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Ich erkläre an Eides statt, dass die vorliegende Arbeit nach den anerkannten
Grundsätzen für wissenschaftliche Abhandlungen von mir selbstständig er-
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Abstract

Field emission (FE)-based cathodes have become a promising alternative to
thermionic sources, which suffer from high transverse energy spread and high
power consumption. Here, a carbon-nanotube (CNT)-based electron gun was
studied as a potential replacement for the thermionic gun currently used in
the electron cooler of the Extra Low ENergy Antiproton (ELENA) decelerator
at CERN. Earlier investigations on a cold cathode test bench (CCTB1) found
that honeycomb-patterned, vertically aligned CNT (VACNT) arrays (1 × 1 cm2

surface area) could function as a feasible FE source, leading to the proposal of
a dual-gridded electron gun prototype.

This study focuses on three core objectives: (1) fabricate and characterize larger
(up to 4 × 4 cm2) patterned VACNT samples for use in the electron gun; (2)
modify CCTB1 to include a beam transport and diagnostic system to test the
prototype’s proof of concept; (3) compare experimental findings with previously
conducted simulations to anticipate beam behavior.

Fowler-Nordheim analysis confirmed field-emission-based operation in all sam-
ples, with larger samples showing better FE performance. However, the current
density was significantly lower than expected. An electron beam was success-
fully generated from a large sample implemented the improved prototype, but
it exhibited greater divergence and a larger radius than simulations predicted.
Overall, the results confirm that VACNT-based cold cathodes can serve as viable
source in a gridded electron gun configuration, warranting future research and
development efforts.
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Kurzfassung

Feldemissions-(FE)-basierte Kathoden haben sich zu einer vielversprechenden
Alternative zu thermionischen Quellen entwickelt, da letztere mit einer ho-
hen transversalen Energiebreite und hohem Stromverbrauch behaftet sind. In
dieser Arbeit wurde eine auf Kohlenstoffnanoröhren (CNT) basierende Elek-
tronenkanone als potenzieller Ersatz für die derzeit im Elektronenkühler des
Extra Low ENergy Antiproton (ELENA)-Decelerators am CERN verwendete
thermionische Kanone untersucht. Frühere Studien an einer so genannten
Cold Cathode Test Bench (CCTB1) zeigten, dass wabenförmig angeordnete,
vertikal ausgerichtete CNTs (VACNT) mit einer Fläche 1 × 1 cm2 eine geeignete
FE-Quelle darstellen können. Darauf aufbauend wurde ein Prototyp für eine
zweifach gegitterte Elektronenkanone vorgeschlagen.

Diese Untersuchung hatte drei Hauptziele: Erstens wurde die Fertigung und
Charakterisierung größerer (bis zu 4 × 4 cm2) VACNT-Proben für den Einsatz
in der Elektronenkanone durchgeführt. Zweitens wurde die CCTB1 modifiziert,
um ein Strahltransportsystem und entsprechende Diagnoseinstrumente zu
integrieren und so das Proof-of-Concept des Prototyps zu testen. Drittens wur-
den die experimentellen Ergebnisse mit bereits durchgeführten Simulationen
abgeglichen, um das Strahlverhalten vorhersagen zu können.

Die Fowler-Nordheim-Analyse bestätigte, dass für alle Proben Ströme basierend
auf Feldemission gemessen wurden, wobei größere Proben eine bessere FE-
Leistung aufwiesen. Allerdings fiel die Stromdichte deutlich geringer aus als
erwartet. Mit einer großen Probe, die in den verbesserten Prototyp integriert
wurde, konnte erfolgreich ein Elektronenstrahl erzeugt werden, jedoch zeigte
dieser eine stärkere Divergenz und einen größeren Radius als die Simula-
tionen vorhergesagt hatten. Insgesamt bestätigen die Resultate, dass VACNT-
basierte Kathoden eine brauchbare Quelle in einer gegitterten Elektronenkanone
darstellen können und rechtfertigen weitere Forschungs- und Entwicklungsar-
beiten zu dem Thema.
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1 Introduction

Electron sources are an important part of many vacuum devices, including
electron microscopes, free-electron lasers, medical imaging systems and X-
ray sources. Historically, these sources have relied on thermionic cathodes —
heated metal filaments that emit electrons [1, 2]. One notable application of
electron sources can be found in the Extra Low ENergy Antiproton (ELENA)
deceleration system at CERN, where antiprotons are slowed from 5.3 MeV
down to 100 keV. ELENA delivers the antiprotons to antimatter experiments for
trapping and antihydrogen production. Currently, five experiments (ALPHA,
ASACUSA, BASE, AEGIS and GBAR) depend on antiprotons from ELENA
[3].

A key component of the deceleration process is electron cooling, where an
overlapped monochromatic electron beam reduces the energy spread of the
antiproton beam. It has been established that the efficiency of cooling depends
on the transverse energy spread of the emitted electrons [4]. Traditionally, these
electron beams are generated using thermionic cathodes, however, they present
certain limitations. Even though these cathodes offer a long lifetime, their
reliance on high temperatures introduces an inherently high thermal energy
spread (T⊥ ≈ 0.1 eV). Further drawbacks are a high energy consumption and
slow response time [2, 5]. Improving electron cooling by using a “colder” cath-
ode (i.e. one with a lower transverse energy) could overcome these limitations
while still fulfilling the ELENA operational requirements [6].

Over the past two decades field emission (FE) has become a promising alterna-
tive to thermionic sources. Field emission cathodes only require high electric
fields (∼ 107 V/cm) to induce quantum tunneling of electrons to extract them
out of the donor material, eliminating the need of extra heating of the source
[7].

Among the materials investigated for field emission cathodes, Carbon Nan-
otubes (CNTs) have been considered as very promising due to their exceptional
properties, such as high aspect ratio, good current stability and relatively low
turn-on electric field [8]. Their feasibility as field emitters has been well studied.
Previous studies have tested different types of CNT arrays for use in electron
guns, including vertically aligned CNT forests grown on predefined patterns
on a silicon wafer. Lifetime and stability investigations have demonstrated
remarkable performance, with CNT cathodes operating for over 1500 hours
and achieving current densities of up to 2 mA cm−2. These results confirm that
CNT-based cathodes are viable candidates for the electron cooler in ELENA
[9].

Still, there remains a major research gap in determining the optimal field
emission characteristics and the practical integration of CNTs in macroscopic
devices and a complex accelerator system. Bridging this gap is essential for
advancing the development of a more efficient electron gun system.

In previous studies by Galante [9], a diagnostic cold cathode test bench (CCTB1)
was developed at CERN and used to measure beam properties of a CNT-based
electron emitter. It has been utilized to analyze different types of small CNT
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1 Introduction

arrays (1 cm × 1 cm). Based on the obtained results, a prototype for a dual-
gridded CNT-based electron gun has been proposed. The layout is comprised
of the sample holder and the CNT sample, different insulating ceramic spacers,
two fine mesh grids, high-voltage feedthroughs and electrostatically focusing
Einzel-lenses.

One aim of this thesis is to test and eventually install the prototype on a
specifically designed testbench. This will require updating the CCTB to include
an ultra-high vacuum tank and the necessary diagnostics for the experiments.
Furthermore, the goal is to design and fabricate larger CNT arrays based on the
findings of Galante, which indicate that honeycombed patterned arrays exhibit
better field emission properties compared to full forests [9]. Another objective is
to study the feasibility of using CNTs in ELENA by characterizing the emission
properties, current density and stability for different sample sizes.

Charged particle simulations using finite element software are planned to pre-
cede the experimental work. The goal is to analyze the electron gun setup,
predict the beam at full-scale operation and compare the data to the experimen-
tal measurements.

The overall objective of this project is to improve the electron cooling process,
leading to less beam loss and a higher quality beam, which in turn enhances
antiproton capture efficiencies in antimatter experiments. This could lead to
more precise studies in the production and investigation of antihydrogen atoms
and contribute to the potential application of antiprotons as a modality in
radiation therapy.

This thesis is divided into seven chapters: Chapter 2 provides the foundation of
basic concepts in beam physics, electron cooling and field emission. Chapters 3
and 4 summarize the methods used for the experimental and simulation work,
while Chapters 5 and 6 present the corresponding results. Chapter 7 discusses
the obtained findings, while the last chapter outlines the potential application
for medical purposes like cancer treatment.
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2 Background

2.1 CERN

The ”Conseil Européen pour la Recherche Nucléaire”, or European Council
for Nuclear Research (CERN) was established in 1954 as a cooperative venture
among 12 European countries. Located near Geneva, on the Franco-Swiss border,
CERN is dedicated to fostering scientific collaboration and providing insights
into the most fundamental questions about the nature of our universe. In its
quest for knowledge, CERN has achieved many major scientific milestones,
notably the discovery of the W and Z boson (1983), the Top quark (1995) and
the Higgs boson (2012).

Equally noteworthy are CERN’s studies of antimatter at low energies and
the production and maintenance of anti-hydrogen (one antiproton and one
positron). Recently, the ALPHA-g experiment published groundbreaking results
proving that antimatter particles behave in a way consistent with gravitational
attraction to the Earth - similarly to their matter counterparts [3, 10].

Accelerator Complex

CERN encompasses a series of accelerators, that were successively designed
and constructed over the years in order to accelerate charged particle beams
to different energies. The initial component is the linear accelerator Linac4,
that produces a H-ion beam with a kinetic energy of 160 MeV (50% the speed
of light). Subsequently, a sequence of synchrotrons, namely the Proton Syn-
chrotron Booster (PSB), the Proton Synchrotron (PS) and the Super Proton
Synchrotron (SPS) accelerate the proton beam to 450 GeV. The beam is then
injected into the worlds largest and most powerful particle accelerator, the
Large Hadron Collider (LHC). The LHC increases the particles energy up to
7 TeV, corresponding to 99.999 999 1% the speed of light.

Two proton beams circulate the LHC in opposing directions and are directed
to collide at four interaction points, aligning with the positions of four particle
detectors – namely, ATLAS, CMS, ALICE and LHCb. While ATLAS and CMS
are general purpose detectors, ALICE is dedicated to the physics of heavy
ions and LHCb focuses at studying the bottom quark. CERN’s research scope
reaches also beyond particle physics, as it hosts many other facilities. These
include but are not limited to: neutrino physics (CERN Neutrino Platform),
galactic cosmic ray (CLOUD) and medical isotope production (MEDICIS) [3].
The complex network of accelerators and experiments at CERN is depicted in
Figure 2.1. The topic of this thesis is dedicated to the low energy antimatter
physics with the Antiproton Decelerator (AD) and the Extra Low Energy
Antiproton (ELENA) decelerator (see Figure 2.2), which will be discussed in
the following section.
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2 Background

Figure 2.1: Overview of CERN’s accelerator complex, various types of particles are distinguished
with arrowheads of distinct colors [3]

Figure 2.2: ELENA topview, primary components: dipole magnets in blue, quadrupole magnets
in orange/red and the electron cooler towers in lighter blue [3]

4



2.2 Basics of Beam Physics

2.1.1 AD & ELENA

To produce antimatter, protons are obtained by the PS at 30 GeV and collided
against an iridium target. These collisions generate numerous secondary parti-
cles, including antiprotons, which are selected by employing a magnetic field.
However, they possess too much energy for effective antimatter production
and are subsequently sent into the AD. The AD’s purpose is to decelerate the
particles down to 10% of the speed of light and deliver the beam to ELENA.
ELENA is a small accelerator with a 30-meter circumference, that then further
reduces the energy of antiprotons by a factor of 50, from 5.3 MeV to a mere
100 keV. A typical antiproton deceleration cycle is depicted in Figure 2.3.

