm)  Ve(V) Vg(V) le(MA)
5 16.5 20 30 7.0
1 3.3 20 30 5.6
1 3.3 20 40 6.8
1 3.3 20 60 8.8
1 3.3 20 100 12.0
1 3.3 20 1000 415
1 3.3 10 30 3.2
1 3.3 S 30 18
1 3.3 5 100 35
1 3.3 S 1000 11.3

Unfortunately, these modeling results have yet not been substantiated by experimental
observations. The trends observed are consistent with modeling results obtained in other

sheath studies that increasing sheath potential increases the size of the sheath, and that
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increasing the electron current emitted from the cathode increases the size of the sheath.>
The enormous size of the cathode sheath in the tether environments was especially
surprising; however, the CHARGE 2 sounding rocket experiment coupled with
NASCAP/LEO computer simulations® did predict sheath dimensions similar to the
dimensions predicted by the sheath model discussed in this chapter.

The sheath structure around arocket payload charged up to 460 V negative to the
ambient ionospheric plasmaat 245 km atitude was studied experimentally and by
computer simulations of the CHARGE 2 sounding rocket experiment. The payload was
split into two sections connected by a conducting tether. The mother section was biased
to potentials as much as 450 V below the daughter section, which was close to ambient
plasma potential. The mother section carried four floating probes on a boom, which
extended out from the spacecraft with probes at 25, 50, 75, and 100 cm. Inthis
investigation, electron number densities were assumed to be 4x10* cm®, electron
temperatures 0.086 eV, and ion temperatures 0.1 €V. The sheath boundary in that study
was defined at -0.4 V. Theoretical and experimental results showed that the cylindrical
sheath thickness was 60 cm when the spacecraft potential was—30 V. The cylindrical
sheath model discussed in this chapter cannot be used to estimate sheath thickness
without the electric field at the cathode surface being known a priori; however, the planar
sheath model could be used, assuming zero electron emission, and the thickness of the
sheath could be adjusted for acylindrical sheath. The planar sheath model was used to
predict a sheath thickness of 79 cm if the sheath boundary was defined at 0.4 V and the
sheath voltage was —30 V with T at 0.086 eV and ne, at 4x10% cm®. This correlation was
fairly good considering that a planar sheath model will over-predict the thickness of a
cylindrical sheath. A cylindrical sheath around a negatively charged electrode requires a
smaller thickness than a planar sheath because of the amount of positive charge contained

within the sheath volume. A cylindrical sheath with athickness of 68 cm will contain the
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same volume of charge as a planar sheath with athickness of 79 cm. The sheath model
effectively predicted the sheath dimensionsin this case with an error of 13%.

The modeling results discussed in this chapter were also compared to the results
of athree-dimensional particle-in-cell simulation model developed by Wang®. The one-
dimensional sheath model can be used to obtain amost immediate results, while the
three-dimensional PIC model is computationally expensive. The Wang simulation model
considers three-dimensional beam expansion, determines the true structure of the sheath,
and can evaluate the effect of virtual cathode formation on space-charge limited electron
emission into a plasma. His model was originally developed to study virtual anode
formation in ion beam emission in space®” and was |ater modified to investigate electron
beam emission into a plasma.® It is capable of resolving interactions between beam
electrons and ambient plasmawith afull particle, three-dimensional electrostatic PIC
code, which follows both the beam electrons and the plasmaions and electrons.

Results of the three-dimensional PIC simulation model and the one-dimensional
sheath model were compared for scenarios with cathodes operating in thruster and tether
environments. The results from the Wang model for a FE cathode operating in a thruster
environment are shown in Table 5.7. The current emitted from the cathode is I, While
the current transmitted through the sheath is lians. The minimum potential in the cathode
sheath with respect to the potential at the sheath boundary, the virtual cathode potential,
isf min. Note how avirtua cathode potential at —50 V in the sheath does not prevent the
total emitted current from escaping through the sheath. However, with | at 52 mA/cm?
in this case, avirtual cathode forms with a potential at —75 V which limits the transmitted
current to 34 mA. In this scenario, 18 mA would be collected by the cathode gate
electrode, which isintolerable with FEA cathodes. Some of this current will be absorbed
by the flux of ions to the gate electrode; however, the current to this thin film gate
electrodeis limited to only ~10-20 mA. The electron emission current density upper limit

predicted by the Wang model in this cathode and plasma configuration is between 125
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and 236 mA/cm®. The current density limitations predicted by the 1-D sheath model of
planar, cylindrical, and spherical sheath geometries are 34, 112 and 299 mA/cm?,
respectively. The Wang model showed that virtual cathode formation does not provide a
current advantage greater than that provided by the ideal spherical sheath geometry, for a
planar cathode configuration. The 3-D Wang model predicted upper limits on the
emission current density that were between the upper and lower limits predicted by the
1-D sheath model, closest to the current limit predicted using the cylindrical sheath
model.

Table5.7 Current limitations and virtual cathode potentials predicted by the Wang
simulation model for afield emission cathodein a Hall thruster environment with
re=4lp,Vgat30V, fcat 20V, Teat 56V, and ne, at 8x10%cm?.

jee(MA/CM?) Tee(MA)  Frin(V)  lrans(MA)  lyandlee

34 7.5 -20 7.5 1
84 185 -34 185 1
125 275 -50 275 1
236 52 -75 34 0.67

Wang also used his 3-D PIC model to study electron emission from FE cathodes
into a space tether environment. The cathode and spacecraft potential configuration
affects the emission current limitations; however these details were not investigated with
thismodel. In the configuration investigated, the spacecraft was at the cathode potential.
The results are shown in Table 5.8. In this case, acurrent density of 13 mA/cm? is
unacceptable because of the prohibitively high current that will be collected by the gate
electrode. The current density upper limit, as predicted by that model is between 6.5 and
13 mA/cm?®. The upper limit on the current density predicted by the spherical 1-D sheath
model is 13 mA/cm?. Considering virtual cathode formation in cathode sheaths with a 3-
D PIC model leads to current density limit estimates below those made by the 1-D

spherical sheath model. According to the 3-D PIC model, thel-D spherical and planar

119



sheath models do provide upper and lower limits on the electron current density that can
be expected from planar FE cathodes in plasma environments, which was the objective
for the smple model development. The advantage of the 1-D sheath model is that results
can be obtained almost immediately. The 3-D PIC model is computationally expensive,
requiring approximately two hours to execute. To study the effect of the potentials of
surrounding electrodes, the interaction of multiple electron beams, and to obtain more
accurate predictions of the emission current limitations from FE cathodes in plasma

environments, the 3-D PIC simulation model is required.

