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Abstract 

 The thrusters that are used with electric space propulsion systems are equipped with an 
electron source for spacecraft neutralization and often for propellant ionization.  The research 
presented in this dissertation was intended to explore a type of electron source that can be re-
generated when its performance degrades – restoring the electron source to its original like-
new condition.  The electron source of interest is a field emission electron source, which relies 
on electric field enhancement from nano- and micro-scale sharp emitter tips to create a beam of 
electrons.  The re-generable emitter tips are formed by taking advantage of Taylor cone 
formation from an operating liquid metal ion source.  Tip formation was accomplished by 
solidifying, or quenching, the ion-emitting cone to preserve the sharp ion-emitting nano-
structures so that they can then be used for electron emission, and subsequently re-generated 
when they become damaged. 
 To examine the feasibility of using re-generable field emitters with electric propulsion 
systems, a series of experiments were conducted to investigate the re-generable emitter tips.  
The experiments involved re-generating multiple emitter tips so that the electron performance 
of each re-generated tip could be evaluated and applied to the Fowler-Nordheim model to 
estimate the emitter tip radii.  The re-generable emitter tips were also subjected to long 
duration electron emission tests under UHV conditions, as well as repeatedly being subjected to 
elevated pressures.  The same duration and pressure elevation experiments were also 
performed with smooth and roughened pure tungsten field emitters for comparison purposes.  
Another experiment was conducted in the specimen chamber of a Field Emission Scanning 
Electron Microscope (FE-SEM) so that the nano-structures could be re-generated at ion emission 

current before quenching of 2 to 20 A and then investigated while inside the microscope.  
After quenching, Fowler-Nordheim modeling was used to estimate the emitter tip radii and then 
the FE-SEM optics were used so that the surface morphology of the quenched emitters could be 
investigated visually to compare with the model. 

It was demonstrated that as the ion emission before quenching was increased, a 

decrease in emitter tip radius was observed.  At ion emission currents greater than 10-15 A a 
minimal plateau was reached for the tip radii that were formed.  The re-generable emitter tips 
also demonstrated more stable electron emission than pure tungsten field emitters during 100’s 
of hours of testing.  Where the emission current from the pure tungsten emitters decreased 
over time, the emission current from the re-generable sources remained more stable.  The FE-
SEM investigation revealed that multiple nano-structures were formed upon quenching an 
operating liquid metal ion source and it was apparent that 30 seconds of ion emission operation 
is approximately the minimum time required before quenching to form all of the nano-
structures that are generated.  The multiple nano-structures could then be used to operate 
much like an array of electron field emitters since each of the nano-structures had similar 
electric field enhancement. 

The results of the experiments allowed for several conclusions to be made.  The re-
generable emitters proved to be more robust than pure tungsten emitters.  Re-generable 
emitters continued to operate to higher vacuum pressure, on the order of 10-4 Torr, and for 10’s 
of hours longer than the tungsten emitters.  Also, repeated exposure to elevated pressure 
eventually caused catastrophic failure of the pure tungsten emitters whereas the re-generable 
emitters demonstrated the ability to re-generate sharp nano-structures after the emission 
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deteriorated.  The re-generated tips could then be used at lower extraction voltage than before 
re-generation.  The FE-SEM investigation revealed that the Fowler-Nordheim estimation of 
emitter tip radii appeared to accurately predict the emitter tips to at least an order of 
magnitude.  Higher resolution micrographs would be necessary but within the resolution of the 
acquired micrographs the model approximations appear realistic.  The FE-SEM experiments also 
revealed multiple nano-structures that were never observed before.  The structures created 
multiple locations of electric field enhancement which is beneficial for a field emitter.  
Combining all of information gathered from this research about emitter tip lifetime, tip 
robustness in elevated pressure, re-generability after performance degradation, and the fact 
that multiple nano-structures are created on the emitter tip, re-generable field emitters appear 
to have a great amount of potential to be further developed for electric propulsion systems. 
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Chapter 1 

1 Introduction 

1.1 Field Emission Cathode Overview 

Electric space propulsion systems have a wide range of power levels, from a couple of 
Watts to 10’s of kilowatts.1-3  The electron sources that are employed for propellant ionization 
and spacecraft neutralization for most electric propulsion systems are thermionic and require on 
the order of 10-100 Watts of heater power and 1 to 10’s of mg/s of propellant to operate.4, 5  
Since thermionic electron sources require power and propellant, both of which can’t be directly 
converted to thrust, they contribute to a decrease in the efficiency and specific impulse of 
electric propulsion systems.  For thrusters in the sub 500 Watt power range, a thermionic 
cathode can decrease the efficiency and specific impulse of the system by over 20% and 15%, 
respectively, with this penalty decreased to 2% and 10% as power levels are increased over 5 
kW.  Ideally, lower power propulsion systems could really benefit from implementing a different 
electron source.  Fortunately, another type of electron source is available which requires less 
power and propellant than thermionic sources, the field emission cathode.   

Field emission cathodes are devices that take advantage of locally enhanced electric 
fields to emit a beam of “cold” electrons.  Electric field enhancement is achieved by using nano-
scale sharp electrodes.  Applying a potential between the sharp emission electrode and an 
extraction electrode causes a beam of electrons to be extracted from the sharp emitter.  The 
required potential to achieve electron emission is a few volts up to a few kV, depending on the 
sharpness of the emission electrode.  A more detailed analysis of field emitters is presented in 
Chapter 2. 

The only drawback to field emission cathodes is the limited lifetime associated with the 
devices.  The nano- or micro-scale features are fragile and when the features become damaged, 
the electron source loses functionality.  Researchers have found some ways to minimize damage 
to the emitters6 and they have found more robust, longer-life, emitters, such as carbon 
nanotubes.7-10  However, all electron field emitters can and will become damaged over time11, 12 
– it’s just a matter of how much time it will take.   

The research reported in this dissertation presents a method for re-generating damaged 
field emitter tips in situ.  Having the ability to re-generate damaged emitter tips has the 
potential to greatly increase the efficiency and lifetime of field emission electron sources. 

 

1.2 Contribution of this Research 

The goal of this research was to examine single-needle re-generable electron sources to 
determine if the re-generable electron source is a feasible technology to be used with electric 
propulsion systems.  Since the emitter tip sharpness is the most important factor influencing 
local electric field enhancement, for re-generable emitters to ever be implemented in space 
propulsion devices it was important to demonstrate that re-generable emitter tips could be 
created just as small as current state-of-the-art emitters.  Emitter tip robustness was also 
examined to ensure that re-generated emitters could operate in elevated vacuum conditions 
and for long durations. 
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The experiments that are reported in this dissertation were designed (1) to examine the 
electron emission current-voltage (I-V) characteristics of a re-generable electron source, (2) to 
investigate the lifetime of the re-generable electron source, (3) to determine the robustness of 
the re-generable electron source against elevated neutral pressure conditions, (4) to compare 
the exposure time and maximum-pressure-before-failure of re-generated emitters with pure 
tungsten field emitters, and (5) to visually investigate the surface morphology and emitter tip 
geometry after re-generating the electron sources. 

Experiments 1-4 were performed in an ultra high vacuum (UHV) chamber in MTU’s Ion 
Space Propulsion (Isp) Lab and Experiment 5 was performed inside of a Field Emission Scanning 
Electron Microscope (FE-SEM) at MTU’s Applied Chemical and Morphological Analysis 
Laboratory.  For Experiment 1 emitter tips were re-generated numerous times and after the tips 
were re-generated, the emitter was operated as an electron source so that the extraction 
voltage could be increased while recording the emission current.  The current-voltage data were 
then applied to the Fowler-Nordheim model to estimate the emitter tip radii.  Experiment 2 
involved observing the emission current of a re-generated emitter tip at a constant extraction 
voltage for about 1,750 hours.  Experiment 3 was performed to investigate the robustness of the 
re-generated emitter tips by exposing the operating emitters to elevated vacuum conditions.  
After multiple exposures to elevated pressure, an emitter was re-generated to enhance the local 
electric field of the nano-structure and then to compare the electron emission performance 
before and after tip re-generation.  For Experiment 4 bare tungsten emitter tips were exposed 
to elevated pressure conditions to compare with the re-generable emitters.  Experiment 5 
involved performing tip re-generation experiments inside of the FE-SEM to investigate the 
surface morphology of the emitter tips.  Custom components were built and implemented in FE-
SEM to provide an electrical interface to perform the experiments.  Using the microscope it was 
possible to look at the nano- and micro-structure of the emitter tips after re-generating the tips 
and then to compare the results with Fowler-Nordheim tip radius estimations.  The data were 
also compared with the results from Experiment 1 that were performed in the UHV facility, a 
facility that didn’t have the capability to visually inspect the emitter tips. 

As stated, this research was intended to examine the feasibility of employing re-
generable electron sources with electric propulsion systems so there are a few things that are 
out of the scope of this work but are probable future steps.  One future step is to build arrays of 

tightly packed emitter tips.  Since each emitter tip can only provide on the order of 10 A, a 
large number of emitters would be necessary to supply enough electron current for most 
thrusters.  Another future experiment should involve operating the re-generable electron 
sources near a plasma source.  While Marrese presented findings from operating other field 
emission devices near a Hall-effect thruster environment, it would be necessary to examine re-
generable emitters in a plasma environment since they are made from different materials than 
what Marrese tested.13 

 

1.3 Document Roadmap 

Following this introduction, Chapter 2 will provide a background and a review of prior 
work with field emission electron sources and liquid-metal-ion-sources (LMIS).  Chapter 3 
describes the experimental apparatus and methods used for each set of experiments in this 
dissertation.  The following three chapters, Chapters 4 - 6, include results from each set of 
experiments that were performed.  In particular, Chapter 4 includes applying the Fowler-



3 
 
 
 
 

Nordheim model to experimental data to estimate emitter tip size.  In Chapter 5, re-generable 
emitter tips are operated for long durations of time and at elevated pressure and then they are 
compared with bare tungsten field emitters that were exposed to the same conditions.  In 
Chapter 6, emitter tips were operated in the Field Emission Scanning Electron Microscope to 
observe the nano-structure of re-generated emitter tips.  Chapter 7 includes the conclusions for 
the research in this dissertation, as well as some potential applications for re-generable electron 
sources.  The Appendices at the end of this document include results from a statistical analysis 
performed on the experimental data that is reported in Chapter 4, observations of anomalous 
behavior from one of the emitter tips tested in the FE-SEM, an explanation of in situ imaging of 
an operating re-generable source using the FE-SEM, and the results from an experiment that 
was performed as an undergrad research experiment on NASA’s microgravity airplane. 
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Chapter 2 

2 Background and Review of Prior Research 

The purpose of this chapter is to present a review of the concepts that are necessary to 
understand the research reported in this dissertation and to show what research has been done 
in the past to provide the foundation for this study.  To begin, the phenomenon of electron field 
emission is discussed.  Following is a discussion of liquid metal ion sources (LMIS) and how a 
LMIS can be used as a re-generable electron source.  Then, there is an explanation of how re-
generable cathode can be applied to space propulsion. 

 

2.1 Electron Field Emission 

Field emission typically refers to emission from metals into a vacuum environment and 
is defined as “the emission of electrons from the surface of a condensed phase into another 
phase, usually a vacuum, under the action of high (0.3-0.6 V/angstrom) electrostatic fields”,1 
where 0.3-0.6 V/angstrom is equivalent to 3x109 to 6x109 V/m.  Most commonly, field emission 
cathodes employ sharp nano-scale electrodes to establish electron emission by taking 
advantage of the locally enhanced electric field created by the nano-scale electrodes.  Electric 
field enhancement is used to stimulate electrons to escape from the surface of the electrode 
into vacuum via a quantum tunneling effect known as Fowler-Nordheim emission.  If the electric 
field at the sharp electrode is great enough (~109 V/m) to deform the potential barrier, 
electrons can escape through the barrier at the metal surface, 1 as illustrated in Figure 1.2  The 
potential energy diagram in Figure 1 shows a conductive surface in the absence and in the 
presence of an external electric field.  In order for an electron to escape from the surface the 
electron requires more energy than φ, the material’s work function, which can be achieved 
thermionically or via photoemission.  Since the emitted electrons require the addition of energy 
to escape they are considered hot.  Field emission is achieved by deforming the potential barrier 
so that lower-energy, cold electrons can escape, as shown by the potential diagram in Figure 1 

that was adapted from Charbonnier.2  The height and width of the barrier are deformed so that 
cold electrons can escape and accelerate down the potential hill into vacuum. 
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Figure 1.  Potential energy diagram adapted from Charbonnier2 for electrons at a conductive 
surface showing the barrier for thermionic emission (without an electric field applied) and the 
deformed barrier for field emission due to an applied electric field.  Also shown are two other 
types of electron emission that involve heat and electric field – thermal field emission and 
Schottky emission. 
  

As mentioned, electric field enhancement is achieved by using sharp nano-scale 
electrodes as field emitters.  For comparison, the electric field between two flat plates is 
governed by, 

    
E V d             Equation 2.1 

which means the voltage, V, must be increased or the gap spacing between the electrodes, d, 
must be very small for field emission of electrons to occur in order to meet the 109 V/m field 
emission criteria.  For the flat plate example, achieving field emission simply isn’t feasible due to 
the magnitude of voltage required to obtain the necessary electric field.  Gomer explained it 
best when he said, “It is clearly not feasible or desirable to obtain such fields by brute force”.1  
Therefore, implementing sharp needle-like electrodes to take advantage of their locally 
enhanced electric fields is desirable since the electric field follows, 

            

2

ln ( )t t

V
E

r d r
                      Equation 2.2 

where V is the potential difference between the emitter tip and extraction electrode, rt is the 
emitter tip radius, and d is the gap spacing between the emitter tip and extraction electrode, as 
shown in Figure 2 with a typical electrical schematic.  Equation 2.2 is only valid when rt  is less 
than d and when the emitter tip is a parabolic shape or the equipotentials formed by the emitter 
tip are parabolic in shape. 

φ 
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Figure 2.  Single-needle field emission cathode schematic. 

 
When Equation 2.2 is plotted, as shown in Figure 3, it becomes obvious that increasing the 
potential difference between the emitter and the extraction electrode increases the electric 
field but, more importantly, decreasing the emitter tip radius increases the electric field.  While 
the gap spacing, d, is an important factor influencing the onset voltage of a field emitter (which 
is discussed in detail later in this section),3 the largest effect on the electric field is from the 
emitter tip radius.  Using emitter tips with smaller radii allows for minimization of the extraction 
voltage that is necessary.   

 
Figure 3. Plot showing the electric field enhancement from a parabolic field emitter. 

 
The first theories to attempt to describe field emission were published back in the early 

1920’s by Schottky.4  In 1928, Fowler and Nordheim reported a detailed theoretical analysis with 
experimental electron field emission data,4 which etched their names in history since electron 
field emission is now synonymous with Fowler-Nordheim emission.  In addition to being used as 
neutralizers for space propulsion devices, field emission electron sources are used in flat panel 
displays, focused electron beams for electron microscopy, and neutralization for spacecraft 

10
8

10
9

10
10

10
11

10
12

10
13

10
14

E
le

ct
ri

c 
Fi

e
ld

 (
V

/m
)

10
-11

10
-10

10
-9

10
-8

10
-7

10
-6

10
-5

10
-4

Emitter Tip Radius (m)

Fixed d = 0.5 mm
 V = 10 kV

 V = 5 kV

 V = 1 kV

Electron 
Beam 

Emitter 
Electrode 

d 

V 
rt 

A 



8 
 
 
 
 

mass spectrometry.5-8  Single needle field emission cathodes and Spindt-type arrays of field 
emission sites are the most commonly researched.  In 1961 Gomer published a book devoted to 
explain the physics of electron field emission from single needle sources.1  Single needle field 
emission cathodes are typically used in electron microscopy and can be readily purchased from 
a number of vendors.  Commonly, refractory metals have been used as single-needle field 
emitters and include tungsten and molybdenum.9-11  For space applications, the most common 
field emission cathode researched has been the Spindt-type array that was developed in the 
1960’s.  Spindt-type arrays require micro-fabrication techniques and are typically made of a 
silicon sub-structure that is coated with a thin layer of molybdenum, tungsten, boron nitride, or 
diamond.5, 12  More recently interest has shifted towards using multi-wall carbon nanotube field 
emission arrays.13, 14 

Spindt-type arrays have many advantages as field emission electron sources.  Micro-
manufacturing techniques allow for large arrays of micro-scale emitters to be produced 
relatively easily and the packing density of the arrays is high for small emitter tips, up to 107 
emitters/cm2.6  As mentioned, Spindt-type emitters can be made from a wide range of 
materials, including refractory metals like molybdenum and tungsten.12, 15  Also, micro-
fabrication techniques can be used to implement a series of gated electrodes that can ‘tune’ the 
acceleration and to focus the beam of electrons from the tips, as well as to prevent ions from 
sputtering away the sharp emitter tips,5 leaving blunt tips.  Although the gated electrodes help 
minimize sputtering, tip degradation is unavoidable. 

Emitter tip degradation is an inherent problem with field emission cathodes and is 
commonly due to ion sputtering of the tip, excessive heating, and arcing between the emitter 
tip and the extraction electrode.  Problems arise when the sharp emitter tips become blunt from 
one of the three mechanisms that were just mentioned.  When the tip becomes blunt the local 
electric field enhancement diminishes, which causes failure of the emitter as a field emission 
electron source.  The effect of diminishing tip radius is easy to see from looking back to the 
electric field equation shown previously in Equation 2.2.

  

As rt is increased, the field 
enhancement decreases.  A micrograph of a tungsten emitter tip that has been operated at an 

excessive emission current (> 100 A) for multiple minutes, and therefore has experienced 
excessive heating, is shown in Figure 4.  Implementing complicated circuitry can minimize 
arcing,8 however, eliminating tip degradation is impossible. 
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Figure 4. Micrograph of a damaged tungsten field emitter that has been operated at > 100 A 
of emission current for multiple minutes. 

 
In 1999 Marrese published extensive studies showing the feasibility of using Spindt-type 

arrays in the vicinity of Hall-effect thrusters.15  Results from the research were promising in 
xenon environments but measures had to be taken in order for the field emission arrays (FEA) to 
survive in the neutral gas environment.  In order for molybdenum or silicon FEAs to survive in 
pressures of 2x10-5 Torr or greater, the extraction voltages for the molybdenum and silicon FEAs 
had to be less than 19 V and 30 V, respectively, unless a series of extraction and acceleration 
electrodes were implemented.  Also, to prevent the tips from catastrophically arcing, current-
limiting circuitry had to be implemented into the system.  Ultimately, Marrese determined that 
field emission arrays are feasible for electric propulsion neutralizers but careful design 
considerations must be made and the physical location of the FEAs near a plasma source is 
critical.  In addition, depending on the environment larger arrays may be necessary because of 
limitations of electron emission current due to space-charge.  Other studies on FEAs revealed 
the possibility that most of the emission current from an operating Spindt-type array comes 
from only a fraction of the “sharpest tips” and as the sharpest tips fail emission must continue 
from the blunter tips, causing degradation to the arrays to happen faster and faster as the sharp 
tips fail.16 

Since about 2000 there has also been a lot of interest in using multi-wall carbon 
nanotubes (CNTs) as neutralizers for spacecraft.17  Carbon nanotubes are ideal field emitters due 
to their mechanical properties, ease and cost of manufacturing, and, most importantly, their 
high aspect-ratio.18  The diameter of CNTs is so small that extraction potentials are minimal to 
establish electron emission. Busek Co. Inc. performed some initial studies with CNTs to 
determine if they were feasible to replace traditional hollow cathodes for low power Hall and 
ion thrusters.17  Busek used a proprietary technique to grow a tangled web of CNTs to form a 
fibrous mat.  Busek’s cathodes have been used to demonstrate lifetime experiments in which 
the multi-wall CNT field emission cathodes were operated for over 13,000 hours at electron 

currents of 100 A and for approximately 6,000 hours at electron currents of about 1 mA in a 
vacuum environment of 10-8 to 10-9 Torr.14, 19  However, just as with other field emission 
cathodes the extraction voltage necessary to maintain a constant emission current increased 



10 
 
 
 
 

over time which implies that some of the emitter tips became damaged or destroyed over time.  

For the 13,000 hour test at 100 A of emission current the extraction voltage was gradually 
increased from about 400 V at the beginning to approximately 1000 V when the experiment was 
concluded.  Additional experiments were reported where an operating CNT was exposed to 
high-purity oxygen.  During those experiments the emission current decreased from about 130 

A at 10-6 Torr to about 60 A at high 10-4 Torr over a 15 minute period.  When the chamber 
pressure was restored to 10-6 Torr the emission current returned to the original setpoint. 

However, CNTs can, and do, become damaged by a number of methods during 
operation as field emission electron sources.  Much like the Spindt-type arrays, single-needle 
emitters, and any other field emitter, damage to CNTs has been observed via field evaporation, 
ion bombardment, oxidation, thermal failure due to excessive emission current, and arcing.18, 20  
It has also been noted that the stress due to the electric field on CNTs can cause individual 
nanotubes to be removed from the underlying substrate.14, 21  

For all of the reasons listed previously, optimum operation of a field emission electron 
source requires maintaining high local electric field enhancement.  Since the local electric field is 
inversely proportional to the electrode tip radius, the sharper the emitter tip, the lower the 
electric potential needed to obtain electron field emission.5  A typical bare tungsten single-
needle field emitter has a tip radius on the order of 10’s of nm to a few microns and can 
produce up to        of electron emission current.1  As mentioned, electron field emission is 
commonly referred to as Fowler-Nordheim emission, after the researchers who proposed one of 
the first adequate theories for how the field emission process works.  Emission characteristics 
are governed by the Fowler-Nordheim equation, 

3 2
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'
exp

o

I b
a

V V

 
  

 
    Equation 2.3 

where a and b’ are, 

     
1 2 1 266.2 10 ta A kr    

    
 

       Equation 2.4 

          
7' 6.8 10 tb kr  .        Equation 2.5 

In this series of equations I is the emission current measured in Amperes,    is the extraction 

voltage measured in volts,   is the work function in eV, A is the total emitting area,  is the 
Nordheim image-correction factor, and     is the field voltage proportionality factor.1  When the 
extraction voltage is increased high enough to obtain electron emission current, the voltage 
where current is first established is called the onset voltage,   .  As the extraction voltage is 
increased beyond the onset voltage there is an exponential relationship between the emission 
current and the extraction voltage, as shown in Equation 2.3 and in Figure 5.  Another 
characteristic of the I-V curve is apparent when the extraction voltage is decreased back 
towards zero.  There is hysteresis in the I-V curve, so the extraction voltage can be decreased 
below the onset voltage while continuing to emit current.  This is an important concept that is 
discussed further in Chapter 4. 



11 
 
 
 
 

 
Figure 5. Diagram showing the current-voltage relationship of Fowler-Nordheim emission 
from an electron field emitter. 

 
For the experiments reported in this dissertation, the work function that was used for 

tungsten was 4.5 eV22 and the work function of indium was 3.8 eV.23  When the Fowler-

Nordheim model is applied to electron I-V data, the graph of       
     versus      is linear, as 

shown in Figure 6, and has an intercept of       and a slope of       .   
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Figure 6.  A sample Fowler-Nordheim plot of electron field emission. 