Following the injection of a single bunch into a Radio Frequency (RF) bucket
(at 100 MeV/c), the beam undergoes deceleration to 35 MeV/c. At this point,
the beam is de-bunched and electron cooling is switched on. Following the
re-bunching process, the beam is decelerated to the extraction momentum
of 13.7 MeV/c (equivalent to 100 keV kinetic energy). A subsequent round of
cooling is applied to a de-bunched beam. Once the antiprotons are slowed down
enough, up to four bunches can be extracted and transferred to the experiments
[11].

Currently, five experiments (ALPHA, ASACUSA, BASE, AEGIS and GBAR) are
depending on antiprotons from ELENA. Their collective objective is to study
antimatter and its properties. In order to conduct precision studies comparing
matter and antimatter, it is essential to have low energetic antiprotons suitable
for trapping. A key feature of delivering antiprotons with these specifications
is the use of electron cooling in ELENA, which will be introduced in the next
chapter.

2.2 Basics of Beam Physics

This chapter summarizes the basics of accelerator physics and transverse beam
dynamics, which are the theoretical foundation for all beam dynamic simula-
tions in this thesis.

In the field of beam physics an ensemble of particles that have similar coordi-
nates are referred to as a beam. The motion of the particles in electromagnetic

Figure 2.3: Illustration of a typical ELENA antiproton cycle. The solid black line represents
the circulating beam; periods highlighted in red and blue indicate operation of RF
cavities and electron cooling system, respectively. [11]
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fields can be described by a six-dimensional state vector constructed of the
positions and momenta [12]:

Z = (x, px, y, py, z, pz)

2.2.1 Phase Space

The collective space of state vectors Z is commonly known as phase space and
the coordinate system depicting the vector is called a phase space diagram
or plot [12]. In more practical terms, phase space plots represent particle
distributions at a specific location (time) in a particle accelerator. Each point
on the plot corresponds to a particle and is characterized by its position and
momentum.

If the motion in each plane is independent of the others (or only weakly
coupled), single phase space plots can be generated. For every spatial direction,
there are two variables, where x is the position and px is the momentum. For
example, the horizontal phase space (x vs. px) represents horizontal particle
motion [13].

Alternatives to momentum: Trace Space

In beam physics, it is common to replace the momentum coordinate system
using a paraxial approximation. This becomes feasible when the transverse
momentum components (px, py) are significantly smaller than the longitudinal
momentum (pz) and pz can be considered uniform for all particles.

Under this approximation, the transverse angles x′ and y′ concerning the ideal
trajectory can be approximated as x′ = dx

dz = tan(αx) ≈ αx and likewise for y′.
This coordinate system using (x, x′, y, y′) to characterize transverse motion, as
opposed to the conventional (x, px, y, py), is called ”Trace space” [13].

2.2.2 Emittance

In phase or trace space, the volume of the cloud of particles is called Emittance
(ε). It is a property used in accelerator physics that characterizes the spread of
particles in both position and momentum within a particle beam. It provides a
measure of the area of phase space covered by the beam. Unlike the physical
dimensions of the beam, which may vary throughout an accelerator, emittance
remains invariant in the absence of dissipative or cooling forces (Liouvilles
theorem)1[15].

There are various definitions of emittance and careful consideration must be
given to the specific definition in use. The emittance can be defined for each
degree of freedom, horizontally, vertically (”transverse plane” i.e., perpendicular
to the direction of the beam) and longitudinally.

1This only applies for a closed system, where the energy is constant (i.e. no interaction
between the particles in a bunch, no collisions with remaining gas molecules, no radiation effects,
ect.)[14]
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Transverse Emittance

Plotted in trace space, one geometric definition for the emittance gives an
ellipse. It is usually defined as the area containing 95%2 of all the particles in
its interior. While the emittance characterizes the size of an ellipse, different
conventions exist regarding the relationship between emittance and the ellipse
area. The emittance is also the product of the lengths of the semi-axes of the
ellipse, resulting in A = 4πε [16]. Other conventions obstruct the factor 4 or π.
Furthermore, it is possible to describe the phase space ellipse dimensions using
different physical quantities and distributions. One example is relating the two
semi-axes to the maximum transverse displacement xm and to the maximum
transverse angle x′m respectively [13, 17].

x

x′

xm

x′m

A = πxmx′m

Figure 2.4: Phase space ellipse representation (adapted from [17])

Statistical Emittance

In addition to the geometric convention, there is a statistical interpretation of
emittance, which is based purely on the distribution of particles. This definition
is commonly employed in particle simulation software, where knowledge of
the phase space coordinates of all particles in the beam is available [13].

The root-mean-square (RMS) emittance may be defined as [16]:

εrms,x =
�
⟨x2⟩⟨(x′)2⟩ − ⟨xx′⟩ (2.1)

assuming that the trace space ellipse is centered at the origin of the (x, x′) plane.
The angle brackets ⟨...⟩ represent the arithmetic mean:

⟨x⟩ = 1
N

N

∑
i=1

xi (2.2)

Similar to before, it is common practice to multiply εrms,x by 4 and denote it as
ε4,rms,x.

The emittance can be considered as a quality factor of the beam. Generally it is
preferred to minimize the emittance, as small emittance is correlated with the
following properties:

• Reduced beam size (smaller range of x values)

2One could also equally use 90% or 99%.
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• Reduced velocity spread (smaller range of x′ values) [16]

Typically, emittance units for machines like ELENA are expressed in units of
π mm rad.

2.2.3 Longitudinal Momentum Spread

In the longitudinal direction a particle’s energy or momentum is defined as the
difference from the ideal (non-zero) momentum or energy denoted as Δp/p.
This momentum spread is the RMS width of the momentum offset distribution
and is dimensionless [13, 15].

2.3 Electron Cooling Theory

This chapter introduces the fundamentals of electron cooling and discusses
the cooling system in the ELENA decelerator. In simplified terms, electron
cooling is a process to reduce the size, the divergence, and the energy spread
of a particle beam without removing particles [18]. It was first introduced in
1966 by G.I. Budker at the Budker Institute of Nuclear Physics, Novosibirsk
[19]. Since then, electron cooling has been implemented at CERN in LEAR3,
AD, and in ELENA, as it is a preferred solution to reduce the emittance and
momentum spread for low-energy antiprotons [15].

2.3.1 Motivation for Electron Cooling in ELENA

During the deceleration periods in the ELENA cycle, an adiabatic emittance
blow-up of the beam occurs — in other words, the occupied phase space
increases. This phenomenon results in a subsequent increase in the beam
size, which, when nearing the physical or dynamic acceptance limits, leads
to undesirable losses [9]. The adiabatic beam blow-up is inversely related to
the change in momentum. A particle beam can be conceptualized as an ion
plasma circulating in the ring. In the rest frame (moving with the velocity of
the ions), the beam energy spread can be characterized as a temperature. The
temperature can be viewed as a measure of the beam’s quality, with a lower
temperature corresponding to higher quality [15]. Processes that increase the
beam temperature (”Heating Effects”) include:

• Intra-Beam Scattering (IBS): IBS is caused by multiple Coulomb scatter-
ings of charged particles within the beam itself, both in the transverse and
longitudinal planes. As particles pass near each other, Coulomb repulsion
causes them to experience small-angle scatterings, leading to changes
in their trajectories and momenta. IBS is most pronounced at very low
energies, especially for a beam with small emittance, a small momentum
spread, and a short bunch length (if bunched). However, the smaller the
beam emittance becomes during cooling, the stronger the IBS becomes,
which sets a limit on its minimal value [4, 15].

3The Low Energy Antiproton Ring (LEAR) decelerated antiprotons for experiments and was
converted into LEIR in 1996 [3].
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Figure 2.5: Schematic diagram of the effect of beam cooling: (a) on the beam size, and (b) on the
momentum spread [18]

• Space charge effects: Moving, identically charged particles (in addition
to experiencing Coulomb repulsion) generate an electric current and a
magnetic field. These fields affect the dynamic behavior of the beam and
lead to defocusing [15].

• Rest Gas Scattering: Circulating charged particles interact with residual
gas molecules in the beam pipe, causing additional heating. This effect is
particularly prominent at lower energies [15].

• Injection mismatches: During the initial deceleration, potential injection
mismatches can contribute to an increase in beam emittance [6].

Table 2.1: Electron Cooler Parameters for ELENA during intermediate and ejection cooling
plateau [9]

Item Value Dimension

Momentum 35 / 13.7 MeV/c
Electron Beam Energy 355 / 55 eV
Electron Current 5 / 1 mA
BGun 1000 G
BDrift 100 G
Toroid Bending Radius 0.25 m
Cathode Radius 8 mm
Electron Beam Radius 25 mm
Cooling (Drift) Length 0.75 m
Total Cooler Length 1.93 m

To counteract these heating effects and therefore compress phase space, electron
cooling becomes necessary. Figure 2.5 shows the effect of electron cooling
on the beam size and momentum. Prior to cooling, the antiproton beam in
ELENA has a transverse emittance of 50 π mm rad and a momentum spread
of Δp/p = ±2 × 10−3. After cooling, these beam properties are reduced to
3 π mm rad and Δp/p = ±1 × 10−3, respectively [4].

As previously mentioned, cooling is applied at two stages in cycle. During
the initial cooling plateau, emittance blow-up is primarily caused by injection
mismatch and IBS. At the lower momentum, cooling is especially important to
ensure that the phase-space characteristics of the extracted antiproton beam
are within the specific requirements of the experiments. Improving the cooling
process is essential for achieving higher luminosity and therefore increasing the
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Figure 2.6: Mechanical drawing of the ELENA Electron Cooler, the particle trajectories are
illustrated with arrows; adapted from [20]

capture efficiency for the experiments. Improving the precision of measurements
through enhanced electron cooling may result in substantial progress in our
understanding of antimatter properties.

Nominal parameters of the ELENA electron cooler at intermediate and ejection
cooling plateaus are detailed in Table 2.1.

2.3.2 Implementation of Electron Cooling

The principle of electron cooling is based on superimposing a circulating ion4

beam with a co-moving electron beam over a short, straight segment of the
accelerator [15].

Simplified Working Mechanism

Figure Figure 2.6 shows the mechanical layout of the ELENA Electron Cooler.
The current ELENA cooler is based on a traditional system, where the electrons
are emitted from a thermal gun which is immersed in a longitudinal magnetic
guiding field (expansion solenoid).

Monochromatic electrons are produced in an electron gun and are accelerated
electrostatically to almost the same average velocity as the circulating beam.
The electrons undergo a 90º bend and are guided to overlap with the circulating
antiprotons over a distance of 0.7 m (cooling length l). In this section the
cooling process happens: the ion particles have a variety of different angles and
velocities, while the electrons are all moving with the same velocity. If observed

4To differentiate between electrons and particles subjected to electron cooling, the term ”ion”
is used for any particle, including antiprotons.
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from a frame moving with the velocity of the electrons (e.g. electrons are at
rest, ”rest frame”), the ions simulate the behavior of particles in a hot gas.
One can associate a temperature Ti to the ion gas, which is linked to the width
of the ion velocity distribution, and similarly for the electrons temperature
Te. Collisions occur between the ions and electrons, the ions either gain or
loose energy through Coulomb interactions with the electrons. As the electrons
are constantly renewed, energy is continually extracted from the electron-ion
system, causing the ion beam to undergo a reduction in temperature, as the
energy of the thermal motions is transferred to the colder electrons. Eventually,
the ion beam will assume Te. After having served their purpose in the cooling
section, the electrons are bent again and reabsorbed in the collector.

The cooling process can be seen as a thermal equilibration between the hot ion
beam and a cold electron beam [9, 15]. A simple analogy to electron cooling
would be the heat exchange in a refrigerator, where the electrons act like a
cooling liquid, and the food in the fridge are the ions, that need to be cooled.

