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Summary 

This thesis describes the use of Radio Frequency (RF) cavities to chop a continuous electron 
beam into smaller bunches. This technique is to be used in time resolved electron microscopy. 
First the electromagnetic properties of the used cavity are described. These are then used to 
describe their use in electron microscopy. 

These electromagnetic properties can be measured using the so called ‘bead pull’ method. By 
inserting a small disturbance in the cavity the properties of the cavity will change. By 
characterizing this change the electromagnetic field within the cavity can be measured.  

This thesis also describes a table top experiment using the RF cavities to chop a continuous 
electron beam into smaller bunches. This experiment is party rebuilt in the lab and simulated 
in General Particle Tracer (GPT). The results of the lab experiment and the simulations are 
compared to determine how well simulations can predict the outcome of real life 
experiments. The simulations also predict that the setup should have a sub eV energy 
resolution. 

The cavity doesn’t behave as simulations predict. The results are expected to be symmetrical 
yet they aren’t. This is expected to be because of a not fully functioning antenna. After a lot 
of measuring using the antenna it is not a Lorentzian antenna anymore. This results in non-
symmetrical results since the cavity will oscillate in a different or multiple modes. 

The cavity is used in the lab to sweep an electron beam generated by a modified SEM. By 
catching the electrons with a screen the sweep length can be measured. The input power of 
the cavity is varied by adding impedances on the input, this results in different magnetic field 
strengths in the cavity. The results of this experiment are compared to simulations showing 
great merit in using GPT in this kind of experiment. 
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1 Introduction 

 
In this thesis the use of radio frequency (RF) cavities as time dependent phase space 
manipulators is described with the goal to use them to create femtosecond electron bunches. 
Femtosecond electron bunches have been created before [3] but require large and expensive 
laser systems to generate them.  
 
In the group CQT, at the TU/e, a new way of creating femtosecond electron sources has been 
devised [1]. The goal is to use these pulsed electron beams to create tabletop femtosecond 
time resolution EELS spectra. This is done by using RF cavities to chop a continuous beam of 
electrons into a pulsed beam. This cavity is filled with a dielectric material to reduce the size 
and power consumption of the cavity. This is very important because it allows for smaller 
vacuum chambers and power sources to be used, which reduces the costs significantly. This 
let us to dub this method ‘poor mans’ FEELS.  

 
1.1 Scope of this thesis 

 
The goal of this thesis is to characterize the used cavity and to use the cavity to sweep the 
electron beam across a screen. These experiments are then simulated using General Particle 
Tracer (GPT) [2], a C based simulation platform for the study of charged particle dynamics, to 
investigate how well simulations are able to predict the outcome of this kind of experiment. 
To be able to compare the simulated results with a real life experiment the setup is rebuilt in 
the lab. 
 
Chapter two gives an introduction into electron energy loss spectroscopy (EELS), chapter 3 
describes the theory of radio frequency cavities. Then this knowledge is used to explain how 
the cavity can chop the continuous electron beam into smaller bunches. Chapter six discusses 
the actual cavity and how well it represents the theoretical cavity discussed in chapter two. 
Chapter four uses the cavity theory to create a table top experiment using the cavity to chop 
a DC electron beam into bunches. In chapter five key parts of the experiment are simulated in 
GPT and reflected onto the real situation in the lab. 
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2 Introduction to EELS 

Electron energy loss spectroscopy (EELS) uses the interaction between high energy electrons 
(> a few keV) and matter to get information about the microscopic structure of the sample, 
but also to find information about the chemical and electronic structure of the material. 
Knowledge of the chemical and electronic structure is very important for the current 
generation of nanomaterials.  

This chapter first describes different kinds of electron-matter interactions. Section 2.2 then 
focusses on the resulting EELS-spectra and what information can be gained from them. 

2.1 Electron-matter interactions 

There are two types of interaction between electrons and matter: elastic and inelastic 
interactions. For both interactions a typical amount of energy is lost. 

Elastic interactions are interactions of the electron with the nucleus of the atoms in the 
material. Coulomb forces will scatter the electron, since Coulomb forces are only able to 
manipulate the direction of the velocity of the electron. The absolute momentum of the 
electron remains the same, this means that no energy is lost in these interactions. It is actually 
possible to bend the electrons over angles larger than 90 degrees. Only electrons very close 
to the nucleus will scatter over significant angles due to the quadratic decrease of the 
Coulomb force strength as a function of the distance to the nucleus. In non-crystalline 
materials each atom is individually responsible for the scattering. In crystalline materials 
diffraction of the wave-like electrons will influence the scattering angle and the electrons will 
leave the sample under sample specific angles. These angles give information about distance 
between atoms in the crystal.  

Inelastic interactions are a little more interesting because the electron will lose energy to the 
sample. Inelastic interactions are due to electron-electron interactions within the sample. The 
incoming electron can excite an electron to a higher energy level, or even ionize an atom. The 
incoming electron will lose energy in this process. The amount of energy lost is characteristic 
for a specific electron in a specific atom. This allows us to find information about the chemical 
structure of the material by measuring the amount of lost energy. 

Electrons in the inner shell can only be excited if they receive an amount of energy larger than 
the binding energy because there are no free states below the Fermi level. This leaves the 
atom in a highly excited state or even ionized. The formed hole in the inner shell will be filled 
with another electron. Hereby energy is released in the form of electromagnetic energy (X-
ray photon) or as kinetic energy of a secondary electron (Auger electron). The energy of the 
released photons is characteristic for the material and is used in energy dispersive x-ray 
spectroscopy (EDS). The energy of the secondary electron is also specific for each material and 
is used in Auger electron spectroscopy (AES). 

The electron can also interact with more than one electron. The incoming electron can cause 
a resonance in the outer electrons of multiple atoms. This resonance will take a wave like 
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character. This wave of electrons can be quantified as a plasmon. A plasmon is a quasiparticle 
similar to the phonon. Usually the valence electrons will vibrate because they are less strongly 
bound to the atoms core. This means that insulators rarely show plasmon interaction. 
Plasmons in solids have a typical energy between 5 and 30 eV. It is also possible to create 
plasmons on the surface of samples. These plasmons are only important for EELS in very thin 
samples, in thicker samples surface plasmon interactions happen far less than regular plasmon 
interactions and can be neglected [6].  