 

Equating the slope with Equation 2.5 and inputting values for  and k, the tip radius,   , can be 

approximated.1  In practice,  is an image-correction factor that varies between 0.9 and 1.0 and 
k is used to account for the field distribution at the emitter tip due to the tip’s geometry and is 
given by, 

1
ln( / )

2
tk d r             Equation 2.6 

for parabolic emitters, where rt is the emitter tip radius and d is the gap spacing between the 
emitter tip and the extraction electrode.  The value typically used for k is 5, which allows for an 

emitter tip approximation to within 20% when coupled with estimating  at 1.0.  A more 
detailed description of error analysis is included with experimental data in Chapter 4.  To 
estimate emitter tip radii for all of the data reported in this dissertation, the Fowler-Nordheim 
model was applied to experimental data. 
 

2.2 Liquid Metal Ion Sources 

To operate a liquid metal ion source an electric field is created near the surface of a low 
melting-temperature liquefied metal, such as indium, by a downstream extraction electrode.  At 
the surface of the liquid-metal two main forces are responsible for ion emission, the 
electrostatic attractive force, FE, on the liquid metal due to the extraction electrode and the 
surface tension force, FST, on the liquefied surface of the metal, as shown in Figure 7.24  The 
electrostatic force is independent of field polarity and causes charge separation at the surface of 
the liquid metal which ‘pulls’ the liquid metal towards the extraction electrode.  The surface 
tension force is caused by cohesive intermolecular forces between the like-molecules in the 
liquid metal reservoir.  



13 
 
 
 
 

 
Figure 7.  Diagram showing the interacting electrostatic and surface tension forces at a 
liquefied metal’s surface, which are the forces responsible for ion emission. 

 
As early as 1600 Gilbert had reported that a liquefied conductor deformed when 

exposed to an electric field.25  Gilbert noticed when a spherical drop of water was placed on a 
dry surface and then a charged material was brought close to it, the sphere was attracted 
toward the charged material.  After Gilbert’s observations, over a hundred years went by until 
scientists started investigating the electrified liquids in more detail.  Around 1745 Bose reported 
that “water threads” formed at the nozzle of an electrified capillary.  And in 1882 Lord Rayleigh 
first calculated the electric stress on conducting fluids.  In 1917, Zeleny observed jets forming 
from fluids exposed to an electric field and in 1931 Macky reported water droplet deformation 
when the drops were exposed to an electric field.26, 27  It wasn’t until over 300 years after Gilbert 
first observed fluid interaction with electric fields that Taylor proposed the first adequate theory 
for their observations.  In the mid 1960’s, Taylor showed that when a conductive liquid is 
exposed to an electric field, the liquid is attracted towards the field and forms a cone with a half 
angle of 49.3°.28  Taylor’s investigations and contributions to understanding the physics 
surrounding the interaction between liquids and electric fields led to the 98.6° cone formed by 
the delicate balance between the electric field force and the surface tension force of a liquid to 
be named the Taylor cone.  Some refer to the cone as a Gilbert-Taylor cone to credit Gilbert’s 
original observations.  The cone will be referred to as a Taylor cone for the remainder of this 
document. 

When an ion extracting field is used it is possible to establish a stable beam of ions from 
the liquefied metal.  Research reported the in the late 1950’s and early 1960’s realized the 
potential that liquid metal ion sources had for space propulsion.29  It wasn’t until the 1980’s that 
research really started producing significant results with liquid metal ion sources and in the 
1990’s two main types of field emission electric propulsion devices emerged in response to the 

need for a high precision and low-thrust (1 N to 1 mN) propulsion system for science 
missions.30, 31  Cesium-Field Emission Electric Propulsion (FEEP) thrusters using a slit-type 
geometry were developed by Centrospazio and ALTA in Italy and indium-FEEP thrusters using 
single-needles were being developed by Austrian Research Center’s Seibersdorf Research.30, 31  

Also in the 1990’s liquid metal ion sources found extensive use as ion sources of high brightness 
in focused ion beam materials processing applications.32 

As discussed in the previous section, electron field emitters can be easily damaged.  For 
that reason, researchers made attempts at extracting electrons from liquefied metals, since a 

Liquid metal reservoir 

FST FST 

FE 

FST 
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liquid metal is essentially impossible to damage and Taylor cone formation is independent of 
field polarity.  The earliest documentation of using a Taylor cone as a liquid-metal electron 
source (LMES) was the work of Swanson and Schwind in 1978.33   Because the formation of a 
Taylor cone is independent of field polarity, Swanson and Schwind applied electron-extracting 
fields to a liquid metal in an effort to obtain electron emission from the liquid cone.  Their 
experiments showed that stable electron emission was impossible to achieve from a liquid metal 
and they observed pulses of emission current during their experiments operation.  They referred 
to the emission as “explosive” since small portions of the liquid metal were expelled as the 
emission pulsed.  The phenomena responsible for pulsed electron emission was supported by 
Gomer the following year.34  Two possible explanations for the inability to obtain stable DC 
electron emission from a liquid metal are the lack of fluid flow of the liquid metal during 
electron emission and absence of a space-charge, both of which are thought to have stabilizing 
effects on an operating liquid metal ion source.35, 36   

One main condition must be met in order to induce ion emission from liquid metal, the 
liquid metal must be deformed by the electric field.  This is accomplished when the pressure 
outside of the liquid (    ) due to the applied electric field exceeds the pressure of the surface 
tension (    ) within the liquid indium at the tip of the tungsten electrode, 

    ext intp p .         Equation 2.7 

The surface tension pressure is fixed once the tungsten electrode has been etched to a 
desirable geometry and coated with a thin film of metal.  The surface tension pressure on the 
liquid indium can be calculated using the following relationship, 

    

2
int

t

p
r




         

Equation 2.8 

where   is the surface tension of the liquid metal, for indium 592 dyne/cm (0.592N/m) at 185:C, 
and    is the emitter tip radius.37, 38 

For ion emission to occur the applied external electrostatic pressure must be greater 
than       The external pressure is, 
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Equation 2.9 

where    is the electric field at the tip apex and    is the permittivity of free space,       
         .39  By applying a potential of    to the extraction electrode, the electric field 
approximation in Equation 2.2 for a parabolic emitter tip shape is valid; 
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Equation 2.10 

where, tr  is the tip radius and d  is the tip-to-extraction electrode spacing. 

When the electric field force (    ) on the liquid metal exactly balances with the surface 
tension force (    ) the Taylor cone is formed, as shown in Figure 8.25, 40  It was found that the 
Taylor cone has a half-angle of 49.3:.  It should be noted that the equilibrium condition of 
          is extremely delicate and nearly impossible to stably maintain.  Therefore, as      is 
increased and the electrostatic attraction becomes greater on the liquid metal, a jet-like 
protrusion of liquefied metal forms at the apex of the Taylor cone.   
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Figure 8. Taylor cone and jet-like protrusion schematic on a liquid metal ion source 

 
Because the Taylor cone has a sharp tip, geometric enhancement of the local electric 

field at the cone apex is sufficient to extract metal ions directly from the liquid.  In most metals 
the ions emerge from a very narrow (few nanometer diameter) liquid jet at the cone apex and 
are subsequently accelerated by the electric field to either produce thrust30, 31 (FEEP) or for 
materials processing applications (LMIS).32   

As the liquid metal is depleted from the apex during ion emission, the indium must be 
replenished in order to continue ion source operation.  The mechanism used to supply the 
indium is by creating a series of micro-grooves41 on the underlying tungsten electrode.  The 
micro-grooves, shown in Figure 9, act as capillaries to feed indium to the apex.   
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Figure 9. Micrograph showing the longitudinal grooves that act as capillaries to aid indium 
flow to the emitter apex during ion source operation. 

 
The grooves are used to create a pressure difference to transport indium to the needle 

apex using capillary forces and can be estimated by the following; 

cos

g

P
r

 
 

       

Equation 2.11 

where    is the capillary pressure,   is the surface tension,   is the contact angle, and    is the 

groove radius, as shown in Figure 10.  For an indium coating on a tungsten electrode the surface 
tension and contact angle,      are approximately           and 9:, respectively.42   

 
Figure 10. Capillary action diagram of a cross-section of a tube placed in a reservoir of liquid, 
indicating the physical attributes of Equation 2.10.  In this case the tube would represent 
tungsten and the reservoir of liquid would be indium. 
 

θ 

rg 

Reservoir of liquid 

l 



17 
 
 
 
 

The pressure difference causes a volumetric flow rate of indium to the emitter apex as follows; 
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gPr
V
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Equation 2.12 

where   is the viscosity and   is the length over which the pressure drop,    , occurs 
(corresponding to the longitudinal groove length).41, 43  Swanson and Li have used gallium to 

show that 10’s of A of emission current can be obtained from each micro-capillary that has a 1 

m groove radius and 2 mm groove length,43 while Bell and Swanson have shown that up to 1 A 

of emission current is feasible from each groove of radius 100 m and length of 300 m.41  The 
variability in the groove radius and length allows for flexibility in emitter tip design.  For indium, 
  is approximately                 (                ),44 which compares with gallium 
at              .43 
 

2.3 Dual Electron/Ion Sources 

In 1989, Rao et al found that it was possible to obtain DC electron emission using 
gallium and indium if a source was first operated as a liquid metal ion source (LMIS) and then 
the heat was quickly reduced, solidifying the liquid metal so that the Taylor cone was “frozen in” 
(quenched).  Once the sharp Taylor cone was quenched, electron emission could be induced 
from a solid, rather than liquid, metal tip.36  In 1997 Chen and Wang proposed using a dual 
electron/ion source for microlithography and micro-imaging.23  Up until then, integrating a 
focused ion beam (FIB) for microlithography and a scanning electron microscope (SEM) for in 
situ imaging involved using two separate sources with complicated alignment.45  Although using 
a single focused ion beam for lithography and then sample inspection, like an SEM, is possible 
the ion beam causes sputtering of the sample due to the large momentum of the ions, which is 
undesirable.  In 1997 Chen and Wang demonstrated the feasibility of their dual source concept 
by operating a dual electron/ion source from an indium-coating on a tungsten needle.23  In 1998 
Chen and Wang demonstrated the first focused ion/electron beam (FIEB) system for lithography 
and imaging from a single emission source.46  The following year, Saito et al observed very 
interesting behavior from an indium-coated tungsten emitter.  They saw that the electron 
emission pattern from a quenched indium LMIS on a circular phosphor screen wasn’t a single 
point-source but had a circular emission pattern,47 implying emission from more than one 
quenched nano-structure.  In 2001 Sheu and Wang reported results using an indium-gold alloy 
for a more stable dual electron/ion FIEB emission source.48  Two years later, in 2003, Hsieh et al 
demonstrated the use of an indium-bismuth alloy as a dual electron/ion source that had 
comparable emission properties as the indium-gold alloy but could be operated at much lower 
temperature.49 

 

2.4 Summary 

How does all of the information in this chapter tie together?  The most important 
reason is that each type of electron source that has been studied shares common characteristics 
and each source can be catastrophically damaged due to a number of factors.  Some of the 
factors that were mentioned include thermal failures, arcing, and sputtering of the field-
emitting nano-structures.  The beauty of the dual electron/ion source is that the sharp nano-
structures can be generated over and over, as long as there is a sufficient coating of liquid metal 
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to form the sharp emitters.  Clearly, employing a neutralizer on a spacecraft that has the ability 
to re-generate itself when it becomes damaged would be extremely advantageous to increase 
the lifetime of a mission.  
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Chapter 3 

3 Experiments 

The experiments presented in this dissertation were intended to lay the groundwork 
necessary to determine if re-generable field emission cathodes have potential to be 
implemented with electric space propulsion systems.  To that end, a series of experiments have 
been designed and performed and the equipment and procedures that were used to perform 
the experiments will be described within this Chapter.  The experiments that are reported in this 
dissertation were designed (1) to examine the electron emission current-voltage (I-V) 
characteristics of a re-generable electron source, (2) to investigate the lifetime of the re-
generable electron source, (3) to determine the robustness of the re-generable electron source 
against elevated neutral pressure conditions, (4) to compare the exposure time and maximum-
pressure-before-failure of re-generated emitters with pure tungsten field emitters, and (5) to 
visually investigate the surface morphology and emitter tip geometry after re-generating the 
electron sources. 

Chapter 4 includes experiments used to study the effects that ion quenching current had 
on the electron I-V characteristics from the re-generated emitter tips.  Fowler-Nordheim 
modeling of experimental data was used to estimate the tip radii using the electron emission I-V 
data.  Chapter 5 includes the experiments that were designed to examine I-V characteristics of 
re-generable emitter tips that were operated for long durations in UHV conditions and to 
determine how long electron emission from the re-generable emitters lasted when operated in 
an environment of increasing neutral pressure.  The data were compared with pure tungsten 
field emitters that were operated for long durations of time and exposed to elevated vacuum 
pressure.  The experiments in Chapter 6 were performed in an effort to observe the re-
generated emitter tip morphology using a Field Emission Scanning Electron Microscope (FE-
SEM).  Experiments were performed inside of the FE-SEM to directly determine the quenched 
emitter tip radii to compare with the estimates made using the Fowler-Nordheim model in the 
previous experiments.  Past researchers have observed operating liquid metal ion sources1-5 but 
no investigation had been performed to look at quenched LMISs.  An additional experiment is 
included in Appendix D that was performed on NASA’s microgravity C-9B aircraft6 where LMISs 
were operated and quenched in a microgravity environment as part of an undergraduate 
research experiment. 

 

3.1 Equipment and Experimental Setup 

The purpose of this Chapter is to describe the experimental setup that was used for all 
of the experiments that were performed.  For each experiment there were slight modifications 
to the experimental apparatus but they were minimal and a schematic and picture of each are 
included to highlight the differences – but most importantly the similarities.  Also, separate 
vacuum facilities were used for some of the experiments so each facility will be described. 

 

3.1.1 Re-generable Field Emitters 

The re-generable electron source that was used for the research reported in this 
document was fabricated in-house.  The re-generable source, more commonly known as a liquid 
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metal ion source, was made by electrochemically etching a 0.25 mm diameter tungsten wire and 
then coating the tungsten wire with a layer of indium.  The indium-coated tungsten electrode 
was then fixed to a Teflon block using stainless steel hardware, as shown in Figure 11. 

 

 
Figure 11.  Re-generable electron source. 

 
To electrochemically etch the tungsten wire, the wire was suspended in the center of a 

250-mL cylindrical beaker with a cylindrical stainless-steel mesh placed along the perimeter of 
the beaker, as shown in the cross section schematic in Figure 12.  The beaker was then filled 
with a 2M solution of NaOH. 
 

 
Figure 12.  Electrochemical etching set-up. 

 
By applying a DC bias between the partially submerged tungsten wire (anode) and the immersed 
stainless-steel electrode (cathode), the following reaction takes place at the air/electrolyte 
surface:7 
 

Cathode                      

Anode                
            

                       
          

  

The reaction causes the oxidative dissolution of tungsten to soluble tungstate (   
  ) 

anions at the tungsten anode and reduces the water to hydrogen gas bubbles and     ions at 
the immersed stainless-steel cathode. 7  This type of DC  electrochemical etching yields a 
sharpened tungsten electrode with a smooth surface finish and emitter tip radius of 10’s of nm 
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to 10’s of m depending on the current and voltage chosen for the DC power supply.7  
Unfortunately, most liquid metal coatings on smoothly etched needles tend to pull away from 
the needle apex in an effort to minimize area and surface energy.  Therefore, one additional 
electrochemical etch had to be performed to obtain a surface finish with longitudinal micro-
grooves on the electrode.8 

The additional etch was performed using a function generator to produce a sinusoidal 
AC waveform.8  The AC conditions cause modification of the tungsten electrode’s surface rather 
than at the air/electrolyte interface.  For this etching procedure, the majority of the tungsten 
electrode must be submerged in the 2M NaOH solution.  At a minimum, the area that requires 
indium coating must be submerged.  By biasing the electrode using the AC conditions 
mentioned, the geometry of the micro-grooves can be altered by adjusting the amplitude and 
frequency of the sinusoidal input.  The exposure time of the tungsten electrode to the AC 
conditions also can alter the surface finish.  One example of an etched electrode is shown in 
Figure 13.  The grooves act as capillaries that aid indium flow to the tip of the electrode.8 

 

 
Figure 13.  Electrochemically etched tungsten electrode showing longitudinal micro-grooves 
that act as capillaries.  The capillaries supply liquid indium to the electrode tip. 

 
The electrochemically etched tungsten emitters were coated with indium by heating the 

sharpened electrodes in a vacuum environment of 10-6 Torr in an effort to evaporate any oxide 
coating.  The tungsten emitters were resistively heated at a current of 3.5 - 4.0 Amperes (at 2.0 - 
2.5 V) so that the emitter tip would glow bright orange, characteristic of over 900°C on a metal 
temperature color chart.  Then, the glowing tungsten emitter was dipped in a crucible of 
liquefied indium (heated to 650-700°C) multiple times.  The reason for dipping multiple times 
was to break through any oxide layers on the surface of the indium reservoir and to evenly coat 
the tungsten emitter with indium.  When dipping the tungsten electrode for the final time, the 
resistive heater was turned off while the tungsten emitter tip was immersed in the indium 
reservoir and then the emitter tip was extracted immediately, leaving an indium coating on the 
tungsten emitter.  A schematic of the dipping apparatus is shown in Figure 14.  

30 m 
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Figure 14.  Schematic showing the rotary-motion indium-coating apparatus, the tungsten 
emitter, and the indium crucible. 

 
 The vacuum environment was necessary to minimize oxidation of the indium during the 

coating process.  The etched and coated tungsten emitter was then cooled, removed from the 
vacuum environment, and then inserted into the Teflon fixture with the planar stainless-steel 
extraction electrode placed approximately 0.5 mm away, as shown in the schematic in Figure 
15.  Each experiment that was mentioned previously and that will be described in great detail in 
the next three Chapters use variations of the experimental apparatus shown but each had the 
same general components and geometry. 
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Figure 15. Re-generable electron source experimental apparatus. 

 
A bipolar high-voltage power supply was used for the extraction supply.  The heater 

supply that was used to melt the metal coating could supply 5 A, 18 V, however, only 2-3 A at 1-
2 V was necessary to liquefy the indium during testing.  The emission current in each experiment 
was recorded using a custom micro-ammeter that was designed and built by Washeleski and 
Makela in the Isp Lab.  The ammeter specifications will be described in more detail in Section 
3.1.3.  An electrical schematic of the experimental apparatus is shown in Figure 16. 
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Figure 16. Electrical schematic for the re-generable electron source. 

 
For size reference, a picture of the re-generable source that was used in the Field 

Emission Scanning Electron Microscope is shown in Figure 17.  The re-generable source is shown 
on the left-hand-side and an electrical interface that will be described in detail in Chapter 6 is on 
the right. 
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Figure 17.  Re-generable field emitter apparatus and the custom electrical interface mounted 
inside the FE-SEM that will be discussed in Chapter 6. 

 
Although a planar extraction electrode was used for the experiments reported in this 

dissertation, the extraction electrode for a flight-model re-generable source would have a hole 
in the extraction electrode to allow the ion or electron beam to escape.  Therefore, a brief 
analysis was performed to investigate how the extraction voltage, emitter tip-to-extraction 
electrode gap-spacing, and extraction hole diameter influence the local electric field.  Using 
Ansoft’s Maxwell SV software, electric field simulations were performed to determine what 
factors had the greatest influence on the local electric field enhancement (excluding the obvious 
field enhancement from a sharp emitter tip).  The simulations were performed with the 
geometry shown in Figure 18.   

 

  
Figure 18 . Cross-section schematic showing the geometry for electric field simulations using 
Ansoft’s Maxwell SV software. 

 
A flat metal plate, shown in dark gray, was held at ground potential and another flat 

electrode, also shown in dark gray, was positioned a distance, d, from the bottom metal 
electrode.  An insulating sheet of Teflon, shown in light gray, was placed between the two 
electrodes and a hole of radius rh was simulated in the Teflon and the top electrode.  The top 
electrode was biased at a voltage, V, with respect to the bottom electrode for the simulations.  
For the first set of simulations the gap height was set constant at 0.5 mm (since 0.5 mm is 
commonly used in practice) and the extraction voltage was held constant at -10 kV.  The hole-

diameter, rh, was varied from 25 m to 5 mm.  The maximum electric field was recorded and 
plotted, as shown in Figure 19. 
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Figure 19.  Electric field simulation data with a fixed extraction voltage of -10 kV and fixed gap 

height of 0.5 mm while varying the extraction electrode hole radius from 25 m to 5 mm. 
 
The electric field appears to vary drastically when the hole radius is increased from 25 

m up to 5 mm, however, looking at the scale the electric field stays relatively constant at about 
2 to 2.1 x 107 V/m.  The simulation indicates that the hole radius doesn’t play a large role in the 
electric field that can be achieved.  The second simulation was executed while holding the hole 
radius constant at 0.5 mm and the extraction voltage constant at -10 kV while increasing the gap 

height from 50 m to 1 mm.  The electric field that was estimated using the simulation is shown 
in Figure 20. 

 
Figure 20. Electric field simulation data with a fixed extraction voltage of -10 kV and fixed hole 

radius of 0.5 mm while varying gap height from 50 m to 1 mm. 
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Unlike the hole-diameter, the gap height plays a large role in the electric field that is 
generated.  The simulation results show over an order of magnitude increase in electric field can 
be created by decreasing the distance between the two electrodes over the plotted range.  With 
micro-manufacturing techniques, gap spacing has the potential to be reduced greatly which 
decreases the voltage required to achieve emission.  The last simulation was executed while 
holding the extraction electrode hole radius constant at 0.5 mm and the gap spacing at 0.25 mm 
while increasing the voltage from 1 to 50 kV, as shown in Figure 21.  The gap spacing was chosen 
as 0.25 mm because it is a small enough spacing to benefit from the electric field enhancement, 
but is large enough to avoid shorting the emitter tip to the extraction electrode. 

 

 
Figure 21. Electric field simulation data with fixed gap height of 0.25 mm and fixed extraction 
hole radius of 0.5 mm while varying extraction voltage from 1 to 50 kV. 

 
In addition to the gap height playing an important role in the electric field, the applied 

voltage plays a large role in the electric field that can be generated.  As expected from looking 
back the local electric field enhancement equation, Equation 2.2, for each order of magnitude 
increase in extraction potential there is an order of magnitude increase in the local electric field.  
However, applying potentials in excess of 5-10 kV can cause electrical isolation issues and arcing 
so the extraction voltage for testing was set a maximum of 4 kV. 

Using the electric field simulations and excluding tip radius, it is apparent that gap 
height and the applied potential both are important factors in achieving the required electric 
field.  The extraction hole radius had little, if any, influence on the electric field enhancement.  
Since all of the experiments in this dissertation were assembled and aligned by-hand in the Isp 
Lab, the gap spacing was held between 0.25 and 0.5 mm. 

 

3.1.2 Pure Tungsten Field Emitters 

In the experiments that involved pure tungsten emitter comparison with re-generable 
emitters (reported in Chapter 5) two types of tungsten field emitters were tested.  The first type 
was electrochemically etched to have a smooth surface with a single sharp apex and the second 
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was electrochemically etched to have a series of longitudinal surface grooves so that the surface 
was roughened.  The smooth tungsten emitters were formed by electrochemically etching 
tungsten wire in a 2M NaOH solution using the same process that was reported for the re-
generable emitters.  However, the tungsten wires were only DC etched, resulting in an emitter 
tip such as the one shown in Figure 22. 