2.3.3 Electron Cooling Time

Electron Cooling has been extensively discussed in research [18]. The calculation
of the cooling time τ is not trivial and typically requires numerical methods.
However, the cooling rate 1/τ can be estimated from the following simplified
expression:

1
τ
=

Q2Lcrerp

kAe
jηc

β4γ5Θ3 (2.3)

where:

• k = 0.16 (constant depending on distributions of ions and electrons),
• Q = −1, A = 1 (charge and mass number of the ions, here antiprotons),
• ηc = 0.023 (ratio of cooling length to ring circumference: 0.7 m over 30 m

at ELENA),
• β (velocity of the ions normalized to the speed of light),
• γ (Lorentz factor of the ions),
• Lc ≈ 10 (Coulomb logarithm),
• re = 2.8 × 10−15 m (classical electron radius),
• rp = 1.54 × 10−18 m (classical proton radius),
• j [A m−2] (current density of the electron beam),
• Θ (r.m.s. angular spread between the electron and ion beam) [4].

Cooling theory gives the following simple conclusion: the lower the cooling
time, the faster the ion beam aligns with the electron beam and the more
effective is the cooling process. From the relation above it is clear that a number
of machine and cooler parameters can influence the cooling time, but only a
few are controllable5: j, Θ and ηc [4].

5The cooling length is pre-fixed and the current density needs to be adjustable for ELENA
operations.
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The most effective possibility to decrease the cooling time, is by improving the
electron-ion beam alignment (as Θ is directly proportional to the cooling time
by the power of three)6 i.e. reducing electron beam energy spread.

Based on these arguments, it can be concluded that the electron beam tempera-
ture is a major influence on the cooling time [9]. In order to achieve fast and
efficient cooling, special attention must be paid to the design of the electron
gun and the quality of the magnetic field that guides the electrons from the
gun to the collector [4].

2.3.4 Cooler Magnet System

The overall electron cooling system is embedded in a longitudinal magnetic field
to allow for the desired beam orbits and prevent beam blow up from Coulomb
repulsion [18]. It is comprised of three main magnets: the gun solenoid, two
drift solenoids and the collector solenoid.

Of particular importance is the expansion solenoid (see Figure 2.6) in which
the electron gun is immersed in. Its geometry is similar to the gun solenoid,
but the magnetic field is 10 times higher. Because the longitudinal magnetic
field B∥ is proportional to the transverse beam energy Et, following Et

B∥
= const,

the difference in the magnetic field can be used to lower the beam transverse
temperature and increase the beam size. In this way, adiabatic expansion can
be achieved, which is important for effective cooling, aiming to reduce the
transverse beam temperature to 10 meV.

Aside from these magnets, the system includes two toroidal magnets that are
used to bend the electron beam. Various correction coils are installed to provide
finely tuned field optimization [4, 6].

2.4 Electron Emission Theory

This chapter outlines the behavior of electrons in metals and discusses the three
major mechanisms of electron emission, i.e. thermal, photoelectric and field-
induced. The quantum mechanical tunneling effect required for field emission
is explained using the Fowler-Nordheim theory.

Electrons in metals

The theory of electron emission from metals relies on two fundamental assump-
tions. Viewed in the band theory of solids, electrons in the energy band of
metals can be considered as loosely bound electrons that are acting as a free
electron gas. The electronic states within the metal adhere to the Sommerfeld-
Bethe model, conceptualizing the metal as a box with a constant inner potential
V. Near to the surface of the metal, the potential rises, forming a wall that

6It is noteworthy to mention that the angular spread for electrons includes more complex
dependencies, for example the electron beam temperature, different velocity distributions and
drift velocities.
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is preventing the electrons from spilling out – called the potential barrier or
vacuum barrier7.

Inside the metal, a free electron with an energy inside the energy band can be
described quantum mechanically as a standing wave with nodes at the surface.
According to the Pauli principle, the energy states are filled up starting from
the ground state (the lower edge of the conduction band) and culminating at
the Fermi level EF, the highest energy state that electrons occupy8. The height
of the barrier with respect to the Fermi level is termed the work function φ,
a material property specific to the cathode. It is equal to the energy required
to excite the electron from Fermi level to the vacuum level to get liberated. As
temperature rises, electrons can be excited to higher energy levels. To quantify
the probability of discovering an electron in a specific state, particle statistics
(e.g. Fermi-Dirac statistics) need to be considered [21]. All thermionic functions
adhere to the Fermi-Dirac distribution, with further elaboration available in
other literature [22] .

2.4.1 Electron Sources

The generation of particle beams by emission depends strongly on the parti-
cle type and the characteristics needed for the specific application. Electron
beams are formed by extracting electrons from a donor material called cathode.
The process of donating electrons from a material is referred to as emission
phenomena [23]. All structures (solids, gases, plasma, metals, etc.) that are
composed of electrons or ions can theoretically emit charged particles. In order
to be emitted, the electrons need to overcome the potential barrier. This can be
accomplished either by providing extra energy to the electrons, enabling them
to exit the material, or by reducing the work function [12].

Figure 2.7: Three main mechanisms of electron emission: (a) Thermionic emission via heating,
(b) Photoelectric emission by photon-electron interaction and (c) Field emission due
to an applied electric field E.

The three main mechanisms inducing electron emission are:

1. Thermionic Emission: To obtain thermionic emission, a metal is heated,
which allows the electrons to become more energetic as they obey Fermi-
Dirac statistics. A considerable fraction of electrons gain sufficient kinetic
energy to overcome the vacuum barrier and exit the material [21]. The

7At the vacuum level the electron is free from the solid, Epot = 0 [21]
8at absolute zero temperature.
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current density is directly proportional to the applied cathode temperature
Tc. In other words, the greater the temperature, the greater the amount of
thermionic emission. The electrons follow a Maxwellian shaped velocity
distribution with a temperature Te equal to Tc [18]. The extracted electrons
form a cloud near the surface are pulled away and then accelerated to the
desired energy by an electric field.

2. Photoemission: When photons with sufficient energy strike the surface of
a metal (e.g., sodium, potassium, or cesium), the energy of the photons
is transferred to free the electrons within the material. These electrons,
subsequently emitted from the surface, are called photoelectrons [23].

3. Field Emission: When placing an positively (relative to the source)
charged anode near the surface of a material, an electric field is gen-
erated. If the applied voltage is high enough, electrons can escape through
quantum tunneling (as elaborated in subsection 2.4.2) [12, 23]. While
pure field emission ideally occurs at absolute zero temperature (T = 0 K),
practical conditions involve finite temperatures, leading to what is known
as cold field emission. Typically, cold FE takes place at a metal-vacuum
surface, but it can also occur with semi-conductors, liquids, polymers or
most importantly in this scope Carbon Nanotubes(CNTs) [24].

2.4.2 Fowler-Nordheim Theory

Field emission is based on the quantum mechanical tunneling of conduction
electrons subjected to an applied electric field. The first successful model of
electron emission from metals was proposed by Fowler and Nordheim in 1928
[25]. The Fowler-Nordheim (FN) theory solves the Schrödinger equation that
describes the transmission probability for electrons near EF tunneling through
a triangular barrier. The actual mathematical derivation of the field emission
current density jF as a function of the work function φ and the local field F is
briefly outlined in the following section [26].

Assumptions

The FN theory makes multiple assumptions to simplify the field emission
model, which are summarized below [27, 28, 26]:

– The emitter is modeled by the Sommerfeld model with a single metal
conduction band in thermodynamic equilibrium at T = 0 K.

– The emitter has a flat, planar surface and its work function is independent
of the external electric field (dφ/dF = 0).

– The vacuum potential barrier is considered to be triangular and only
one-dimensional tunneling is considered.

– The Wentzel-Kramers-Brillouin approximation is used to determine the
electron tunneling probability.
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Figure 2.8: Field emission potential diagram at the metal-vacuum interface. The bending of the
surface barrier is due to the combined effect of the applied electric field and the
image potential, resulting in the effective potential V(z). On the left, N(E) illustrates
the fluctuations in electron density within the emitter, while the current density J(E)
is a function of energy E of the tunneled electron and is represented on the right side
[30]

.

Wave equation and potential V(z)

The 1D time-independent Schrödinger equation for the tunneling electron is
defined as:

−d2Ψ(z)
dx2 − k2

0(E f − V(z))Ψ(z) = 0

where Ψ(x) is the wave function, V(z) denotes the potential energy experienced
by the electron at position z, E f signifies the total forward energy of the electron

and k0 =
�

2me
h̄

	1/2 ≈ 5.123 eV−1/2 nm−1 is a derived universal constant [29].
The complete representation of the Fowler-Nordheim potential is depicted in
Figure 2.8, with the effective potential energy V(z) given by9:

V(z) =

�
0 for z < 0
Φ − eFz − e2

16πϵ0z for z > 0

The first constant term Φ for the half vacuum space z > 0 corresponds to the
work function of the material. Then, there are two effects that together result in
the product of a triangular barrier. The first linear term accounts for the external
homogeneous electric field |E| = F that is applied and reduces the potential
energy by the amount of −eFz. − e2

16πϵ0z is the Coulomb potential caused by an
image charge of opposite sign, which arises from the attraction of the induced
positive charge in the metal [22].

From Figure 2.8 a few conclusions can already be made: A small fraction of cold
trapped electrons close the Fermi energy EF can escape through the surface
tunnel barrier, if it is less than a few nanometers. By increasing the applied
electric field, barrier narrowing is induced and the number of emitted electrons
is increased [30].

9z is the distance from the surface
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Fowler-Nordheim equation

After solving the Schrödinger equation and applying appropriate approxima-
tions and boundary conditions and then integrating tunneling-current contribu-
tions from all occupied free-electron states, field emission can be described by
the Fowler-Nordheim (FN) equation [26].

As indicated in [30], the field emission current density jF can finally be ex-
pressed as the conventional FN equation:

jF(F) =
�

AFN

φ · t(s)2

�
F2 exp

�
−BFN · v(s) · φ3/2

F

� �
A m−2�

where the first and second FN constants are

• AFN ≡ e3

8πh = 1.54 × 10−6 A · eV/V2

• BFN ≡ [ 8π
3eh̄ (2me)1/2 = 6.83 × 109 eV−3/2V/m.

and the Nordheim elliptical functions, depending on the slope factor s are
approximated by:

• t(s) = 3.79 × 10−5 ( F1/2

φ )

• v(s) =
�
0.956 − 1.062s2


To simplify calculations, t(s) and v(s) are frequently set to unity, resulting only
in minimal loss in accuracy leading to:

jF(F) =
�

AFN

φ

�
F2 exp

�
−BFN · φ3/2

F

� �
A m−2� (2.4)

2.4.3 Generalized FN-equation

The generalized Fowler-Nordheim equation is frequently used in literature for
fitting experimental data due to its streamlined form compared to Equation 2.4.
It describes the emission behavior well enough for most emitters [31]:

J(E) = AE2 exp
�
−B

E

� �
A m−2� (2.5)

The applied electric field E can be approximated using the anode-cathode
voltage V and inter-electrode separation d by E ≈ V

d [32]. Constants A and B
are defined by the material properties and experimental conditions. By fitting
data to this exponential curve, it is possible to determine key parameters for
evaluating emission performance and comparing different emitters or condi-
tioning methods. Three commonly used criteria for good emission are a low
turn-on electric field (Eon), a low threshold electric field (Ethr) and a high
maximum current density (Jmax). Definitions in the literature vary largely; Eon
and Ethr are typically defined at emission current densities of 0.01 mA cm−2

and 0.1 mA cm−2, respectively [32].
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2.5 Carbon-Nanotubes (CNTs)

Introduction

Carbon-Nanotubes (CNTs), are an allotropic form of carbon within the fullerene
family. While the formal credit for the discovery of CNTs is often attributed to
Iijima in 1991 [33], the initial observation was actually made by Radushkevich
and Lukyanovich in 1952 [34]. Remarkably, the exceptional mechanical and
chemical properties of CNTs have been utilized for the strength of Damascus
steel, dating back to the seventeenth century.