Table5.8 Current limitations and virtual cathode potentials predicted by the Wang
simulation model for a field emission cathode operating in a tether environment
withre=1p, Vgat 30V, fcat 20V, Teat 0.1 eV, and ne at 5x10°/cm®.

jee(MA/CM?) Tee(MA)  Frin(V)  lrans(MA)  lyrandlee

6.5 2.86 -42 2.86 1
13 5.7 -49 4.9 0.86
26 114 -60 5.8 0.51

This chapter presented a sheath model which is capable of predicting upper and
lower limits on the emission current density that can be expected from a FE cathode in
plasma environments. It can be used to estimate the maximum and minimum number of
cathodes required to supply the desired current in a plasma environment. This model was
used to study the effects of initial electron energies, eV, gate electrode potential below
the potentia at the plasma sheath boundary, f ¢, and r. on emission current limitations.
Increasing Vg increases the jee limit. While decreasing rc inCreases jee, lee from the
cathode decreases. The optimal V. value depends on the cathode operating configuration
and environment; jee could increase or decrease with increasing V..

The model was used to assess the compatibility of FE cathode and electric
propulsion and tether systems. Modeling results showed that the FE cathode current

should not be space-charge limited within the required current regime if operated in the
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discharge chamber of anion engine or internal position of a Hall thruster. In the external
position of aHall or ion thruster, a cathode area of 40 cm? is required if Vis30V for 4.5
A. Thiscurrent could be emitted from a segmented cathode ring around the thruster.
Cathode area can be decreased by increasing V4. Much smaller cathode areas are
required for smaller power systems. The size of the cathodes required is not prohibitively
large. The results of the sheath model for some possible cases show that the tether
application will require a prohibitively large number of cathodes, or cathode area, if
electrons are emitted at 30 eV. A reasonable number of cathodesis required if V4 is 1000
V. However, it is not possible to operate FEA cathodes with V4 at 1000 V, because of the
breakdown strength of the insulator material between the gate electrode and tip.
Acceleration of the electron beam from 30 €V up to 1000 eV could occur downstream of
Vg by another electrode. The CLAIR structure disclosed in Appendix B could be used to
decouple the electron energy from the gate electrode potential and accelerate the electron

beam by an electrode downstream of the gate electrode.
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CHAPTER 6

CONCLUSIONS

The objective of thisthesis was to gain a better understanding of the effects of EP
system environments on FE cathode performance, address compatibility issues, and
develop models to predict performance limitations which can then be used in cathode
design and accelerated life tests. Sheath models devel oped were also used to study
space-charge limitations of FE cathodes in tether environments. The results of this
research, possible cathode configurations for the thruster and tether applications of
interest, and recommendations for future research are discussed in this concluding

chapter.

6.1 Summary of Major Results

Initial cathode experiments in xenon environments were based on experimental
results obtained in research laboratories at SRI International and MCNC and cathode
environment characterization of the PEPL-70. The results obtained from experiments
with single HfC and ZrC cathode tips in ~10° Torr Ar and O, environments showed that
these materials are incredibly robust. The cathodes were not destroyed in hostile
environments; often performance improved from the high-pressure exposures with
operating voltages at afew thousand volts. Experiments with Mo and Si FEA cathodes,
and carbon film FE cathodes showed that no work function increases resulted from xenon
exposure. The efficiency of these cathodes was not affected by increases in pressure up
to 2x10™ Torr until the tips were damaged by ion bombardment. Si and Mo FEA

cathodes were operated in xenon environments with pressures as high as 10” Torr for
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severa hours without measurable performance degradation. Experimental results showed
that FEA cathode performance in xenon pressure environments similar to Hall thruster
environments is very sensitive to operating voltages. Energy threshold values for
sputtering Mo and Si targets by xenon ions were determined to be much lower than the
model developed by Yamamuraet a. predicted. Experimental results also showed that
the SRI International cathode, fabricated on a high resistivity wafer, was more resistant to
arcing in high-pressure environments than other cathode configurations tested. The
carbon film cathode was incredibly robust, showing no performance degradation during
several hoursin 2x10°® Torr of xenon with the gate electrode at 800 V. This cathode
turned on no differently in 2x10°® Torr of xenon and in UHV environments.

Combining the performance degradation model with experimental results enabled
much more accurate predictions of Ey, than ever before available. The Ey, for aMo target
being sputtered by Xeionsis now estimated at 39 eV as opposed to 49 eV predicted by
the sputter yield model. The Ey, for a Si target being sputtered by Xeionsis estimated at
48 eV as opposed to 91 eV as predicted by the sputter yield model. These results are
consistent with experimental observations of gate electrode thresholds for sputtering and
measured sputter yield values. Predictions of performance degradation rates in xenon
environments correlate well with experimental results. Using the improved estimates for
Etn, thismodel can now be used to estimate the performance degradation rates of any Mo
or Si FEA cathode operating in neutral xenon environments at any pressure. Operating
voltages are limited to values near E,; the operating voltage limits depend on the cathode
configuration. Thismodel was also used to determine the effect of the CEX ion
popul ation on the cathode performance degradation rate. It was shown that this CEX ion
population is so detrimental to the cathode performance that upper limits on operating
voltage were further reduced by 20 V when thision population is bombarding the field
emission microtips. In this situation, the population of ions generated locally is

negligible; CEX ions dictate performance degradation rates. To meet cathode lifetime
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requirements of greater than 100 hoursin 2x10™ Torr of xenon, Si cathodes will be
limited to operating voltages below 30 V and Mo cathodes will be limited to operating
voltages below 20 V. These values will increase with decreasing pressure from 2x10°
Torr. Even at these voltages, current limiting cathode architectures will be required to
prevent catastrophic arcing between the tips and gate el ectrodes.