 

 
Figure 22.  Image of a typical bare tungsten needle shape and smooth surface structure after 
being electrochemically etched under DC conditions in a 2M NaOH solution. 

 
The roughened emitter tips were created so that the tips had geometry as close to the 

re-generable emitters as possible.  The tungsten wires were electrochemically etched in a 2M 
NaOH solution using DC conditions and a final etch was performed using AC power to create the 
rough surface structure previously shown in Figure 13.  A by-product of the AC etch was that 
multiple nano-features were created on the emitter surface that had the potential to be field 
emitting sites. 

 

3.1.3 Micro-ammeter 

All of the experiments that were performed required measuring current on the order of 

1-30 A flowing through wires that were biased up to 10 kV.  The easy way to measure the 
current is to implement a correctly sized resistor in-line on the extraction electrode wire and to 
measure the differential voltage across the resistor.  The problem with that technique is that the 
differential signal voltage floats at whatever the extraction voltage is biased at.  Most data 
acquisition systems can measure differential voltage of 10 V but not when the signal is floating 
at multiple kV.  Also, recording data by-hand is tedious when performing experiments that last 
for 10’s to 1000’s of hours.  Long duration experiments motivated Washeleski and Makela to 
design a custom ammeter.  The ammeter was designed for measuring current ranging from 
100’s of nanoamps to 10’s of milliamps.  The unique characteristic of the device is that the 
ammeter can measure current as it flows through an electrical conductor that is floating at high 
voltages, up to 10 kV, and safely output an optically isolated analog signal from 0 to 10 volts that 
corresponds to the amount of current.  To accomplish the current measurement, a resistor is 
placed in series with the high voltage wire and the voltage drop across the resistor is input into 

20 m 
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the ammeter, as shown in the block diagram in Figure 23.  The voltage is then converted to a 
corresponding current to be input to an optical isolator.  The optical isolator safely outputs a 
current that is dropped across a resistor, where a signal ranging from 0 to 10 volts can be 
measured by a data acquisition system.  The output voltage directly correlates to the amount of 
current flowing through the wire of interest.  By implementing the optical isolator, the current is 
directly, and safely, input to existing data acquisition systems that are capable of measuring 10 V 
analog input signals.   
 

 
Figure 23.  Micro-ammeter block diagram. 

 

The ammeter prototype was designed to measure 0 to 100 A flowing through a cable 
that is floating at 0 to 10 kV.  Multiple calibration curves were recorded by sourcing current 

using a Keithley Model 2410.  Current from 0 to 100 A was sourced across the input resistor 
and the output voltage on the optically protected side of the circuit was recorded, as shown in 
Table 1.  Four sets of calibration data are shown that were taken at roughly 30 minute intervals 
to ensure that the output voltage of the circuit was consistent during multiple experiments 
taken over a two hour span.  Taking these data also allowed for a curve fit to be established for 
real-time data conversion. 
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Sourced Circuit Calibration Experiments (V) 

 Current (μA) Test 1 Test 2 Test 3 Test 4 

0 3.228 3.226 3.230 3.226 

0.1 3.243 3.243 3.247 3.243 

0.2 3.260 3.260 3.263 3.260 

0.3 3.276 3.277 3.281 3.277 

0.4 3.293 3.294 3.298 3.294 

0.5 3.310 3.310 3.314 3.311 

1 3.394 3.394 3.398 3.395 

1.5 3.478 3.480 3.482 3.480 

2 3.563 3.565 3.566 3.565 

2.5 3.649 3.650 3.651 3.650 

5 4.072 4.072 4.075 4.073 

10 4.909 4.910 4.912 4.910 

15 5.712 5.716 5.716 5.714 

20 6.463 6.467 6.473 6.471 

25 7.180 7.190 7.190 7.190 

30 7.820 7.830 7.830 7.830 

40 8.590 8.590 8.590 8.590 

50 8.850 8.850 8.860 8.860 

60 9.000 9.000 9.000 9.000 

70 9.110 9.110 9.110 9.110 

80 9.190 9.190 9.190 9.190 

90 9.260 9.260 9.260 9.260 

100 9.320 9.320 9.330 9.320 

 
Table 1.  Experimental calibration data for the micro-ammeter. 

 
By analyzing the data from Table 1, a curve fit was created for interpreting the amount 

of current flowing through a high voltage cable in terms of the optically isolated voltage.  The 
experimental data, as well as the calibration curve are shown in Figure 24.  The calibration curve 

is broken into two parts.  The first corresponds to the linear region, 0 to 30 A, and the second 

corresponds to the exponential section, 30 to 100 A.  For the experiments reported in this 
document, only the linear regime was used. 
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Figure 24.  Experimental data from sourcing current to the micro-ammeter using a Keithley 
2410 while measuring the optically isolated output voltage to determine a calibration curve. 

 
The linear section, shown in black, ranges from 3.23 to 7.83 volts and is valid for sourced 

current from 0 to 30 A.  The power region, shown in gray, ranges from  7.83 to 9.35 volts and is 

vaild for current ranging from 30 to 100 A.   The calibration curve was created from averaging 
the data in Table 1 to fit to the following piecewise function: 

 

      
                                       
                        

        
                 
                 

 

 
The linear fit has an R2 of 0.999 which shows that the linear fit is a great representation of the 
calibration data.  As mentioned, for the experiments reported in this dissertation the emission 
currents of interest were in the linear region of the micro-ammeter output.    The ammeter is 
shown in its final configuration in Figure 25. 
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Figure 25.  Image of the custom ammeter as-packaged with high voltage input/output banana 
terminals and optically isolated 0 to 10 volt analog output via DB-9 connector. 
  
The analog signal from the micro-ammeter was input to a 16 bit National Instruments bus-
powered multifunction DAQ module, Model NI PXI-6259.  The signal was then recorded using 
Labview software.  The extraction voltage was also controlled and recorded using Labview 
software to control the analog input and monitoring voltage output of the Glassman High 
Voltage power supply. 
 

3.1.4 Vacuum Facilities 

There were three vacuum facilities that were used for this research.  An ultra high 
vacuum (UHV) chamber was used in the Isp Lab, the specimen chamber of a Field Emission 
Scanning Electron Microscope, and another UHV chamber was used in the Isp Lab and also on 
NASA’s microgravity C-9B aircraft. 

 

3.1.4.1 Isp Lab UHV Chamber 

All of the experiments reported in Chapters 4 and 5 were performed in the Ultra High 
Vacuum (UHV) chamber shown in Figure 26, which is located in the Michigan Tech Ion Space 
Propulsion lab.  The UHV chamber is approximately 0.5 meters in diameter by 0.5 meters deep 
and has a base pressure of 10-9 Torr, which is achieved by pumping with a single 280-l/s turbo-
molecular pump that is backed by a 110-l/min dry scroll pump.  The tank is also equipped with a 
300-l/s combination ion-sublimation pump to reach ultra-high vacuum.  With the addition of the 
titanium sublimation pump (TSP) to the ion pump, higher pumping speeds are possible due to 
the TSP pump’s ability to handle getterable gases.  An operating pressure of at least 5x10-8 Torr 
was maintained while long-duration testing of the re-generable field emission cathodes and the 
pure tungsten field emitters. 
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Figure 26. Image of the UHV chamber in the Isp Lab and the stereo microscope. 
 
One additional feature of the UHV facility is a trinocular stereo microscope.  The 

microscope is situated outside the front viewing port of the chamber and has a focal length that 
allows viewing within the chamber.  The microscope has an optical magnification up to 90x and 
it is equipped with a color digital camera.  The camera provides the ability to capture in situ 
images of an operating LMIS for diagnostic purposes, as well as the ability to record video 
directly through USB 2.0. 

 

3.1.4.2 Specimen Chamber of the Field Emission Scanning Electron Microscope 

Investigation of emitter tip surface topography that is reported in Chapter 6 was 
performed in the Field Emission Scanning Electron Microscope at Michigan Technological 
University’s Applied Chemical and Morphological Analysis Laboratory.  Research was performed 
in the specimen chamber of the FE-SEM, shown in Figure 27.  The chamber is evacuated using a 
series of ion pumps that are backed by a diffusion pump.  Vacuum pressure of 10-7 Torr was 
maintained throughout testing. 
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Figure 27.  Field emission scanning electron microscope in the Applied Chemical and 
Morphological Analysis Laboratory. 
 

3.1.4.3 Microgravity UHV chamber 

All of the experiments reported in Appendix D were performed in the Ultra High 
Vacuum (UHV) chamber shown in Figure 28.  The UHV chamber is primarily comprised of an 8-
inch ConFlat cross and has a base pressure of 10-9 Torr, which is achieved by pumping with a 
single 280-l/s turbo-molecular pump that is backed by a 110-l/min dry scroll pump.  An 
operating pressure of 5 x 10-7 Torr was maintained while performing all of the experiments.  

Specimen 

Chamber 
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Figure 28.  Image of the microgravity UHV test facility showing key components. 

 

3.2 Experimental Procedure 

For each set of experiments that were performed in the Isp Lab’s UHV chamber, the FE-
SEM, and the microgravity UHV chamber, the following general procedure was followed to re-
generate emitter tips and to establish electron field emission.  The electrical schematic and 
experimental apparatus shown previously in Figure 16 is repeated in Figure 29 for reference. 
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Figure 29. Electrical schematic for the re-generable electron source. 

 
To re-generate emitter tips the following procedure was used: 

1. Secure a tungsten wire to the Teflon fixture using a stainless-steel bolt. 
2. Secure another tungsten wire to the Teflon fixture using a second stainless-steel bolt. 
3. Carefully wrap the two wires, as shown in the FE-SEM micrograph in Figure 30, to form a 

Y-shape with the tungsten electrodes. 

A Heater 
Supply 

Bipolar 
Extraction 
Supply 

Micro- 
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Figure 30. A FE-SEM micrograph of the wrapped section of tungsten electrodes – 

completing the electric circuit used for resistive heating to re-generate emitter tips. 
 

4. Electrochemically etch the emitter tip and coat with indium, per the procedure 
described in Section 3.1.1. 

5. Fasten the Teflon fixture that holds the emission electrode to the larger Teflon fixture 
that holds the stainless-steel extraction electrode. 

6. Adjust the extraction electrode so that the gap spacing between the emitter tip and the 
extraction electrode is approximately the same distance as the width of the emission 

electrode (250 m). 
Two sets of instructions will be used from this point forward.  The first set is for the Isp Lab 
UHV chamber and the microgravity UHV chamber.  The second set is for the FE-SEM 
chamber. 
 
Isp Lab and microgravity UHV chambers: 
7. Place the entire assembly into the UHV chamber and bolt the assembly to the stainless-

steel bracket inside the chamber. 
8. Attach the appropriate wires to the stainless-steel bolts; two wires for the resistive 

heater and one high-voltage wire for the extraction electrode. 
9. Position a new copper gasket on the knife-edge of the UHV Conflat flange and secure 

the flange using proper torque specifications – sealing the vacuum chamber. 
10. Start the vacuum pumps and wait until the vacuum pressure is reduced to 10-8 Torr or 

less.  If desired the UHV chamber can be pumped with a 280 L/s Turbopump or a 300 
L/min ion pump to maintain 10-8 Torr or less. 

11. To re-generate emitter tips, increase the heater power to approximately 4 Watts (at 3 to 
4 A, about 1 V). 

12. Increase the extraction voltage (biased negative with respect to the emission electrode) 
until ion emission current is established. 

13. Adjust the extraction voltage to achieve the desired magnitude of ion emission current. 
14. Allow the emission current to stabilize, which requires 1’s to 10’s of minutes. 
15. Turn off heater power to quench the emitter. 

1 mm 
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16. Reverse the extraction electrode polarity to achieve electron field emission. 
17. Record electron emission data (exact procedures described in Chapters 4, 5, and 7) 
18. Turn off power supplies 
19. Turn off vacuum pumps. 
 
Field Emission Scanning Electron Microscope Specimen Chamber 
7. Vent the airlock on the FE-SEM. 
8. Attach the re-generable field emitter assembly to the insertion rod. 
9. Evacuate the airlock to the same vacuum pressure as the specimen chamber. 
10. Open the airlock valve and insert the field emitter assembly into the specimen chamber 

until the emitter assembly mates with the internal electrical connections. 
11. Use the chamber scope to visually inspect the electrical connections and test the 

connections on the air-side electrical feedthrough to ensure continuity. 
12. Remove the insertion rod and close the airlock valve. 
13. To re-generate emitter tips, move the specimen stage to 20 mm away from the 

objective and increase the heater power to approximately 4 Watts (at 3 to 4 A, 1 V). 
14. Increase the extraction voltage (biased negative with respect to the emission electrode) 

until ion emission current is established. 
15. Adjust the extraction voltage to achieve the desired magnitude of ion emission current. 
16. Allow the emission current to stabilize, which requires 1’s to 10’s of minutes 
17. Turn off heater power to quench the emitter. 
18. Reverse the extraction electrode polarity to achieve electron field emission. 
19. Take electron emission data and then move the specimen stage back to 10 mm setting 

to acquire micrographs (exact procedures described in Chapter 6). 
20. Open airlock and remove emitter apparatus. 
21. Close airlock valve to seal the FE-SEM specimen chamber and vent airlock. 
22. Remove emitter apparatus from insertion rod.  
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Chapter 4 

4 Emitter Tip (Re-) Generation 

This chapter is focused on investigating the current-voltage (I-V) characteristics of the 
nano-structures that are formed after quenching an operating liquid metal ion source.  The 

nano-structures were quenched at multiple ion emission currents ranging from 1 to 25 A and 
the nano-structures were quenched multiple times at each ion current (in a randomized order).  
After quenching and recording the I-V characteristics, the I-V data were applied to the Fowler-
Nordheim model to estimate the emitter tip radii.  Rather than reference each paragraph 
throughout this entire chapter, it should be noted that most of this chapter has been 
reproduced and expanded upon from a journal publication written in 2009 for the Journal of 
Propulsion and Power by Makela, Washeleski, and King.1 

 

4.1 Procedure and Results 

A detailed procedure for etching and coating the emitter tips was provided in Section 
3.1.1 and an operating procedure was presented in Section 3.2.  However, the basic procedure 
for re-generating the emitter tips will be outlined here.  To obtain ion emission it was necessary 
to first liquefy the layer of indium on the tungsten electrode.  To adequately liquefy the indium, 
the emitter heating supply, shown in Figure 31, was powered and increased to achieve a 
temperature greater than the melting point of indium, which is 156.6:C.   

 

 
Figure 31. Re-generable electron source experimental apparatus, shown previously in Section 

3.1. 
 
For the experiments reported in this Chapter, the heater power during ion emission 

remained between 1 and 1.25 Watts which corresponded to 2.4 to 2.5 A of heater current.  The 
heater supplied enough power to keep the indium liquefied, without heating it to significant 
evaporation.  The extraction electrode was then biased negatively with a high-voltage power 
supply and the emitter electrode was grounded.  The extraction voltage was increased (negative 

Extraction Electrode 

Emission Electrode 

Teflon Fixtures 
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with respect to the emitter) until ion emission was achieved, typically requiring -3 to -4 kV for 
the onset of emission.  The high-voltage power supply was current-limited at an ion discharge 

current of 2A, allowing the voltage to float where necessary to maintain ion emission.  The 
current-limited operation was maintained for the first 30 minutes for conditioning; during this 
period ion emission stabilized at constant voltage.  After the 30-minute period, the ion discharge 
current was then switched to voltage-limited mode.  The extraction voltage could then be 
adjusted to obtain a desired ion emission current.  When the emission current of interest was 
reached, the emitter heater power was quickly turned off, causing the emission current to 

decrease to 0 A in 2 to 3 seconds. 
Once a sharp emitter was formed by quenching, the extraction electrode was biased 

with a positive potential to obtain electron field emission from the cold needle.  The extraction 

voltage was swept between 0 and the voltage necessary to obtain 0.5 A of emission current, 
which will be referred to from this point forward as     .  The extraction voltage was swept by 
using the analog input controls on the high-voltage power supply.  A step function was input to 
sweep the extraction voltage at 50 V intervals every second up to      while recording 1000 
samples/s of the emission current through the analog output of a micro-ammeter.  

Sharpened field emission tips were quenched at ion emission currents between 1 and 

25 A to determine what effect the ion current prior to quenching had on the electron emission 
characteristics after quench.  The procedure for the first 25 experiments was to obtain ion 
emission, then quench the emitter to solidify and preserve the nano-structure, and then use the 
quenched nano-structure to produce an electron emission I-V curve by sweeping the extraction 
voltage while recording the emission current.  After the electron emission characteristics were 
established, the emitter heater was increased to 2 Watts for 25 to 30 seconds with no applied 
extraction voltage in an effort to flash heat the emitter tip and, hopefully, destroy the indium tip 
to prepare for re-generation in subsequent tests.  It was initially thought that melting the indium 
on the emitter tip in the absence of an electric field would allow the surface tension of the 
liquefied indium to destroy any sharp protrusions so that additional testing could be done to 
form new sharp tips at different quenching currents.  Upon further investigation using the 
optical microscope, it was obvious that merely increasing the amount of heat to the emitter 
wasn’t removing the sharpened protrusions:  subsequent tests were likely inducing emission 
from the same protrusion each time.  This prevented a study of protrusion shape as a function 
of ion quench current, so a new method was conceived to destroy the emission site prior to re-
growth.  The new method was to increase the extraction voltage to approximately two to three 

times what was necessary to achieve 0.5 A of emission current, which was defined earlier as 
Vmax.  Increasing the extraction voltage to 3Vmax caused the emitter to briefly arc to the 
extraction electrode, a process that exploded the protrusion off of the emitter apex, giving off a 
micro-scale flash that was visible using the optical microscope that was equipped outside the 
viewport on the UHV chamber.  A microscopic image acquired prior to removing the micro-
structure and the instant after removing the micro-structure is shown in Figure 32.  
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Figure 32.  Microscopic images of an indium-coated tungsten electrode with a) nano-structure 
solidified and b) after the structure has been removed. 

 
Once the new method of ‘resetting’ the emitter tips was discovered, a new set of 

experiments were conducted ranging the ion emission current at quench between 1 and 25 A.  
Just as previously done, the heater power was increased to approximately 1-2 Watts and then 
the extraction voltage was increased until ion emission began.  Then the ion source was current-

limited at 2 A for 30 minutes.  After the emission stabilized, the ion discharge current was 
switched to voltage-limited mode.  The extraction voltage was then adjusted to achieve the 
desired emission current and then the heater power was decreased to 0 Watts, solidifying the 
nano-structure. The polarity of the extraction electrode was then reversed to obtain electron 
field emission and swept from 0 to      .  Multiple electron I-V curves are shown in Figure 33. 

 

a) 

Protrusion 

b) 

~200 m 
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Figure 33.  A sample of electron emission current vs. extraction voltage data for emitter tips 

quenched at ion currents of 1.0, 3.2, 7.8, 10.4, and 15.0 A. 
 
Each curve was taken after quenching nano-structures at a different ion emission 

current.  Between each successive test the tips were exposed to an increased electric field to 
cause tip explosion, followed by the application of 2-3 Watts of heater power in an attempt to 
smooth out any additional protrusions.  After the emitter tip surface smoothness was ‘reset’ the 
process of tip re-generation was repeated multiple times at various ion emission currents.  The 
re-generated emitter tips were each used to acquire an electron I-V curve.  Most of the emitters 
that were quenched at higher ion emission currents had a lower onset voltage, as shown in the 
sample data in Figure 33.  The electron emission data were all applied to the Fowler-Nordheim 
model.  The results from applying the Fowler-Nordheim model to each electron I-V data set are 
shown in Figure 34.  Numbers were placed next to each data point in the plot showing the 
randomized order in which the data were collected. 

15 A 
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Figure 34. Estimated electron emitter radius using Fowler-Nordheim modeling at quenching 

currents ranging from 1 to 25 A.  The number next to each data point shows the sequential 
order in which the data were collected. 

 
It is clear from looking at Figure 34 that the estimated emitter tip radius decreases as 

the ion current at quench is increased.  This was expected from an examination of Figure 33.  
Sharper protrusions had much lower onset voltages, where onset voltage refers to the 
extraction voltage necessary for electron field emission to begin.  From this data set it appears 

that once an ion quenching current of 15 A was exceeded, the emitter tip radius reached a 
minimum.  A more detailed statistical analysis using sample data is included in the following 
section, which provides an explanation of how the data were taken from raw form through the 
Fowler-Nordheim model to obtain a tip radius estimate. 

 

4.2 Analysis of I-V Characteristics 

This section includes examples of how the data that are reported in this dissertation 
have been analyzed.  The raw data that were collected from an electron I-V sweep from a 
quenched nano-structure is shown and then each step of the analysis process.  This section also 
includes how the experimental error bars were calculated. 

 

4.2.1 Fowler-Nordheim Modeling: 

The raw data were acquired by sweeping the extraction voltage using the analog input 
controls of the high voltage power supply.  While the extraction voltage was swept from 0 to 
Vmax at 50-100 V increments, the analog voltage from the micro-ammeter was recorded, which 
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corresponded to the magnitude of electron emission current that was being emitted.  Data from 
a sample electron emission sweep is shown in Figure 35. 

 
Figure 35.  Raw data recorded from sweeping the extraction voltage while recording electron 
emission current using the analog output voltage from the custom micro-ammeter. 

 
Gomer’s technique of applying the Fowler-Nordheim model to predict the emitter tip 

radius was then applied to the data.2  Gomer’s technique claims to be valid for predicting 
emitter tip radii to within 20%.  To verify that each set of data had an error of less than 20%, the 
following methods were employed to analyze the data.  Using the raw electron emission 
current,  , and the extraction voltage,  , data the Fowler-Nordheim plot of        vs.     was 
produced and was linear (indicative of electron field emission), as shown in Figure 36.  A linear 
regression was performed to determine the slope of the Fowler-Nordheim plot.  Recalling from 
Chapter 2, the slope of the Fowler-Nordheim plot can be used to estimate the nano-structure 
size using the Fowler-Nordheim     coefficient, which was shown in Equation 2.5 but is repeated 
in Equation 4.1 below.  In addition to performing Fowler-Nordheim modeling, the R2 and 
standard error were calculated to interpret the radii estimations and to ensure the estimations 
were within 20%. 
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Figure 36. Fowler-Nordheim plot using data from an electron emission I-V sweep. 

 
The coefficient of determination, more commonly known as R2, was calculated to 

determine how well the regression line on the Fowler-Nordheim plot approximated the raw 
data points.  The closer the R2 value was to 1, the better the regression line represented the 
data.  An R2 value of 1 means that the regression line fits all of the raw data points perfectly.  So 
what value of R2 indicates that the data is acceptable?  The answer to that is open to 
interpretation so each set of data is reported, along with its R2 number. 

To determine the error in the slope, and thus the emitter radii error, the standard error 
was calculated using the Data Analysis Toolkit in Microsoft’s Excel software.  The standard error, 
  , is an estimate of the standard deviation and bounds the slope,  , of a linear regression with 
a 95% confidence interval as,  

 
                 .