Since then, CNTs have emerged as an adaptable material used across a range
of scientific and technological fields. There has been extensive research into
the properties, synthesis and numerous potential applications of CNTs, includ-
ing solar cells, X-ray sources, semiconductor devices, flat-panel field-emission
displays and many more [7, 30].

Figure 2.9: Schematics: (a) A graphene sheet rolled up to form a single CNT, (b) Vertically
aligned CNTs on a substrate.

Classification of CNTs

CNTs exist in two main forms: Single-wall CNTs (SWCNTs) and Multi-walled
CNTs (MWCNTs). SWCNTs are made of one single sheet of graphene rolled up
in a specific direction to form a tube (see Figure 2.9). The single-atom thick sheet
consists of hexagonally latticed carbon atoms with a strong covalent bonding.
Each hexagon shares two atoms with an adjacent hexagon giving rise to the
typical honeycomb structure. The ends of the tube can remain open, bond
to other atoms or form fullerene-like hemispherical caps [35, 30]. Chirality
is another major parameter that allows the classification of CNTs into three
different types depending on how the sheet is rolled up, namely the armchair,
zigzag and chiral type. SWCNTs can exhibit either metallic or semiconducting
behavior based on their chirality10.

MWCNTs consist of several concentric, coaxial graphene cylinders, each with
its own chirality. The interlayer spacing between the cylinders is 0.344 nm on
average and thus is slightly larger than the interplane spacing in graphite
(0.335 nm) [9]. The diameters of MWCNTs range from 2 nm to 500 nm, with
lengths spanning from 50 nm to a few centimeters [30]. Most MWCNTs have
been shown to exhibit metallic properties. Studies comparing SWCNTs and

10Armchair types possess metallic electrical properties; the rest have semiconductor character-
istics [36]
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MWCNTs have demonstrated that MWCNTs tend to be more resistant, with
SWCNTs exhibiting a degradation rate that can be ten times higher [9].

Properties of CNTs

CNTs possess an array of extraordinary chemical, mechanical, electrical and
thermal properties that contribute to their widespread applicability. Notably,
CNTs exhibit a Young’s modulus (measure of material stiffness) approximately
five times larger than steel with a much lower mass density. The strength of
the carbon-carbon bond makes them one of the strongest and stiffest materials
known. They have an ultrahigh aspect ratio (> 10, 000) (length over diameter)
and a good chemical stability. Their thermal conductivity at room temperature
can reach up to 3000 W m−1 K, which is comparable with diamond. Other
properties include high flexibility (significant bending without damage), very
high tensile strength (50 times higher than that of steel), electrical conductivity
and most relevant in this thesis, great electron field emission characteristics
[7].

Most properties mentioned so far relate to the intrinsic features of individual
CNTs. However, they can be fabricated into macroscopic assemblies and ar-
chitectures (e.g. fibers, arrays, thin films ect.), where some properties are not
necessarily directly transposable, but can bring out other advantages [35]. Many
approaches for CNT synthesis exist, the three mainly methods used include
laser ablation, electric arc discharge and chemical vapor deposition (CVD)
[30].

2.5.1 CNT based Field Emission

CNTs are exceptional candidates for cold cathode field emission applications
due to their special characteristics. The combination of a high aspect ratio and a
small tip curvature allow for a highly concentrated electric field in the vicinity
of the tip, leading to a large field enhancement factor β. β is given by the ratio
of length and radius of the emitter and can be used to reflect the field emission
performance of CNT architectures. Assuming an applied electric field E at the
tip, the enhanced local field can be defined as F = E · β [8]. Then Equation 2.4
can be written as:

jF =

�
AFN

φ

�
(Eapp · β)2 exp

�
−BFN · φ3/2

Eapp · β

� �
A m−2� (2.6)

Compared to a planar emitter, a nanotip emitter effectively reduces the barrier
by a factor of β. This reduction increases the probability of tunneling and
consequently, the emission current [37]. In other words, the same electric field
E results in a higher effective field and therefore a higher current density than
a non-nanoscale-tip emitter.

In order to extract more parameters from the experimentally obtained cur-
rent density plots, a so called Fowler–Nordheim plot is often utilized. The
exponantial relationship described in Equation 2.6 is used to plot ln(jF/E2)
versus 1/E. In an ideal FN process, this plot is linear, confirming that quantum
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Figure 2.10: Example of a Seppen-Katamuki plot with interpretation of FN characteristics [38]

tunneling dominates the emission, where as deviations indicate additional
adverse influences. To further analyze the contributions of β and φ to the field
emission performance, a Seppen-Katamuki (SK) 11 plot is commonly used. In
a SK plot, the abscissa represents collected intercept of the FN plot, while the
ordinate represents the slope m [39]. β can be calculated from the slope using

m = − BFNφ3/2

β [2]. Furthermore, to get a very rough approximate of the emitter
tip radius r, the Gomer formula β = 1/5r can be used.

An example of a SK plot and how to interpret the FN characteristics it can be
viewed in Equation 2.6. The upper left indicates a smaller emission area/apex
radius and the lower right indicates a larger emission area/apex radius. The
upper right area represents a lower work function, while the lower left indicates
a higher work function. SK plots are specifically practical to compare different
cathodes and changes in emitter geometry [38].

Theoretically, because electron emission primarily occurs at the sharp tips of
carbon-nanotubes, the FN theory’s assumption of a smooth surface is no longer
applicable. Nonetheless, it has been established that the FN equation can still
verify experimental data within certain current ranges [9].

2.5.2 VACNTs

Previous studies concluded that great field emission performance can be
achieved with vertically aligned CNTs (VACNTs). VACNT consist of uniform,
vertically oriented CNTs tethered perpendicular to a rigid, metallic substrate
enabling connection to a power supply (see Figure 2.9) [9]. VACNTs exhibit an
exceptionally low turn-on fields 1 to 3 V µm−1, a stable emission current, fast
switch-on time and high field emission current density (> 1 A cm−2) [9, 40]. A
current density of 80 mA cm−2 under an applied electric field of 3 V mm−1 was
reported using a VACNT field emitter [41]12.

11In Japanese, ”seppen” means intercept and ”katamuki” means slope [38].
12These results were obtained with a field emitting area of 4.03 cm2
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Typically, VACNTs are made using chemical vapor deposition13. VACNTs can
be fabricated as full forest arrays or as freestanding, periodically patterned
arrays, where the CNTs are located on specific areas14.

2.5.3 Factors affecting FE efficiency in VACNTs

Many factors can play a role in the attempt to enhance FE in CNTs, but due to
space restrains, only for this scope relevant features will be discussed. Field
emission efficiency depends on various different parameters namely: type of
CNTs; tube diameter; tube length; growing mechanism; substrate type; open
or closed cap; density, impurities and orientation of the tubes; and inter-tube
spacing [9]. Three possible strategies to reduce the VACNT degradation during
emission and thus improve their FE efficiency and stability are discussed
below.

Efforts to reduce φ and to produce high-performance CNT emitters include
decorating CNTs with low work function materials (e.g. Cs, MgO, ZnO) and
doping with heteroatoms, such as B, Li or N [5]. Other options include growing
CNTs on metallic substrates like steel or copper possibly leading to a better
electrical contact compared to conventional silicon (Si) substrates [43, 42].

Figure 2.11: Spatial distribution of the electric potential near CNTs for various inter-tube dis-
tances. (a) Single CNT, (b) Three widely spaced CNTs and (c) Three moderately
spaced CNTs. The closer the nanotubes, the lower the electric field enhancement
factor [44].

Another approach is varying the density of CNTs to improve FE. With highly
densely packed VACNTs a so called screening effect occurs: the electric field
of the neighboring CNTs lowers the average field enhancement near their tips
as the field lines struggle to fully penetrate. As β decreases with decreasing
inter-tube distance, according to Equation 2.4 screening15 adversely affects FE,
especially for large or dense emitters [7]. Thus, high density results in the
reduction in the emission current. Conversely, as the emitted current depends
on the number of emission sites, emission is poor for low density of CNTs [9,
42]. It has been reported that optimal emission performance is achieved when
the spacing between neighboring CNTs is approximately two times the CNT

13CVD is a process used to deposit solid material from a gaseous phase through chemical
reactions with heated substrates. The processes involve two fundamental steps: (1) the preparation
of a catalyst bed and (2) subsequent growth facilitated by the decomposition of reactant gases.
Several types of CVD exist, for CNT growth, mainly Thermal- and Plasma-enhanced CVD are
used. CNT length and diameter can be controlled by the deposition time and thickness and type
of catalyst thin film, respectively [9, 30].

14Used position controls for the catalyst pattern realisation are for example electron beam
lithography, nanosphere lithography or nanoinkjet deposition [42, 30]

15Screening is more pronounced for CNTs in the middle of an array, gradually diminishing
toward the edges [9].
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height [42]. Considering taller CNTs with higher aspect ratio, theoretically more
field enhancement is achievable. However, in an array configuration, longer
nanotubes require larger spacing to limit screening [9].

Different VACNTs patterns were designed to improve FE and reduce screening
effects to obtain optimal field enhancement. Excellent performance was given by
the squared-islands pattern and the honey comb pattern, where the CNTs are
placed in a hexagonal arrangement, resembling a honeycomb structure when
viewed from the top. The lower overall density compared to a full forest, while
still allowing for a good space coverage, makes these patters a very effective
mean to balance the previously discussed factors [9, 40].

Finally, it is of essential relevance to consider the damage of the CNTs during
emission, as the stability and durability of the cathode is one of the most
important prerequisites. The stability can be affected by various factors, such
as failure of the CNT substrate adhesion layer, the presence of residual gases
causing ion bombardment and ionization processes and local Joule heating
leading to changes in the structure of the nanotube tip [5]. Individual protruding
CNTs emit more electrons and eventually overheat as the temperature depends
on the emitted current. Joule heat accumulates and can melt the CNTs, leading
to failure. Therefore, high uniformity — where the height of CNTs is evenly
distributed — is favorable, as it helps to prevent burnt tips and ensures a stable
current [45].

2.6 Electron Guns

In this section, electron guns are presented and the requirements for the ELENA
electron gun are discussed. Various design considerations regarding the electron
gun are also explained. It is important to emphasize that while the focus of
this work is on the development of an electron gun for low-energy cooling in
ELENA, these results and findings can be used for a variety of applications. A
more extensive discussion of medical applications will follow in later sections.

2.6.1 Basic theory of Electron Guns

As already mentioned in subsection 2.3.2, the electrons required for cooling are
generated and accelerated to the necessary kinetic energy E0 = mec2 · (γ − 1)16

using an electron gun.

The simplest (thermionic) electron gun configuration is comprised of two
electrodes: the cathode and the anode. The anode is maintained at a positive
potential relative to the cathode and features a small opening to allow the
extracted beam to pass through. However, this is not an optimal arrangement17,
thus a triode system is often preferred. A third electrode placed between
anode and cathode, commonly known as the grid, is held at a more negative

16Here, c is the speed of light in a vacuum, me is the rest mass of the electron and γ = 1√
1−v2/c2

is the Lorentz factor, where v is the velocity of the electron.
17A basic diode arrangement has some drawbacks, for example that too many electrons hit

and thus heat the anode. The current can only be altered by changing Tc, which is naturally a
very slow process.
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potential compared to the anode. Its primary purpose is preventing electrons
from striking the anode and exerting a focusing and controlling influence on
the electron beam [22].