The amount of plasmon interactions is strongly influenced by the state of the valence 
electrons. In alkali metals, where the electrons behave like free particles, plasmon interactions 
are a common occurrence. While in noble gasses they rarely occur.  

2.2 The EELS spectrum 

EELS spectra are created by capturing the electrons after they have interacted with the sample 
and determining the energy loss. The energy of the electron is determined using an electron 
spectrometer. Figure 2-1 shows a typical EELS spectrum, the counts axis is logarithmic.  

 

figure 2-1 Electron energy-loss spectrum of a high-temperature superconductor (YBa2Cu3O7) with 
the electron intensity on a logarithmic scale, showing zero-loss and plasmon peaks and ionization 
edges arising from each element. Taken from: [5] 

The first peak appears in every EELS spectrum and is called the ‘zero loss peak’. This peak is 
caused by the elastically scattered electrons and electrons that haven’t interacted at all. The 
peak doesn’t give any information about the sample but is still an important part of the 
spectrum since it is a measure of the energy resolution of the system. The smaller the width 



6 | 29 

 

of peak the better the energy resolution. If the energy resolution is too big the peak will also 
contain low energy plasmon interactions.  

At small energy losses, about 5 to 50 eV, peaks appear due to plasmon interactions. These 
peaks are very valuable since they give information about the electric configuration of the 
sample. For example diamond and graphite, which are both completely made from carbon, 
have different plasmon peaks [5]. This section also features inelastic scattering from outer-
shell electrons which also show as peaks. 

At higher energy losses the inner shell electron interactions appear. These appear as edges 
rather than peaks since the electrons should lose at least the energy needed to ionize the 
atom, but they can also lose more energy which results in more kinetic energy for the ionized 
electron. The locations of the edges are specific for each element and thus allow for the 
chemical structure of the material to be researched using EELS. 

It is important that the sample is not too thin or too thick. If the sample is too thin surface 
plasmons will have a significant influence on the spectrum. And if the sample is too thick 
electrons can have more than one interactions with the material which will lead to extra peaks 
at multiples of the energy loss. This occurs if the sample is thicker than the mean free path of 
an electron, which is typically 50-150 nm for 100 keV electrons. The extra peaks can be 
removed using various deconvolution processes.  
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3 The TM110 RF pillbox cavity 

This chapter explains the chopping capabilities of the used RF cavity. To achieve this, first the 
electromagnetic fields within the cavity are calculated. This is done by assuming a vacuum 
filled cavity. Section 3.3 discusses how the dimensions of the cavity change when filled with a 
dielectric. In section 3.4 the power consumption of the cavity is calculated. Lastly section 3.5 
uses the calculated electromagnetic fields to explain how the RF cavity can be used to chop a 
continuous electron beam into 100 fs bunches. 

3.1 Vacuum pillbox 

First a standard cylindrical vacuum cavity is described, thus not filled with a dielectric. The 
cavity has radius a and length d, as seen in figure 3-1. Because of the symmetry the Maxwell 
equations always give a solution with Ez or Bz component of the electric or magnetic field equal 
to 0. Fields with no magnetic component in the z direction are known as transverse magnetic  
(TM) modes. TM modes are characterized by three integers: l, m, n. These integers are used 
to describe the eigenvalues of the wave vector k needed to satisfy the boundary conditions. l, 
m, n depend on the mode, frequency and cavity dimensions. A transverse magnetic mode can 
be written as TMl,m,n. This experiment only uses the dipole transverse magnetic mode which 
is written as TM110.  

 

figure 3-1 An overview of the dimensions of the TM110 cavity. Left: middle section of the cavity. Right: 
an overview of the cavity. The inner section is to be filled with a dielectric, the outer body of the cavity 
is made of copper. In reality there will be a tunnel in the center in the �̂�𝑧-direction for the electrons to 
pass through. The images don’t have the same scale. Taken from: [1]. 

3.2 The TM110 field 

The dipole transverse magnetic mode has a transversal magnetic field that is strong at  r=0 
and a longitudinal magnetic field which is 0 at r=0, as can be seen in figure 3-2. This also 
explains the cavity’s ability to streak the electron beam. The Lorentz force �⃗�𝐹 = 𝑞𝑞��⃗�𝑣⨉𝐵𝐵�⃗ + 𝐸𝐸�⃗ � 
predicts that the electrons, which have initial velocity �⃗�𝑣 in the �̂�𝑧 −direction at r=0, will get a 
velocity component in the  𝑥𝑥� − and/or  𝑦𝑦� −direction.  
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figure 3-2 The TM110 electromagnetic fields. Left: there is no magnetic field in the �̂�𝑧-direction. Right: the 
electric field only has a component in the �̂�𝑧-direction. Taken from [1]. 

The solution to the Maxwell equations can be  written as 

𝐸𝐸𝑧𝑧 = 2𝑐𝑐𝐵𝐵0𝐽𝐽1(𝑘𝑘𝑘𝑘) cos(𝜃𝜃) sin(𝜔𝜔𝜔𝜔)    (3.1) 

𝐵𝐵𝑟𝑟 = 2𝑐𝑐𝐵𝐵0
𝑟𝑟𝑟𝑟

𝐽𝐽1(𝑘𝑘𝑘𝑘) sin(𝜃𝜃) cos(𝜔𝜔𝜔𝜔)    (3.2) 

𝐵𝐵𝜃𝜃 = 2𝑐𝑐𝐵𝐵0
𝑟𝑟

𝐽𝐽1′(𝑘𝑘𝑘𝑘) cos(𝜃𝜃) cos(𝜔𝜔𝜔𝜔)    (3.3) 

Where 𝑘𝑘 = �𝑥𝑥2 + 𝑦𝑦2, c is the speed of light in vacuum, 𝐽𝐽𝑛𝑛 is the nth order Bessel function of 
the first kind, 𝑘𝑘 = 𝑟𝑟

𝑐𝑐
 is called the wave number and 𝜔𝜔 is the angular frequency. The magnetic 

field amplitude 𝐵𝐵0 is defined such that 𝐵𝐵𝑦𝑦 = 𝐵𝐵0 at 𝑘𝑘 = 0. Eq 3.1 together with the boundary 
condition that 𝐸𝐸𝑧𝑧 = 0 at 𝑘𝑘 = 𝑎𝑎 (for all 𝜃𝜃) gives a relation between the radius of the cavity and 
the frequency of the mode. For the streaking cavity 𝑓𝑓0 = 3 GHz, this results in 𝑎𝑎 = 60.9 mm. 
The frequency of the mode does not depend on the length 𝑑𝑑 of the cavity. 