Modeling of space-charge current limits in the applications of interest showed that
thisissue could significantly limit the performance of FE cathodes in thruster and tether
environments. It was shown that cathode dimensions and environment play a major role
in determining their performance limitations because they affect the configuration of the
sheath. Planar sheath modeling results showed that cathodes emitting electrons into the
discharge chamber of an ion thruster will have alower current density limit which is >8
Alcm?, and exceeds the current density requirements in this application. If positioned in
the center of the PEPL-70 Hall thruster, afield emission cathode emitting electrons at 30
eV will have a space-charge current density limit greater than ~1.7 A/cm?, independent of
cathode dimensions, as determined by the planar model. A 1.2 x 1.2 cm cathode in the
external position of aHall thruster or ion engine emitting electrons at 30 eV should be
able to emit near ~68 mA/cm?, assuming a /r electron beam expansion in the cathode
sheath. Either afew cathode arrays could be used in the center of the thruster to provide
up to 4.5 A or a segmented cathode ring could be used in the external cathode position of
aHall thruster with amuch larger area. The external cathode position will be required
for small and microscale propulsion systems. Current requirements for small and
microscale propulsion systems will be less than afew hundred milliamperes so that a
cathode area of afew cm? will suffice. If electrons are emitted at 100 eV, the lower limit
on current density for the 1.2 x 1.2 cm cathode with Vg4 at 100 V and f ¢ at 20 V should be
~120 mA/cm?. Of course, operating voltages limit cathode lifetime. While silicon
cathodes are limited to operation with gate electrode voltages no higher than 30 V,

molybdenum cathode gate el ectrodes are limited to potentials no higher than 19 V. If
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electrons must be emitted at higher energies, the electron energy must be decoupled from
the potential of the gate electrode. CLAIR would provide additional electrodes so that
electron acceleration up to 100 eV or higher would occur downstream of the gate
electrode.

In atether environment, much higher cathode operating voltages will be tolerated
because of low pressures; however, there are fewer ions to neutralize the negative space-
charge of the electron beam so that the space-charge current limits will be significantly
lower than the limits in the thruster environment. The current density limitsin this
environment are significantly affected by the size of the cathode. Only afew operating
configurations were explored. A 6.6 x 6.6 mm cathode should not be able to emit more
than 5.6 mA if f.is20V and V4is 30 V, according to the spherical sheath model. If a
current of 2 A isrequired, then several hundred cathodes will be necessary to supply that
current. This configuration of cathodes may be prohibitively complicated. With the gate
electrode at 100-1000 V, it is possible that fewer than 100 cathodes will be required to
emit 2 A in some operating configurations. It was also shown that increasing f . also
increases the emission current from atether system.

Cathode dimensions for the applications discussed must consider both space-
charge limitations and cathode performance at the voltages limited by lifetime
requirements. Even though current densities >1.7 A/cm? are possible in the Hall thruster
internal position, that performance is very optimistic for a cathode that must survive for
>100 hours. If the cathode microtips are not shielded from CEX ions, then Si and Mo
cathodes will be limited to operating voltages ~30 and ~19 V respectively. Such low
operating voltages severely limit the current/tip so that the array of microtips could be
prohibitively large to provide the required current. The size of the cathode and number of
microtips required in the different applications depends on the packing density of the
microtips, f, I, rg, and Ds. Results presented in Chapter 4 show how the cathode

parameters affect the number of tips required for the desired current and operating
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voltages limited by cathode lifetime. Some possible cathode configurations are suggested

in the next section for the applications of interest.

6.2 Recommended Cathode Designs

The number of microtips or thin film cathodes necessary to emit the required
current depends on the environment and cathode configuration and materials. The
environment places lower limits on operating voltages, as discussed in Chapters 3 and 4,
and current densities, as discussed in Chapter 5. The cathode materials and dimensions
also affect the number of cathodes required and sizes of the arrays as discussed in
Chapter 4. The design of FE cathodes for the applications discussed requires careful
consideration of the environment, current and lifetime requirements for the applications,
and performance of available cathodes. The modeling tools developed for this
dissertation can be used to optimize the cathode configuration and electrode potentials for
the application.

The models devel oped were used to suggest cathode configurations that would
satisfy the requirements of the applications discussed. The limits on current density were
determined from the sheath model. Then data presented in Table 4.5 and Table 4.6 were
used to determine which cathodes could supply that current density at sufficiently low
voltages to ensure cathode lifetimes greater than 100 hours without CLAIR to retard CEX
ions. One-half of the side length of a square cathode is given asr.. The cathode packing
density was assumed to be 10%cm?®. Other cathode parameters were assumed to be Ds=2,
r=1000 A, and r=40 A. This cathode configuration is not overly optimistic. Typically,
cathode parameters are not this good, however, higher packing densities and lower ry, rg,
and Ds have been demonstrated. Cathode configurations suggested with these assumed
parameters are shown in Table 6.1. Cathode configurations are al so suggested at higher

operating voltages assuming a CLAIR structure is used to improve cathode lifetime at
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higher voltages. Cathodes with higher packing densities and smaller Ds, r;, and ry will
require smaller cathode arrays or fewer arrays to supply the required current than
configurations suggested in Table 6.1 and Table 6.2. The number of cathodes can be
scaled down for much smaller thrusters to meet lower current requirements. Modeling
results suggest that Mo cathodes could not be used without a CLAIR structure, with the
assumed parameters, because they could only supply the required current from reasonable
cathode areas with a gate electrode voltage that is at least at 42 V. In the cases where Vq
iIs30V, Si, HfC, or ZrC cathodes could provide the currents required from the maximum

cathode size noted in Table 6.1.

Table6.1 Recommended number of cathodes, oper ating voltage, cathode material,
and emitting arearequired in different applicationsif packing density is 108/cm?,
Ds= 2, r=1000, and r=40.

Application I re Vg l/lcathode Ncanose Area Materia

(A) (cm) (V) (mA) s (cm?)
PEPL-70-ext. 45 06 30 >68 <66 <95 S HfC,zrC
PEPL-70-int. 45 15 30 >4500 1 <9 Si,HfC,ZrC
lon engine-int. <6 05 30 >6000 1 <1 HfC,zrC
Tether 2 033 30 <43 >460  >460 Mo,Si,HfC,ZrC
Tether 2 0.33 100 <9.1 >220 >220 Mo,Si HfC,ZrC

Table 6.2 Recommended number of cathodes, oper ating voltage, cathode material,
and emitting arearequired in different applicationsif packing density is 10%cm?,
Ds= 2, r4=1000, r=40, and CLAIR isused.