2.6.2 Gun design considerations for Electron Cooling

As said before, efficiency of cooling relies strongly on the quality of the electron
beam and how well aligned both beams are [18]. Therefore, special attention
has to be given to the electron gun design and its cathode. The goal is to achieve
the lowest possible cathode temperature i.e. the smallest transverse energy
spread of emitted electrons. In order to optimally select a gun for a specific
purpose, a thorough evaluation of the various requirements and limitations is
necessary, which will be discussed below.

Two key metrics of concern for cathodes in general are the emitter’s lifetime
and stability. Lifetime is defined as the duration during which the emitter can
maintain its performance, often assessed through constant or pulsed measure-
ments. Stability, on the other hand, measures the fluctuation in emitted current
over time at a fixed voltage [28].

Requirements for the ELENA Electron Gun

The electron gun in ELENA is placed in a solenoidal magnetic field of 1000 G to
avoid Coulomb repulsion among the electrons in the beam, as mentioned before
[18]. It must function continuously throughout an entire operational period,
which typically is around one year. Furthermore, the gun should produce a cold
beam, with a transverse temperature of T⊥ < 0.1 eV, a longitudinal temperature
of T∥ < 1 meV and an electron density of ne ≈ 1.5 × 1012 m−3.

Advantages of cold cathode sources

Currently, the ELENA cooler employs a classic thermionic cathode, which
is electrically heated to approximately Tc = 1200 ◦C. Conventional cathodes
are typically made from metals with low work functions18, such as tungsten
coated with an electron-emitting material like barium oxide (BaO). Even though
thermionic cathodes can be operated straightforwardly, are simple to manufac-
ture and have a long lifetime, there are a few limitations. In case of the current
ELENA cathode, the high temperature limits the minimum transverse energy
spread of the beam to 0.1 eV. In practice, this spread can increase significantly
further from the central beam region, due to the effects of the electron gun’s
electrodes and the beam’s tail effect. Thermionic cathodes are commonly used
where the high temperature does not limit the machine performance [22, 18].

Considering the demands of the ELENA cooler, exploring the use of a colder
source could provide significant improvements in performance and efficiency.
One option would be photoemission-based guns, but they rely on complex
experimental setups due to the laser system. Other downsides include the

18A small work function allows electron emission at lower temperatures.
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poor stability of the emitted current and the relatively short lifespan of the
photocathodes, making them less suitable for this study [9, 23].

However, Field Emission Electron Guns (FEGs) could present an exciting
alternative. In comparison to thermionic guns, FEGs rely solely on a strong
electric field, avoiding complications associated with heating. Therefore, cold
electron emission could provide a more uniform transverse energy spread [9].

Figure 2.12: Emission stability test in switching mode for a honeycomb-like array with an applied
electric field of E = 2 V/¯m. The test was performed for around 14 hours in switching
mode, followed by DC mode to compare stability [9].

FEGs offer several further benefits over thermionic cathodes, including higher
brightness and lower power consumption [22]. Additionally, FEGs have demon-
strated the ability to produce a stable and focused electron beam for over 1500
hours and reaching high enough current densities. Galante [9] proved that cur-
rent densities up to 2 mA cm−2 are possible depending on the applied electric
field. CNT based FEGs have also shown to operate effectively in fast switching
mode, which is necessary for ELENA operation. As shown in Figure 2.12, the
emission during switching remained stable over a 14-hour period, with only
a few current peaks. In this mode, the cathode is switched on for 15 seconds,
followed by a 15-second pause, reflecting the cooling plateaus in the ELENA
cycle. After switching to DC mode, the current stability remained and further
switching for an additional 25 hours showed no degradation. These preliminary
results confirm the feasibility of FEGs for ELENA. Therefore, while thermionic
cathodes are currently in use due to their robustness and simplicity, the poten-
tial benefits of transitioning to FEGs warrant careful consideration for future
upgrades [18, 6].
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3.1 The Electron Gun

The reliable operation of an electron gun depends on many technological details,
for which no exact theory exists and which often cannot be fully investigated
by experiments. Thus, a successful electron gun design requires much practical
experience as well as knowledge of the underlying theory.

3.1.1 Components of the Electron Gun

Previous studies [9] developed a preliminary design for a dual-gridded electron
gun based on a cold cathode CNT sample. It relies on a triode configuration
where both the extracting anode and the third electrode are referred to as grid
1 and grid 2. In this configuration the silicon wafer, on whose surface the CNTs
are grown, is used as a cathode with a negative applied voltage. The voltage
on grid 1 is responsible for creating the local electric field that extracts the
electrons from the CNTs. Grid 2 is usually grounded1 so that the electrons
can be transported downstream with the required beam energy (for ELENA
operation 355 eV). The two grids were manufactured by MicroCreate BV using a
highly n-doped round silicon wafer with a thickness of 100 µm and a diameter
of 4 inches. The wafer was thinned down to 50 µm in a central area where a
rectangular hole pattern measuring 3 × 3 cm2 was created. The mesh consists
of 15 µm square holes separated by 3 µm walls (see Figure 3.1).

Additionally, two MACOR®2 ring-shaped spacers are used for insulation be-
tween cathode/grid 1 and grid 1/grid 2. The spacers inner diameter limits the
beam size and act as a short drift tube for the beam. The final component is a
focusing electrode, an aluminum ring with a triangular-shaped cross-section.
It helps maintain straight field lines and keeps the transverse energy of the
emitted beam low. All edges of metal surfaces exposed to high voltage are
rounded, to reduce the risk of electrical discharges and arcing. HV coaxial
feedthroughs in the upstream flange were used to make electrical connections
to the power supplies or multimeters.

All these components, collectively referred to as the “emitter region”, are stacked
and secured with screws. A simplified illustration of the working principle of
the emitter region can be viewed in Figure 3.2. After the focusing electrode, the
beam is directed through an Einzel lens system (see subsection 3.1.3).

3.1.2 Challenges and Optimization of the Gun Design

The electron gun prototype, initially proposed in previous studies [9], under-
went several modifications to address various issues encountered during testing.

1However, a positive voltage can also be applied in order to enhance electron emission, if
needed.

2MACOR® is a machinable glass-ceramic material with an electrical insulation [46].
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Figure 3.1: Optical microscopy of the grid; showing a corner of the meshed area, with the grid
comprising of 15 µm square holes with 3 µm walls

Figure 3.2: Schematic illustration of the CNT-based electron gun working principle: The sample
holder contains the CNT sample grown on a Si-wafer. Three voltages are applied:
UCNT, Ugrid1 and Ugrid2 to enable tunneling. The emitted electrons pass through
grid 1 and grid 2, which are placed 1.4 mm and 19.75 mm above the CNT sample,
respectively. The arrows indicate the direction of the emitted electrons.

For example, the original gun design had a vacuum breakdown at a few kilo-
volt applied voltage. Additionally, silver glue was used to secure the supply
copper/Kapton® wire between the copper sample holder and the bottom of the
sample, but this did not provide sufficient surface contact to properly conduct
the applied voltage.

To overcome these problems, a few changes were made to improve the opera-
tional stability and insulation between components. As the gun design has to
meet Ultra High Vacuum (UHV) and High Voltage (HV) requirements and the
electrodes are very close together, finding the best configuration was not trivial.
A new PEEK3 sample holder was designed to significantly reduce the risk of
flashes and vacuum breakdown at higher voltages. The voltage was applied
using a screw at the bottom of the sample, with aluminum foil that helps to
ensure an electrical connection to the entire surface. PEEK nuts and screws
with a small groove along the longitudinal side were used to avoid gas pockets

3Polyetheretherketone (PEEK) is a high-performance thermoplastic [47]
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that could prevent good vacuum performance. This also reduced the risk of
sparking between the conducting elements. Additionally, thicker wires shielded
with MACOR® beads, were added to improve insulation.

Three Vespel®4 inlays (see Figure 3.6) were produced to house smaller sized
samples (1 cm2, 4 cm2 and 9 cm2) within the sample holder. The final electron
gun prototype can be viewed in Figure 3.3 and Figure 3.5.

Figure 3.3: (a) Cross-sectional view of the mechanical model of the CNT-based electron gun,
showing the arrangement of the Einzel lenses, emitter region and rod structure, (b)
Exploded view of the emitter region, including the Vespel® mask, CNT sample, metal
screw supplying high voltage, PEEK screws, two spacers and focusing electrode.

3.1.3 Einzel Lens System

Given the considerable drift distance between the sample and detector, an
Einzel lens system is employed to transport and focus the beam onto an
imaging screen after being released from the emitter region. Comprising of
three identical, symmetrically arranged electrodes on the same axis, the Einzel
lens system focuses the beam without altering the particles’ kinetic energy.

Typically, the outer electrodes share a common electrical potential V0, while the
central electrode is held at a different potential VM. Because of its symmetrical
design, the Einzel lens has identical focal distances before and after the lens. The
voltage configuration determines the fringe fields and thereby influences how
the particles are deflected and focused. As a charged particle passes through
the lens, it encounters changing electric field strengths, causing it to be repelled
or attracted to the inner side of the center electrode. The particle’s trajectory is
influenced by VM, along with its incident angle, charge and energy. The Einzel
lenses focusing ability depends on the design and the voltage ratio V0/VM.

An Einzel lens can operate in two modes, depending on the voltage ratio
VM/V0. In the acceleration-deceleration (A-D) mode (VM/V0 < 0), the first gap
accelerates the particles, while the second gap slows them down. Conversely,
in the deceleration-acceleration (D-A) mode (VM/V0 > 0), particles are first
decelerated and then accelerated.

4Vespel® is a high-performance polyimide material [48]
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The D-A mode offers a higher refractive power (shorter focal length) compared
to the A-D mode. However, the A-D mode was selected for this application as
it is preferable for achieving longer focal lengths with minimized spherical and
chromatic aberrations [49, 50].

3.1.4 CNT samples

Various VACNT samples were produced in collaboration with the “2D Materials
and Devices”-Group at the International Iberian Nanotechnology Laboratory
(INL) [51]. All samples were fabricated using Plasma Enhanced Chemical
Vapor Deposition (PECVD). The synthesis process begins with single-crystal
silicon wafers (substrates) that are diced into different sizes and coated with
a photoresist. Photolithography is then applied to define the desired pattern
(e.g. hexagonal arrays). Next, the patterned substrates are coated with a 50 nm
layer of aluminum oxide (Al2O3) to act as a diffusion barrier and a 1 nm film
of iron-boron (FeB) catalyst, deposited via sputtering. Then, the photoresist is
removed, leaving the catalyst layer only in the defined patterned regions.

a)

b)

Figure 3.4: SEM images by George Machado Jr. (INL) showing (a) the height of the VACNTs
from a tilted perspective, (b) the VACNTs arranged in a hexagonal pattern (10 µm
side length, 2 µm gap).
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The prepared substrates are placed in the Microsys 400 PECVD chamber from
Roth & Rau Microsystems, where the CNT growth is initiated. The growth
process involves introducing a carbon precursor gas into the chamber under
carefully controlled temperature and pressure conditions, creating an environ-
ment that activates the catalyst. The vertical growth of the CNTs is facilitated,
resulting in high-density, well-aligned VACNT arrays.

Post-growth, the samples are analyzed using SEM to verify the height and
uniformity5 of the VACNT forests. The key specifications of the samples used
in this project are summarized in Table 3.1, while a SEM image of the sample
can be seen in Figure 3.4.

Parameter Specification

Substrate material Silicon (Si) wafers
Substrate size ranging from 1 cm × 1 cm to 4 cm × 4 cm
CNT type Vertically aligned, high-density MWNTs
CNT diameter 5 nm to 15 nm
CNT length approx. 25 µm
Pattern type regular hexagonal arrays
Hexagon side length 10 µm
Gap between hexagons 2 µm

Table 3.1: Summary of CNT sample requirements

Figure 3.5: Final electron gun setup used in the experiments.