3        Equation 4.1  
 
For the example in Figure 36 the standard error that was generated using the Data 

Analysis Toolkit was 0.64.  Results from the Data Analysis Toolkit are shown in Table 2.  The 
standard error was then used to bound the data. 
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Regression Statistics 

Multiple R 0.950 

R Square 0.902 

Adjusted R Square 0.896 

Standard Error 0.641 

Observations 19 

Table 2. Regression results from Microsoft Excel’s Data Analysis Toolkit for the Fowler-
Nordheim data shown in Figure 36. 

 
When the standard error was input to Equation 4.1, the slope of the linear regression 

line was -41.20 ± 1.28.  The Fowler-Nordheim model could then be applied to obtain an estimate 
of the nano-structure radius as follows; 

 

                  Equation 4.2  

where 

              .        Equation 4.3  
 

Substituting 1 in for  5 in for k, and 3.8 eV in for  (the work function of indium), an estimate 
of the nano-structure radius could be made.  For the example in Figure 36, a slope of -41.20 ± 
1.28 was used to approximate the emitter tip radius.  When the slope was inserted into 
Equation 4.2 and combined with Equation 4.3, the resulting radius approximation was 16.4 ± 0.5 

nm.  It is important to note that using 1 for and 5 for k with the Fowler-Nordheim model, the 
model provides an approximation of the emitter tip radius to within 20%.  Recalling from 
Chapter 2, k varies with the natural log of the gap spacing and emitter tip radius.  For the 

geometry used in the experiments reported in this dissertation, the image-correction factor, , 
could vary from 0.9 - 1.0 and the field voltage proportionality factor, k, was 5 ± 1.2  For the 

reported experiments an  of 1 and k of 5 were used, which allowed for the estimated emitter 
tip radii to be within the 20% that Gomer’s method of Fowler-Nordheim modeling predicts.  For 
the example, 20% of the estimated tip radius of 16.4 nm is about 3.3 nm, so Gomer’s technique 
results in a radius estimate of 16.4 ± 3.3 nm.  The error that was experimentally calculated from 
the regression estimation was ± 0.5 nm, so the experimentally determined value was within 
20%.  For all of the experiments, the data was analyzed to determine the experimental error to 
verify that the error bars were within 20% and then ± 20% of the emitter tip radius was used for 
the error bars. 
 

4.2.2 Comparing Estimated Tip Radii Against Each Other: 

Another statistical analysis was performed to determine if the emitter tip radii that were 
approximated using the Fowler-Nordheim model and plotted versus the ion current at quench 
showed any statistically meaningful trends.  The plot is repeated from Figure 34 and shown in 
Figure 37.  To determine if the estimated emitter tip radii were larger at lower ion quench 
currents the emitter tip radii were grouped and then groups were statistically tested against one 
another using the two-sample t-test. 
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Figure 37. Estimated electron emitter radius using Fowler-Nordheim modeling at quenching 

currents ranging from 1 to 25 A. 
 
The data were separated into five groups.  Any emitters quenched at currents less than 

5 A were grouped, emitters quenched at currents from 5 to 9 A were grouped, 10 to 14 A 

were grouped, 15 to 19 A were grouped, and anything over 20 A was grouped as shown in 
Table 3. 

 

Ion Quench Current (A) Estimated Emitter Tip Radii (nm) 

< 5 30.0 45.8 16.9 36.9 27.4 

5-9 18.3 27.1 12.5 21.7 14.0 

10-14 26.9 23.8 16.0 
 15-19 4.6 16.8 14.2 13.9 17.5 

> 20 19.6 18.7 18.2 17.1 
 

Table 3.  Grouped emitter tip radii estimations used to gather a statistically meaningful 
comparison between ion quench current and emitter tip size. 

 
Using a confidence interval of 95%, two-sample t-tests were performed using the Data 

Analysis Toolkit in Microsoft Excel to compare each group of data against each other group and 
are included in Appendix A.  The two-sample t-test results showed that emitters that were 

quenched at less than 5 A were statistically larger in radius than those quenched at 5-9 A, 15 
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to 19 A, and > 20 A, but no statistical difference was apparent between emitters quenched at 

>5 A and those quenched at 10 to 14 A, when looking at the two-tailed p-value.  When the 
other groups were tested against one another there were no statistical differences between 
them.  Therefore, quenching at lower emission current appears to generate less sharp nano-
structures than quenching at larger currents but there appears to be a statistically relevant 

plateau of minimal nano-structure size.  For instance, quenching the emitter at 15 to 19 A 

should produce the same size nano-structure as quenching at greater than 20 A, but quenching 

an emitter at a current of less than 5 A should produce less sharp nano-structures. 
 

4.3 Summary 

It was found that the ion quenching current had an important role in the geometry of 
the nano-structures that were formed.  By applying the Fowler-Nordheim model to the data that 
were collected it is apparent that higher quenching currents form sharper emitters, which is 
what was expected when looking at the electron I-V curves after each quench.  The electron I-V 
curves showed that electron emission onsets at much lower extraction voltages from emitters 
that were quenched at higher currents, which implies that the local electric field enhancement 
at the tip apex was greater – supporting the fact that the emitter tips that were formed at 
higher ion currents before quenching were sharper than the nano-structures that were formed 
at lower ion currents before quenching. 
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Chapter 5 

5 Re-generable Emitter Comparison with Tungsten Emitters 

This Chapter describes extended duration and elevated pressure experiments to 
evaluate the performance of re-generable emitter tips and then to compare the performance to 
pure tungsten emitters.  The goal was to investigate the lifetime of a quenched ion source in an 
ultra high vacuum environment and to determine the robustness of quenched ion sources 
against elevated neutral pressure conditions.  The data were then compared with pure tungsten 
field emitters that were subjected to the same experiments.  Tungsten field emitters were 
chosen due to the extensive characterization of single-needle tungsten emitters historically and 
since Spindt-type arrays have been made from refractory metals like molybdenum and 
tungsten.1, 2 

The Chapter begins with a description of the long-duration experiments to determine if 
re-generable indium emitter tips are capable of sustaining long-lasting emission at relatively low 

extraction voltages.  Emitter tips were quenched at 20 A of ion emission current and then they 
were operated in electron emission mode for about 1,750 hours.  For each experiment the 
extraction electrode was held at a constant voltage during electron emission and the emission 
current was observed.  Extended duration experiments were performed using bare smooth 
tungsten emitters and bare roughened tungsten emitters.  In addition, electron emission from 
each type of emitter was observed while operating in vacuum pressure of 10-8 Torr and then 
while increasing the vacuum pressure to 10-4 Torr.   

 

5.1 Lifetime and Elevated Pressure Results 

5.1.1 Smooth Bare Tungsten Emitters 

The first experiment was performed with a smooth bare tungsten field emitter, as 
shown in Figure 38.  The emitter was electrochemically DC etched using the procedure 
described in Section 3.1.1.  The smooth bare tungsten emitter was tested in the UHV chamber at 
a vacuum pressure of 10-9 Torr. 
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Figure 38. Image shown in Section 3.1.2 of the typical bare tungsten needle shape and smooth 
surface structure after being electrochemically etched under DC conditions in a 2M NaOH 
solution. 

 
A Fowler-Nordheim sweep was taken before the lifetime experiment and yielded a tip 

radius estimate of 13.9 ± 1.2 nm.  Electron emission was then achieved by increasing the 

extraction electrode to 1.4 kV to obtain an electron emission current of 3 A.  The extraction 
voltage was then held constant and emission current was observed for 625 hours.  The test was 
concluded after 625 hours due to the necessity to perform additional experiments in the UHV 
facility.  To conclude the experiment, at te = 625 hours the ion pump on the UHV chamber was 
turned off to increase the chamber pressure.  At vacuum pressure of 10-7 Torr, and after less 
than two minutes, the emission ceased, as shown in Figure 39.  A Fowler-Nordheim analysis was 
not performed after the 625 hour test because electron emission could not be acquired at an 
extraction voltage of 4 kV.  For the elevated pressure experiments, if field emission required 
more than an extraction voltage of 4 kV to obtain electron emission, testing with the emitter 
was discontinued.  The extraction voltage of 4 kV was arbitrarily chosen as an upper bound for 
all of the experiments reported. 

20 m 
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Figure 39.  Electron emission current from an electrochemically etched tungsten field emitter, 
showing a sudden decrease in emission current when background pressure was increased 
from 10-9 to 10-7 Torr.  Emission current could not be established in subsequent testing (at an 
extraction voltage of 4 kV) indicating that the smooth bare tungsten emitter tip had been 
permanently damaged when exposed to an increased vacuum chamber pressure. 

 
A new smooth bare tungsten emitter was used for the next experiment.  The tungsten 

emitter was electrochemically etched using the exact procedure as the previous emitter.  The 
new tungsten emitter experiment was also performed in the UHV chamber, at a starting vacuum 
pressure of 10-8 Torr.  Before exposing the emitter tip to increased vacuum pressure a Fowler-
Nordheim analysis was performed and yielded a tip radius estimate of 3.1 ± 0.7 nm.  After the 

Fowler-Nordheim sweep, the extraction voltage was increased to 4 kV to obtain about 4 A of 

electron emission current.  The emission current increased to about 6 A and then remained 
relatively constant for the remainder of operation at 10-8 Torr. 

  After about two hours of stable operation, at te = 2.1 hr, the ion pump on the UHV 
chamber was turned off to increase the neutral vacuum pressure.  After a few minutes the 
vacuum pressure increased to 10-7 Torr.  Electron emission ceased when the chamber pressure 
was increased, as shown in Figure 40. 
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Figure 40.  Electron emission current from an electrochemically etched smooth bare tungsten 
field emitter.  At te = 2.1 hr background pressure was increased from 10-8 to 10-7 Torr and 
emission ceased. 

 
After the emission ceased, electron emission could not be re-established at 4 kV.  Since 

emission couldn’t be established, the emitter tip must have been catastrophically damaged by 
the increase in vacuum pressure.  Exposure to elevated pressure rendered the bare tungsten 
emitter useless as a field emission electron source. 

 

5.1.2 Roughened Bare Tungsten Emitters 

Two roughened bare tungsten emitters were tested for comparison.  The roughened 
emitters were electrochemically DC and AC etched following the procedure in Section 3.1.1 to 
create surface grooves, as shown in Figure 41.  Etching the surface grooves on the emitter was 
intended to make the electrode as close as possible to the indium-coated re-generable 
electrodes.  A possible indirect benefit of adding surface grooves was that the number of field-
emitting nano-structures on the surface may have also increased. 
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Figure 41. Image shown in Section 3.1.1 of an electrochemically etched tungsten electrode 
with longitudinal micro-grooves.  The grooves were intended to make the tungsten electrode 
geometry as close as possible to the indium-coated electrodes. 
 

5.1.2.1 Roughened Bare Tungsten Tip 1 

An electron I-V sweep was acquired on the new roughened bare tungsten emitter at 10-8 
Torr, as shown in Figure 42.  Applying the Fowler-Nordheim model to the electron emission I-V 
sweep yielded a tip radius estimate of 4.6 ± 0.9 nm.  After performing an electron I-V sweep, the 
extraction voltage was adjusted to establish electron emission.   

 
Figure 42. Electron I-V sweep performed on a new roughened bare tungsten field emitter, 
yielding a tip radius estimate of 4.6 ± 0.9 nm when applied to the Fowler-Nordheim model. 

 
The roughened bare tungsten emitter was then operated for about 20 hours to ensure 

the emission current was stabilized.  Holding the extraction voltage constant, at te = 21.2 hours 
the vacuum chamber pressure was increased.  The pressure was increased by turning off the ion 
pump.  As the vacuum pressure increased the electron emission current was observed.  Electron 
emission sustained for about 7 hours at background pressure ranging between 10-5 and 10-3 

30 m 
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Torr, as shown in Figure 43, which was about 7 hours longer than emission sustained using 
smooth bare tungsten emitters.  The region of unknown pressure was due to a lack of overlap in 
the cold cathode and thermocouple pressure gauges that were equipped on the vacuum facility.  
Extrapolating the pressure data and analyzing data from other elevated pressure experiments, 
an approximate vacuum pressure of 5 x 10-5 Torr was estimated when emission ceased. 

 
Figure 43.  Electron emission current from a roughened bare tungsten emitter held at a 
constant extraction voltage of 2.8 kV from te = 3.1 hr to te = 28.9 hr as background pressure 
was increased for the first time.  The region of unknown pressure was due to a lack of overlap 
in the cold cathode and thermocouple pressure gauges that were equipped on the vacuum 
facility.   

 
Once emission ceased, the vacuum pressure was decreased to 10-9 Torr and another 

electron I-V sweep was acquired.  The I-V sweep was applied to the Fowler-Nordheim model 
and yielded a tip radius estimate of 9.9 ± 2.0 nm, which was an increase in the emitter tip radius 
that was observed before exposing the operating field emitter to an increase in vacuum 
pressure. 
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Figure 44. Electron I-V sweep taken from a new roughened bare tungsten field emitter and an 
electron I-V sweep acquired after the first exposure of the emitter tip to elevated vacuum 
pressure.  The I-V sweep from after the first exposure was applied to the Fowler-Nordheim 
model and the tip radius was estimated at 9.9 ± 2.0 nm. 

   
The roughened bare tungsten emitter was then used to establish electron emission, as 

shown in Figure 45.  Emission was sustained for about 4 hours at a vacuum pressure in the 10-9 
Torr range and then the vacuum pressure was increased while emission was observed.  During 
the first 4.5 hours of the experiment, the emission current gradually decreased when vacuum 
pressure was constant in the 10-9 Torr regime, implying degradation of the tip.  After about 1.5 
hours, emission ceased when vacuum pressure reached 2x10-5 Torr.  
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Figure 45. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43.  The emitter was held at a constant extraction voltage of 1.6 kV from t = 
0.4 hr to t = 6 hr as background pressure was increased for the second time. 

 
During the second exposure to elevated pressure, emission from the roughened bare 

tungsten emitter lasted longer than electron emission from a smooth bare tungsten emitter.  
After emission ceased the vacuum pressure was decreased back to 10-9 Torr and an electron I-V 
sweep was performed to apply the Fowler-Nordheim model, as shown in Figure 46.  The model 
yielded a tip radius estimate of 6.3 ± 1.3 nm, which was sharper than the estimated tip radius 
before exposing the emitter to increased pressure.  A few possible reasons for a decrease in the 
tip radius after exposure to elevated pressure are discussed at the end of this section. 
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Figure 46. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
first exposure to elevated pressure and an electron I-V sweep acquired after the second 
exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the 
second exposure was applied to the Fowler-Nordheim model and the tip radius was estimated 
at 6.3 ± 1.3 nm. 

 
The roughened bare tungsten emitter tip was then used to achieve electron emission 

again.  Emission was established at an extraction voltage of about 2.1 kV and the electron 
emission was then left to stabilize for about 4 hours.  At te = 3.8 hours vacuum pressure was 
increased and the emission current was observed, as shown in Figure 47.  The emission 
sustained for about 2.5 hours into the pressure range of 10-6 to 10-3 Torr.  Extrapolating the 
pressure data, the pressure when emission ceased was approximately 6.3 x 10-6 Torr. 
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Figure 47. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43 and Figure 45.  The emitter was held at a constant extraction voltage of 
2.1 kV from te = 0 hr to te = 6.5 hr as background pressure was increased for the third time. 

 
After emission ceased the vacuum chamber pressure was restored to 10-9 Torr and an 

electron I-V sweep was taken, as shown in Figure 48, so the Fowler-Nordheim model could be 
applied.  The F-N model yielded a tip radius estimate of 4.6 ± 1 nm.  Since numerous I-V sweeps 
have been acquired and the Fowler-Nordheim model yielded emitter tips that have been 
approximately the same size, it is possible that the roughened bare tungsten emitter may have 
multiple emission sites with similar nano-structures.  Each time the roughened bare tungsten 
emitter was exposed to increased vacuum pressure, it is possible that a single emission site was 
damaged but the next sharpest nano-structure could be used for subsequent testing. 
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Figure 48.  Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
second exposure to elevated pressure and an electron I-V sweep acquired after the third 
exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the third 
exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 4.6 
± 1 nm. 

 
For the fourth time, electron emission was established from the roughened bare 

tungsten emitter tip that had been exposed to increased pressure.  Emission current was stable 

around 4 A for about an hour and then the vacuum pressure was increased at te = 1 hr, as 
shown in Figure 49.  Emission current sustained for about 5 hours at increased vacuum 
pressures ranging from 10-5 and 10-3 Torr.  Extrapolating the pressure data, the vacuum chamber 
pressure when the emission failed was approximately 2 x 10-5 Torr. 
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Figure 49. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43 to Figure 47.  The emitter was held at a constant extraction voltage of 3.1 
kV from te = 0 hr to te = 6.3 hr as background pressure was increased for the fourth time. 

 
Once emission ceased, an electron I-V sweep was acquired, as shown in Figure 50, and 

the Fowler-Nordheim model was applied – yielding an emitter tip radius of about 7.1 ± 1.4 nm.  
Although the emitter tip radius estimations were within 10 nm of each other, the extraction 
voltage required to achieve electron emission after successive exposures to increased vacuum 
pressure had been increasing and decreasing randomly, indicating that the emitter tip was being 
damaged after some of the exposures and was getting sharper during other exposures to 
increased pressure.  A discussion is included at the end of this Chapter that includes some ideas 
concerning this phenomenon. 
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Figure 50.  Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
third exposure to elevated pressure and an electron I-V sweep acquired after the fourth 
exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the fourth 
exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 7.1 
± 1.4 nm. 

 
After the Fowler-Nordheim sweep, the extraction voltage was increased to 4 kV to 

obtain electron emission.  The initial emission current was 4 A but quickly increased to about 6 

A.  After staying constant at 6 A for about two hours the vacuum pressure was increased.  
Emission sustained for about 20 hours at increased pressure as shown in Figure 51. 
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Figure 51. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43 to Figure 49.  The emitter was held at a constant extraction voltage of 4 
kV from te = 0 hr to te = 24 hr as background pressure was increased for the fifth time. 

 
After emission ceased the vacuum pressure was decreased to 10-8 Torr and an electron 

I-V sweep was performed, as shown in Figure 52.  The Fowler-Nordheim model was applied and 
resulted in an emitter tip radius of about 10.0 ± 2.0 nm.  Thus far the roughened bare tungsten 
emitter tip was exposed to an increase in vacuum pressure five times and the estimated emitter 
tip radii have only varied by 5-6 nanometers.  The interesting thing is that the emitter tip radii 
have are still increasing and decreasing randomly after each exposure to elevated pressure.  As 
mentioned a discussion concerning the emitter tip radii variability is included at the end of this 
Chapter.   
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Figure 52. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
fourth exposure to elevated pressure and an electron I-V sweep acquired after the fifth 
exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the fifth 
exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 10.0 
± 2.0 nm. 

 
After the tip estimate was calculated the extraction voltage was increased to 3.9 kV and 

the emission current was observed while exposing the roughened bare tungsten emitter to 
increased vacuum pressure for the sixth time.  Emission lasted for about 4 hours as the pressure 
was increased, as shown in Figure 53.  
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Figure 53. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43 to Figure 51.  The emitter was held at a constant extraction voltage of 3.9 
kV from te = 0 hr to te = 6 hr as background pressure was increased for the sixth time. 

 
When emission ceased the vacuum pressure was returned to 10-8 Torr and another I-V 

sweep was performed, resulting in a Fowler-Nordheim emitter tip radius estimate of 7.8 ± 1.6 
nm.  Again, the emitter tip radius estimate was on the same order as the past couple of Fowler-
Nordheim analyses, but that is expected since the extraction voltage required for emission for 
the past couple of experiments has been relatively consistent. 

 
Figure 54.  Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
fifth exposure to elevated pressure and an electron I-V sweep acquired after the sixth 
exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the sixth 
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exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 7.8 
± 1.6 nm. 

 
After the Fowler-Nordheim analysis the same roughened bare tungsten emitter tip was 

exposed to increased vacuum pressure a seventh time.  The emission current sustained for 
about 5 hours as shown in Figure 55.  Emission ceased at about 10-5 Torr. 

 
Figure 55. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 43 to Figure 53.  The emitter was held at a constant extraction voltage of 4.0 
kV from te = 0 hr to te = 6.5 hr as background pressure was increased for the seventh time. 

 
After emission ceased, the vacuum chamber pressure was decreased to 10-8 Torr and an 

electron I-V sweep was acquired, as shown in Figure 56.  A post-test Fowler-Nordheim analysis 
yielded an emitter tip radius estimate of 14.0 ± 2.8 nm.  After seven exposures to elevated 
vacuum pressure conditions, emission from the roughened bare tungsten emitter tip could not 
be established at an extraction voltage of 4 kV. 
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Figure 56. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
sixth exposure to elevated pressure and an electron I-V sweep acquired after the seventh, and 
final, exposure of the emitter tip to elevated vacuum pressure.  The I-V sweep from after the 
seventh exposure was applied to the Fowler-Nordheim model and the tip radius was 
estimated at 14.0 ± 2.8 nm. 

 
In summary, the first roughened bare tungsten emitter that was tested survived 7 

exposures to elevated vacuum pressure within the test conditions of using a maximum 
extraction voltage of 4 kV to establish electron emission.  Also, the first roughened bare 
tungsten emitter sustained between 1.5 and 20 hours of electron emission after the increase in 
pressure began for each experiment.   

 

5.1.2.2 Roughened Bare Tungsten Tip 2 

A second roughened bare tungsten emitter was electrochemically etched and subjected 
to multiple exposures at elevated pressure conditions.  A pre-test Fowler-Nordheim sweep 
wasn’t acquired so an estimation of the original emitter tip radius isn’t reported.  The first 
experiment with the roughened bare tungsten emitter was operated for about 22 hours at an 
extraction voltage of 2.4 kV, as shown in Figure 57.  Electron emission lasted for about 0.6 hours 
as the vacuum pressure was increased to 10-5 Torr. 
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Figure 57. Electron emission current from a roughened bare tungsten emitter held at a 
constant extraction voltage of 2.4 kV from te = 0 hr to te = 21.7 hr as background pressure was 
increased for the first time. 
  

After the emission current ceased due to the first exposure to elevated pressure, the 
extraction voltage was turned off and the vacuum pressure was restored to UHV conditions.  An 
electron I-V sweep was acquired, as shown in Figure 58.  Applying the Fowler-Nordheim model 
resulted in an emitter tip radius estimation of 7.3 ± 1.5 nm.   
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Figure 58. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
first exposure to elevated pressure.  The I-V sweep from after the first exposure was applied 
to the Fowler-Nordheim model and the tip radius was estimated at 7.3 ± 1.5 nm. 

 
After the Fowler-Nordheim sweep was taken, the extraction voltage was increased to 

3.5 kV and emission current was observed for over 15 hours.  After 15 hours, the emitter was 
exposed to elevated pressure conditions.  Emission lasted for about 1.4 hours as pressure was 
increased to 10-5 Torr, as shown in Figure 59. 
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Figure 59. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 57.  The emitter was held at a constant extraction voltage of 3.5 kV from te = 
0 hr to te = 18.5 hr and background pressure was increased for the second time 
  

After emission ceased, the extraction voltage was turned off and the tank pressure was 
decreased back to UHV conditions again.  An electron I-V sweep was performed, as shown in 
Figure 60.  Applying the Fowler-Nordheim model resulted in a tip radius approximation of 10.4 ± 
2.1 nm.  

 
Figure 60. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
first and second exposures to elevated pressure.  The I-V sweep from after the second 
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exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 10.4 
± 2.1 nm. 