Application I re 2 I/cathode Ncanose Area Material

(A) (cm) (V) (mA) s (cm?)
PEPL-70-ext. 45 06 100 >136.0 <33 <475 Mo,Si HfC,zZrC
PEPL-70-int. 45 15 42 >4500 1 <9 Mo,Si,HfC,ZrC
Tether 2 033 100 <9.1 >220 >220 Mo,Si HfC,zZrC
Tether 2 0.33 1000 <41.0 >49 >21  Mo,Si HfC,ZrC
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6.3 Recommendationsfor Future Research

This research topic isrich and has only begun to be explored. Thisthesisisthe
first in aseries of studies investigating the compatibility of FE cathodes and EP systems
and tethers. Many of the experiments were preliminary. More of the same experiments
at low operating voltages are recommended to support the Ey, estimates. The effect of
anode potential on performance degradation rates with low gate electrode potentialsin
higher-pressure environments should be further investigated. HfC and ZrC cathodes
should be tested in xenon environments and E, should be determined for these materials
also.

Cathode configuration improvements have been prescribed to successfully merge
these technologies. Cathodes should have smaller dimensions and more microtipsin the
cathode arrays with better uniformity than those cathodes tested in this study. The next
step is to fabricate the recommended Mo, Si, HfC, and ZrC FEA cathodes. Cathodes
with VECTL architectures are required to prevent arcing between tips and gate electrodes
and maximize cathode efficiency. These cathodes should be tested at current levels ~1
mA in xenon environments, and life tests should be conducted to show which field
emission cathodes can operate in 2x10” T for ~100 hours and validate theoretical results.
I-V tracesin UHV environment, cathode geometry, and work function are now sufficient
to estimate cathode lifetime in xenon environments.

Carbide cathodes are incredibly robust; however, they operate at high voltages
and low efficiencies. The gate electrode and carbon film should be microfabricated as an
integrated structure to significantly reduce operating voltages and current collected by the
gate electrode.

CLAIR should be developed to improve the compatibility of FEA cathodes and
EP systems. The multi-electrode structure must be microfabricated and tested at the

necessary operating voltages. Microtips must then be deposited in the back of the

128



channelsin CLAIR. CLAIR should be tested in UHV environments, xenon
environments, and then with EP systems.

Field emission cathodes must be tested with EP systems. Initialy they will share
current with hollow cathodes to evaluate lifetime and space-charge limitationsin a
thruster environment. Eventually, these cathodes could provide the total discharge
current. New start-up sequences must be developed for FE cathodes and Hall and ion
thrusters. Inthetypica start-up sequences, the propellant breakdown into a plasmais
initiated at the cathode. This start-up could destroy the delicate cathodes. If field
emission cathodes are used, propellant breakdown should be initiated at the anode.

Another issue to explore is the deposition of vacuum chamber materia on the
cathodes. High energy ion beams emitted from the thruster sputter material off of the
vacuum chamber walls, which could then redeposit on the cathode, shorting the tips to
the gate electrodes. Cathode positioning could play an important role in the effect of this
issue on cathode lifetime.

Field emission cathodes must aso be tested in simulated LEO environments.
Modeling results of space-charge current limits must be validated experimentally. The
modeling results predict very large cathode sheaths in LEO environments. Plasma
potential measurements of space-charge limited currentsin asimulated LEO environment

will determine the accuracy of the sheath modeling results.

6.4 Other Applications

There are several other applications of the results of this research including those
discussed in the introduction and throughout this thesis. These cathodes could be used
for spacecraft discharging to control the potential of different surfaces.®® FE cathodes
could also be used with Field Emission Electric Propulsion (FEEP) systemsto neutralize

cesium ion beams. Because cesium ions are accel erated though several keV, more robust
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cathode configurations are recommended, like the carbon film cathodes. It has been
proposed to use FE cathodes as pressure sensors.®® The models developed in this thesis
can be used to design these sensors and estimate lifetime. The indirect methods used to
determine Eg, for sputtering of Mo and Si by xenon ions could be applied to

experimentally determine these values for other FEAC materials.
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APPENDIX A
NOMENCLATURE

Fowler-Nordheim term (e(VA)%fs)
Fowler-Nordheim | term (A/V?)

Bohr radius (A)

term in radius distribution factor for cathode
areafactor (A%

Fowler-Nordheim term (eV/A)

Fowler-Nordheim | term (V)

speed of light (A/fs)

term in radius distribution factor for cathode
atomic spacing (nm)

electron charge (C)

ion energy (eV)

energy threshold for sputtering (€V)

electric field on axis of the microtip structure (V/cm)
Plank’ s constant (eV-fs)

current collected by the anode (A)

Hall thruster discharge current (A)

field emission current (A)

cathode current (A)

final cathode current after 100 hour xenon exposure (A)
current collected by the gate electrode (A)

initial cathode current (A)

current emitted from a single microtip structure (A)

current transmitted through the sheath (A)
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Je

Jee
Jee
Jeemax

JrN

ion current density measured by the Faraday probe (A/cm?)
plasma electron current density (mA/cm?)

electron beam current density (mA/cm?)

normalized electron beam current density

normalized upper limit on electron beam current density
Fowler-Nordheim field emission electron current density (A/cm?)
Boltzmann constant (J/K)

electric field factor

term in sputter yield model

mass flow rate of propellant (mg/s)

incident ion atomic weight

target atom atomic weight

initial mass of arocket with fuel (kg)

final mass of arocket (kg)

number of ions striking the emitting area of a microtip during one second
plasma electron number density (electrons/cm®)

electron beam electron number density (electrons/cm?®)

electron number density in the plasma (el ectrons/cm®)

ion number density (ions/cm?)

ion number density at the sheath boundary (ions/cm®)

number of atoms sputtered from the emitting area of a microtip per second
neutral xenon number density (atoms/cm®)

number of tipsin afield emission array cathode

xenon pressure measured by the NPF probe (Torr)

xenon pressure measured by the vacuum gauge (Torr)
cross-section for ionization (pay?)

term in sputter yield model
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lc

It

Im

Vi

Vi

Vmax
Vmin

Vs

radial distance from microtip structure (cm)

radial position corresponding to ionization potential (cm)
cylindrical or spherical cathode radius (cm)

radius of curvature of a microtip structure (cm)

radius of aperture in gate electrode (cm)

maximum distance from a microtip within which an ion formed will hit
the emitting area of the tip (cm)

radial position corresponding to the sputter threshold voltage (cm)
term used in sputter yield model

term used in sputter yield model

temperature (eV)

time to erode asingle layer of atoms from a microtip emitting area (s)
electron temperature (eV)

thrust (N)

sublimation energy (eV)

anode voltage with respect to ground

discharge voltage of the Hall thruster (V)

velocity of electrons emitted from the cathode (m/s)

potential of the gate electrode with respect to the cathode emitting
surface (V)

ion velocity (m/s)

ionization potentia (eV)

modulation voltage (V)

maximum voltagein an I-V trace (V)

minimum voltagein an I-V trace (V)

peak voltage (V)

voltage corresponding to energy threshold for sputtering (V)
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Vi