5Uniformity here refers to consistent height among the VACNTs across the sample.
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Figure 3.6: Inlays made of Vespel® (1 cm2, 2 cm2, 3 cm2) for different sample sizes. The top-right
plate is for reference.

3.2 Testbench Set-up

3.2.1 CCTB2

In order to carry out the measurements to characterize the cold cathode electron
gun, a “Cold-Cathode-Test-Bench 2” (CCTB2) was designed and built.

A photograph of the test bench setup is shown in Figure 3.8. The vacuum
tank (➀) houses the gun assembly and includes a six-way cross for multiple
connections with other instrumentation. One such connection is to an Edwards
TIC Pumping Station 6i, which, along with a Pfeiffer Vacuum Dual Gauge
(➁), is used to maintain and monitor the UHV pressure. Current and voltage
parameters are measured using a Hameg 4 3/4 digit programmable multimeter
HM8012(➃). High voltage for the electrodes is supplied by a ISEG THQ High
Voltage Power Supply (➄). Additionally, an ISEG HPN 120 256 High Voltage
Power Supply, with a higher current limit of 25 mA, was eventually added to
the setup. 33 cm downstream of the gun assembly a PHOTONICS Ion Beam
Profiler (➂) is placed, to visualize the beam spot. It utilizes a Microchannel Plate
(MCP) [52] coupled to a phosphor screen and together with a high-resolution
camera, amplifying and capturing even very dim ion beam events is possible.

The other free flange on the test bench can house another set-up called the
“Cold-Cathode-Test-Bench 1” (CCTB1), which was constructed for easy and
fast testing of CNT samples in previous experiments [9]. All measurements
were performed at room temperature and at UHV conditions.

3.2.2 CCTB1 flange

The CCTB1 can host up to three samples, fixed in a simple diode configuration
(see Figure 3.8). Each stack is composed of a stainless steel plate, where the
sample is secured by a Mica [53] or a Vespel® insulating mask, allowing precise
control of the emitting area. The anode, a 0.5 mm thick molybdenum plate, is
grounded in order to allow for current measurements, while the cathode (the
sample holder) is connected to a negative power supply to create the extracting
electric field. Depending on the mask used, the cathode-anode distance can
vary between 0.5 mm and 1 mm.
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Figure 3.7: Cold-Cathode-Test-Bench 2: ➀ Vacuum tank with gun assembly ➁ Pfeiffer Vacuum
Dual Gauge ➂ PHOTONICS Ion Beam Profiler ➃ HM6012 Multimeter ➄ ISEG HV
Power Supplies

Figure 3.8: (a) Schematic of the CCTB1 sample holder stack, showing the key components: the
anode plate (Imeas), insulating mask, CNT sample, steel sample holder and mica plate.
A high voltage (U ∼ kV) is applied across the assembly to enable electron emission
from the CNT sample. (b) Top view of the CCTB1 setup, showing one mounted
sample and the overall configuration

The entire stack is placed on a copper support plate on top of a mica plate
for insulation between the stacks. The stacks are held together with PEEK
insulating screws, except for the molybdenum plate, which is secured with
ceramic screws and washers.

All electrical connections are made using copper/Kapton® wires and SHV
(Safe High Voltage) coaxial feedthroughs, connecting to the various power
supplies or grounded connectors with coaxial cables. During the setup, a few
improvements were made compared to the original version, such as adding
ceramic beads around the wires and simplifying the mounting system.

3.2.3 Data acquisition and analysis

The power supply units, the vacuum gauge and the multimeter are connected
to a PC through a serial port. Data is recorded via Python scripts, allowing for
real-time monitoring of pressure and current values from the multimeter and
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gauge. A separate script is used to control ramp-up of the high-voltage power
supplies, where the start and end voltage as well as the step size and duration
can be set manually. The acquired data is then plotted, fitted and analyzed
using several Python scripts.

3.3 Microscopic analysis

Different microscopic analyses were performed in collaboration with the EN-
MME-MM section at CERN and INL:

• Scanning Electron Microscopy (SEM): The SEM study was performed at
INL using an FEI Quanta 650 FEG Environmental SEM.

• Optical analysis: A Keyence VHX 970F optical microscope was used to
optically analyze the grid.
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4.1 Simulation Overview

The main objective of this simulation study was to predict the electron beam
behavior during full-scale operation and to ensure the internal consistency of
the results. The simulations were performed using COMSOL Multiphysics® [54]
and CST Studio Suite® (CST) [55]. Both programs use finite element methods to
tools solve the Maxwell equations, simulating the behavior of charged particles
in electromagnetic environments.

Simulating the setup and finding the right balance between accuracy and com-
putational resources was a challenging task. In particular, the grid introduced
several complexities. Due to the rectangular grid structure, cylindrical symme-
try is not applicable, so that three-dimensional simulations became necessary. In
addition, each 3 µm thick wall must be represented by a minimum of two mesh
cells to ensure precise particle tracking. Furthermore, the number of mesh cells
is correlated to the simulation time and is limited by the available computing
power. Since the grid contains about 4.9 × 106 holes, a high number of mesh
cells were required, which lead to a significant computational effort.

4.1.1 Simulation Strategy

To manage this complexity, several strategies were applied. First, a simplified
model of the gun was created directly within the simulation software instead
of importing detailed CAD1 models intended for manufacturing. This allowed
for freedom in the design process while reducing the complexity of the global
mesh and the computational load.

In addition, the electron gun was simulated at different scales of its full size,
which reduced the total number of grid cells required. Comparing the results
at different scales also helped to verify that the simulation setup correctly
represents the physical system.

Each simulation was further divided into two stages:

• Stage 1: Simulation of the electron source and initial beam generation.
• Stage 2: Simulation of beam transport through the Einzel lenses.

Stage 1 was performed with the Particle Tracking Solver in the CST Studio Suite
and the resulting beam profile was analyzed. In the second stage, the beam
properties were reconstructed in COMSOL using a full-size model. Several
reasons led to the decision to use both CST and COMSOL. CST is fast and has
many built-in post-processing options, yet it lacks specific fine-tuning options
that are available in COMSOL. The combination of the strengths of both tools
allowed for a streamlined representation of the behavior of a CNT sample in
the physical test bench setup.

1Computer-Aided Design
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Figure 4.1: Illustration of simulation layout

4.2 CST Simulations (Stage 1)

Several simulation setups were considered, tested and refined before the final
layout was found. A key focus of the simulation setup in stage 1 was to ensure
straight field lines near both grids. This is necessary to minimize the transverse
momentum transferred to particles as they pass through the grid.

As mentioned above, a simplified geometry was used to avoid complex meshes
that could cause numerical errors or instabilities in the solver. The gun was
scaled to 1%, 2% and 3% of its original size in the transversal (in x- and y-
direction) plane. The dimensions used for each scaled simulation is summarized
in Table 4.1. When scaling the geometry, the electric field strength must also
be taken into account. If the gun was scaled longitudinally (in the z direction),
the voltages applied to the cathode and grid would have to be adjusted to
ensure a constant field strength. By scaling only in the transverse direction,
this adaptation is avoided, while still maintaining the most important physical
properties and keeping the beam distance in the z direction the same during
the rescaling in stage 2.

The focusing electrode’s primary function is to keep the field lines straight,
which can be archived by using periodic boundaries in the transverse plane.
These boundaries link the edges of the simulation domain, thus recreate the
electromagnetic fields at the edges. In this way, the simulation can be executed
on a small section of the grid, while the periodic boundaries emulate the
behavior of a fully extended grid in the x − y plane. This approach further
optimizes the simulation and minimizes computational costs.
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4.2.1 Simulation Configuration

Mesh

Global and local mesh properties were carefully selected to maintain the re-
quired precision without unnecessary increasing the simulation time. Finer
steps were used near critical areas with high field variations. Near the grid, the
step width in the x, y and z directions is 1.2 µm, with a z-extension of 0.05 mm.
Near the cathode, a coarser step width of 3 µm is applied, along with the same
z-extension.

Particle Emission Model

For all simulations, the CNT internal field-induced emission model was used
with a circular source type. The following parameters were set based on pre-
vious studies [9]: the initial kinetic energy E = 0.1 eV, two Fowler-Nordheim
equation-related material-specific constants a = 3.1537× 10−11 and b = 7.5793×
106 and the angle spread α = 89◦. The potentials were set according to the
requirements: the CNT sample is fixed to −355 V while the first grid is at 4000 V
and all other components are grounded.

Geometry Adaptations

The inner diameter of the spacers limits the grid area where the beam can
expand anyways, therefore the meshed region was designed as a circle. To
ensure smooth boundary conditions, the circular grid was enclosed within
a rectangular frame, as the boundary box in CST is always rectangular. The
spacers were modeled as rings, while the thickness of the sample holder was
kept thin to minimize solver artifacts at the edges.

4.2.2 Parameter Monitoring and Post-Processing for COMSOL

Four key parameters — Beam Divergence Angle, Mean Energy, Emittance,
Maximum Transversal Position and Transparency2 — were tracked during each
simulation to obtain an overview of the beam’s characteristics before exiting
the focusing electrode.

These parameters were recorded by 2D Particle Beam Monitors positioned
perpendicular to the beam’s direction of travel (in the z-plane), collecting data
from all particles passing through the monitor plane.

After the simulations were carried out, post-processing was done in CST and
with Python scripts. In particular, the “Observable As Histogram” function,
where the orbital angle spread can be plotted as a histogram, was used. The
results of the beam analysis was then used to generate the initial beam profile
in COMSOL.

2Transparency in this context refers to the percentage of particles that pass through the gun
without being absorbed or deflected.
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Parameter Real Size 1% Scale 2% Scale 3% Scale

Size of CNT
sample

40 mm ×
40 mm

0.3 mm 0.6 mm 1.2 mm

Thickness of
sample holder

3 mm 0.02 mm

Diameter of
sample holder,
spacers and grids

120 mm 1.2 mm 2.4 mm 4.8 mm

Inner diameter of
spacer 1 / spacer
2

30 mm /
35 mm

0.3 mm /
0.35 mm

0.6 mm /
0.7 mm

0.9 mm /
1.05 mm

Thickness of
spacer 1 / spacer
2

1.5 mm /
19.75 mm

Not Scaled

Thickness of grid
1 / grid 2

0.05 mm Not Scaled

Size of meshed
grid area

30 mm ×
30 mm

� 0.3 mm � 0.6 mm � 1.2 mm

Table 4.1: Comparison of simulation parameters for different scales

4.3 COMSOL Simulations (Stage 2)

Proceeding to the second phase of the study, the objective was to simulate the
transport and spot size of a real-size beam through the focusing electrode and
the Einzel lenses. The previously obtained maximal orbital angle was incorpo-
rated into COMSOL for the generation of a beam that could be transported
through the Einzel lenses.

Similarly to stage 1, some geometry was simplified to avoid boundary issues in
the solver. A round beam inlet with the specified electron beam properties is
placed at the simulation origin, which corresponds to 148 mm downstream of
the flange (55 mm downstream of the source). The surrounding model geometry
consists of the focusing electrode, the Einzel lenses and a round beam inlet.
The focusing electrode and the outer lenses were set to ground, only the inner
lens voltage VM was parameterized. A summary of the parameters used in the
simulation can be found in Table 4.2 [56].

In this set-up, two studies are necessary: first is a stationary study, used to
calculate the electric potential. Then, the resulting electric field is applied to the
model electrons via the Electric Force feature. Finally, a time dependent study
is carried out to simulate the particle trajectories over time. For post-processing
various 3D and 2D plot options were used to visualize the electric field and the
particle trajectories for different VM.
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4.3 COMSOL Simulations (Stage 2)

4.3.1 Simulation Configuration

Mesh

A predefined fine mesh setting was used near the lens cylinders, to allow for
precise solving of the electric field in the gaps between them. For the other
elements, a coarser predefined mesh was applied to save on simulation time.