3 GHz is an arbitrarily chosen frequency. This frequency was chosen because the properties 
of materials at this frequency are well documented. Equipment needed to generate signals at 
this frequency is widely available at a cheap price and 3 GHz is the 40th harmonic of 75 MHz. 
Which is important because this allows the cavity to be synchronized with a 75 MHz 
TI:Sapphire laser oscillator.  

The length 𝑑𝑑 has no influence on the frequency on the mode but it has an influence on the 
effectiveness of the cavity. The length can be varied to maximize the electromagnetic force 
on the electrons. To do this, the length of the cavity must be equal to half the distance traveled 
in half a period of the cavity, as will be shown in section 3.5. This means 𝑑𝑑 = 𝑣𝑣𝑒𝑒

2𝑓𝑓0
. The SEM that 

CQT uses is able to create up to 30 keV electrons. At this energy 𝑣𝑣𝑒𝑒 = 98.44 ∙ 106 m/s. This 
results in 𝑑𝑑 = 16.41 mm. 
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3.3 Dielectric filled cavity 

The Quality factor  𝑄𝑄 is a measure of how well a resonator performs. The Quality factor can 

be calculated using 𝑄𝑄 = 𝑟𝑟𝜔𝜔
𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙

. Where 𝑈𝑈 is the power contained in the fields and 𝑃𝑃𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 is the 

power lost through the wall of the cavity.  

Inserting a dielectric in the cavity will change the electromagnetic properties of the fields 
within the cavity. The speed of light changes due to a different permittivity resulting in 𝑣𝑣𝐷𝐷𝐷𝐷 =
𝑐𝑐

√𝜖𝜖𝑟𝑟
. Where 𝑣𝑣𝐷𝐷𝐷𝐷 is the speed of the standing wave within the dielectric, and 𝜖𝜖𝑟𝑟 is the relative 

electric permittivity of the dielectric. This slower wave-speed will result in a larger 
wavenumber 𝑘𝑘. The product of 𝑘𝑘 and 𝑎𝑎 is a constant (the first zero of the first order Bessel 
function), thus inserting the dielectric will mean the radius of the cavity can be reduced by a 
factor √𝜖𝜖𝑟𝑟: 𝑎𝑎𝐷𝐷𝐷𝐷 = 𝑎𝑎

√𝜖𝜖𝑟𝑟
. This leads to a large decrease in cavity surface and volume and thus 

less power will be lost through the wall and less power needs to be fed into the cavity. This 
allows for less expensive equipment to be used.  

These results would suggest that filling the cavity with the ‘strongest’ dielectric leads to the 
best cavity. This is not the case because energy will be lost within the dielectric. This loss can 
be calculated by solving the following integral 

𝑃𝑃𝐷𝐷𝐷𝐷 = 1
2
𝜖𝜖′′𝜖𝜖0∭�𝐸𝐸�⃗ �

2
𝑑𝑑𝑑𝑑.     (3.4) 

𝜖𝜖′′ is the imaginary part of the complex permittivity 𝜖𝜖𝑟𝑟 = 𝜖𝜖′ + 𝜖𝜖′′𝑖𝑖. Solving Eq 3.4 gives 

𝑃𝑃𝐷𝐷𝐷𝐷 = 𝜋𝜋𝑟𝑟𝐵𝐵02𝑐𝑐2𝑑𝑑𝜖𝜖′′𝜖𝜖0𝑎𝑎2

𝜖𝜖′
𝐽𝐽02(𝑘𝑘𝑎𝑎).     (3.5) 

Based on these results a dielectric can be picked to minimize the energy loss in the dielectric 
while also maximizing the gain from the smaller volume. A ceramic doped with ZnTiO4 has 
been picked as the dielectric to fill the cavity with. This allows the radius of the cavity to reduce 
to 10.6 mm instead of the 60.9 mm for the empty cavity. Beside that nice result the cavity will 
only need 45 W of power to maintain a field magnitude of 3 mT instead of 393 W [10] for the 
empty cavity. This comes at a cost since the quality factor reduces to 2600 from 11300 for the 
empty cavity.  

Besides losing energy in the dielectric, the cavity also loses energy in it’s conductive walls. The 
fields in equations 3.1, 3.2 and 3.3 will induce a current in the cavity wall which leads to loss 
of power through the cavity wall. The loss of power can be calculated using 

   𝑃𝑃𝑤𝑤𝑎𝑎𝑙𝑙𝑙𝑙 = 1
2∯

�𝑛𝑛�⃗ ⨉𝐵𝐵�⃗ �
2

𝜇𝜇2𝜎𝜎𝜎𝜎
𝑑𝑑𝑑𝑑.      (3.6) 

This integral must be taken over the whole surface of the cavity. 𝑛𝑛�⃗  is the normal of the surface, 
𝜇𝜇 is the permeability of the metal, 𝜎𝜎 is the conductivity of the metal and 𝛿𝛿 is the frequency 
dependent skin depth. For copper the values of these parameters at 𝑇𝑇 = 298 K and 𝑓𝑓0 = 3 
GHz are 𝜇𝜇 ≈ 4𝜋𝜋·10-7 N A-2, 𝜎𝜎 = 5.84·107 Ω-1 m-1 and 𝛿𝛿 = 1.2·10-6 m. Solving Eq 3.4 yields, 
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𝑃𝑃𝑤𝑤𝑎𝑎𝑙𝑙𝑙𝑙 = 2𝜋𝜋𝐵𝐵02𝑎𝑎
𝜎𝜎𝜎𝜎𝜇𝜇2