Xo

fo
fe

ft

ion temperature (eV)
position from the cathode surface (m)
termin Bey

sputter yield (atoms/ion)

term in sputter yield model

microtip cone angle (radians)

field enhancement factor

termin Bey

tip radius spread factor

term in sputter yield model

permittivity of free space (F/m)

normalized voltage

normalized potential of gate electrode below the potential at the sheath
boundary

thruster efficiency

normalized potential between the gate electrode and cathode potential
normalized ion accelerating potential of the pre-sheath

electronic Debye length (cm)

half cone emitting angle of a cathode tip (°)

distribution factor associated with a spread in tip radii in afield emission
cathode array

potential with respect to the potential at the sheath boundary (V)
accelerating potential of the sheath (V)

potential of the gate electrode with respect to the potential at the sheath
boundary (V)

electron emission half cone angle on amicrotip (radians)
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Xc

Xsh

work function (eV)
normalized position
normalized spherical or cylindrical cathode radius

normalized position of sheath boundary
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APPENDIX B
CLAIR

A Cathode Lens and lon Repeller (CLAIR) has been designed to significantly
improve the compatibility of Hall thrusters and FEA cathodes. The performance of this
structure as alens and ion filter was demonstrated using a particle-in-cell (PIC) code.
CLAIR isaseries of electrodes, similar to agate electrode in FEA cathodes, in an einzel
lens configuration that accelerates or decelerates an electron beam and retards charge-
exchange (CEX) ion flow. The CLAIR configuration isshown in Figure B.1. Three
electrodes are used in addition to the gate electrode. Electrode V is at a high potential,
~100 V, to retard the flow of CEX ions to the microtip structures. V3 is approximately 20
V below plasma potential. The other electrodes are biased with respect to V3, depending
on the cathode operating voltage and the accelerating or decelerating function of CLAIR.
The thickness of the electrodes and insulators determines the lens optics. It ismore
difficult to focus the electron beam when it is being decelerated by CLAIR than when it
isbeing accelerated. One possible cathode configuration is represented by the parameters
shownin Table B.1. The design and performance of CLAIR was evaluated using
MAGIC, aPIC code, that determined equipotential configurations and electron
trajectories. MAGIC was developed by Mission Research, Inc. MAGIC output is shown
Figures B.2 and B.3. The cathode was assumed to be a planar surface with electrons
emitted uniformly from it with avelocity vector directed along the axis of CLAIR only.
This cathode configuration should be capable of filtering out 60 eV ions and focusing the

electron beam through the electrodes, as verified using MAGIC.
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FigureB.1 Cathode Lensand lon Repeller (CLAIR) congifuration.

TableB.1 Electrode potentials, thicknesses, and spacing for the CLAIR
configuration smulated by MAGIC.

V¢ Vg Vi Vo Vi dg/Vl dvl/iv2 dv2/v3 t1|3 to tg
M VM VM V) V) (m) (mm) (M) mm) (mm) (mm)

-40 10 -10 100 -20 04 0.8 0.8 0.1 0.3 0.25

CLAIR can be used to significantly increase the space-charge current limit on the
cathode by increasing the energy of the electrons emitted from the cathode without
increasing the potential of the gate electrode. CLAIR essentially decouples the electron
energy from the gate electrode potential. It can significantly increase the lifetime of the
cathode by filtering the CEX ions from the thruster out of the flux of particles
bombarding the microtips. Without CLAIR, cathode gate electrode operating voltages
are limited to values near 30 V. lons generated between the gate el ectrodes and microtips
and CEX ions, which sputter the microtip structures, are responsible for limiting the
cathode lifetime. If CLAIR is used, operating voltages can be increased by
approximately 20 V fromthe 30 V limit for Si cathodes. At this higher operating voltage,
the current isincreased by orders of magnitude from the same array of tips. With higher
voltage gate electrodes, space-charge current limits are increased for a specific current

reguirement, as shown in Figure 4.6.
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Figure B.2 Equipotentials predicted by MAGIC for the CLAIR configuration
described in Figure B.1 and Table B.1.
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Figure B.3 Electron trajectories predicted by MAGIC for the CLAIR configuration
described in Figure B.1 and Table B.1.
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APPENDIX C
FEA Cathode Performance Degradation M odel Macro

Thismacro is used in IGOR to calculate the performance degradation rate of FEA
cathodes in xenon environments. The model uses pre-existing arrays for radius,
Qiintxenon, and xenoneVi. Theradius array has all of theradial positions (cm) used in
the calculation of the ion flux to the microtips. onization cross-section data obtained
from Brown are in the arrays Qiintxenon (cross-section) and xenoneVi (energy). Thetim
array is used to calculate the change in radius in time increments tim (hours). Those data

arrays are given after the macro.

Macro calclt ()

Silent 1

variable ag, phi, bc, Ntips, Vg, a, b, n, elect, vs, pressure, vt, d, yeti, rtmax
ag=10000 II(A)

phi=3.5 11(eV)

bc=0.26 //(radians)

Ntips=16000

ds(0)=340

Vg =86 V)

YEti=.017 // sputter yield value for a Si target and xenon CEX ions
r(0) =59.1  /finitial effective tip radius (A)

rtmax= (ds(0)+21)*rt(0) /linitial maximum tip radius
elect = 1.6022E-19 //(Coulombs)

pressure = 7E-6 /[(Torr)

vt=.03 11(eV)

d=3.13 IH(A)

variable Us, MI, MlI, ZI, ZI1, Que, eth, apha, kay, Ikay, i, ethmf
/[duplicate/O rt Irtip, Irarray, Ftip, JFN, barea, bb, SIG, kc, bg, co, delr, ns, te
duplicate/O radius voltage, Quei, Sxesi, epsilon, se, sn
duplicate/O radius dr, nsi, qydr
differentiate dr
n=0
ns(n) =0
do

ds(n) = rtmax/rt(n)-1

kc(n)=1/54 *(86+ag/rt(n))* 1/tan(bc)

Ftip(n)=((pi/(In(kc* ag/rt(n))))-(tan(bc))*2)* V g/rt(n)
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a=(.008621/phi)* exp(9.246/phi*.5) /[Fowler-Nordheim a coefficient
b=0.6421*phi*1.5 /[Fowler-Nordheim b coefficient