Particle Emission Model

The particle beam was generated with an uniform release time distribution.
KV3 sampling from the phase space ellipse was chosen with an upright ori-
entation. The initial transverse velocity was set with a maximum transverse
displacement and a maximum transverse (orbital) angle obtained from step 1.
The longitudinal velocity was determined by setting a constant kinetic energy
E0.

Table 4.2: Parameters used in the COMSOL simulation. The value of σ̄m can be found in subsec-
tion 5.1.3.

Parameter Value Units Description

V0 parameterized V Voltage on inner cylinder
E0 355 eV Kinetic energy of particles
T 1.3423 × 10−7 s Time to reach end with no force
Lvac 59.2 cm Width of vacuum chamber
Rvac 7.95 cm Height of vacuum chamber
Lcyl 5 cm Length of cylinders in lens
Tcyl 1 cm Thickness of cylinders in lens
Rcyl 2.5 cm Radius of cylinders
dlens 3.65 cm Downstream distance of start of lens
cylsep 1 cm Separation of cylinders
xm 1.75 cm Maximum transverse displacement
x′m σ̄m rad Maximum transverse orbital angle

3In 3 dimensional phase space, the KV distribution particles are positioned uniformly across
the beam cross-section, with roughly equal distances between the particles [17].
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5 Simulation Results

5.1 Stage 1

This section summarizes the results of the initial simulation stage carried out in
CST.

5.1.1 Beam Characteristics

Figure 5.1 and Figure 5.2 show a comparison of five beam parameters (Beam
Divergence Angle, Mean Energy, Emittance, Maximum Transversal Position
and Transparency) measured across three different simulation scales (1%, 2%
and 3%). The abscissa represents the values obtained from each beam position
monitor that was set up, tracking the properties of the beam along its direction
of motion.

The mean beam divergence angles are 6.09 × 10−4 rad, 6.33 × 10−4 rad and
6.40 × 10−4 rad for the 1%, 2% and 3% scales, respectively, with an overall
mean of approximately 6.27 × 10−4 rad. The error ranges, representing the
difference between the minimum and maximum beam divergence values are:
4.93× 10−4 rad for 1%, 4.30× 10−4 rad for 2% and 4.07× 10−4 rad for 3% scale.

The final averaged emittance calculated as the mean of the three scaled is
1.182 × 10−3 mm · rad. The exiting radius is 0.173, 0.342 and 0.521 for the 1%,
2% and 3% simulations, respectively.

5.1.2 Electric Field and Particle Trajectories

Figure 5.3a illustrates the electric field distribution within the electron gun,
while Figure 5.3c shows the equipotential lines near the grid structure. An
example of particle trajectories can be viewed in Figure 5.3b.

5.1.3 Maximal Orbital Angle

Table 5.1 summarizes the calculated maximal orbital angles in the transverse
plane of the beam after passing through grid 2. The mean values for each
coordinate are σ̄x = 0.0224 rad and σ̄y = 0.022 rad. The maximum transverse
angle, σ̄m = 0.022 rad, was used as an input parameter to generate the beam in
COMSOL (see Table 4.2).

Table 5.1: Maximum Orbital Angle extracted from differently scaled CST simulations

Simulation Scale σx [rad] σy [rad]

1% 0.0222 0.0219
2% 0.0223 0.0222
3% 0.0228 0.0222
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5 Simulation Results

a) Beam Divergence Angle

b) Transversal Emittance

c) Maximum Transversal Position

Figure 5.1: Comparison of the Beam Divergence Angle, Emittance x and Maximum Transversal
Position over the distance along the beam path
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5.2 Stage 2

a) Mean Energy

b) Transparency

Figure 5.2: Comparison of the Mean Energy and the Transparency over the distance along the
beam path

5.2 Stage 2

The following section outlines the results obtained from the COMSOL simula-
tion of the particle trajectories through the Einzel lenses.

5.2.1 Electric Field and Particle Trajectories

A cross-section of the equipotential surfaces near the Einzel lenses are shown
in Figure 5.4a for a middel lens voltage of 50 V. Figure 5.4b illustrates one of
the simulated beam trajectories, where the color represents the particle kinetic
energy in SI units.
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5 Simulation Results

a) Electric potential along the beam path

b) Particle trajectories

c) Equipotential lines near the first grid

Figure 5.3: Illustrations showing (a) electric potential distribution, (b) particle trajectories and (c)
equipotential lines near the first grid.
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5.2 Stage 2

Table 5.2: Beam Radius and Area at different middle lens voltages

VM [V] Radius [mm] Area [mm2]

0 21.82 1484
50 21.56 1373

100 20.05 1120
355 17.92 592
400 22.4 958
500 32.97 2161

5.2.2 Beam Profile

The beam profiles at the detector distance for different middle lens voltages
are shown in Figure 5.5a, while their overlapped outlines are displayed in
Figure 5.5b. The beam surface area and the estimated beam radius for each
profile are summarized in Table 5.2.
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5 Simulation Results

a) Equipotential surfaces near the Einzel lenses

b) Beam Trajectories for VM =355 V

Figure 5.4: Beam trajectory and equipotential surfaces in COMSOL
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5.2 Stage 2

a) Beam profiles

b) Overlapped outlines of different beam profiles

Figure 5.5: Beam shapes at detector distance for various applied voltages VM
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6 Experimental Results

6.1 Field Emission Performance CCTB1

This chapter reports the experimental results.

6.1.1 Conditioning, Lifetime and Long-term Stability of VACNTs

Figure 6.1a shows an example of a ramp-up process for a 2 × 2 cm2 sample,
where both the current density and pressure are plotted against time. The
voltage on the anode was continuously increased in small voltage steps. The
first ramp-ups displayed a large amount of current spikes with a high amplitude.
However with more runs, more stable datasets were obtained.

6.1.2 Characterization and Field Emission Properties

Two different samples (2 × 2 cm2 and 4 × 4 cm2) were evaluated. For the 4 ×
4 cm2 consecutive ramp-up were performed, resulting in three different datasets
(I1, I2 and I3). In contrast, dataset J and the two measurements for the 2× 2 cm2

sample were done independently. Their characteristic field emission properties,
such as the turn-on field (Eon) and threshold field (Ethreshold) at 0.01 mA/cm²
and 0.1 mA/cm² respectively, are summarized in Table 6.1. The obtained current
density curves are displayed in Figure 6.2a and Figure 6.2a.

Table 6.1: Turn-on field (Eon) and threshold field (Ethreshold) at 0.01 mA/cm² and 0.1 mA/cm²
for differnet datasets

Dataset Eon [V/µm] Ethreshold [V/µm]

4x4 I1 1.45 -
4x4 I2 1.50 1.61
4x4 I3 1.51 -
4x4 J 1.72 2.90
2x2 A 2.65 3.34
2x2 B 4.73 5.19
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6 Experimental Results

a) Current density, pressure, applied voltage and electric field

b) Current density stability

Figure 6.1: Ramp-up and stability measurement for sample 2 × 2 cm2 performed on CCTB1.
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6.1 Field Emission Performance CCTB1

a) Current density 4 × 4 cm2 datasets

b) Current density for 2 × 2 cm2 datasets

Figure 6.2: Current density for different samples sizes

6.1.3 Fowler–Nordheim plot analysis

Fitting the current density curves to Equation 2.6, a Fowler-Nordheim plot
Figure 6.3a can be obtained. The corresponding fit results and estimations for
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6 Experimental Results

the field enhancement factor and the emitter radius are summarized in Table 6.2.
Another visualization, the Seppen-Katamuki plot, derived from the slope and
intercept of the Fowler-Nordheim plot, is shown in Figure 6.3b.

Table 6.2: Fitting parameters for different datasets.

Dataset Slope Intercept R2 β (nm−1) Radius (µm)

4x4 I1 −9.87 × 106 −24.13 0.940 6.61 × 10−6 30.27
4x4 I2 −8.07 × 106 −25.51 0.968 8.08 × 10−6 24.75
4x4 I3 −8.60 × 106 −25.28 0.956 7.58 × 10−6 26.39
4x4 J −1.18 × 107 −24.09 0.996 5.54 × 10−6 36.11
2x2 A −1.82 × 107 −25.06 0.962 3.58 × 10−6 55.86
2x2 B −3.45 × 107 −25.85 0.958 1.89 × 10−6 105.80

6.2 Electron Beam Profile CCTB2

Figure 6.4 shows images of the captured beam on the phosphor screen connected
to the MCP plate, using a 4 × 4, cm2 sample that was mounted in the sample
holder as previously explained. The diameter of the screen is 8 cm and the
images are taken one second apart each other. It was observed that fluctuations
in brightness correlate with an increase in the current on the grid.
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6.2 Electron Beam Profile CCTB2

a) Fowler-Nordheim plot

b) Seppen-Katamuki plot

Figure 6.3: Fowler–Nordheim analysis
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6 Experimental Results

a) t = 0s

b) t = 1s

Figure 6.4: Images of the beam spot on the phosphor screen
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7 Discussion

7.1 Simulation

7.1.1 Stage 1

The interpretations of the beam parameters obtained in stage 1 are summarized
in the following paragraphs.

• Beam Divergence Angle (see Figure 5.1a): The beam divergence angle
curves are relatively consistent across all simulations, showing only minor
fluctuations. The error ranges are relatively low.

• Mean Energy (see Figure 5.2a): The mean energy is uniform across all
simulations, as expected when applying similar potentials. Initially, the
particles gain energy when they are accelerated towards the first grid, but
then loose energy as they are defocused by the second grid.

• Emittance (see Figure 5.1b): The transversal emittance behavior is con-
sistent across all curves. The visible offset can be explained by the radius
dependence of ϵ. First, the emittance decreases as the beam travels through
the first grid, indicating that the beam is being focused, which reduces
the spread of particle trajectories. The final emittance as a mean over all
scales is relatively low when exiting the second spacer, indicating a well
focused beam.

• Maximum Transversal Position (see Figure 5.1c): The offset in the beam’s
maximum transversal position, effectively the beam’s envelope, is clearly
visible, as anticipated when scaling linearly. It can be observed that as
the beam passes through the two drift tubes, it expands. It is clear that
the particles have the same speed but have more room to travel before
being limited by the spacer walls. The larger the simulation, the greater
the radius of the spacer, allowing the particles more space to expand,
resulting in a longer linear slope.

• The exiting radius is in good accordance with the dimensions of the
respective inner radius of the second spacer (see Table 4.1) and a low
emittance beam.

• Transparency (see Figure 5.2b): All simulations begin with the same
number of particles, but as the beam progresses, the percentage of hits
declines. This is expected, as the electrons hit the edges of the spacer
and are absorbed there. A drop to around 60% is observed for all scales
after passing the first spacer. This is in accordance with the expected
transparency of 30-40% per grid, as indicated in previous simulations by
Galante [9].

• Interestingly, the 1% scaled simulation loses the most particles during
the second drift tube, likely due to its smaller transverse size relative to
the beam path, leading to a greater impact from the tube edges. The 3%
scaled simulation performs best with 43.3% transparency, retaining more
particles and aligning more closely with the expected behavior of a fully
scaled gun.
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7 Discussion

• The Maximum Orbital Angle is relatively small and similar across all
scales and in both the x- and y-plane, again aligning with the obtained
emittance.

The electric field is an important factor in the design of the electron gun, as
it directly affects particle acceleration, focusing and beam divergence. As said
before, it is generated by the applied voltages on the cathode, grids and anode.
The field lines (see Figure 5.3a) are straight and uniform, with the highest
field near the cathode, gradually decreasing towards the anode. Showing no
significant field disturbances or boundary errors, this indicates that the mesh
size was sufficiently small to ensure precision.