(𝑑𝑑 + 𝑎𝑎)𝐽𝐽02(𝑘𝑘𝑎𝑎).     (3.7)  

Combining Eqs 3.5 and 3.7 allows for 𝐵𝐵0 as a function 𝑃𝑃𝑖𝑖𝑛𝑛. This results in: 

𝐵𝐵0 = 3.951 ∙ 10−4�𝑃𝑃𝑖𝑖𝑛𝑛        (3.8) 

3.4 Chopping capabilities of the cavity 

The magnetic field calculated in section 3.2 can be calculated on the z axis, this yields 

𝐵𝐵�⃗ = 𝐵𝐵0 cos(𝜔𝜔𝜔𝜔 + 𝜙𝜙0)𝑦𝑦�,      (3.9) 

with 𝜔𝜔 the time and 𝜙𝜙0 the phase at 𝜔𝜔 = 0. The 𝑦𝑦�-direction was arbitrarily chosen, GPT uses 
the same direction which explains this choice.  

The magnetic field in equation 3.9 will result in a momentum change in the 𝑥𝑥�-direction 
because of the Lorentz force. The electrons traverse the cavity with velocity 𝑣𝑣 = 𝑣𝑣𝑒𝑒�̂�𝑧, which is 
assumed to be constant.  The Lorentz force predicts a momentum kick. Calculations yield: 

𝑃𝑃�⃗ = 𝑞𝑞𝑣𝑣𝑒𝑒𝐵𝐵0
𝑟𝑟

(sin(𝜔𝜔𝜔𝜔 + 𝜙𝜙0) − sin(𝜙𝜙0))𝑥𝑥�,    (3.10) 

With 𝜔𝜔 = 𝑑𝑑
𝑣𝑣𝑒𝑒

 the transit time for the electrons through the cavity. Eq (3.10) predicts that 

electrons with a different entry phase will receive a different momentum kick, and thus will 
be scattered over a different angle. Maximizing Eq (3.10) results in 

𝑃𝑃𝑥𝑥,𝑚𝑚𝑎𝑎𝑥𝑥 = −2𝑞𝑞𝑣𝑣𝑒𝑒𝐵𝐵0
𝑟𝑟

sin(𝜙𝜙0).     (3.11) 

This maximum deflection happens at a transit time of 𝜔𝜔 = 𝜋𝜋
𝑟𝑟

= 𝑑𝑑
𝑣𝑣𝑒𝑒
→ 𝑑𝑑 = 𝜋𝜋𝑣𝑣𝑒𝑒

𝑟𝑟
= 𝑣𝑣𝑒𝑒

2𝑓𝑓0
 which is 

the same value for 𝑑𝑑 as was calculated in section 3.2. Using 𝑃𝑃𝑥𝑥,𝑚𝑚𝑎𝑎𝑥𝑥 the maximum deflection 
angle can be calculated. Using 𝑃𝑃𝑧𝑧 = 𝑚𝑚𝑣𝑣𝑒𝑒 and the small angle approximation of the tangent 
tan(𝜃𝜃) ≈ 𝜃𝜃 yields 

𝛼𝛼𝑚𝑚𝑎𝑎𝑥𝑥 = −2𝑞𝑞𝐵𝐵0
𝑚𝑚𝑟𝑟

sin(𝜙𝜙0).      (3.12) 

Using the maximum deflection angle the streak length 𝜒𝜒 can be calculated. Assuming 𝐿𝐿 is the 
distance from the cavity to the screen and using a small angle approximation yields 

𝜒𝜒 = 4𝐵𝐵𝐵𝐵𝐵𝐵
𝑚𝑚𝑟𝑟

.       (3.13) 

Assuming a slit at a distance 𝑙𝑙 from the cavity with an aperture width of 𝑠𝑠 centered around 
𝑧𝑧 = 0, only electrons with an angle of |𝛼𝛼(𝜙𝜙0)| < 𝑙𝑙

2𝑙𝑙
 will get through. Again the small angle 

approximation has been used. Assuming 𝜙𝜙0 is very small which is a reasonable assumption 
based on equation (3.10), another small angle approximation can be used upon equation 
(3.12) to show that only electrons with entrance phase 
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− 𝑙𝑙𝑚𝑚𝑟𝑟
4𝑙𝑙𝑞𝑞𝐵𝐵0

< 𝜙𝜙0 < 𝑙𝑙𝑚𝑚𝑟𝑟
4𝑙𝑙𝑞𝑞𝐵𝐵0

      (3.14) 

will get through the slit. This corresponds to a bunch length of 

𝜅𝜅 = ∆𝜙𝜙0
𝑟𝑟

= 𝑙𝑙𝑚𝑚
2𝑙𝑙𝐵𝐵0𝑞𝑞

.      (3.15) 
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4 Experimental setup 

This chapter describes the experimental setup used for the experiments. First the setup used 
to determine the electromagnetic field within the cavity is discussed. Section 4.2 shows the 
setup used to measure the streak length on an optical table. 