 
After the sweep, the extraction voltage was increased to 3.7 kV and emission current 

was observed for about 22 hours.  After 22 hours, the emitter was exposed to elevated 
pressure, as shown in Figure 61.  Emission current lasted for about 2.2 hours as vacuum 
pressure was increased to 10-5 Torr. 

 
Figure 61. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 57 and Figure 59.  The emitter was held at a constant extraction voltage of 
3.7 kV from te = 0 hr to te = 24.1 hr and the background pressure was increased for the third 
time. 
  

After emission ceased the extraction voltage was turned off and the chamber pressure 
was restored to 10-8 Torr.  An electron I-V sweep was acquired, as shown in Figure 62.  Applying 
the Fowler-Nordheim model to the sweep indicated that the tip radius was approximately 21.8 ± 
4.4 nm. 
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Figure 62. Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
second and third exposures to elevated pressure.  The I-V sweep from after the third exposure 
was applied to the Fowler-Nordheim model and the tip radius was estimated at 21.8 ± 4.4 nm. 

 
Then the extraction voltage was increased to 3.9 kV while emission was observed.  Over 

the course of this experiment the emission current increased slightly, but that was expected 
since vacuum pressure was decreasing.  After operating in UHV conditions for about 70 hours 
the vacuum pressure was increased and the emission lasted for about 20 hours, although it 
nearly extinguished after about five hours, as shown in Figure 63. 
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Figure 63. Electron emission current from the same roughened bare tungsten emitter used in 
the test of Figure 57 to Figure 61.  The emitter was held at a constant extraction voltage of 3.9 
kV from te = 0 hr to te = 92.2 hr and the background pressure was increased for the fourth 
time. 
  

After the fourth exposure to elevated pressure, the vacuum was restored to 10-8 Torr 
and an electron I-V sweep was acquired, as shown in Figure 64, and the tip radius estimation 
was 13.9 ± 2.8 nm.  After the electron I-V sweep, emission could not be established and 
stabilized at an extraction voltage of over 4 kV so experiments with the second roughened bare 
tungsten emitter were terminated.  .  The electron I-V sweeps that were acquired show that an 
increase in extraction voltage was necessary to achieve electron emission after each exposure to 
increased pressure. 
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Figure 64.  Electron I-V sweep taken from a roughened bare tungsten field emitter after the 
third and fourth exposures to elevated pressure.  The I-V sweep from after the fourth 
exposure was applied to the Fowler-Nordheim model and the tip radius was estimated at 13.9 
± 2.8 nm. 
 

5.1.2.3 Roughened Bare Tungsten Emitter Summary 

In summary, the second roughened bare tungsten emitter survived 4 exposures to 
elevated pressure and emission sustained from about 1.4 to 20 hours while pressure was 
increased.  The maximum pressure that was measured before emission ceased was 9.9 x 10-5 
Torr.  Both roughened emitters demonstrated longer lasting emission and survived more 
exposures to elevated pressure than the smooth bare tungsten emitters, as outlined in Table 4. 

 

Emitter Type 
# of Tested 

Emitters 
Emission Duration 

at Elevated Pressure 
# of Exposures 
Before Failure 

Maximum Tank 
Pressure Reached 

Smooth Bare Tungsten 2 1 - 5 min 1 - 2 10
-7

 Torr 

Roughened Bare Tungsten 2 1.4 - 20 hr 4 - 7 10
-5

 Torr 

Table 4.  Emitter tip comparison table displaying how long the smooth and roughened bare 
tungsten emitter tips lasted at elevated pressure, how many exposures to increased pressure 
caused permanent failure, and the maximum vacuum chamber pressure that emission could 
sustain. 
 

5.1.3 Re-generable Field Emitters 

5.1.3.1 Re-generable Field Emitter Lifetime 

To investigate the lifetime of re-generable emitters, a dual ion/electron source was 
placed in the UHV chamber and the tank was evacuated to a vacuum pressure of 10-9 Torr.  The 

emitter was then heated and operated at 20 A of ion emission current for one minute and then 
quenched.  The polarity of the extraction electrode was then reversed to achieve electron 
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emission and the extraction electrode was increased to obtain electron emission at 4 A.  The 

voltage required for 4A of electron emission current was 4.1 kV; the extraction electrode was 
then voltage-limited at 4.1 kV for the remainder of the experiment.  The reason for choosing 4 

A as a target was because operating a single needle electron source at emission currents of 

10’s of A for long durations of time can cause undesirable heating of the emitter apex, which 
can destroy the sharp emitter tip.   

Within the first hour of the lifetime test, the emission current increased to 

approximately 11 A for a few minutes and then quickly decreased down to about 3 A as 

shown in Figure 65.  The emission current fluctuated between about 2 and 4 A after the first 
hour until about te = 600 hours.  At 600 hours into the experiment the emission quickly 

increased to about 5 A and then slowly decreased down to about 3 A again.  At te = 950 hours 
of operation the experiment was voluntarily shut off for 5 hours to observe if the emission 
current would return to the same magnitude when turned back on.  Shutting off the experiment 
was achieved by simply decreasing the extraction voltage from 4.1 kV to 0 kV. 

 
Figure 65.  Electron emission lifetime experiment from a single-needle LMIS quenched at ion 

emission current of 20 A, showing locations of voluntary shutdowns. 
 
The experiment was turned off for 5 hours and then the extraction electrode was 

increased back to the original setpoint of 4.1 kV.  The emission current increased to almost 

10A after the onset of emission but quickly decreased to about 5A at te = 952 hours.  Then 

the electron emission current remained at 5 A until approximately t = 975 hours and then 

rapidly decreased to 2 A.  Once reaching 2A the emission current slowly increased up near 

3A until te = 1025 hours.  The experiment was then voluntarily shut down for a span of 4 
hours.  During the 4 hour period of downtime, an electron I-V sweep was taken to estimate the 
emitter tip radius, as shown in Figure 66.  Applying the Fowler-Nordheim model to the I-V data 
yielded a tip radius estimate of 9.5 ± 1.9 nm 
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Figure 66.  Electron I-V sweep taken after 1025 hours into a field emission electron lifetime 
experiment.  The I-V sweep at 1460 hours corresponds to an emitter tip radius of 9.5 ± 1.9 nm. 

 
After the I-V sweep was taken, the extraction voltage was increased back to the setpoint 

of 4.1 kV.  As the extraction voltage was increased the electron emission current increased to 3 

A ± 1 A for 435 hours of operation, bringing the total duration of the lifetime test thus far to 
1460 hours.  At te = 1460 hours, the experiment was voluntarily shut down again to obtain 
another electron emission I-V sweep, as shown in Figure 67.  The I-V sweep was taken to 
determine if any change in tip radius was apparent from the first I-V sweep.  The Fowler-
Nordheim model was applied to the electron I-V data acquired during the third shutdown and 
yielded a tip radius estimate of 16.4 ± 3.3 nm. 

 

 
Figure 67.  Electron I-V sweeps taken after 1025 and 1460 hours into a field emission electron 
lifetime experiment.  The I-V sweep at 1460 hours, plotted on the right, corresponds to an 
emitter tip radius of 16.4 ± 3.3 nm. 
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Following the I-V sweep, the extraction voltage was again increased to 4.1 kV.  The 

emission current gradually increased back to near 3 A as the extraction voltage was increased.  
The lifetime experiment was continued for 300 additional hours, bringing the total lifetime test 
to about te = 1750 hours.  The lifetime experiment was ended after 1750 hours due to the 
necessity to use the UHV chamber to perform other experiments.  To end the lifetime 
experiment the extraction voltage was turned off and then a final electron emission I-V sweep 
was taken to estimate the nano-structure tip radius, as shown in Figure 68.  The Fowler-
Nordheim plot was applied to the electron I-V data from the fourth sweep and yielded a tip 
radius estimate of 16.2 ± 3.2 nm. 

 

 
Figure 68.  Electron I-V sweeps taken after 1460 and 1750 hours into a field emission electron 
lifetime experiment.  The I-V sweep at 1750 hours, plotted on the right, corresponds to an 
emitter tip radius of 16.2 ± 3.2 nm. 

 
With so few electron I-V curves taken it is difficult to determine whether the emitter tip 

radius from which Fowler emission was occurring was actually degrading over time.  However, 
the trend that is apparent from the set of data that was acquired showed that the electron 
emitting tip slightly increased in tip radius over time.  An increasing emitter tip radius was 
expected due to the nature of operating a field emission cathode for a long duration of time.  
Heating of the emitter tip due to electron emission current was expected, as well as a minimal 
amount of ion bombardment from the small amount of background neutrals that could have 
been present in vicinity of the emitter tip in the UHV chamber. 

 

5.1.3.2 Re-generable Field Emitters at Elevated Pressure 

To compare with the single needle bare tungsten field emitters that were exposed to 
increased vacuum pressure, similar experiments were performed with a quenched LMIS.  The 

LMIS was first operated as an ion source for 1 min at 20 A, while heating the LMIS with 2.25 A 
at 0.3 V.  After 1 min the heater was turned off and the ion emitter was quenched.  The 
extraction voltage was then reversed to obtain electron emission and an I-V sweep was 
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performed at 10-8 Torr, as shown in Figure 69.  The Fowler-Nordheim model was applied and the 
model resulted in a tip estimate of about 13.7 ± 2.8 nm.   

 
Figure 69.  Electron I-V sweep taken from a field emitter that was re-generated at an ion 

current before quench of 20 A.  Applying the Fowler-Nordheim model to the I-V data yielded 
a tip radius estimate of 13.7 ± 2.8 nm. 

 
After the I-V sweep, the extraction voltage was increased to 3.8 kV to obtain electron 

emission.  During the first 20 min of operation at 10-8 Torr the emission current had increased to 

about 25 A so the extraction voltage was decreased to 2.1 kV in an attempt to keep the 

emission current around 5 A.  After the emission current remained relatively constant for 
approximately 1 hour the ion pump on the UHV chamber was turned off to increase the 
background pressure.  The background pressure was then recorded until the ion gauge turned 
off due to an overpressure.  Unfortunately, vacuum chamber pressure couldn’t be recorded for 
the duration of the test due to a lack in overlap of measuring range between the ion gauge and 
thermocouple gauge on the UHV system.  The data that were recorded are shown in Figure 70, 
along with a bound of the possible background pressure.  Extrapolating the pressure data, the 
vacuum chamber pressure was estimated at 8 x 10-5 Torr.  As shown, electron emission from the 
quenched LMIS sustained for over 15 hours, which was 15 hours longer than the smooth bare 
tungsten emitters. 
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Figure 70.  Electron emission current from a quenched LMIS held at a constant extraction 
voltage of 2.1 kV from te = 0.3 hr to te = 20 hr as background pressure was increased. 

 
Once emission ceased, the ion pump on the vacuum facility was turned back on and 

vacuum pressure was decreased to 10-8 Torr.  Then an electron I-V sweep was performed to 
obtain an estimate of the nano-structure radius that was emitting electrons, as shown in Figure 
71.  Applying the Fowler-Nordheim model resulted in a tip radius estimate of 12.8 ± 2.6 nm. 

 
Figure 71.  Electron I-V sweep taken from a field emitter that was re-generated at an ion 

current before quench of 20 A and the same emitter after one exposure to elevated 
pressure.  Applying the Fowler-Nordheim model to the I-V data take after the first exposure 
yielded a tip radius estimate of 12.8 ± 2.6 nm. 
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The extraction voltage was then increased to 6.1 kV to obtain an electron emission 

current of about 4 A.  The extraction voltage was adjusted during the first 30 minutes because 
the emission current kept increasing.  At te = 30 minutes the extraction voltage was set to 3.4 kV 

to return the emission current to about ~5 A.  The extraction voltage was held at 3.4 kV for the 
remainder of the experiment, which was an increase of 1.3 kV in the extraction voltage that was 
necessary to obtain the same magnitude of emission current as before the emission ceased.  
Once the emission current remained stable for 2 hours, the ion pump on the UHV system was 
turned off again to increase the background pressure.  Electron emission current was 
maintained for nearly 50 hours after turning off the ion pump and increasing the vacuum 
pressure from 10-8 Torr to between 10-5 and 10-3 Torr, as shown in Figure 72.  Once again, 
electron emission was sustained for 10’s of hours longer than with a single bare tungsten field 
emitter. 

 
Figure 72. Electron emission current from the same quenched LMIS used in the test of Figure 
70.  The emitter was held at a constant extraction voltage of 3.4 kV from te = 0.5 hr to te = 50 
hr as background pressure was increased. 

 
After electron emission ceased, the ion pump on the UHV chamber was turned back on 

and the chamber pressure was decreased back to 10-8 Torr.  An electron I-V sweep was acquired, 
as shown in Figure 73. The Fowler-Nordheim model was applied to the sweep and resulted in a 
tip radius estimate of about 15.5 ± 3.1 nm, which was sharper than the previously exposed 
emitter tip.  Looking at the I-V sweeps in Figure 73, it is apparent that the emitter tip after the 
first exposure should be sharper than the emitter tip after the second exposure, however, the 
error bars on the data could account for it. 
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Figure 73.  Electron I-V sweeps taken from the same field emitter used in Figure 69 and Figure 
71. The sweeps were taken after the first and second exposures to elevated pressure.  
Applying the Fowler-Nordheim model to the I-V data taken after the second exposure yielded 
a tip radius estimate of 15.5 ± 3.1 nm. 

 
After emission ceased, the vacuum pressure was restored to 10-8 Torr and electron 

emission couldn’t be achieved at an extraction voltage of up to 4 kV.  The tip must have 
sustained damage from the two consecutive exposures to elevated background pressure, so the 
field-emitting nanostructures were re-generated through a sequence of heating, ion-emission, 

and quenching.  The tip was operated at an ion emission current of 20 A at 10-9 Torr for 1 min 
while supplying 2.25 A and 0.3 V of heater power.  The emitter tip was then quenched and an 
electron I-V sweep was acquired, as shown in Figure 74.  The Fowler-Nordheim model was 
applied to the electron I-V sweep and resulted in a re-generated nano-structure radius of about 
14.3 ± 2.9 nm, which was sharper than the emitter tip before re-generating it. 

 
Figure 74. Electron I-V sweeps taken from the field emitter that had been exposed to elevated 
pressure twice, shown in Figure 73, and an electron I-V sweep taken after re-generating the 
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emitter at an ion current before quench of 20 A.  Applying the Fowler-Nordheim model to 
the I-V data taken after tip re-generation yielded a tip radius estimate of 14.3 ± 2.9 nm. 

 
The freshly quenched emitter tip was then operated as an electron source for over 150 

hours at a background pressure of 10-9 Torr to demonstrate reliable operation from an emitter 
tip that had been exposed to increased background pressure multiple times and then had been 
re-generated, as shown in Figure 75.  The extraction voltage was held at 4.1 kV from te = 0 to te = 
1.5 hr and then the extraction voltage was decreased to 2.5 kV due to a rapid rise in emission 
current.  The extraction voltage was held at 2.5 kV for the remainder of the experiment. 

 

 
Figure 75.  Extended duration experiment for an electron emitter that was re-generated by 
heating, acquiring ion emission, and then re-quenching after being damaged in the test 
sequences of Figure 70 to Figure 74.  The extraction voltage was held constant at 2.5 kV from 
te = 1.5 hr to te = 175 hr and the test was ended by increasing the vacuum chamber pressure 
after over 150 hours of operation. 

 
At te = 166 hr, the ion pump on the UHV chamber was turned off and the emission 

current was observed as tank pressure increased.  At te = 175 hr, the emission ceased.  Once 
electron emission ceased, the ion pump on the UHV chamber was turned back on and vacuum 
pressure was decreased to 10-9 Torr.  A final electron I-V sweep was performed, as shown in 
Figure 76, resulting in a nano-structure radius estimation of 9.7 ± 1.9 nm after applying the 
Fowler-Nordheim model. 
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Figure 76.  Electron I-V sweeps taken after re-generating the emitter at an ion current before 

quench of 20 A and then after operating the emitter for 175 hours at UHV followed by 
exposing the emitter to elevated pressure.  Applying the Fowler-Nordheim model to the I-V 
data taken after tip re-generation yielded a tip radius estimate of 9.7 ± 1.9 nm. 
 

5.1.3.3 Emitter Tip Radii Variation Discussion 

Some of the emitter tips that were exposed to an increase in vacuum chamber pressure 
that were discussed in the previous two subsections demonstrated better electron emission 
performance after exposure.  While no definitive argument is proposed some of the possible 
reasons for that phenomenon are discussed in this section. 

One possibility is that electron emission could have occurred from multiple emission 
sites simultaneously.  During some of the experiments in the UHV chamber, when an emitter 

was used to obtain over 10 A of electron emission current, multiple locations on the emitter 
tips could be observed through the optical microscope that were glowing blue.  It is possible 
that the local electric field enhancement was very similar at numerous locations, so any of the 
locations that sustained damage due to elevated pressure conditions could have easily been 
replaced by other sharp locations. 

Another possibility is that ion sputtering at higher vacuum pressure could have actually 
sputtered away a few of the atoms on the field-emitting nano-structures, leaving an even 
sharper emitter. 

 

5.2 Summary 

The results from the comparison between the smooth bare tungsten, the roughened 
bare tungsten, and the re-generable emitter are summarized in Table 5.  The table includes the 
length of time that emission could sustain at elevated pressure, the number of times the emitter 
was exposed to an increased vacuum pressure before permanent failure was observed, and the 
magnitude of the maximum vacuum pressure that was recorded while emission sustained. 
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Emitter Type 
# of Tested 

Emitters 
Emission Duration 

at Elevated Pressure 
# of Exposures 
Before Failure 

Maximum Tank 
Pressure Reached 

Smooth Bare Tungsten 2 1 - 5 min 1 - 2 10
-7

 Torr 

Roughened Bare Tungsten 2 1.4 - 20 hr 4 - 7 10
-5

 Torr 

Re-generable Emitter 2 6 - 45 hr Unlimited
1
 10

-3
 to 10

-5
 Torr 

Table 5.  Emitter tip comparison table displaying how long the emitter tips lasted at elevated 
pressure, how many exposures to increased pressure caused permanent failure, and the 
maximum vacuum chamber pressure that emission could sustain. 

 
The series of experiments performed with a re-generable emitter demonstrated longer 

life operation than single bare tungsten field emitters at increased vacuum pressures.  While the 
quenched LMIS required an increase in extraction electrode voltage after each exposure to 
increased vacuum pressure, the quenched LMIS emitters survived more harsh conditions than 
bare tungsten emitters and they appear to be more robust field emission electron sources.  The 
smooth bare tungsten field emitters were irreversibly destroyed after only cycling them at 
increased vacuum pressures a couple of times, while the indium-coated emitters demonstrated 
the ability to be restored to their original performance by re-quenching them under ion-emitting 
conditions.  

When comparing electrochemically etched bare tungsten field emitters with quenched 
LMIS emitters, the quenched emitters demonstrated 10’s of hours of operation longer than the 
tungsten field emitters when exposed to increased vacuum pressure.  While the tungsten field 
emitters would irreversibly fail after two to three cycles at background pressures greater than 
10-7 Torr, the quenched LMIS emitters could be re-generated to their original performance after 
damage at elevated pressure.  Furthermore, the indium-coated and quenched emitters proved 
to be more robust, sustaining electron emission at pressures greater than 10-5 Torr.   

Lifetime experiments demonstrated that the re-generable field emitters could sustain 
electron emission current for long periods of time and Fowler-Nordheim modeling of the 
emitter tip during voluntary shutdowns throughout the lifetime experiment yielded sharp 
emission sites on the order of 10’s of nm.  The sharp nano-structures successfully demonstrated 

electron emission at an emission current of about 3 A for 1,750 hours from a single-needle that 

was quenched at an ion emission current of 20 A.  Emission current from the re-generable 
emitters stayed relatively constant for the long duration tests while the current degraded over 
time for both types of bare tungsten emitters.   
 
 
 

 
 
 
 
 

                                                           
1
 where ‘Unlimited’ refers to the capability to re-generate the tip as long there is a sufficient metal supply 

available on the emitter tip. 
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Chapter 6 

6 Surface Morphology of Re-generable Field Emitters 

The primary goal of the research reported in this Chapter was to examine the 
nanostructures that are formed during quenching an operating ion source.  To accomplish that 
goal, experiments were performed inside of a Field Emission Scanning Electron Microscope (FE-
SEM).  A secondary goal was to understand if the morphology of the structures depends on the 
ion emission parameters during the generation process.  The experiments reported in this 
Chapter show micrographs of quenched emitter tips and include Fowler-Nordheim plots that 
were taken from the quenched emitters.  At the end of this Chapter, the micrographs and 
Fowler-Nordheim data are compared with the data that were presented on re-generated 
emitter I-V performance in Chapter 4. 

 

6.1 Custom FE-SEM apparatus 

The emitter fixture that was used for the FE-SEM experiments is shown in Figure 17.  As 
shown, some modifications were made to the general apparatus that allowed a liquid metal ion 
source (LMIS) to be placed in the specimen chamber of the FE-SEM for in situ emitter re-
generation experiments.  The custom fixture was equipped with electrical connections to 
operate the resistive heater and extraction electrode that are necessary to operate the LMIS.  
The electrical connections were made by three stainless steel discs that were connected to the 
heater and extraction electrode and were located underneath the top Teflon surface, shown in 
Figure 17.  The three discs were used to mate with the internally mounted electrical interface.  
Implementing the custom fixture and electrical connections allowed the dual ion/electron 
source to be operated in the specimen chamber of the FE-SEM.  . 
 

 
Figure 77.  Dual electron/ion source apparatus and the custom electrical interface mounted 
inside the Field Emission Scanning Electron Microscope. 

 
The chamber was evacuated using a series of three ion pumps and vacuum pressure of 10

-7 
Torr was 

10
-7 

Torr was maintained throughout testing.  The emitter tip and extraction electrode configuration 

1.5” 

Emitter 
Tip 

Extraction 
Electrode 

Internally Mounted 
Electrical Interface 

Custom 
Specimen 

Fixture 

Extraction Electrode Interface 



91 
 
 
 
 

configuration remained the same as the previous experiments.  An electrical schematic of the 

completed re-generable emitter apparatus is shown in  

Figure 78. 
 
 

   

 
 

 
Figure 78.  Electrical schematic of the FE-SEM specimen fixture showing the heater supply, the 
extraction supply, and the ammeter placement. 

 
For UHV compatibility, the materials that were used to build the custom LMIS and 

support fixture included Teflon, stainless steel, and tungsten.  Gap spacing between the emitter 
tip and the extraction electrode was ≤0.5 mm for all of the experiments.  The internal electrical 
interface was installed permanently inside of the FE-SEM specimen chamber as shown in Figure 
79.  Electrical connections were made by inserting the custom specimen fixture so that the 
stainless steel electrodes that were connected to the heater and extraction electrode on the 
specimen fixture were made continuous with the internally mounted electrical interface by 
surface contact. 

Heater 
Supply 

Extraction 
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Extraction 
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Figure 79.  Internal specimen chamber of the FE-SEM showing the custom electrical interface 
that was installed to mate with the experimental apparatus’ electrical contacts. 