JEN(n)=a* Ftip(n)"2* exp(-b/Ftip(n))

bg(n)= ((pi/(In(ke(n)* ag/rt(n))))-(tan(bc))"2)/rt(n)

barea(n)= 2* pi* rt(n)"2* (cos(bc))*2* (bg(n)* Vv g)/(b+(sin(bc))2* bg(n)*Vg)
co(n)=(L/(pi* bg(n)* rt(n)))* ((tan(bc))"2+bg(n)* rt(n))"2-1

bb(n)=((co(n)*b+(3* co(n)+2)* bg(n)* Vv g)/(bg(n)*Vg))-

(co(n)*bg(n)*Va/b)* (tan(bc))"2

SIG(n)=(exp(ds(n)* bb(n))-1)/(ds(n)* bb(n)) 1I=S

Irtip(n) = barea(n)* JFN(n)*1.6E-4 //current from asingle tip with r;in Amperes
Irarray(n) = Ntips* SIG(n)* barea(n)* JFN(n)* 1.6E-4 [lcurrent in Amperes
IrarrayuA = lrarray* 1e6 /lcurrent in microamperes

/[calculate voltage as afunction of radial distance from the tips (r in cm)
rm(n) = rt(n)* 1E-8* (vg/vt)".3333
vm(n) = vg* ((rt(n)* 1E-8/rm)-1)* ((rt(n)/ag)-1)"-1
voltage = vg* ((rt(n)* 1E-8/radius)-1)* ((rt(n)/ag)-1)"-1

/[calculate sputter yield for the voltage corresponding to each radial position

Us=4.63

MI1=131.3

MI11=28.1

Que=0.78

ZI=54

ZIl=14

Ethmf = .53 //energy threshold multiplication factor

Eth=(1.9 + 3.8*(MII/MD)"-1 + 0.134* (MI1/M1)"1.24)* Us* Ethmf

alpha= 0.08+0.164* (M11/M1)"0.4+0.0145* (M11/M1)"1.29

Kay= 8.478*(ZI*ZI1/((ZI".66667 + ZI1".66667)"0.5))* (MI/(MI+MIl))

epsilon=(0.03255/(ZI* Z11* (ZI".66667+Z11".66667)"0.5))*
(M1II/(MI+MI1))*voltage

sn= 3.44* (epsilon™0.5)* In(epsilon+2.718)/(1+6.355* (epsilon”0.5)+epsilon*
(-1.708+6.882* (epsilon)"0.5))

Ikay= 0.79* ((M1+MI11)".66667)/(MI1".66667* M11"1.5))*
(Z1™.66667* ZI1M.5)/(Z1~.66667+Z117.66667)".75

se = |kay*epsilon*1/2

Sxes = 0.42* apha* Que* Kay* sn* (Us* (1+0.35* Us* se))"-1*
(1-(eth/voltage)™0.5)"2.8

/[calculate te
Interpolate/ T=1/N=28/1=3/A=0/J=2/Y =Quei/X =voltage Qiintxenon /X=xenoneVi
ns(n)=0
i=0
do
if (voltage(i) > vg)
voltage(i) = vg
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endif
i=i+1
while (i < numpnts(nsi) )

do
if (voltage(i) > eth)
if (voltage(i) < vm(n))
qydr(i) =dr(i)*0.5* (Sxesi(i)* Quei(i)+Sxesi(i+1)*
Quei(i+1))*8.79E-17
nsi(i) = (Irtip(n)/elect)* pinterp(n)* 3.55E16* qydr(i)
ns(n)=ns(n) + nsi(i)
endif
endif
i=i+l
while (i < numpnts(nsi) )
I nsti(n) = (2e-5/1.6e-19)* 2* pi* rt(n)"2* 1e-16* 0.33* Y i /ICEX ions
nsti(n) =0
te(n) = pi/3600* 2* cos(37* 2* pi/360)* rt(n)~2/((d)"2* (ns(n)+nsti(n)))
delr(n) = tim(n)* d/te(n) /Ichange in tip radius during time tim.
rt(n+1) = rt(n) +delr(n)

n=n+1

while (n<numpnts(tim))

end macro

radius xenonVi Qiintxenon tim
4.25e-07 12 0.118 0.1
4.5e-07 13 0.6 0.1
5e-07 14 1.12903 0.1
5.5e-07 15 1.45161 0.1
6e-07 16 1.77419 0.1
6.5e-07 17 2.05556 0.1
7e-07 18 2.24074 0.1
7.5e-07 19 2.42593 0.1
8e-07 20 2.64286 0.1
8.5e-07 30 4.45918 0.1
9e-07 40 5.10515

9.5e-07 50 5.32886

1e-06 60 5.55257

1.1e-06 70 5.77629

1.2e-06 80 6

1.3e-06 90 5.93333

1.4e-06 100 5.86667

1.5e-06 200 52

1.6e-06 300 4.8125

1.7e-06 500 4.0375
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1.8e-06
1.9e-06
2e-06

2.1e-06
2.2e-06
2.3e-06
2.4e-06
2.5e-06
2.6e-06
2.7e-06
2.8e-06
2.9e-06
3e-06

3.1e-06
3.2e-06
3.3e-06
3.4e-06
3.5e-06
3.6e-06
3.7e-06
3.8e-06
3.9e-06
4e-06

4.1e-06
4.2e-06
4.3e-06
4.4e-06
4.5e-06
4.6e-06
4.7e-06
4.8e-06
4.9e-06
5e-06

5.1e-06
5.2e-06
5.3e-06
5.4e-06
5.5e-06
5.6e-06
5.7e-06
5.8e-06
5.9e-06
6e-06

6.1e-06
6.2e-06
6.3e-06

700
900
1000

3.2625
24875
21
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6.4e-06
6.5e-06
6.6e-06
6.7e-06
6.8e-06
6.9e-06
7e-06

7.1e-06
7.2e-06
7.3e-06
7.4e-06
7.5e-06
7.6e-06
7.7e-06
7.8e-06
7.9e-06
8e-06

8.1e-06
8.2e-06
8.3e-06
8.4e-06
8.5e-06
8.6e-06
8.7e-06
8.8e-06
8.9e-06
9e-06

9.1e-06
9.2e-06
9.3e-06
9.4e-06
9.5e-06
9.6e-06
9.7e-06
9.8e-06
9.9e-06
1le-05

1.1e-05
1.2e-05
1.3e-05
1.4e-05
1.5e-05
1.6e-05
1.7e-05
1.8e-05
1.9e-05
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2e-05