4.1 Measuring the field profile 

The magnetic field along the electron trajectory can be measured making use of the so called 
‘bead pull’ method. This method was discovered by Maier and Slater in 1962 [7]. This method 
uses a small perturbation within the cavity. This perturbation will alter the resonance 
frequency of the cavity, the effect can be quantified using 

𝜔𝜔2 = 𝜔𝜔0
2(1 + ∫(𝑏𝑏𝑛𝑛2 − 𝑒𝑒𝑛𝑛2)𝑑𝑑𝑑𝑑).     (4.1) 

Here 𝜔𝜔 is the perturbed frequency and 𝜔𝜔0 is the resonance frequency of the unperturbed 
cavity. The integral needs to be taken over the whole volume of the perturbation and 𝑏𝑏𝑛𝑛 and 
𝑒𝑒𝑛𝑛 are the dimensionless magnetic and electric fields in the perturbation. Assuming the 
volume of the perturbation is sufficiently small then  𝑏𝑏𝑛𝑛 and 𝑒𝑒𝑛𝑛 can assumed to be constant 
in the volume and assuming the frequency shift ∆𝜔𝜔 = 𝜔𝜔 − 𝜔𝜔0 is small equation (4.1) can be 
reduced to  

∆𝑟𝑟
𝑟𝑟0

∝ 𝑏𝑏𝑛𝑛2 − 𝑒𝑒𝑛𝑛2.       (4.2) 

To measure the magnetic field profile within the cavity a brass cylinder with inner radius 0.2 
mm and outer radius 0.6 mm and height 0.8 mm was glued to fishing thread and pulled 
through the cavity. This will make the resonance frequency shift up (like equation (4.2) 
predicts.). The frequency is measured using a network analyzer. The complete setup is shown 
in figure 4-1. 

 

figure 4-1The setup used to determine the magnetic field within the cavity. The holder holding the 
fishing thread can move freely up and down through the cavity. The cavity can be turned on its axis 
and flipped upside down. 
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The used cavity is different from the ideal cavity discussed in chapter 3. There is a hole in the 
longitudinal direction for the electrons to pass through. Besides that there are two holes in 
the side, one for the antenna used to feed RF power into the cavity. The other hole is used to 
feed more or less dielectric into the cavity, this allows for the frequency of the mode to be 
changed.  

The perturbation needs to be moving through the center of the cavity. If this is not the case 
the measured perturbation will be slightly different since the absolute electromagnetic field 
at 𝑘𝑘 > 0 is slightly stronger that at 𝑘𝑘 = 0. To make sure the brass cylinder is moving through 
the center the cavity the cavity is kept horizontal using a spirit level. Also the cavity is placed 
on a precisely movable table. To check whether the perturbation is moving through the 
center, the brass cylinder is moved a few times through the cavity if the resonance frequency 
doesn’t shift the perturbation is assumed to be in the center. 

To get valuable results it is important to have the antenna “coupled in.” This means that the 
cavity only resonates in one single mode at a specific frequency. This can be checked by 
measuring the input impedance using the network analyzer. If the input impedance has no 
imaginary part the antenna is coupled in. The coupling can be changed by turning the antenna 
and by varying the amount of dielectric in the cavity.   

4.2 Poor man’s FEELS in the lab 

Eventually the goal is to use TM110 cavities to create time dependent EELS spectra. As was 
discussed in chapter 2 the electrons in the beam can interact with the sample in a multitude 
of ways. To create time resolved EELS spectra the continuous beam needs to be chopped into 
smaller bunches. A TM110 cavity in combination with a slit can be used to achieve just this as 
was described in section 3.4. The electron bunch leaving the slit will be a divergent beam. To 
achieve a better resolution the beam needs to be refocused. This will result in a better energy 
resolution but also a better spatial resolution as the beam will be parallel and covering a 
smaller portion of the sample surface. The slit is placed a little off the optical axis since the 
cavity will move the electrons a small distance off the optical axis [52]. 

Once the electrons reach the sample they will interact with the sample as described in chapter 
2. The electrons will not exit the sample as a parallel beam due to scattering. The beam will 
also defocus due to divergence as the electron repel each other.  These electrons need to be 
refocused into the second cavity to ensure the best EELS spectrum. 

Next another TM110 cavity can be used to measure the energy of the electrons coming from 
the sample. The cavity will sweep the electron bunch again. The place where the electrons 
land on the screen is determined by the entry phase of the electrons into the second cavity. 
This phase is dependent on the energy of the electrons because less energetic electrons will 
travel slower and thus reach the cavity at a different phase. By determining the electron 
energy an EELS spectrum can be made to give information about the sample. The complete 
setup is shown below: 



14 | 29 

 

 

figure 4-2 The  beam line for a FEELS experiment using two TM110 cavities.  

The setup is divided into two sections. By placing a screen behind the first cavity the streak 
length can be measured. This setup is built in the lab. The results of this experiment are also 
simulated in GPT to compare these results to the results in the lab. This will give a better 
understanding of the system.  

In the lab a modified SEM is used as an electron source and the cavity described in chapter 3 
was made to resonate in a TM110 mode. The electron beam is focused in the cavity and the 
cavity is kept at a steady 28 degrees centigrade. The distance from the cavity to the slit is 11 
cm and the distance from cavity to screen is 13 cm. The image on the screen is recorded using 
a simple camera. Unfortunately this camera has some dead pixels, but that doesn’t interfere 
with the results. 

The amount of RF power fed into the cavity can be changed. This can be done by using input 
impedances, the impedances used are used specifically for high frequency signals. This will 
lead to different magnetic field strengths within the cavity and thus different streak lengths 
as was discussed in section (3.3).  
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5 Simulations of a table top FEELS experiment 

Chapter 4 presented an electron beam line using RF cavities to achieve time resolved EELS. In 
this chapter that beam line is simulated in GPT [2]. This will give understanding about how 
realistic the proposed beam line is and will give information about the needed distance 
between separate components of the experiment. 

Since simulating the whole beam line in a single simulations takes too much calculation time 
the simulation is divided into two sections as shown in figure 4-2. These sections are simulated 
separately. The used script is shown in appendix B. 

5.1 Chopping of the beam line 

The chopping abilities of the TM110 cavity can be simulated using General Particle Tracer (GPT), 
as can be seen in figure 5-1. 

 

figure 5-1 GPT simulation of the chopping of a continuous beam line into smaller bunches using a TM110 
cavity and a small slit. The cavity is located 𝑧𝑧 = 1m and the slit is located at 𝑧𝑧 = 1.5m, with the hole 
1.5mm off optical axis, the hole has a diameter of 1mm. This will chop the continuous electron beam. 