 
To achieve ion emission, the resistive emitter heater, shown previously in  

Figure 78, was supplied with 2.75 A, 1.3 V with the purpose of maintaining the indium-
coated electrode above the melting temperature of indium, which is 156.6°C.  The high-voltage 
extraction supply was then increased to obtain ion emission.  For each set of experiments the 
extraction supply was increased until the desired ion emission current was reached and then the 
extraction electrode voltage was held constant while a pre-determined time was allowed to 
elapse, te.  Leaving the extraction electrode constant, the heater power was turned off to 
quench the operating ion source.  After the LMIS was allowed to cool for 30 seconds, the 
extraction supply was also turned off.  Once the heater and extraction power supplies were off, 
the electron optics on the FE-SEM were engaged and micrographs of the emitter tip were 
acquired.  An explanation of why the optics weren’t used for in situ imaging is located in 
Appendix B.  After imaging the emitter tip, the electron optics were turned off and for some of 
the experiments an electron I-V sweep was performed to apply to the Fowler-Nordheim model 
for tip radii estimations.  The process of tip re-generation with subsequent imaging and electron 

I-V acquisition was repeated multiple times at a range of ion emission currents from 2 to 40 A 
and a range of te from 10 to 240 seconds. 

For the temporal nano-structure formation experiments the emitter tip wasn’t ‘reset’ 
between successive tip re-generations but when a new ion current before quench was chosen, 
the emitter tip was ‘reset’ using extreme electron emission conditions.  To ‘reset’ a smooth 

surface, the extraction power supply was current-limited at 100 A while increasing the 

extraction voltage to about 7 kV.  Using 100 A of emission current was great enough to heat 
the sharp tips and the extraction voltage was great enough to cause arcing to destroy any locally 

Internally Mounted 
Electrical Interface 

Internal Specimen 
Chamber 

Specimen Insertion 
Location 

Electrical 
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sharp points on the apex.  After resetting the emitter, the extraction polarity was reversed, the 
heater turned on, and the ion emission current was adjusted to the desired magnitude by 
adjusting the extraction voltage.  Once the desired emission current was reached, the extraction 
voltage was held constant for a length of time, te.  The heater was then turned off, quenching 
the emitter tip, and the tip was imaged using the FE-SEM. 

 

6.2 Experimental Results 

Two sets of experiments were performed within the FE-SEM and are reported in this 
Section.  Section 6.2.1 describes the temporal evolution of a re-generable emitter tip.  The re-
generable emitter was operated as an ion source for 10 second intervals and then quenched and 
imaged using the FE-SEM.  After imaging, the emitter was operated at the same ion emission 
current (sans resetting) for another 10 second interval and then quenched and imaged.  The 
process was repeated for seven 10 second intervals (sans resetting between each test) and the 
acquired micrographs are presented to show the evolution of the emitter tip during subsequent 
quenches.  Section 6.2.2 shows micrographs and Fowler-Nordheim analysis that were acquired 

after 2 minute quenches at ion emission currents ranging from 2 to 20 A.  The data presented 
in the section is then compared with the data that was reported in Chapter 4.  Appendix C 
contains an experiment where anomalous behavior was observed from one of the many re-
generable emitters that were tested. 

 

6.2.1 Temporal Nano-structure Formation 

Prior to this investigation it was thought that a single jet-like protrusion would form 
when operating a liquid metal source.  It was hypothesized that the jet-like protrusion is what 
would be solidified upon quenching the operating ion source and subsequently used for stable 
electron emission.  To investigate the surface morphology, the re-generable source was 

operated at ion emission currents of 10, 20, and 30 A for 10 second intervals and imaged at 

each interval.  The first experiment was performed at 10 A of ion emission current, quenching 
the source every 10 seconds to show the evolution of the emitter tip after seven consecutive 

quenches at a constant ion emission current, as shown in Figure 80.  For the 10 A quenches, 
successive quenches created surface modification after about 40 seconds of ion emission. 
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Figure 80. FE-SEM micrographs taken after consecutive quenches at ion emission current of 10 

A. 
 
Micrographs that were acquired at higher magnification than those shown in Figure 80 

are presented in Figure 81.  It is apparent that slight surface modification occurs after the first 
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10 s quench at 10 A.  After the next quench for 10 seconds the surface roughness appears to 
get more defined and not much changes between the second and third quench.  After the 
fourth quench the emitter tip appears to have grown a Taylor cone type structure.  After the 

fifth quench of 10 seconds at 10 A, the Taylor cone becomes more pronounced.  After the sixth 
and seventh quenches, surface texture starts to become visible on the surface of the Taylor 
cone.  
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Figure 81. Higher magnification images of the same emitter tip shown Figure 80, taken after 

consecutive quenches at ion emission current of approximately 10 A. 
 
A question that arose and had to be addressed was if the micrographs were showing the 

evolution of the emitter tip or did the emitter tip relax each time it was heated to establish ion 
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emission, and then form a new structure?  Before presenting the micrographs of an emitter that 

was quenched at consecutive intervals at 20 and 30 A, another experiment was performed to 

answer the proposed question.  An emitter tip was ‘reset’ and then operated at 20 A for 20 
seconds and quenched to form a Taylor cone.  The Taylor cone was imaged with the FE-SEM and 
then heated in the absence of an electric field to observe if the emitter tip relaxed, as shown in 
Figure 82. 

 

 
Figure 82. Micrographs of a ‘reset’ emitter, after operating the emitter for 20 seconds at 20 

A, and then two micrographs acquired after heating the emitter for 20 second intervals in 
the absence of an electric field, showing that the emitter tip doesn’t completely relax 
between consecutive quenching experiments. 
  

The same emitter was then operated for 20 seconds at 20 A (sans resetting) and 
quenched.  After quenching, the emitter was imaged and heated for 20 seconds in the absence 
of an electric field.  Following the heating experiment, the emitter was imaged and heated again 
for an additional 20 seconds, as shown in Figure 83. 
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Figure 83.  Micrographs of the same emitter shown in Figure 82 and then after operating the 

emitter for 20 seconds at 20 A, followed by two micrographs acquired after heating the 
emitter for 20 second intervals in the absence of an electric field, showing that the emitter tip 
doesn’t relax between consecutive quenching experiments. 

 
Since the emitter tip didn’t completely relax between subsequent tests, the images in 

this section show the evolution of an emitter quenched at ion emission currents of 10, 20 and 

30 A.  The same emitter was then reset and used to observe nano-structure formation at 
higher ion quenching currents.  The experiment was performed by operating the re-generable 

source at an ion emission current of 20 A with about 3 W of heater power for a quantity of 
seven 10 second intervals and imaging the emitter at each interval.  Just as with the previous 
experiment the images are intended to show the temporal evolution of the emitter tip after 

consecutive quenches at a constant ion emission current of 20 A.  After the first quench, at te = 
10 s, a large cone formed at the center of the emitter apex, as shown in Figure 84. 
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Figure 84. FE-SEM micrographs taken after consecutive quenches at ion emission current of 

approximately 20 A. 
 
After 10 additional seconds of operation the cone appeared to retract and some nano-

structures began to form.  At an elapsed time of 30 s a very well structured Taylor cone formed 
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with some nano-structure along the surface of the apex.  Additional ion quenches didn’t 
generate many more nano-structure beyond the first 30 s.  Higher magnification images of the 
micrographs shown in Figure 84 are presented in Figure 85 to show the nano-structure better. 
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Figure 85. Higher magnification images of the same emitter tip shown in Figure 84, a re-

generable field emitter that was subjected to multiple 20 A quenches at 10 s intervals. 
 
The higher magnification images show an interesting depression at the apex that 

resembles a “micro-volcano” that formed after about 40 seconds of operation.  It is possible the 
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surface of the Taylor cone formed a thin oxide layer, which could be responsible for holding the 
shape of the emitter between successive quenches.  Indium tends to form indium oxide, In2O3, 
even when in a vacuum environment.  Indium oxide melts at 1910°C so it could be possible that 
during subsequent quenches the emission current was sustained at the apex by liquid indium 
beneath the oxide layer that was able to break through the layer, resulting in the “micro-
volcano” structure due to depletion of indium.  However, that is simply a theory and the “micro-
volcano” structure is not understood at this time. 

After seven quenches, totaling 70 seconds of ion emission, the same re-generable 
source was then exposed to an electron extracting field to reset the surface.  The extraction 

supply was current-limited at 100 A while increasing the extraction voltage to ‘reset’ the 

surface smoothness of the emitter.  The re-generable source was operated at 30 A of ion 
emission current and then quenched after 10 s of operation.  The emitter tip was imaged and 

operated at 30 A of ion emission current for six additional quenches at 10 second intervals, as 
shown in Figure 85. 
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Figure 86. FE-SEM micrographs taken after consecutive quenches at ion emission current of 

approximately 30 A. 
 
The apex of the emitter began to form a cone after the first 10-second-quench.  The 

cone became more defined after 20 seconds of operation and some nano-structure began to 
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form along the tip’s surface.  It wasn’t until after the third 10-second-quench that the nano-
structure really started to become defined, as shown in the higher magnification micrographs in 
Figure 87.  Also, the “micro-volcano” structure appeared after the fourth quench, which was at 

the same point as in the 20 A series when the structure formed. 



105 
 
 
 
 

 
Figure 87. Higher magnification images of the same emitter tip shown in Figure 86, a re-

generable field emitter that was subjected to multiple 30 A quenches at 10 s intervals. 
 



106 
 
 
 
 

6.2.2 Nano-structure Formation with Fowler-Nordheim Modeling 

This experiment was intended to overlap with some of the data points that were 
acquired in Chapter 4, only within the FE-SEM rather than the UHV chamber.  The purpose was 
to use the FE-SEM to visually verify the trends that were observed via Fowler-Nordheim 
modeling of data in Chapter 4.  The data in Chapter 4 relied on the nano-structure of the 
quenched emitters physically changing shape, but there wasn’t any way to verify nano-structure 
changes in the UHV chamber.  The optical microscope that is equipped on the UHV chamber 
only has 90X magnification, which wasn’t high enough magnification to resolve the nano- and 
micro-structure of quenched emitters.  Obtaining higher resolution micrographs motivated this 
series of experiments. 

These experiments were performed by quenching the re-generable emitter at multiple 
ion emission currents, comparable to those in Chapter 4, inside the FE-SEM.  The FE-SEM was 
then used to image the nano-structure formation after quenching.  Also, electron emission I-V 
sweeps were performed after each quench to estimate the emitter tip radii that were formed 
using the Fowler-Nordheim model.  The emitter tip estimations were compared with the FE-SEM 
micrographs.  The ion quenching currents that were chosen for the experiment ranged from 2 to 

20 A, operating each for 2 minutes exactly as in Chapter 4.  After each quenched emitter was 
imaged and an electron I-V sweep was acquired the emitter tip was then ‘reset’ using the same 
procedure described previously of exposing the emitter tip to destructive electron emission 
conditions to smooth out and destroy surface features.  The quenching experiments were 
performed in a randomized order but will be presented from lowest-to-highest ion quenching 
current.  The actual order of ion emission current before quenching was 20, 10, 5, 15, 20, 6, 16, 

3, 10, and then 2 A.  After showing the individual results, a summary will be provided with all 
of the compiled data, including data from Chapter 4. 

For each experiment the re-generable emitter was first exposed to electron ‘reset’ 
conditions as shown in Figure 88.  For the 1st reported experiment, the emitter was operated at 

2 A of ion emission current (at 3.3 kV) for 2 minutes, the same amount of time as the 
experiments in Chapter 4, and quenched.  The other three images in Figure 88 show post-
quench images at increasing magnification from 2500X up to 9000X, the highest resolution that 
was possible to obtain during testing.  As shown, a cone-type structure formed with nano-scale 
structures on the surface.  Also, the volcano-type structure that was observed in Section 6.2.1 
was also present in this test. 
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Figure 88. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after a 2 A quench for 2 minutes at magnification of 2500X, 5000X, and 
9000X. 
  

After quenching and imaging the emitter tip, the electron I-V sweep was performed by 
increasing the extraction voltage up to 2.9 kV at 50 volt increments.  A Fowler-Nordheim plot 
was created from the sweep data, as shown in Figure 89, with an R2 of 0.86 for the linear curve 
fit.  Applying the Fowler-Nordheim model to the data resulted in an emitter tip radius estimate 
of 7.0 ± 1.4 nm. 

 
Figure 89. Fowler-Nordheim plot from a re-generable emitter quenched after 2 minutes at 2 

A, yielding a tip radius estimate of 7.0 ± 1.4 nm. 
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 The process that was just described was then repeated multiple times.  For each new 

experiment, the ion current at quench was changed to a value between 2 and 20 A and then 
the quenched nano-structures were imaged using the FE-SEM and subjected to an electron I-V 
analysis.  Table 6 shows the test conditions that were explored and includes the ion current 
before quench and the extraction voltage at quench. 
 

Ion Current 
at Quench 

Extraction Voltage 
at Quench 

Chronological 
Order of Data 

Extraction Voltage 
Max. for I-V Sweep 

(A) (kV)   (kV) 

2 3.3 10 2.9 
3 3.4 8 3.0 

5 3.8 3 3.7 

6 3.2 6 4.6 

10 3.5 2 4.9 

10 3.4 9 3.7 

15 3.9 4 3.5 

16 3.4 7 4.7 

20 3.7 1 2.7 

20 3.8 5 3.5 

Table 6. Settings that were explored for tip re-generation experiments.  The ion emission 
current and extraction voltage at quench are presented, as well as the chronological order 
that the data points were acquired and the extraction voltage that was required for the post-
quench electron I-V sweeps taken on the nano-structures, Vmax. 

 

In an effort to present the data as straightforward as possible, the FE-SEM micrographs 
from each experiment will be presented first.  Following the complete set of micrographs, the 
electron I-V sweep and Fowler-Nordheim model that were acquired from the nano-structures 
after each quench will be reported.  The data above that were used to describe the 
experimental procedure, in Figure 88 and Figure 89, are repeated below so that all of the data is 
presented together.  At the end of this section, the ion current at quench and the Fowler-
Nordheim emitter tip estimations will be summarized in Figure 110. 
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Figure 90. Micrographs repeated from Figure 88 of a re-generable emitter tip showing the pre-

quench ‘reset’ and multiple images of the nano-structure after a 2 A quench for 2 minutes at 
magnification of 2500X, 5000X, and 9000X. 
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Figure 91. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after a 3 A quench for 2 minutes at magnification of 2500X, 5000X, and 
9000X. 
 

 
Figure 92. Re-generable emitter tip showing the pre-quench ‘reset’ and two images of the 

nano-structure after a 5 A quench for 2 minutes at magnification of 2500X and 3500X.  For 
unknown reasons the indium didn’t form a Taylor cone during this quench. 
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Figure 93. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after a 6 A quench for 2 minutes at magnification of 2500X, 5000X, and 
9000X. 
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Figure 94. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after the first of two 10 A quenches for 2 minutes at magnification of 2500X, 
5000X, and 9000X. 
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Figure 95. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after the second of two 10 A quenches for 2 minutes at magnification of 
2500X, 5000X, and 9000X. 
 

 
Figure 96. Re-generable emitter tip showing the pre-quench ‘reset’ and two images of the 

nano-structure after a 15 A quench for 2 minutes at magnification of 2500X and 3500X.  Just 

like the 5 A quench, for unknown reasons the indium didn’t form a Taylor cone during this 
quench. 
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Figure 97. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after the 16 A quench for 2 minutes at magnification of 2500X, 5000X, and 
9000X. 



115 
 
 
 
 

 
Figure 98. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after the first of two 20 A quenches for 2 minutes at magnification of 2500X, 
5000X, and 9000X. 
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Figure 99. Re-generable emitter tip showing the pre-quench ‘reset’ and multiple images of the 

nano-structure after the second of two 20 A quenches for 2 minutes at magnification of 
2500X, 5000X, and 9000X. 
  

As mentioned previously, all of the electron I-V data and the Fowler-Nordheim plots 
were grouped together.  The caption for each Figure includes the ion current at quench and the 
emitter tip estimation results from applying the Fowler-Nordheim model.  All of the data are 
summarized in Figure 110 at the end of this Section. 

 
Figure 100. Electron I-V sweep and the Fowler-Nordheim plot from a re-generable emitter 

quenched after 2 minutes at 2 A, yielding a tip radius estimate of 7.0 ± 1.4 nm. 
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Figure 101. Electron I-V sweep and the Fowler-Nordheim plot from a re-generable emitter 

quenched after 2 minutes at 3 A, yielding a tip radius estimate of 28.9 ± 5.8 nm. 
 

 
Figure 102. Electron I-V sweep and the Fowler-Nordheim plot from a re-generable emitter 

quenched after 2 minutes at 5 A, yielding a tip radius estimate of 22.6 ± 4.5 nm. 
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Figure 103. Electron I-V sweep and the Fowler-Nordheim plot from a re-generable emitter 

quenched after 2 minutes at 6 A, yielding a tip radius estimate of 9.0 ± 1.8 nm. 
 

 
Figure 104. Electron I-V sweep and the Fowler-Nordheim plot from the first of two re-

generable emitters quenched after 2 minutes at 10 A, yielding a tip radius estimate of 5.5 ± 
1.1 nm. 
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Figure 105. Electron I-V sweep and the Fowler-Nordheim plot from the second of two re-

generable emitters quenched after 2 minutes at 10 A, yielding a tip radius estimate of 14.1 ± 
2.8 nm. 
 

 
Figure 106. Electron I-V sweep and the Fowler-Nordheim plot from the re-generable emitter 

quenched after 2 minutes at 15 A, yielding a tip radius estimate of 29.6 ± 5.9 nm. 
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Figure 107. Electron I-V sweep and the Fowler-Nordheim plot from the re-generable emitter 

quenched after 2 minutes at 16 A, yielding a tip radius estimate of 9.1 ± 1.8 nm. 
 

 
Figure 108. Electron I-V sweep and the Fowler-Nordheim plot from the first of two re-

generable emitters quenched after 2 minutes at 20 A, yielding a tip radius estimate of 27.3 ± 
5.5 nm. 
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Figure 109. Electron I-V sweep and the Fowler-Nordheim plot from the second of two re-

generable emitters quenched after 2 minutes at 20 A, yielding a tip radius estimate of 20.4 ± 
4.1 nm. 
  

Compiling the estimated tip radii data from the 10 experiments yielded the following 
plot, Figure 110.  As shown, there is a lot of scatter in the data and as the quench current 
increases there isn’t a lot of variation in the emitter tip radii.  Within the error bars it is difficult 
to note any trends. 

 
Figure 110. Data from experiments performed inside the FE-SEM showing estimated emitter 
tip radius using Fowler-Nordheim modeling at various ion currents before quenching. 
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Looking at the FE-SEM micrographs shown previously, and one that is repeated in Figure 
111, it is possible to visually make an approximation on the upper limit of the emitter tip radii.  
Looking at the nano-structures that are near the scale-bar it is apparent that many of the nano-
structure’s bases are on the order of 100’s of nanometers.  Therefore, the sharpest parts of the 
nano-structures must be smaller than the bases, which would be on the order of 1’s to 10’s of 
nanometers and correspond with the Fowler-Nordheim modeling of emitter tip radii. 

 
Figure 111.  Micrograph showing the nano-structure size on the surface of an emitter tip that 

was quenched at 20 A. 
 
When the data acquired in the FE-SEM were combined with the data taken in the UHV 

chamber, reported in Chapter 4, the following plot was generated, Figure 112.  All of the data 
points that were obtained by Fowler-Nordheim modeling of electron I-V curves taken from 
quenched field emitters were in the same range.  As shown, there is a lot of scatter in the data 
but all of the emitter tip radii estimations were between 5 and 50 nm.   
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Figure 112. Data from experiments performed inside the FE-SEM and experiments performed 
in the UHV chamber that were reported in Chapter 4 showing estimated emitter tip radii, 

using Fowler-Nordheim modeling, at ion currents before quenching of 2 to 25 A. 
 

6.3 Summary 

The surface topography of a quenched liquid metal ion source plays an important role in 
the surface’s potential to be used for electron field emission.  Investigation of the surface 
structure of a quenched ion source using a Field Emission Scanning Electron Microscope 
resulted in the observation of multiple nano-structures that were solidified on the emitter tip 
rather than a single jet-like protrusion.  The structures were formed from quenching a liquid 

metal ion source at ion emission currents ranging from 2 to 30 A.  It was shown that a well-
defined Taylor cone substructure forms after 20 to 30 seconds of ion emission and that the 
number of nano-structures that are formed on the surface of the Taylor cone tends to reach a 
maximum after 30 to 40 seconds of ion emission.  The exceptions were two of the quenches, for 

unknown reasons a 5 and 15 A quench didn’t produce a Taylor cone substructure or multiple 
nano-structures, however, they still had some sharp nano-structure.  Another interesting 
observation was that the Taylor cones didn’t completely melt by adding heat in the absence of 
an electric field.  The Fowler-Nordheim model approximations in this Chapter had comparable 
tip radii estimations to those reported previously in Chapter 4.  Visually inspecting the nano-
structures concluded that the nano-structure tip radii are on the order of 1’s to 10’s of nm at all 
quenching conditions since the bases of the nano-structures were 100’s of nm, while the 
Fowler-Nordheim model estimations ranged from about 5 to 50 nm radii.   
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Chapter 7 

Conclusions 

7 Contributions of this Work 

The purpose of the research that is described in this dissertation was to evaluate a re-
generable electron source to determine the feasibility of using the re-generable source as a 
neutralizer for electric propulsion devices.  Since the emitter tip sharpness is the most important 
factor influencing local electric field enhancement, for re-generable emitters to ever be 
implemented in space propulsion devices it was important to demonstrate that re-generable 
emitter tips could be formed as small as the other emitters.  Emitter tip robustness was also 
examined to ensure that re-generated emitters could operate in elevated vacuum conditions 
and for long durations of time.  A variety of experiments were performed in an ultra high 
vacuum chamber and in a Field Emission Scanning Electron Microscope to evaluate the re-
generable emitter performance.  The results from each set of experiments allow several 
conclusions to be drawn to support development of re-generable electron sources for electric 
space propulsion.  Also, at the end of this Chapter some potential applications for re-generable 
electron sources are discussed as well as some recommendations for future work. 

 

7.1 Re-generation of Emitter Tips 

The capability for any space-bound piece of hardware to repair itself when its 
performance degrades or when the device functionality ceases to work altogether is very 
advantageous.  Chapter 4 of this dissertation discussed how micro-scale sharpened tungsten 
electrodes that were coated with a thin film of indium (also known as liquid metal ion sources) 
could be used as re-generable field emission electrodes.  Where current state-of-the-art field 
emission electron sources lack the ability to be re-generated, the device described in this 
dissertation can be repaired in situ an almost infinite number of times. 

Through extensive performance testing it was shown that quenching an operating liquid 
metal ion source at different ion emission currents created nano-structures that could then be 
used to obtain electron field emission.  Not only could sharp nano-structure be formed, but a 
small amount of control over the structure geometry was also demonstrated.  By quenching the 
liquid metal ion source at higher ion emission currents, sharper nano-structures were formed.  

The data suggested that quenching at an ion emission current of 10-15 A was great enough to 
generate the smallest emitter tips without having to increase the emission current to a 
magnitude great enough for droplets of indium to be expelled. 