2.1e-05
2.2e-05
2.3e-05
2.4e-05
2.5e-05
2.6e-05
2.7e-05
2.8e-05
2.9e-05
3e-05

3.1e-05
3.2e-05
3.3e-05
3.4e-05
3.5e-05
3.6e-05
3.7e-05
3.8e-05
3.9e-05
4e-05

4.1e-05
4.2e-05
4.3e-05
4.4e-05
4.5e-05
4.6e-05
4.7e-05
4.8e-05
4.9e-05
5e-05

5.1e-05
5.2e-05
5.3e-05
5.4e-05
5.5e-05
5.6e-05
5.7e-05
5.8e-05
5.9e-05
6e-05

6.1e-05
6.2e-05
6.3e-05
6.4e-05
6.5e-05
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6.6e-05
6.7e-05
6.8e-05
6.9e-05
7e-05
7.2e-05
7.3e-05
7.4e-05
7.5e-05
7.6e-05
7.7e-05
7.8e-05
7.9e-05
8e-05
8.1e-05
8.2e-05
8.3e-05
8.4e-05
8.5e-05
8.6e-05
8.7e-05
8.8e-05
8.9e-05
9e-05
9.1e-05
9.2e-05
9.3e-05
9.4e-05
9.5e-05
9.6e-05
9.7e-05
9.8e-05
9.9e-05
0.0001

146



APPENDIX D
Cathode Sheath Model Macro

This appendix presents IGOR macros used to calcul ate potential and electric field
profilesin cathode sheaths assuming planar, cylindrical, or spherical cathode and sheath

geometries. Poisson’s equation is solved using a fourth order Runge-K utta method.

Macr o Planar sheath()

Silent 1

variable h, n, f, etav, Te,Vb, Vm, Vg, bk, mi, me, elec, neo, sgrtalf, je, ljip, ljee, Jip, Jee
variable etam, etag, etap, etab, etao, Vo, conl, con2, con3, con4, V¢, etac,ef, etabo
neo = 4E4

Te=0.086

elec = 1.6E-19

bk = 1.38E-23

me=9.11E-31

Vg=5

ljee=1

V=30

[lim=140

h=0.25 /] step size in spatial position, x

je= neo* elec* 100* (2* bk* Te* 11600/me)™0.5

etag =Vg/Te
etac=Vc/Te
Jee = ljeglje
etao = (1+Jee* (etag+etac)"-0.5)/(2-Jee* (etag+etac)™-1.5)
ex!I11(0)=0 I electric field at sheath boundary
etall1(0)= etac /Ipotential at cathode surface
n=0

do

etav = etalll(n)

exI1(n) = exI11(0) +h*n

ef = 4* Jee* ((etag+etac-etav)"0.5 -(etag+etac)™0.5) +
2* (exp(-etav)-1)+4* etao* (1+Jee* ((etag+etac)™-0.5))*
((1+etav/etan)™0.5)-1)
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f = -(4* (Jee* ((etag+etac-etav)"0.5 -(etag+etac)™0.5) +
0.5* (exp(-etav)-1)+etao* (1+Jee* ((etag+etac)™-0.5))*
((1+etav/etan)™0.5)-1)))"0.5

kayll11(n)= h*f

etav = etalll(n) + kayll11(n)/2

f = (4* (Jee* ((etag+etac-etav)"0.5 -(etag+etac)™0.5) +
0.5* (exp(-etav)-1)+etab* (1+Jee* ((etag+etac)™-0.5))*
(((1+etav/etan)™0.5)-1)))"0.5

kayll12(n)= h*f

etav = etalll(n) + kayll112(n)/2

f = -(4* (Jee* ((etag+etac-etav)"0.5 -(etag+etac)™0.5) +
0.5* (exp(-etav)-1)+etao* (1+Jee* ((etag+etac)™-0.5))*
((1+etav/etan)™0.5)-1)))"0.5

kayll13(n) = h*f

etav = etalll(n) + kayl113(n)

f = -(4* (Jee* ((etag+etac-etav)™0.5 -(etag+etac)™0.5) +
0.5* (exp(-etav)-1)+etao* (1+Jee* ((etag+etac)™-0.5))*
(((1+etav/etan)™0.5)-1)))"0.5

kayll14(n) = h*f

etalll(ntl) = etalll(n) + 1/6* (kayll11(n) + 2*kayll12(n) + 2*kayl113(n) +
kayll14(n))

n=n+1
while (n<Ilim)
exI11(n) = exI11(0) +h*n

//calculate charged particle number densities

ninolll =(1+Jee* ((etag+etac)"-0.5))* ((1+etal l1/etao)™-0.5)

ni= (1+ljee* ((Vg+Vc)"-.5)/(neo* elec* 100* (2* elec/me)™.5))* (1+etal I /etao)-0.5
nenol 1= exp(-etalll)

ne= exp(-etalll)

neenol 1 = Jee* (etag-etal |1 +etac)*-0.5

nee= ljee/neo* ((Vg+Vc-etall1* Te)*-0.5)/(el ec* 100* (2* elec/me)"0.5)

netot! 1= nenol l1+neenoll|

ntotl1l = ninolll - netotll|

ntot = ni-ne-nee

efieldlll = (4* (Jee* ((etag+etac-etal [1)"0.5 -(etag+etac)0.5) +
0.5* (exp(-etal11)-1)+etao* (1+Jee* ((etag+etac)*-0.5))*
((1+etall1/etab)™0.5)-1)))0.5
efieldi= 4* etao* (1+Jee* (etag+etac)-0.5)* (((1+etal | 1/etac)™0.5)-1)
efielde= 2* (exp(-etalll)-1)
efieldee= 4* Jee* ((etag+etac-etal 11)10.5 -(etag+etac)™0.5)

end macro
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Macro Cylindricalsheath()