This simulation doesn’t use the analytical fields calculated in section 3.2 but instead it uses 
fields calculated with CST Microwave Studio [8] which include the holes in the top and bottom 
to calculate the fields in the cavity. These fields are more true to the actual fields but still not 
perfect since it doesn’t account for the holes in the side of the cavity. The results using the 
calculated field differ very slightly from when using the analytical fields. The sweep length is 
slightly smaller when using the calculated fields, which should be the case as the absolute 
magnetic field in the cavity is slightly lower due to fringe fields. 

The simulation starts with ± 10∙104 electrons with an energy of 30 KeV uniformly distributed 
over the volume of a cylinder. The cylinder shape makes sure there is a difference in the entry 
phase of the incoming electrons. The electron in the bunch are given an emittance of 10-12 m 
rad. 

The slit is located 0.5 m behind the center of the cavity. The hole is located 1.5mm off the 
optical axis and has a width of 1mm. At 5m the beam diameter is slightly bigger than 10 mm 
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which is slightly larger than expected when extrapolating the width of the hole. The larger 
beam diameter is due to the emittance of the bundle. 

This simulation shows that the cavity will sweep the incoming electrons and that a slit can be 
used to chop the beam. The sweeping length is also simulated, these results will be shown in 
chapter 6.2 since they can be conveniently compared to the results in the lab. 

5.2 The energy resolution of the system 

The energy of the electrons is measured using a second cavity. The energy is related to the 
sweeping angle of the cavity. Because electrons with different energies travel at different 
velocities there will be a phase difference between the electrons and the cavity. As equation 
(3.10) predicts this will result in a different sweeping angle and thus a different image on the 
screen.  

Having a small energy resolution is crucial for a useful EELS spectrum since the difference 
between electronic states is very minor. For example the plasmon curves of diamond and 
graphite, while both materials are fully made from carbon, are spaced 2 eV apart [4].  

The energy resolution is based on the ability to distinguish the different energies of the 
incoming electrons. One would assume that the resolution is mostly dependent on the 
distance from the sample to the second cavity as this creates a phase difference between the 
electrons. This is actually not the case. The resolution is determined by the efficiency by which 
the different phases can be distinguished. It is actually possible to have the same distance 
from the sample to the cavity but still a different energy resolution. The small phase difference 
results in a difference in sweeping angle. Assuming the phases are centered around a phase 
𝜙𝜙 and 𝜙𝜙 results in a sweeping angle 𝛼𝛼. If 𝛼𝛼 ≈ 0 then the small difference in 𝛼𝛼 will also result 
in a relatively large difference in the location on the screen. This is explained by equation 
(3.10), around 𝑝𝑝 = 0 a small difference in phase ∆𝜙𝜙 will result is largest difference in 𝑝𝑝 due to 
the nature of the sine function. While if |𝛼𝛼| is higher the distance from the cavity to the screen 
must be larger to get the same energy resolution. Thus the location of the cavity is chosen to 
have the best results, since this should also be the case in a real life experiment. 

The energy resolution of the system can be simulated using GPT, section 2 of the setup shown 
in figure 4-2 is simulated. To achieve this the electrons are given specific energies, these 
energies lie 0.75 eV apart. If the images of the electrons of each energy don’t have any overlap, 
the energy resolution should be lower than 0.75 eV. The used energy distribution is shown in 
figure 5-2. Adam Lassise also used this distribution in his simulations. The same energy 
distribution is used here to compare the results of both simulations. 
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figure 5-2 The electron energy distribution used by GPT to simulate the energy resolution. The peaks 
resemble delta peaks at different energies that lie 0.75 eV apart. Taken from [1]. 

5.3 The ideal case 

First the energy resolution is determined using the ideal situation where all electrons are 
uniformly distributed over a circle with radius 5 μm and have an emittance of 0 after the slit. 
Once again the simulated fields are used. The distance from the sample to the cavity is 
approximately 1.5 m, in fact is a little larger to have an ideal entry phase, and the distance 
from the cavity to the screen is 0.2 m and the maximum magnetic field in the cavity is assumed 
to be 2.4 mT. Both can be easily realized in a setup in the lab on a simple optical table. The 
resulting image on the screen is shown in figure 5-3. 

 

figure 5-3 The image on the screen in the ideal case. The distance from the cavity to the screen is 0.2 m. 
The x and y scale is not the same, the images are in reality circles.  

The resulting image on the screen shows several circles all corresponding to electrons of a 
different energy. The central electrons, with an energy of 30 KeV is located a little out of the 
center as Adam Lassise predicted [11]. The image clearly shows that the amount of electrons 
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differs between the different energies, which should be the case with the used energy 
distribution. Since the images of the electrons don’t overlap the energy resolution in this case 
is better than 0.75 eV. 

This image shows that the electrons of different energies can easily be distinguished from one 
another. The 𝛼𝛼 of the central energy (30 keV) is slightly higher than 0. The image supports this 
since the distance between the different energies  increases significantly for the lower 
energies, this can be explained by Eq 3.15 and the nature of the sine function. This will create 
some problems if the electrons of different energies start to overlap. If this is the case the 
distance from the cavity towards the screen needs to be increased till the different energies 
can be resolved. 

This situation is far from realistic. Not all electrons will leave the sample at the same time and 
in reality the electron beam will be divergent.  

5.4 The more realistic case 

Firstly the fact that not all electrons will leave the sample at the same time will be taken into 
account. Assuming 100 fs bunches the bunch length is 9.8·10-6 m. This non-zero bunch length 
should decrease the energy resolution. Electrons with a different energy can now still have 
the same entry phase since the faster electrons which exit the sample later can gain on 
electrons which move slower but leave the sample at an earlier time.   

To simulate this non-zero bunch length the electrons are now equally distributed over the 
volume of a cylinder with the same circle as in the last simulation as the bottom surface and 
with a height equal to the bunch length. The electrons have the same energy distribution. The 
result is shown in figure 5-4. 

 

figure 5-4 The image on the screen assuming a non-zero bunch length. 