Using Fowler-Nordheim modeling of the electron I-V data that were gathered from each 
of the nano-structures, it was shown that emitter tips of radii from about 45 ± 9 nm to 15 ± 3 nm 
could be formed, which are on the same order as the size of current state-of-the-art Spindt-type 
and carbon nanotube field emitters.   
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7.2 Re-generable Emitter Comparison with Tungsten Emitters 

In order to determine how robust re-generable emitters were, lifetime experiments 
were performed using three types of field emitters; smooth bare tungsten, roughened bare 
tungsten, and the re-generable emitters.  Single-needle tungsten field emitters were used for 
comparison rather than Spindt-type emitters to avoid complicated micro-fabrication that is 
required to build Spindt devices.  Since Spindt-type emitters are made up of thin films of 
refractory metals, such as molybdenum or tungsten, the pure tungsten emitters should have 
had similar performance.   

The main purpose of the comparison experiments was to determine if re-generable field 
emitters had similar emission characteristics to bare tungsten emitters and to determine what, 
if any, advantages re-generable emitters had over bare tungsten emitters that were 
approximately the same physical size and geometry.  The experiments with the 
electrochemically DC etched smooth bare tungsten emitters demonstrated the least reliable 
operation and were the most prone to permanent damage after the fewest exposures to 
elevated vacuum pressure environments.  The smooth bare tungsten emitters ceased to 
function after 1-3 cycles from 10-8 to 10-7 Torr.  In addition, emission would cease after only a 
few minutes at increased pressure. 

The experiments that were performed with the electrochemically DC and AC etched 
roughened bare tungsten emitters exhibited better performance than the smooth bare tungsten 
emitters.  When exposed to increased vacuum pressure, the roughened emitters could sustain 
emission for up to 22 hours at pressure up to 10-5 Torr.  Also, the roughened emitters survived 
4-7 exposures to increased pressure before the emitters were permanently damaged.  As 
mentioned, the smooth bare tungsten emitters lasted a maximum of 3 exposures.  The 
increased lifetime was most likely due to the multiple nano-scale sharp ridges that were created 
during the AC electrochemical etch.  Where the DC etched emitters were smooth and had a 
single sharp nano-structure, the AC etched emitters had multiple longitudinal nano-structures 
that were capable of field emission, which allowed the roughened bare tungsten emitters to last 
longer than smooth bare tungsten.  However, emission current from the roughened bare 
tungsten emitters decreased over the duration of most experiments in UHV conditions, much 
like the Spindt-type arrays and carbon nanotube emitters in literature, indicating emitter tip 
degradation over time. 

The re-generable emitters demonstrated the longest lasting performance at elevated 
pressure of the three emitters.  The re-generable emitters survived up to 45 hours at vacuum 
pressures up between 10-3 to 10-5 Torr.  While the re-generable emitters could only be exposed 
to elevated pressure two times before emission could no longer be achieved at up to 4 kV of 
extraction voltage, they could then be re-generated and subsequently operated for 100’s of 
hours or longer.  Therefore the re-generable emitters could potentially be cycled to increased 
pressure an almost unlimited number of times.  Not only did the re-generable emitters prove to 
be the most reliable when exposed to unfavorable vacuum conditions, the emission current 
remained more stable (with less decrease) than the tungsten emitters throughout the duration 
of the lifetime experiments.  Also, the experiments reported using Fowler-Nordheim modeling 
of re-generable emitters have estimated that the re-generable emitters can be used to create 
the same size nano-structures as state-of-the-art field emitters, 1’s to 100’s of nm. 

To help determine the reason for re-generable emitters lasting longer than tungsten 
emitters the sputter yield of indium and tungsten were calculated using TRIM-2008 software, 
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which is a free and downloadable program that uses the Monte Carlo simulation method.  TRIM 
is a useful tool that is one of the most trusted and widely used sputtering applications to 
estimate the sputter yield of elements under a wide range of environmental and sputtering 
conditions and has been used for over 25 years.1-3  For the experiments reported in this 
dissertation it was assumed that incident ions arriving at the field emitting tips were from 
nitrogen and were at an ion energy of 2 keV.  The sputtering yield of indium resulted in 1.90 
atoms/ion.  Using the same simulation parameters for tungsten resulted in a sputter yield of 
0.80 atoms/ion so the sputter yield of indium is over two times greater than that of tungsten. 

In spite of the sputtering yield being greater for indium, the experimental lifetime and 
elevated pressure results showed that re-generable indium emitters lasted longer and had more 
stable emission than tungsten emitters.  A possible reason for re-generable indium emitters 
lasting longer than tungsten emitters could be due to the multiple field emission sites that were 
on the apex of re-generable emitters.  Therefore, even with the sputter yield of indium at over 
twice the sputter yield of tungsten there were more sites capable of field emission on the re-
generable emitters.  With more field emission sites as the sites were sputtered and damaged 
there were additional sites capable of sustaining emission.  Another reason that re-generable 
emitters lasted longer and had more stable emission than tungsten field emitters could be due 
to statistical variation of the data that were collected.  The comparison experiments were only 
performed a couple of times.  Had the experimental sample been increased additional trends 
could have been observed.  The most important thing to remember from this Chapter is that re-
generable field emitters can be continually be repaired, where traditional field emitters cannot 
be fixed when they fail. 

 

7.3 Surface Morphology Experiments in the FE-SEM 

The main purpose of the FE-SEM experiments was to observe what happened to the 
surface morphology after quenching a liquid metal ion source and to compare the results with 
Fowler-Nordheim modeling.  From literature, it was expected that a single jet-like protrusion 
would form at the tip of a Taylor cone.  It was also expected that the geometry of the single 
protrusion would change depending on the ion emission current that was being emitted upon 
quenching.  The latter did occur, but instead of a single jet-like protrusion forming many nano-
structures of similar geometry were formed all over the apex of the emission electrode.  As the 
quenching process was repeated, the protrusions that were formed became more and more 
defined and between subsequent quenches the overall structure of the Taylor cones maintained 
their shape, even when tested solely with heat in the absence of an electric field. 

Formation of multiple protrusions from a quenched liquid metal ion source was a 
phenomenon that had never been observed but is very advantageous for re-generable 
cathodes.  Multiple nano-structures could be responsible for the more stable emission that was 
observed from a re-generable source when compared to the emission that was observed from 
bare tungsten emitters, which degraded while operating.  Since all of the nano-structures had 
very similar electric field enhancement, emission could have occurred from multiple nano-
structures simultaneously.  The multiple nano-structures that were formed on the re-generable 
field emitters could even act as a field emitting array, like Spindt-type arrays and carbon 
nanotube mesh.  However, where the emission current from Spindt-type arrays and carbon 
nanotube mesh decreases over 10’s to 1000’s of hours, a single-needle re-generable emitter 
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didn’t exhibit a decrease in emission current when held at a constant extraction voltage during a 
1750 hour experiment.   

An interesting feature was also present in many of the micrographs that were taken 
after quenching an operating liquid metal ion source multiple times.  A hollow depression that 
looked like a “micro-volcano” formed at the emitter tip apex after subsequent 10 second 
quenches and appeared to form after the fourth 10 second quench in most cases.  It is not 
clearly understood at this time but it is possible that a thin oxide layer is present on the surface 
of the emitter, causing the emitter tip to retain its shape during repeated quenching while the 
emission is sustained from depleting indium at the apex. 

 

7.4 Potential Applications 

An exciting possibility for implementing a re-generable electron source is with Field 
Emission Electric Propulsion (FEEP) systems.  FEEP thrusters are created from an array of liquid 
metal ion sources.  Potentially, an operating FEEP array could be quenched to generate an array 
of sharp nano-structures.  Employing two FEEP arrays could then allow for one ion-emitting 
array to be used for thrust and another adjacent electron-emitting array as an electron source 
for spacecraft neutralization, as shown in Figure 113. 

 
 

                          
Figure 113. Thrust-producing FEEP-type array on the left and a quenched array on the right 
that could be used for electron field emission for spacecraft neutralization. 

 
Whenever the electron field emission performance decreased, the ion emitting FEEP 

array could be quenched to generate new nano-structures.  The array that was being used as an 
electron source could then be used to obtain ion emission by simply heating the array and 
reversing the polarity of the extraction electrode.  Each array could switch roles as often as 
necessary to achieve optimum performance. 

Arrays of re-generable emitters aren’t limited to use with FEEP systems.  An array of re-
generable emitters could also be employed with other types of thrusters.  Table 7 contains 
information on various low- and high-power electric propulsion thrusters.  The Table includes 
the power level of each thruster and the amount of electron current that is required for each 
device.  The theoretical cathode array information that is presented was taken under the 

assumption that 10 A of emission current was available from each emitter tip. 
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Thruster Details Cathode Array Details 

Thruster label 
for Figure 114 
& Figure 115 

Various Thruster Required Estimated Estimated 

Thruster Power Current Emitter Power 

Types (W) (A) Quantity (W) 

1 FEEP/Colloid4, 5 10 0.01 1000 0.1 

2 50 W Hall Thruster6 50 0.5 50000 5 

3 BTHT-2007 200 0.7 70000 7 

4 SPT-1008 1350 4.5 450000 45 

5 BPT-40009 4500 15 1500000 150 

6 10 kW Hall Thruster10 10700 23 2300000 230 

7 Low-Power Ion11 300 0.2 20000 2 

8 NSTAR12 2300 1.8 180000 18 

9 NEXT13 6900 3.52 352000 35.2 

10 NEXIS14 25000 4 400000 40 

Table 7. Table showing information on existing low and high power thrusters, along with the 
electron current that is required from a cathode.  Theoretical array details are also shown, 

assuming 10 A of electron emission current is available per emitter. 
  

In order to achieve the required emission current, arrays of 1000’s to 1,000,000’s of 
emitters are required.  If the array size was built on the same order as the thruster size, tip-to-

tip spacing of 100 m or less would be required, which is a packing density of 104 emitters/cm2.  
Micro-fabrication techniques for Spindt-type devices have demonstrated 107 emitters/cm2,15 so 
building the arrays could be possible.  However, there are additional considerations that must 
be investigated – the amount of power that a large emitter array requires, how replacing 
traditional cathodes with field emission cathodes affects the thruster’s specific impulse, and 
what conditions cause the emission current from the tips to be space-charge limited. 

Recalling from Section 2.1, state-of-the-art field emitter arrays require on the order of 
10’s of volts to establish electron emission current.  Assuming that each emitter tip can safely 

supply 10 A of emission current, approximately 0.1 mW of power is required for a single 
emitter to operate.  Looking at Table 7 for the SPT-100 thruster, using a neutralizer with 450,000 
emitters would be necessary to supply the required electron current for the SPT-100, which 
corresponds to 45 Watts of power for the neutralizer.  That amount of power is on the same 
order of magnitude as thermionic cathodes.  Using a field emission array for the BPT-4000 
would require 1,500,000 emitters, or about 150 Watts of power, which is more power than 
some thermionic cathodes use.  With that in mind, using arrays of re-generable emitters would 
require the same order of magnitude, or more, power than thermionic cathodes at the point 
where the arrays had to be produced larger than a few hundred thousand emitters. 

To determine which types of thrusters would benefit from using a field emission array 
the fraction of cathode power to thruster power was calculated and plotted for each thruster, as 
shown in Figure 114.  As stated previously, the field emission array power was estimated 

assuming each emitter tip could provide 10 A of emission current at an extraction voltage of 10 
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V.  Also included in Figure 114 is a dashed line representing a ‘typical’ cathode (such as a 
thermionic cathode) operating at a constant 50 W as a reference. 

 

 
Figure 114. Plot showing the fraction of cathode power to thruster power vs. total thruster 
power.  Each data point represents the estimated power that would be required if a field 
emission array were used to provide the thruster’s electron current and the number next to 
each point corresponds to a thruster from Table 7.  The dashed line represents a cathode 
operating at 50 W of power to establish a baseline for comparison, which is an approximate 
power level required for a thermionic cathode. 

 
Using a 50 W cathode as a reference allows for a couple of conclusions to be drawn 

concerning the power consumption of cathodes for a variety of electric propulsion devices.  For 
FEEP and Colloid thrusters the fraction of cathode power to thruster power using a field 
emission array is much lower than if a 50 W thermionic cathode were used.  Therefore, 
implementing a field emission array for FEEP and Colloid thrusters would be advantageous.   

For Hall-effect thrusters there is a clear division between where field emission arrays 
benefit and where using traditional thermionic cathodes are beneficial.  At a Hall-effect thruster 
power under about 1 kW field emission arrays would use less power.  In fact, some of the 
electron sources that were used for the low-power Hall-effect thrusters that are listed in Table 7 
were thermionic and operated at higher power than the thruster discharge so implementing a 
field emission array would be very advantageous.  However, at thruster power just over 1 kW it 
would be more beneficial to use a thermionic cathode. 

The electron sources used for ion thruster neutralization appear to fall into more of a 
gray area since ion thrusters are typically operated at high voltage and relatively low beam 
currents.  At low power (< 1 kW) it is apparent that using a field emission array requires less 
power than a thermionic cathode.  At ion thruster power levels over 1 kW, field emission arrays 
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and a 50 W electron source are nearly equivalent in terms of power consumption so either 
device could be used. 

In addition to investigating power consumption when using a thermionic or a field 
emission cathode, the mass flow requirement of each electron source has a large impact on a 
thruster’s specific impulse, or Isp, which is  

 

         
  

    
 

  

           
,         Equation 7.1 

 
where FT is thrust,     is anode mass flow,     is cathode mass flow, and go is the acceleration 
due to gravity.  When the Isp that is reported in literature for the thrusters listed in Table 7 are 
adjusted to exclude the mass flow contribution from a cathode there is an increase in Isp, as 
shown in Figure 115.   
 

 
Figure 115. Plot showing actual specific impulse of Hall-effect and ion thrusters from Table 7 
with a number next to each point corresponding to a thruster in Table 7.  Also included is the 
approximate specific impulse at each power level if a field emission electron source were used 
to replace the existing cathode.  Since field emission electron sources do not require 
propellant there is an increase in specific impulse for each thruster. 

 
Since field emission arrays do not require propellant flow, implementing the arrays in 

place of thermionic cathodes for any electric propulsion system increases the specific impulse.  
For Hall-effect thrusters the increase is relatively small but for higher power ion thrusters there 
appears to be a large increase in Isp when using electron sources that do not require propellant. 

The final consideration in implementing field emission arrays with electric propulsion 
systems is space-charge current limit.  Fortunately, Marrese focused much of her doctoral work 
on the topic.  Marrese researched various Spindt-type field emitter arrays, including silicon and 
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molybdenum, and modeled space-charge current limits when operating the arrays near various 
thrusters.  A critical factor that was investigated in order to operate field emission arrays near 
electric propulsion thrusters was the maximum extraction voltage that could be used to provide 
a reasonable length of time for field emitters to survive.  Marrese found the maximum 
extraction voltage for silicon and molybdenum field emission arrays was 30 and 19 volts, 
respectively, when operated in Hall-effect and ion thruster environments.16 

Through modeling Marrese also found that if field emission electron sources were 
carefully dimensioned and positioned the arrays could supply enough current without being 
limited by space-charge effects.  Marrese used a 1-D planar sheath model to estimate the space-
charge limitations of field emission cathodes operating in different thruster environments.  The 
planar model was used since the sheath of a field emission cathode is geometry and 
environment dependent and because the physical size of the field emitters were larger than 
several Debye lengths.16  If the field emitters were smaller than the sheath thickness, the 
spherical sheath model should yield a closer space-charge current limit approximation. 

Using the planar sheath model Marrese made conservative estimates of space-charge 
limitations and found that field emission arrays could provide a maximum current density for  
Hall-effect and ion thrusters of  1.7 A/cm2 and 8 A/cm2, respectively, when the arrays were 
placed within the discharge chamber of an ion thruster and at the center of a 1.4 kW Hall-effect 
thruster.16  When a 1.44 cm2 array was modeled outside of ion and Hall-effect thrusters the 
array was able to produce approximately 68 mA/cm2 so multiple arrays or larger arrays would 
be necessary to provide enough current for thruster operation.16  For micro-propulsion 
applications, electron emission current requirements are lower and space-charge limitations are 
not predicted to be a problem. 

To summarize, implementing field emission arrays into thruster environments definitely 
limits the emission current of the arrays but doesn’t appear to be a show-stopper.  By carefully 
controlling the cathode dimensions and physical placement of field emission arrays the arrays 
have the potential to supply enough current to be used for micro-propulsion, Hall-effect 
thrusters, and ion thrusters.   

 

7.5 Future Work 

The experimental data and the conclusions that were reported within this document 
show potential for re-generable electron sources to be applied to electric propulsion systems. 
The following additional work would be beneficial to further characterize the re-generable 
electron source: 

 Operating a re-generable electron source near a plasma source.  If re-generable 
electron sources are ever to be used on a spacecraft, they would have to be 
characterized in an environment similar to the environment that will be present near 
a spacecraft in orbit.  Other field emission cathodes have already been characterized 
near a Hall-effect thruster with promising results.16  

 Scaling up the number of emission electrodes and increasing the electron emission 
current from each emitter.  While a lot was learned on the micro- and nano-scale 
about what is occurring at the apex of an operating liquid metal ion source and during 
the quenching process, it would take a large array of emission electrodes to supply 
enough emission current to be used in conjunction with a space propulsion device.  
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Appendices 

Appendix A – Statistical t-test Results for Chapter 4 

 To compare the tip radius estimations that were made in Chapter 4 using Gomer’s 
technique of Fowler-Nordheim modeling,1 a two-sample t-test was performed (assuming equal 
variances) with the radii approximations.  The groups of data were compared against each other 
to see if there were any statistically meaningful trends between the estimated emitter tip radii 
and the ion current at quench.  The data were grouped as shown in Table 8. 
 

Ion Quench Current (A) Estimated Emitter Tip Radii (nm) 

< 5 30.0 45.8 16.9 36.9 27.4 

5-9 18.3 27.1 12.5 21.7 14.0 

10-14 26.9 23.8 16.0 
 15-19 4.6 16.8 14.2 13.9 17.5 

> 20 19.6 18.7 18.2 17.1 
 

Table 8. Grouped emitter tip radii estimations from Chapter 4 that were used to gather a 
statistically meaningful comparison between ion quench current and emitter tip radius. 
  

Each group was compared against each other group, as shown in the following tables.  
The null hypothesis was that one group has the same emitter tip radii as the group that it is 
being tested against.  Assuming a 95% confidence interval, to accept the null hypothesis the 
two-tail p-value must be greater than 0.05.  To accept the alternative hypothesis, that one group 
has different tip radii than the group it is being tested against, the two-tail p-value must be less 
than 0.05.  The results from the t-tests were reported in Chapter 4. 
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Groups <5 and 5-9     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 31.46 18.72 

Variance 116.26 35.06 

Observations 5.00 5.00 

Pooled Variance 75.66   

Hypothesized Mean Difference 0.00   

df 8.00   

t Stat 2.32   

P(T<=t) one-tail 0.02   

t Critical one-tail 1.86   

P(T<=t) two-tail 0.05   

t Critical two-tail 2.31   

Table 9. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched at less than 5 A with the group quenched from 5 to 9 A.  
 

 

 

 

 

 

 

 

 

 

Groups <5 and 10-14     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 31.46 22.23 

Variance 116.26 31.54 

Observations 5.00 3.00 

Pooled Variance 88.02   

Hypothesized Mean Difference 0.00   

df 6.00   

t Stat 1.35   

P(T<=t) one-tail 0.11   

t Critical one-tail 1.94   

P(T<=t) two-tail 0.23   

t Critical two-tail 2.45   

Table 10. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched at less than 5 A with the group quenched from 10 to 14 A. 
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Groups <5 and 15-19     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 31.46 13.41 

Variance 116.26 26.54 

Observations 5.00 5.00 

Pooled Variance 71.40   

Hypothesized Mean Difference 0.00   

df 8.00   

t Stat 3.38   

P(T<=t) one-tail 0.00   

t Critical one-tail 1.86   

P(T<=t) two-tail 0.01   

t Critical two-tail 2.31   

Table 11. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched at less than 5 A with the group quenched from 15 to 19 A. 
 

Groups <5 and >20     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 31.46 18.40 

Variance 116.26 1.09 

Observations 5.00 4.00 

Pooled Variance 66.90   

Hypothesized Mean Difference 0.00   

df 7.00   

t Stat 2.38   

P(T<=t) one-tail 0.02   

t Critical one-tail 1.89   

P(T<=t) two-tail 0.05   

t Critical two-tail 2.36   

Table 12. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched at less than 5 A with the group quenched from 15 to 19 A. 
 

 

 



136 
 
 
 
 

Groups 5-9 and 10-14     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 18.72 22.23 

Variance 35.06 31.54 

Observations 5.00 3.00 

Pooled Variance 33.89   

Hypothesized Mean Difference 0.00   

df 6.00   

t Stat -0.83   

P(T<=t) one-tail 0.22   

t Critical one-tail 1.94   

P(T<=t) two-tail 0.44   

t Critical two-tail 2.45   

Table 13. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 5 to 9 A with the group quenched from 10 to 14 A. 
 

Groups 5-9 and 15-19     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 18.72 13.41 

Variance 35.06 26.54 

Observations 5.00 5.00 

Pooled Variance 30.80   

Hypothesized Mean Difference 0.00   

df 8.00   

t Stat 1.51   

P(T<=t) one-tail 0.08   

t Critical one-tail 1.86   

P(T<=t) two-tail 0.17   

t Critical two-tail 2.31   

Table 14. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 5 to 9 A with the group quenched from 15 to 19 A. 
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Groups 5-9 and >20     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 18.72 18.40 

Variance 35.06 1.09 

Observations 5.00 4.00 

Pooled Variance 20.50   

Hypothesized Mean Difference 0.00   

df 7.00   

t Stat 0.11   

P(T<=t) one-tail 0.46   

t Critical one-tail 1.89   

P(T<=t) two-tail 0.92   

t Critical two-tail 2.36   

Table 15. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 5 to 9 A with the group quenched >20 A. 
 

Groups 10-14 and 15-19     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 22.23 13.41 

Variance 31.54 26.54 

Observations 3.00 5.00 

Pooled Variance 28.21   

Hypothesized Mean Difference 0.00   

df 6.00   

t Stat 2.28   

P(T<=t) one-tail 0.03   

t Critical one-tail 1.94   

P(T<=t) two-tail 0.06   

t Critical two-tail 2.45   

Table 16. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 10 to 14 A with the group quenched from 15 to 19 A. 
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Groups 10-14 and >20     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 22.23 18.40 

Variance 31.54 1.09 

Observations 3.00 4.00 

Pooled Variance 13.27   

Hypothesized Mean Difference 0.00   

df 5.00   

t Stat 1.38   

P(T<=t) one-tail 0.11   

t Critical one-tail 2.02   

P(T<=t) two-tail 0.23   

t Critical two-tail 2.57   

Table 17. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 10 to 14 A with the group quenched at >20 A. 
 