Silent 1

variable h, n, zrsh, I[lim, etac, etao, etag, ef, ef1, ef2, Jee, zrc, etav, efld, rad
h=10.2 I step size in spatial position, x
zrsh=13 /Inormalized sheath radius,rg/l p
zZrc=4 /Inormalized cathode radius, r¢/l p
[lim=45

etac=4

etag=6

Jee=6.6

Make/N=46/D/O eta, efield, rr

eta(0) =0

efield(0) =0 /lefield at sheath boundary

rr(0)=zrsh  //position of sheath boundary

etao=(1+Jee* (etag+etac)™-0.5* (zrc/zrsh))/(2-Jee* (etag+etac)-1.5* (zrc/zrsh))
print "etao=", etao
n=0
do
etav= eta(n)
efld=efield(n)
rad= rr(n)
ef= (1+Jee* (etag+etac)™-0.5* (zrc/zrsh))* (1+etav/etao)-0.5*
(zrshirad)-Jee* (etagt+etac-etav)"-0.5* (zrc/rad)-exp(-etav)
ef 1=efld
ef 2=ef-ef L/rad
kayl(1)= h*efl
kay2(1)= h*ef2

etav= eta(n)+0.5* kay1(1)

efld=efield(n)+0.5*kay2(1)

rad= rr(n)-h/2

ef= (1+Jee* (etag+etac)™-0.5* (zrc/zrsh))* (1+etav/etao)-0.5*
(zrshirad)-Jee* (etagt+etac-etav)"-0.5* (zrc/rad)-exp(-etav)

ef1=efld

ef 2=ef-ef L/rad

kay1(2)= h*efl

kay2(2)= h*ef2

etav= eta(n)+0.5* kay1(2)

efld=efield(n)+0.5*kay2(2)

rad= rr(n)-h/2

ef= (1+Jee* (etag+etac)™-0.5* (zrc/zrsh))* (1+etav/etao)™-0.5*
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(zrshirad)-Jee* (etag+etac-etav)”-0.5* (zrc/rad)-exp(-etav)
ef1=€fld

ef2=ef-ef Lrad

kay1(3)= h*efl

kay2(3)= h*ef2

etav= eta(n)+0.5* kay1(3)

efld=efield(n)+0.5* kay2(3)

rad=rr(n)-h

ef= (1+Jee* (etag+etac)™-0.5* (zrc/zrsh))* (1+etav/etao)-0.5*
(zrshirad)-Jee* (etag+etac-etav)"-0.5* (zrc/rad)-exp(-etav)

ef1=efld

ef 2=ef-ef L/rad

kay1(4)= h*efl

kay2(4)= h*ef2

n=n+1

eta(n) = eta(n-1) +(1/6)* (kay1(1)+2* kay1(2)+2* kay1(3)+kay1(4))
efidd(n) = efidd(n-1) +(1/6)* (kay2(1)+2* kay2(2)+2* kay2(3)+kay2(4))
rr(n) = rr(n-1)-h

while (n<llim)

//calculate charged particle number densities in the sheath
Duplicate/O efield ntot, nion,npel ect,nbel ect
ntot = (1+Jee* (etag+etac)™-0.5* (zrc/zrsh))* (1+etaletao)™-0.5*

(zrshirr)-Jee* (etag+etac-eta)™-0.5* (zrc/rr)-exp(-eta)

nion= (1+Jee* ((etag+etac)"-0.5)* (zrc/zrsh))* (1+etaletao)-0.5* (zrsh/rr)
npel ect=Jee* (etag+etac-eta)"-0.5* (zrc/rr)
nbel ect=exp(-eta)

end macro

Macro Sphericalsheath()

variable h, n, zrsh, Ilim, etac, etao, etag, ef, ef1, ef2, Jee, zrc, etav, efld, rad

Make/N=33/D/O eta, efield, rr
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eta(0) = 0

efield(0) =0
rr(0)= zrsh

etao=(1+Jee* (etag+etac)™-0.5* (zrc/zrsh)"2)/(2-Jee* (etag+etac)™-1.5* (zrc/zrsh)"2)

n=0

do

etav= eta(n)

efld=efield(n)

rad= rr(n)

ef= (1+Jee* (etag+etac)-0.5% (zrc/zrsh)2)* (1+etav/etao)™-0.5*
(zrsh/rad)"2-Jee* (etag+etac-etav)"-0.5* (zrc/rad)2-exp(-etav)

ef1=€fld

ef 2=ef-2*ef Lrad

kay1(1)= h*efl

kay2(1)= h*ef2

etav= eta(n)+0.5*kay1(1)

efld=efield(n)+0.5*kay2(1)

rad= rr(n)-h/2

ef= (1+Jee* (etag+etac)-0.5% (zrc/zrsh)2)* (1+etav/etao)™-0.5*
(zrsh/rad)"2-Jee* (etag+etac-etav)"-0.5* (zrc/rad)2-exp(-etav)

ef1=€fld

ef 2=ef-2* ef Lrad

kay1(2)= h*efl

kay2(2)= h*ef2

etav= eta(n)+0.5* kay1(2)

efld=efield(n)+0.5*kay2(2)

rad= rr(n)-h/2

ef= (1+Jee* (etag+etac)-0.5% (zrc/zrsh)2)* (1+etav/etao)™-0.5*
(zrsh/rad)"2-Jee* (etag+etac-etav)"-0.5* (zrc/rad)2-exp(-etav)

ef1=€fld

ef 2=ef-2* ef Lrad

kay1(3)= h*efl

kay2(3)= h*ef2

etav= eta(n)+0.5* kay1(3)

efld=€efield(n)+0.5*kay2(3)

rad= rr(n)-h

ef= (1+Jee* (etag+etac)-0.5% (zrc/zrsh)2)* (1+etav/etao)™-0.5*
(zrsh/rad)"2-Jee* (etag+etac-etav)-0.5* (zrc/rad"2)-exp(-etav)

ef1=€fld

ef 2=ef-2* ef Lrad
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kay1(4)= h*efl
kay2(4)= h*ef2

n=n+1

eta(n) = eta(n-1) +(1/6)* (kay1(1)+2* kay1(2)+2* kay1(3)+kay1(4))
efield(n) = efield(n-1) +(1/6)* (kay2(1)+2* kay2(2)+2* kay2(3)+kay2(4))
re(n) = rr(n-1)-h

while (n<llim)

//calculate charged particle number densities
Duplicate/O efield ntot, nion,npel ect,nbel ect
ntot = (1+Jee* (etag+etac)™-0.5* (zrc/zrsh)"2)* (1+eta/etap)-0.5*
(zrsh/rr)"2-Jee* (etag+etac-eta)™-0.5* (zrc/rr)"2-exp(-€eta)
nion= (1+Jee* ((etag+etac)-0.5)* (zrc/zrsh) 2)* (1+etaletao)™-0.5* (zrsh/rr)"2
npel ect=Jee* (etag+etac-eta)™-0.5* (zrc/rr)"2
nbel ect=exp(-eta)

end macro
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