This is the expected result. The cylinder can be seen as multiple circles stacked atop one 
another so the image should also be the image of multiple circles projected on top one 
another. Each circle has a slightly different entry phase and thus a slightly different 𝛼𝛼 so each 
image of the single circle is moved a very small distance compared to the last image. This 
should result in a rounded off rectangle. The simulation clearly shows this to be the case. 
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The fastest electrons still have the same entry phase so the minimum sweeping angle should 
not change. While the slowest electrons in the ideal case will now enter the cavity 100 fs later 
and so should have a higher sweeping angle. The image seen, when compared to figure 5-3, 
supports this. 

The ideal case where all electrons leave the sample at the same time can also be simulated 
with a non-zero emittance. In this case the velocity of the electrons will also have a component 
in the xy-plane. This will decrease the lowest sweeping angles and increase the highest and 
thus the image will be larger. A larger image will decrease the energy resolution since the 
image of certain energies will start to overlap. With the small emittance of 10-12 m rad energy 
differences of 0.75 eV can still be distinguished. The images are enlarged as is to be expected.  

 

figure 5-5 The image on screen assuming an emittance of 10-12 m rad. 

Figure 5-5 shows that the images have moved from their position in the ideal situation. The 
images move slightly since the emittance is larger than 0, resulting in a divergent beam. 

The most realistic situation is a combination of a non-zero emittance and a non-zero bunch 
length. The result of this simulation is shown in figure 5-6. 

 

figure 5-6 The image on screen assuming a 100 fs bunch length and an emittance of 10-12 m rad.  

The image is a combination of the effect of the non-zero emitance and the non-zero bunch 
length. It is clear that the different energies cannot be resolved anymore. An easy solution to 
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this problem is increasing the distance between the cavity and the screen. Tripling the 
distance results in the following image: 

 

figure 5-7 The image on the screen a 100 fs bunch length and an emittance of 10-12 m rad with increased 
distance between the cavity and the screen. 

In this new situation the energy resolution is approximately 0.75 eV.  

If the emittance is increased further to for example 5·10-10 m rad, which is approximately the 
emittance the SEM in the lab is able to produce the 1.5 m between the sample and the cavity 
is not enough to resolve the 0.75 eV energy difference. To improve the result a solenoid was 
added 20 cm behind the sample to focus the beam inside the second cavity. The result shows 
improvement but still the energy resolution is higher than 0.75 eV.   

Without the solenoid the beam is too divergent. The solenoid can also be used to create a 
parallel beam, but the simulation shows that focusing the beam inside the second cavity 
creates a larger energy resolution. Also the image is flipped since the divergent beam will 
become a convergent beam. 
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6 Experimental results 

This chapter displays the results of the measurements in the lab. The chapter is divided into 
two sections. The first section shows the measurements trying to determine the magnetic 
field within the cavity. The next section shows the measurements made using the same cavity 
in a tabletop experiment to compare the reality with the GPT simulations.  

6.1 The magnetic field within the cavity. 

To determine the magnetic field within the cavity the setup shown in figure 4-1 was used. The 
results are shown in figure 6-1. 

 

Figure 6-1 The normalized field amplitude at any position inside the cavity. 

This result is not what is to be expected. Simulations by Adam Lassise using microwave studio 
show a constant magnetic field within the cavity [9]. Our cavity is not ideal though, there is a 
hole through the center to allow the electron to pass through and there are two holes in the 
side, one is used to feed power into the cavity and the other is used to vary the amount of 
dielectric material in the cavity. The latter can be used to change the resonance frequency. 
The magnetic field within the cavity in this situation was also simulated using microwave 
studio by Adam Lassise [9]. But that doesn’t explain the measured result, it supports that there 
is no constant magnetic field, though the cavity is not ideal it is symmetrical in the longitudinal 
direction and thus the magnetic field should be as well.  

To explain the asymmetry, further investigation was done.  The resonance frequency of the 
cavity changes due to temperature changes. It is possible that the cavity warms up during the 



22 | 29 

 

measurement which will influence the measurement. To test this theory the measurement 
was done a second time, but this time the brass was pulled through the cavity the other way 
(from top to bottom). This resulted in the following graph: 

 

Figure 6-2 The normalized field amplitude at any position inside the cavity. 

Figure 6-2 shows the same asymmetry but mirrored which disproves temperature as the cause 
for the asymmetry. This suggests that either something within the cavity is wrong or an 
external field is influencing the measurement. This last theory was tested by rotating the 
cavity 180 degrees round the z axis and later by rotating the cavity 180 degrees round the x 
(or y) axis. This resulted in the same asymmetry and thus the results of these measurements 
are not shown in this thesis.  

Opening the cavity showed that the dielectric was moved a little off center. Fixing this did not 
fix the asymmetry. Also there was a small corner of the dielectric broken off. This suggests 
that there is another problem within the cavity. The results clearly differentiate from the 
expected block function [9]. The edges can be explained by the holes in the side of the cavity 
since the cavity is not an ideal resonator anymore so small fringe electric fields exist at the 
sides. Because the volume of the perturbation is so small these fringe fields have a relatively 
large influence on the end results. This doesn’t explain the asymmetry though.  

If the metallic perturbation was not pulled through the center of the cavity this could explain 
the asymmetry. As explained in section (4.1) the cavity can be moved very precisely to make 
sure this is not the case. This suggests that there is another cause for the asymmetrical results.  
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The asymmetry could be caused by the antenna. After a lot of measuring and bending the 
antenna it is not a perfect Lorentzian antenna anymore. This means that the power is not fed 
into the cavity like one would expect. This would mean that the cavity doesn’t resonate in the 
TM110 mode expected but in a different mode. It is also very likely that the cavity resonates in 
more than one mode which could explain the asymmetry. Measurements show that the cavity 
resonates on more frequencies and moving the antenna slightly alters in which modes the 
cavity resonates significantly.  

Since the ‘bead pull’ method measures the sum of both the magnetic and the electric field the 
results suggest that at the bottom of the cavity an electric field exist which will influence the 
electrons traversing the cavity.   