Groups 15-19 and >20     

t-Test: Two-Sample Assuming Equal Variances     

  Variable 1 Variable 2 

Mean 13.41 18.40 

Variance 26.54 1.09 

Observations 5.00 4.00 

Pooled Variance 15.63   

Hypothesized Mean Difference 0.00   

df 7.00   

t Stat -1.88   

P(T<=t) one-tail 0.05   

t Critical one-tail 1.89   

P(T<=t) two-tail 0.10   

t Critical two-tail 2.36   

Table 18. Two-sampled t-test using Microsoft Excel’s Data Analysis Toolkit to compare the 

group of emitters quenched from 15 to 19 A with the group quenched at >20 A. 
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Appendix B – Electron Optics and in situ Imaging 

The first attempt at in situ observation of a liquid metal ion source in the FE-SEM went 
surprisingly well for observing unique results but not very well for observing Taylor cone 
formation.  Operating the dual ion/electron source in ion emission mode proved to work 
perfectly with all of the electron optics turned off.  That was expected since it is simply a 
vacuum chamber when the optics are disengaged.  However, when the microscope’s electron 
beam was turned on for imaging (using the secondary electron detector) some interesting 
micrographs were acquired.  Understanding how the secondary electron detector works will 
help to understand the micrographs so the discussion will begin with electron optics.  A diagram 
showing the incident electron beam from a scanning electron microscope interacting with a 
sample specimen is shown in Figure 116.  Most of the incident electron beam has some sort of 
interaction with the atoms inside the sample causing the electrons to scatter in a variety of 
ways. 

 

 
Figure 116.  Schematic showing the incident electron beam interaction with a sample 
specimen within an electron microscope.  Also, the relative locations of the backscattered 
electron detector and the secondary electron detector are shown. 

 
The secondary electron detector is the detector that is used for most imaging 

applications.  The detector functions by collecting the low energy secondary electrons that are 
ejected from a specimen due to interactions with the energetic beam electrons.  The collected 
electrons are used to create a detailed image of their source sample by using an Everhart-
Thornley detector.  The detector was named after the two designers who created it in 1960 and 
the detector is used to create an image of a sample specimen by combining a scintillator and 
photomultiplier.2  A scintillator is a substance that exhibits luminescence when it is struck by an 
incident high energy particle.  For electron microscopy, the detector is electrically biased at a 
positive potential to attract and accelerate the sample specimen’s ejected secondary electrons 
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towards the scintillator.  The scintillator then produces flashes of visible light with intensity that 
corresponds to the incident electron energy.  The light intensity is then amplified by the 
photomultiplier and can be output as a two dimensional intensity distribution.  The two 
dimensional display is then converted from an analog signal to a digital signal that is rastered 
using the microscopy software. 

For the in situ experiment, as the potential between the liquid metal ion source and the 
extraction electrode was increased, the equipotential lines between the two electrodes could be 
rendered using the FE-SEM and became visible to the naked eye.  Due to the interaction of the 
microscope’s electron beam with the applied electric field, the electron detector rendered 
images showing the electrons that were deflected along the equipotential lines.  Micrographs 
were captured when the potential difference between the emitter and the extraction electrode 
was 3.0, 3.5, 4.0, and 4.5 kV, as shown in Figure 117. 

 

 
Figure 117.  Micrographs showing the electric field contour caused by electron beam 
deflection from the applied electric field at extraction electrode voltages of a) -3.0, b) -3.5, c) -
4.0, and d) -4.5 kV with a gap spacing of 0.55 mm. 

 
Maxwell SV electrostatic –field simulation software was used to model the emitter tip 

and extraction electrode geometry as closely as possible to the images acquired for Figure 117.  
Simulated boundary conditions were used with a grounded emitter tip and a negative potential 
applied to the extraction electrode of -4.5 kV, as in Figure 117 d).  An interesting, but not 
surprising, result was that the simulated equipotential lines were nearly identical to the in situ 
observations that were made, as shown in Figure 118. 

a) b) 

c) d) 
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Figure 118.  Equipotential line comparison between a) a Maxwell SV electrostatic model and 
b) in situ observation.  In both images the emitter tip is at ground potential and the extraction 
electrode is biased at negative 4.5 kV. 

 
Since the actual emitter tip isn’t a perfectly smooth needle with a single sharp apex like 

the model in Figure 118 a), the jagged lines on the left side of the emitter tip in Figure 118 b) 
could be due to small protrusions and imperfections on the surface of the indium coating which 
is causing a small deviation in the electric field symmetry.  However, the vast majority of the 
electric field contour corresponds closely in the remainder of the figure. 

As interesting as it was to watch the electric field contour change as the potential 
between the source and extraction electrodes was increased, it proved to be impossible to 
observe the emitter tip in situ while the apex was emitting ion current using the secondary 
electron detector.  At the instant that emission current was onset, the secondary electron 
detector became completely saturated, which caused the observed image to be washed out.  
After adjusting the electron optics for quite some time, a method of viewing the emitter tip at 
extremely low magnification was discovered.  By using the backscatter electron detector rather 
than the secondary electron detector, viewing the apex of the emission electrode (while the 
electrode sustained a discharge current of ions) was possible.  A backscatter electron detector is 
positioned above a sample specimen within the microscope and collects high energy beam 
electrons that are reflected away (or backscattered) from the sample.  Backscatter detectors are 
able to collect higher energy electrons due to the precise positioning of the detector.   The 
placement of a secondary electron detector is typically to one side of a specimen which isn’t the 
optimal location to collect reflected electrons.  Also, the relatively low potential that the 
secondary electron detector is biased at isn’t great enough to attract the high energy electrons 
that the backscatter detector can collect.  Therefore backscatter detector placement is very 
important and must be at the most favorable angle with respect to the specimen.  Since the 

backscatter electron detector is capable of collecting higher energy electrons than the 
secondary electron detector, it was possible to resolve a low-magnification image of the 
operating liquid metal ion source as displayed in Figure 119b). 

a) b) 
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Figure 119.  Image taken a) using the FE-SEM’s secondary electron detector before operating 
as a liquid metal ion source and b) using the backscattered electron detector during Taylor 
cone formation. 

 
Even though in situ observation of an operating liquid metal ion source proved to be 

possible, the resolution necessary to distinguish nanometer-scale features was unobtainable.  As 
the magnification was increased on the microscope, the optics that control and focus the 
electron microscope’s incident electron beam must be constantly adjusted to maintain a decent 
resolution image due to deflection of the incident electron beam from the electric field that is 
created when operating a liquid metal ion source.  That is probably why a Transmission Electron 
Microscope (TEM) is what has been used to image an operating LMIS in the past.3-6  Most TEMs 
are capable of accelerating voltages of over 1 MV, where the FE-SEM used for this investigation 
is only capable of 50 kV.  

a) b) 
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Appendix C – Anomalous FE-SEM Experiment 

One indium-coated emitter, out of the 10’s of emitters that were tested, had surprising 
results.  Rather than forming a single Taylor cone with sharp nano-structures by quenching an 
operating ion source, something during the ion emission process caused the formation of 
multiple crystal-like structures all over the surface of the emitter tip, as shown in Figure 120.  
Multiple protrusions were formed upon quenching and as sequential quenches were performed, 
the protrusions that were created become more and more pronounced.   

 

 
Figure 120.  Micrographs obtained a) after destroying the emitter tip using electron emission 

and then b) after operating the emitter as an LMIS for one minute and quenching at 20 A and 

then c) operating as an LMIS for one additional minute and quenching at 20 A, and finally d) 

operating as an LMIS for one more minute followed by an ion quench at 20 A.  The inset 
square shows the location where the magnified images in Figure 121 were acquired. 

 
A higher-magnification examination of the surface topography indicated that the sharp 

protrusions had the appearance of crystal facets as shown in Figure 121.  Furthermore, it was 
evident that the surface layer did not melt between tests, despite the application of a 
considerable amount of heat producing an approximate surface temperature of 1250°C, which is 
some 1090 degrees above the melting temperature of indium. 
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Figure 121.  Magnified micrographs of the sharp nano-structures shown in Figure 120 b), c), 
and d) highlighting the crystal-like structures that have been formed at the emitter tip apex 

after a series of 20A quenches. 
 
The quenching experiment was then performed again to determine if crystals could be 

re-formed.  To reset the smooth surface, the emission electrode was operated as an electron 

source by current-limiting the extraction supply at 100 A and then increasing the voltage to 
approximately 7 to 10 kV for one minute.  After smoothing the tip and acquiring a micrograph, 
the extraction electrode polarity was reversed to obtain ion emission, the heater power was 
increased to about 4 W, and the extraction voltage was increased to obtain ion emission.  Just as 
with the first quenching experiment in this section, the extraction voltage was adjusted to 
obtain the desired emission current and then it was left constant for one minute.  After one 
minute of stable ion emission the heater power was turned off which quenched the emitter.   

The emitter tip was imaged with the FE-SEM and then the heater was increased back to 
4 W, the extraction voltage was increased to obtain the desired emission current, the current 
was maintained for one minute, and then the heater was turned off to quench the nano-
structure.  The same process was repeated a third time at the same emission current and the 
acquired images can be seen in Figure 122.  Also, a strange feature resembling coral formed on 
the underside of the emitter after 120 s of operation. 

b) 

c) 

c) d) 
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Figure 122.  Micrographs obtained a) after destroying the emitter tip using electron emission 

and then b) after operating the emitter as an LMIS for one minute and quenching at 10 A and 

then c) operating as an LMIS for one additional minute and quenching at 10 A, and finally d) 

operating as an LMIS for one more minute followed by an ion quench at 10 A.  The inset 
square shows the location where the magnified images in Figure 123 were acquired. 
 

 
Figure 123. Magnified micrographs of the nano-structures shown in Figure 122 b), c), and d) 
highlighting the crystal-like structures that have been formed at the emitter tip apex after a 

series of 10A quenches. 
 
The entire quenching process, starting with the electron emission ‘reset’ to smooth the 

tip and then performing three consecutive heating/quenching cycles at the same ion emission 

current, was then performed at ion emission currents of 30 and 40 A.  The micrographs that 
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were obtained are shown in Figure 124 and Figure 125 for the 30 A quenches and Figure 126 

and Figure 127 for the 40 A quenches. 
 

 
Figure 124.  Micrographs obtained a) after destroying the emitter tip using electron emission 

and then b) after operating the emitter as an LMIS for one minute and quenching at 30 A and 

then c) operating as an LMIS for one additional minute and quenching at 30 A, and finally d) 

operating as an LMIS for one more minute followed by an ion quench at 30 A. The inset 
square shows the location where the magnified images in Figure 125 were acquired. 
 

 
Figure 125. Magnified micrographs of the sharp nano-structures shown in Figure 124 b), c), 
and d) highlighting the structures that have been formed at the emitter tip apex after a series 

of 30A quenches. 
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Figure 126.  Micrographs obtained a) after destroying the emitter tip using electron emission 

and then b) after operating the emitter as an LMIS for one minute and quenching at 40 A and 

then c) operating as an LMIS for one additional minute and quenching at 40 A, and finally d) 

operating as an LMIS for one more minute followed by an ion quench at 40A.  The inset 
square shows the location where the magnified images in Figure 127 were acquired. 
 

 
Figure 127. Magnified micrographs of the sharp nano-structures shown in Figure 126 b), c), 
and d) highlighting the structures that have been formed at the emitter tip apex after a series 

of 40A quenches. 
 
The formation of multiple crystal-like pyramids brought up the question of why a single 

Taylor cone wasn’t forming.  Since the global features on the emitter apex seem unchanged 
after each quench, it was initially thought that the indium wasn’t getting hot enough to 
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completely liquefy.  If the indium was completely melting, the global features would be melted 
and reformed into completely different shapes during each quench.  A crude heat transfer 
calculation which assumed a heater power of 4 W resulted in an estimated tip temperature of 
about 1750°C, which should be more than sufficient to melt indium (melting temperature is 
156.6°C).  A more in-depth thermal analysis was then performed to confirm the predicted 
temperature, since 1750°C would have resulted in complete vaporization of the indium film.  
Using thermal modeling software, the emitter tip temperature was estimated at a range of 
heater power from 0.25 to 8 W during ion emission.  At the same magnitude of heater power 
used for the hand-calculation, 4 W, the thermal model estimate was a tip apex temperature of 
1250°C, which is still much higher than desirable.  A plot of the heater power vs. tip temperature 
from the thermal model is shown in Figure 128. 

 

 
Figure 128.  Emitter tip temperature vs. heater power estimated using thermal modeling 
software with inset picture showing the probe location where temperature was modeled. 

 
Assuming that all of the boundary conditions in the thermal model were accurate, all of 

the indium would evaporate from the emitter tip within a few minutes due to the vapor 
pressure of indium at 1250°C.  It was clear from the micrographs that a layer of metal was 
definitely coating the underlying tungsten electrode and hadn’t been evaporated, and it was 
also clear from the thermal analyses that this layer could not be indium.  The (now) natural 
conclusion was that the layer was likely indium oxide.  Indium oxide, In2O3, has a melting 
temperature of 1910°C and tends to form tetragonal pyramid-like crystals that are very similar 
to the structures that were observed throughout the experimentation reported in this 
document.7  Indium oxide has a molecular weight of 82.7% indium and 17.3% oxygen so an 
Energy Dispersive X-ray Spectroscopy (EDS) analysis was performed on the emission electrode to 
determine the molecular make-up, as shown in the energy spectrum plot in Figure 129.  It 

Probe 
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should be noted that the unlabeled peaks were elements that made up the microscopy adhesive 
that is used to adhere small SEM samples to the specimen holder. 

 

 
Figure 129.  Energy spectrum analysis of a dual ion/electron source using Energy Dispersive X-
ray Spectroscopy.  The bottom axis is in units of keV and the vertical axis shows relative peak 
magnitudes.  The unlabeled peaks were from the electron microscope adhesive used to fix the 
LMIS to the sample holder. 

 
The results were conclusive that the LMIS was coated with indium oxide rather than 

pure indium.  EDS analysis of two different locations on the LMIS, at the emitter apex and about 
0.5 mm down the shaft, yielded weight percents of 83.1% indium, 16.9% oxygen and 80.7% 
indium, 19.3% oxygen, respectively.  The relative weight percentages of indium and oxygen 
confirmed that the indium liquid metal ion source was definitely coated with an indium oxide 
layer, which could explain why a higher temperature than 156.6°C at a modest 4 W of heater 
power was necessary to obtain ion emission.  An EDS analysis was also performed on the bulk 
indium that was used to coat the tungsten electrode to determine if a large amount of oxygen 
was present before coating the tungsten.  The analysis was performed on two separate samples 
and resulted in 99% indium, 1% oxygen in the first sample and 98.6% indium, 1.4% oxygen in the 
second sample so it is safe to say that the LMIS used for testing had, at minimum, an outer shell 
of indium oxide. 

While the confirmed presence of a layer of indium oxide explained why the structure did 
not melt during heating, it raises other questions relating to the ion emission process, i.e. what 
is being emitted during operation as an LMIS if there is no liquid metal?  Two simple 
experiments were performed to try to isolate the source of emission; 1) heating the LMIS 
without an applied extraction potential and 2) applying an extraction potential without heating 
the LMIS.  For the first experiment the LMIS was resistively heated at 4 W, which was the same 
heater power as the previous experiments, for one minute intervals.  After applying heat for one 
minute and quenching the LMIS, a micrograph was acquired.  The process was repeated and the 
LMIS was heated a total of three times for one minute intervals.  The acquired images are shown 
in Figure 130.  As shown, no crystal-like pyramids were observed by solely heating and 
quenching the LMIS. 
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Figure 130. Micrographs taken after heating and quenching the LMIS for one minute intervals 
without extraction voltage applied, where a) is after the first one minute heating, b) is the 
second one minute interval, and c) was taken after applying heat for the final one minute 
interval. 

 
By applying a potential between the LMIS and the extraction electrode (without heating 

the LMIS) no ion emission current was measured and the micrographs didn’t show any changes.  
Coupling the information gathered from both experiments, it is evident that both heat and the 
extraction potential are important factors to achieve ion emission and nano-structure 
formation.  Further work is necessary to explore the phenomena responsible for positive current 
emission from an indium-oxide coated needle. 

Once concluding that some sort of electrostatic modification of indium oxide was 
responsible for the crystal formation, an investigation of why indium oxide formed pyramid-like 
crystals was begun.  Although a literature search didn’t yield many results, a group from Peking 
University in China, Jia et al, were able to synthesize tetragonal indium oxide pyramids by using 
a chemical vapor deposition process.7  Although the process that Jia et al used to form In2O3 
crystals was different from what is reported here, their research demonstrated the low-energy 
crystal structure that indium oxide naturally wants to relax into – a tetragonal pyramid-like 
structure that was observed in this research.  More similar research to what is reported here 
was performed in 1999 by a group from the Muroran Institute of Technology in Muroran, Japan.  
Saito et al showed single pyramid formation from a quenched indium LMIS.8  The group also 
investigated emission patterns from a quenched indium LMIS and observed a circular electron 
emission pattern on a phosphor screen rather than a single point were emission occurred, 
implying that electron emission was taking place from multiple points around the emitter apex. 

Whatever the reason for crystal formation, creating multiple field emitting nano-
structures rather than a single Taylor cone has the potential to increase the lifetime of an 
emitter when operating as an electron source.  When one pyramid wears out and ‘dies’, 
electron emission can continue from one of the neighboring pyramids, since each pyramid has a 
very similar geometrically enhanced electric field. 

  

a) b) c) 
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Appendix D – Microgravity Experiment 

An exciting opportunity presented itself when a group of undergraduate students were 
searching for an experiment to perform aboard NASA’s microgravity jet (the C-9B).  Even though 
gravity shouldn’t play a role in emitter tip formation, with such a delicate balance of forces 
present at the apex of an operating liquid metal ion source it was worth investigating the 
quenching of nano-structures in a microgravity environment.  The experiment consisted of 
operating ten liquid metal ion sources aboard the microgravity aircraft and quenching the ion 

sources at emission currents ranging from 4 to 25 A while the aircraft was experiencing the 
zero-gravity segment of the flight.  The emitter tips that were quenched in 0-g were then 
compared with emitter tips that were quenched in the same vacuum facility using the identical 
quenching process in 1-g.  The aircraft that the experiments were performed aboard achieves a 
microgravity environment by flying in a parabolic pattern.  The plane first climbs altitude at 
approximately a 45 degree angle, as shown in Figure 131.   

 
Figure 131.  A NASA public access image of the microgravity jet ascending during a parabola.9 

 
The aircraft then noses-over and flies back toward the Earth at about a 45 degree angle.  

While the aircraft is nosing-over, everything inside the plane experiences a period of 
weightlessness.  It is during the weightless period that microgravity experiments can be 
performed.  Since the microgravity window is very small, the experiments must be on a 
timescale of approximately 30 seconds. 

7.6 Experimental Apparatus 

The microgravity experimental apparatus was designed so that 12 liquid metal ion 
sources could be fixed within the vacuum chamber.  Each LMIS could be operated independently 
of the others by using an electrical switchboard made up of toggle switches that was located 
outside of the chamber.  The switchboard allowed the operator to perform ion and electron 
emission experiments with an individual emitter while electrically isolating the remaining 11.  An 
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image showing a series of four emitters, along with some of their key components, is shown in 
Figure 132. 

 

 

Figure 132.  Image showing a portion of the internal components for the microgravity 
experiment. 

 

7.7 Procedure and Results 

The microgravity experiments were performed on two separate flights that were back-
to-back on the same day.  The first flight consisted of operating ten emitter tips for three 
microgravity parabolas each.  The goal was to operate the emitters to achieve stable ion 
emission over the course of two parabolas and then to quench the ion emission on the third 
parabola so that a sharp jet-like protrusion could be solidified in a microgravity environment.  

The emitters were quenched at ion currents ranging from 4 to 25 A. 

7.7.1 Flight 1 – Microgravity Nano-structure Formation 

Once altitude had been reached aboard the microgravity jet, the experiments were 
conducted.  Using the switchboard to isolate all but one LMIS, the single LMIS was resistively 
heated using 2 to 2.5 A of heater current at approximately 1 V.  After a few seconds, the 
extraction electrode was biased negatively with respect to the emitter tip.  The extraction 
potential was then increased to obtain ion emission.  The extraction potential was then adjusted 

until the desired ion emission current was reached (ranging from 1 to 25 A) and then the 
extraction potential was held constant to allow the ion emission current to stabilize.  The ion 
emission current was monitored over the course of two parabolas, each consisting of two 30 
second intervals in zero-g and two 120 second intervals at roughly 1.8 g’s.  After the two 
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parabolas were completed and the microgravity jet continued into a third parabola, the heat 
was removed from the LMIS causing the emitter tip to quench in a zero gravity environment.  
This process was repeated for the remaining nine liquid metal ion sources at ion emission 

currents between 4 and 25 A. 

7.7.2 Flight 1 – Ground Characterization 

Immediately after the microgravity jet landed, ground experiments could be performed.  
The ground experiments consisted of operating the quenched nano-structures as field emission 
electron sources.  By reversing the polarity of the extraction electrode so that is was positively 
biased with respect to the emitter tips, each tip could be used to obtain electron emission.  The 
extraction voltage was swept from zero to the voltage that was required to obtain 

approximately 0.5 to 1 A of electron emission current.  The electron emission I-V data could 
then be used for Fowler-Nordheim modeling to estimate the nano-structure radii. 

Due to unforeseen circumstances, electron I-V data had to be taken by sweeping the 
extraction voltage from zero to the desired voltage by slowing increasing the extraction voltage 
by hand.  The data presented in this section should be interpreted accordingly.  The same 
method of Fowler-Nordheim modeling that was described earlier was used to analyze the 
microgravity data.  Figure 133 shows the data points that were collected from the first 
microgravity flight. 

 
Figure 133.  Estimated emitter tip radii from microgravity data using Fowler-Nordheim 

modeling. 
 
Data from Flight 2 had to be discarded due to inclement weather conditions when the 

microgravity airplane landed.  The entire UHV facility had to remain in the plane until the 
weather cleared up, at which point the UHV facility had to be transported back to MTU’s 
campus via the back of a truck before analyzing the emitter tips.  Due to the emitter tips being 
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so close to the extraction electrode and the lack of a vibration isolation system for the facility, 
each of the emitter tips came into contact with the extraction electrode so the sharp nano-
structures were ruined. 

Once the experimental apparatus was brought back to Michigan Tech, it was 
reassembled in the Isp lab.  The ten emitters that were operated in the microgravity flights were 
then used to obtain experimental ground testing data (in 1-g) to compare to the experimental 
microgravity data (in 0-g).  The LMISs were quenched at emission currents ranging from 1 to 25 

A and then they were used to obtain electron field emission.  The electron field emission 
sweeps were analyzed using the Fowler-Nordheim model and then both sets of data were 
plotted, as shown in Figure 134. 

 
Figure 134.  Estimated tip radii from jet-like protrusions formed in microgravity and during 
ground testing using Fowler-Nordheim modeling. 

 
As reported in Chapter 4, an investigation of the nano-structure radius concluded that 

there was a decrease in tip radius with an increase in ion quench current.  The data collected in 
the microgravity environment supported the trend of decreasing tip radius as the ion quench 
current increased.  As expected, quenching nano-structures in microgravity had no effect on the 
emitter tip radius.  The force of gravity has a much less significant effect than the electrostatic 
and surface tension forces. 

 

7.8 Summary 

The experiments that were performed in a microgravity environment had nearly 
identical results as when the emitters were ground tested.  The nano-structures that were 
quenched in microgravity had estimated tip radii of 3.0 ± 0.6 nm to 13.0 ± 2.6 nm when 

quenched at ion currents ranging from 4 to 25 A.  The microgravity data were very comparable 
to the ground data of tip radii ranging from 6.0 ± 1.2 nm to 13.0 ± 2.6 nm at ion quench currents 
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of 1 to 28 A, supporting that gravity has a minimal contribution, if any, when compared to the 
electrostatic and surface tension forces on the emitter apex. 
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