One of the primary objectives in the simulation setup for stage 1 was to achieve
straight field lines before the grid in such a way that the beam remains focused
and stable as it travels through the electron gun.

When plotting the isolines, or equipotential lines, near the grid (see Figure 5.4a),
it is clear that the grid structure has a significant impact on the electric potential.
The field penetrates partly into the gird structures, as visible in the rounded
isolines. Notably, after passing the grid, the isolines quickly return to being
straight within just a few microns, indicating that the grid does not introduce a
transverse kick to the particles.

Overall, the simulations show that the beam is stable across all three simulation
scales. The beam diameter grows as expected with larger geometries and the
transparency values align with previous studies. The observed maximum orbital
angle and the emittance is relatively small, indicating a converged beam that
can be focused well in step 2. These results suggest that the applied scaling
approach is feasible and internal consistency can be assumed.

7.1.2 Stage 2

The COMSOL simulation shows that the beam remains stable. The lenses
focusing behavior can be observed as expected when different voltages are
applied. The input beam, constructed according to the specified parameters,
exhibits a low divergence.

The energy remains the same before and after passing through the lens, as
shown in Figure 5.5, which is essential for optimal Einzel lens performance.
Overall, the results indicate a clear dependence of beam shape on the applied
voltage (see Figure 5.5a).

At VM = 0 V, the beam is relatively large and displays a circular outline, with
the particles evenly distributed across the beam’s surface. As the voltage is
increased, more asymmetric distortions both in the beam outline and the particle
distibution appear. These shape distortions in the beam spot roundness can
be attributed to an increased focusing and lens aberrations, causing a poorly
focused beam. The beam at VM = 355 V demonstrates the smallest surface area
of 592 mm2, suggesting optimal focusing at this voltage. Beyond VM = 355 V,
the beam size increases again. This is due to over-focusing, where the focal
plane (the point where the beam envelope converges) is too close to the exit of
the final Einzel lens. As a result, the beam starts to diverge again after passing
through this focal point, leading to an expanded beam shape at the detector.
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7.2 Experimental Data

7.2 Experimental Data

7.2.1 Field Emission Performance CCTB1

From the experimental data obtained from different VACNT samples in CCTB1
(see subsection 6.1.2), a few key observations can be made. Firstly, unstable
currents with high current spikes for the first few sweeps were observed. Such
abrupt drops are visible in Figure 6.1a. However, with more sweeps, fewer
outliers were observed, which aligns with reports in the literature [1]. Even for
VACNT, which already exhibit high uniformity compared to other CNT-based
sources, small differences in the CNT height can cause significant problems [2].
The observed current spikes are probably caused by protruding tips that are
being “burnt off.” As a higher CNT height is correlated with higher current, the
over-emission induces Joule heating, which in turn can cause tip deformation.
It has been shown that after a few “conditioning” sweeps, the most dominant
CNTs and any residual gas adsorbates on the surface are removed, allowing for
a more stable current [1, 5].

It is also important to note that for all samples, much less current was observed
than expected. Based on past research by Galante, current densities up to
2 mA cm−2 were anticipated, in stark contrast to the values reported here,
which are lower by approximately one to two orders of magnitude [9].

Various hypotheses can be proposed to explain these underlying problems.
One assumption is poor adhesion between the substrate and the CNT. At
high current densities, the CNT can easily detach when the adhesion force is
too small [2]. Another hypothesis is that the alumina layer used in the CVD
process is negatively influencing electrical contact. Although a thin alumina
layer is commonly used in producing CNT emitters, a layer that is too thick
or unevenly distributed could create an insulating barrier in some areas of
the sample. Another idea is that too many CNTs degrade over time due to
exposure to molecules that become adsorbed on the surface [1]. Also, low
vacuum conditions, hypothetically caused by other emitting materials used
in the electron gun, could collide with emitted electrons, causing high-speed
electron and molecule bombardment, which can damage the CNTs on the
samples [2]. It can be argued that for large-area samples, there is insufficient
data to determine which of the previously mentioned adverse phenomena
affects the beam the most.

When comparing the two sample sizes, a few differences in their field emission
behavior are noticeable. For instance, the 4 × 4 cm2 datasets exhibit low turn-on
fields in the range of 1 V µm−1 to 2 V µm−1. In contrast, the 2 × 2 cm2 sample
requires a higher turn-on field.

Moreover, it has been observed that with each consecutive ramp-up dataset (4x4
I1, 4x4 I2 and 4x4 I3) the threshold field increases slightly. This is a well-studied
effect and highlights the influence of the conditioning process on the emission
properties [57]. Figure 6.1a also supports this theory, as the curve for dataset
2x2 B is much smoother and reaches a higher current density than dataset 2x2
A, which was obtained first.

Fowler–Nordheim analysis supports these observations. The good linear be-
havior with an R2-factor in the range of 0.94 to 0.99 confirms that all measured
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7 Discussion

currents are based on field emission. The 4 × 4 cm2 sample datasets (see Fig-
ure 6.3a) show a gentler slope, which correlates to a high field enhancement
factor or a low work function [39]. In contrast, the 2 × 2 cm2 datasets exhibit a
steeper slope.

The SK-plot (see Figure 6.3b) provides a simple way to visualize how the slope
and intercept of each dataset correlate to the FE behavior. The data points of
the large samples are clustered in the upper left and right corner. After the first
ramp-up (4x4 I1), the slope-intercept value for the subsequently taken datasets
moves towards the upper left quadrant — corresponding to a smaller tip radius
or a higher field enhancement effect. These differences could also signify a
change in tip structure that occurs during the sweeps, due to the previously
mentioned effects.

The dataset 2x2 B appears in the bottom left corner. This could hint at either
a larger apex radius or a less effective emission area. The observations align
well with the lower turn-on fields for the 4 × 4 cm2 sample datasets and the low
current density performance of the 2x2 B dataset mentioned previously. Interest-
ingly, the other small sample dataset performs better in terms of current density,
low turn-on field and slope-intercept value. As explained before, such variations
are not unusual for CNT-based emitters, as local morphology changes due to
overheating and gas absorbates can strongly influence the overall emission
properties in different stages of the conditioning process [57].

The values of β and r summarized in Table 6.2 can only be viewed as rough
estimates, as the applied formulas are typically meant for a single CNT tip
and comparative studies in the literature for this specific pattern are difficult
to find. However, it is notable that the very low field enhancement factor does
align with the overall mediocre FE performance. Furthermore, the calculated
tip radius is approximately in the range of one hexagonally shaped CNT island
(with a side length of 10 µm) in the honeycomb pattern. Still, this cannot be
viewed as a reliable result.

Testing the long-term stability of different samples was another research objec-
tive. Measurements for a 2× 2 cm2 (see Figure 6.1a) demonstrate that prolonged
use of the VACNT honeycomb arrays at high fields is possible. The mean cur-
rent density after the ramp-up process exhibits very low fluctuations — under
5 %, indicating a reasonable level of stability over an extended period. This is
in accordance with results showing fluctuations of under 10 % over 72 hours,
as reported by Giubileo et al. [57]. Furthermore, these findings align with data
from Galante [9], indicating that patterned CNT samples can emit stably for
over 1000 hours without burning out.
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7.2 Experimental Data

7.2.2 Electron Beam Profile CCTB2

Finally, using the prototype and a 4 × 4 cm2 sample, an electron beam spot was
produced and successfully captured, as shown in Figure 6.4. Since the brightness
fluctuations correlate with higher current, it can be assumed that the beam is
indeed originating from the VACNT sample and is caused by an unstable beam
current. However, the beam is much larger than expected. The screen (with a
radius of 4 cm) is fully illuminated, suggesting that the divergence might be
significantly higher than anticipated. According to the simulations, the beam
should be a relatively round spot with a radius of approximately 1.8 cm (see
Table 5.2).

The beam does not show an uniform luminance signal. A brighter, half-moon
area can be observed at the top. When changing VM this bright area shifts
slightly, indicating that the beam is not confined to the detector screen. Another
hint of a magnified beam image is the presence of darker horizontal and
vertical lines, likely caused by the grid stopping the electrons, resulting in lower
intensity in these regions. These distortions might be due to uneven focusing or
because the electron beam that is exiting the emitter region has a much higher
divergence and energy spread than expected.

The next step would be to install solenoids to focus the beam more efficiently
and reduce losses. Another option could be to shorten the distance between the
source and the detector by moving the detector closer and removing the Einzel
lenses.

Investigating how to enhance the FE properties of the sample would be another
aim for further research. One focus could be to improve the CNT anchoring, as
demonstrated by Liu et al., which could improve field enhancement and the
stability [2]. Furthermore, another idea would be to use residual gas analysis to
understand the vacuum conditions better.

Nonetheless, even with low current, the results obtained are still promising and
confirm that a dual-gridded gun design based on VACNT can function. Further
research on the general setup and refining the electron gun design is therefore
warranted based on the insights gained so far.
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8 Potential Applications in Medicine

The advances in the production, cooling and trapping of antiprotons at CERN
inspire not only further fundamental research, but also innovations that benefit
society. One promising application of a low-energy decelerator complex is
cancer therapy.

Typical radiotherapy modalities include photon, electron and proton beams.
Additionally, several other advanced options, such as carbon ions, neutrons and
antiprotons, are being investigated and discussed. In comparison to photons,
which deposit their energy exponentially after a short increase, charged particles
exhibit a Bragg peak, where most of their energy is deposited at a specific
depth, followed by a steep decrease [58] [59].

Figure 8.1: Schematic image of depth-dose profiles of a photon (red), proton (black) and antipro-
ton beam (blue). The deposited energy is expressed relative to the plateau region. [58]

The concept of antiproton-based radiotherapy was first introduced in 1982.
Studies have shown that during the entrance phase, antiprotons travel through
tissue in a manner almost identical to protons [58]. However, at the end of
their range, antiprotons release an additional 30 MeV of energy due to an-
nihilation, compared to their matter counterparts. This results in practically
double the deposited physical dose compared to protons. Figure 8.1 shows a
depth-dose curve of photons, protons and antiprotons, clearly demonstrating
the antiprotons Bragg peak that is twice as intense as that of a proton beam
[60].

The extra energy deposition in the Bragg peak region presents promising
outcomes, as the goal is to maximize energy delivery at a specific depth while
minimizing damage to surrounding healthy tissue [60]. Comparative studies
have shown that antiprotons have a 3.75 times higher ability to destroy tumorous
cells due to the increased annihilation dose [61].

Another promising advantage is the possibility of real-time monitoring of the
dose distribution during the irradiation process. Annihilation byproducts that
are emitted can be detected using an external imaging system. Controlling
beam misalignment in real time could greatly improve treatment accuracy and
safety [62].
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8 Potential Applications in Medicine

Clinical indications for treatment with antiprotons include for example re-
irradiation or small tumors near critical organs where avoiding healthy tissue
is especially important. Therapy-resistant volumes inside a tumor are another
scenario where the high effectiveness of antiprotons can be exploited [58].

Despite these advantages, antiproton therapy has not been implemented in
clinical practice. The production of antiprotons requires a highly complex
and costly facility that must be maintained continuously. Currently, only the
CERN accelerator complex is actively producing antiprotons, as Fermilab’s
Tevatron was shutdown in 2011. However, the international accelerator facility
for Antiproton and Ion Research (FAIR) at GSI is under constructing, possibly
allowing advanced studies and clinical trials.

Further research with more robust data is needed to determine whether antipro-
ton radiotherapy is feasible for clinical use [58]. Enhancing electron cooling, as
explored in this thesis, contibutes to the production of very highly luminous
beams. Reducing the size and energy spread of the antiproton beam by inves-
tigating colder beam sources for the electron cooler’s electron gun is key to
enabling the best initial conditions for clinical studies.
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