6.2 Poor man’s FEELS in the lab. 

Section 1 of image 4-2 is built in the lab on a simple optical table. With this setup it was 
possible to chop the continuous electron beam and to measure the streak length of the cavity. 
The results of the latter experiment are compared to simulation. Figure 6-3 shows the 
chopping of the beam: 

 

figure 6-3 Left: a swept beam. Middle and right: chopping of the swept bunch into smaller bunches using 
a slit, the slit can be moved to achieve different bunches.  

Next the sweep length is measured with different amounts of RF power fed into the cavity, as 
described in section 4.2. The magnetic field strength can be calculated by using Eq 3.8. This 
magnetic field is then used by GPT to simulate the experiment. The results of both the 
simulations and the lab measurements are shown below: 
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Figure 6-4 The streak length as function of the input power. The red line is the same experiment but 
simulated using GPT.  

Both the measured and the simulated results show a square root like behavior, which is 
expected since 𝜒𝜒 ∝  𝐵𝐵0 ∝  �𝑃𝑃𝑖𝑖𝑛𝑛. In appendix B this is proved by linearizing the results. The 
simulated results differ from the measured results which can be caused by multiple causes. 
Firstly in the lab the electrons don’t enter the cavity right through the center which leads to 
slightly different results from the simulated case. Also the simulations assume that the 
electrons are focused to a beam diameter of 5 μm, this doesn’t have to be the case in the lab. 
The simulations don’t take into account losses in the coax cables or the entrance impedance 
of the cavity which means that the actual power fed into the cavity is slightly lower. And finally 
the results are simulated in an ideal scenario with a very low emittance while in the lab the 
emittance is higher which results in a larger χ. 
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7 Conclusion 

This thesis described a tabletop FEELS experiment without the use of expensive and 
cumbersome lasers. By using RF cavities to create femtosecond electron bunches the cost and 
required space was greatly reduced. This let us to dub this poor man’s FEELS.  

The tabletop experiment was simulated in GPT. These simulations proved that the proposed 
setup should be able to chop the continuous beam line into smaller bunches. Simulations also 
suggested that the setup should be able to achieve a sub eV energy resolution. 

Next the electromagnetic field within the used cavity was measured using the so called ‘bead 
pull’ method. The measurement showed that the magnetic field wasn’t the block function as 
was expected. This is due to the holes in the exterior of the cavity which will create fringe 
fields. Also the antenna which is used to feed the cavity RF power wasn’t a Lorentzian antenna 
anymore after a lot of measuring, causing the cavity to resonate in multiple modes, also 
influencing the electromagnetic field. 

After that the cavity was used in a table top experiment which confirmed the findings found 
in GPT simulations. The cavity in combination with a slit was able to chop the beam into 
smaller bunches. Also the streak length was measured by replacing the slit with a screen. The 
results showed a square root like behavior as the theory predicts. The GPT simulations showed 
the same square root behavior, showing great potential for GPT in simulation in this kind of 
experiment. 
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Appendix A, linearization of streak length measurement 

In section 6.2 the streak length was measured as function of the input power. The results of 
this measurement should have a square root like behavior. To prove this 𝜒𝜒 was plotted as 
function of �𝑝𝑝 the result is a linear function, proving that the result has indeed a square root 
like behavior.  

 

figure A-1, Linearization of the results in figure 6-4 proving 𝜒𝜒 ∝ √𝑃𝑃. The linear fit proves the result is 
linear. 

The linear fit shows that the lab results follow the expected square root behavior. The GPT 
results are also linear. This shows that GPT can be used to simulate cavities in these kind of 
experiments. The simulated results are lower than the results in the lab. The same reasons as 
mentioned in section 6.2 apply.  
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Appendix B, script 

The used GPT script: 

#beam parameters 
Eo = kev;   #30 keV accelerating voltage 
G = 1-qe*Eo/(me*c*c);  #corresponding gamma 
beta = sqrt(1-G^-2);  #beta 
tlen = templength; #/(2*freq); #temporal length of bunch 
Qtot = nps*qe;   #total charge of bunch 
dG = (G-1)/30000;  #energy spread 
emittance=5e-12; 
 
#start bunch 
#setparticles( "beam", nps, me, qe, Qtot ); 
setstartline("beam",nps,0,0,-0.1,0,0,0,me,qe,Qtot); 
#setcopy("beam",3,-0.2); 
#settcopy("beam",3,-tlen/5); 
 
#Uniform cylindrical distribution 
setrxydist("beam", "u", radxy/2, radxy); #uniforme cilindervormige verdeling 
setphidist("beam","u", 0, 2*pi); 
#settdist("beam","u", 0, tlen); 
 
#EMITTANCE 
sigGBxy = 2*emittance/radxy; 
setGBxdist("beam","u",0,sigGBxy ); 
setGBydist("beam","u",0,sigGBxy );  
setGBxemittance("beam", emittance); 
setGByemittance("beam", emittance); 
setGdist( "beam", "u", G, 0 ); 
#setGdist("beam","f","spectrum.gdf","eV","P", 1,0); 
setGBphidist( "beam", "u", 0, 2*pi ); 
 
#analytical cavity 
freq=3.07e9;  
phi=0; 
#x110=3.8317; # First zero of J1 
#R=0.1; 
#Bmax=2.4e-3; # Maximum field: 1 mT 
#TM110cylcavity("wcs", "z",1, 0.0171,R,2*c*Bmax,phi); 
 
#simulated cavity 
map3d_cavity("wcs","z",1,"cavityfield110_nohole_sides.gdf","x","y","z","Bx","By","Bz","Ex",
"Ey","Ez",Bcav,2*pi*freq,phi); 
 
#chopping slit 
multislit("wcs",0.0015,0,Zchop,1,0,0,0,1,0, xchop, ychop, dchop, 1, 1) ; 
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#output 
accuracy(7); 
dtmin=1e-11; 
tout(0, 2e-8, 0.01e-8); 
#snapshot(0,2e-8,0.01e-8) ; 
#screen("wcs", "I" , 1.13) ; 
#screen("wcs", "I" , 1.5) ; 
#screen("wcs", "I" , 2) ; 
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